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General P — A control configuration with model uncertainty. . . . . . 118
Steady-state (a) reference output singular vectors and (b) input singu-
lar vectors for 6 profile control in DIII-D L-mode scenarios. . . . . . . 122
Schematic of control problem formulation for 6 profile feedback control

design in DIII-D L-mode scenarios. . . . . . . ... .. ... .. ... 124
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Model in conventional A — P* — K robust control design framework.

General N — A closed-loop control analysis configuration with model
uncertainty. . . .o Lo L0
Maximum singular value diagram of: inverse of performance weight
1/W, (dash-dot), transfer function Spe, (solid), inverse of performance
weight 1/W,, (dot), and transfer function K Spc, (dash). . . ... ..
Structured singular value p versus frequency. . . . . . . ... ... ..
Configuration between the DIII-D tokamak and the DIII-D PCS real-
time code for magnetic profile control. . . . . ... ..o

Simserver architecture for validating control algorithms in the DIII-D

(Simulation reference tracking): Initial poloidal flux gradient profile
O(p)at time t =0.5s. . . . . ..
(Simulation reference tracking): Poloidal flux gradient profile 6(p) at
time (a) t = 1.7s, (b) t = 2.3 s, and (c) t = 2.9 s and control trajectory
comparison: (d) plasma current (MA), (e) total noninductive power
(MW), and (f) line average electron density (10" m=3). . . . . . . ..
(Experiment reference tracking (DIII-D shot 146458)): Time trace of
poloidal flux gradient 6 at normalized radii (a) p = 0.3, (b) p = 0.4,
(c) p=106,(d) p=0.7,(e) p=08,and (f) p=0.9.. . ... .. ...
(Experiment reference tracking (DIII-D shot 146458)): Poloidal flux
gradient profile 0(p) at time (a) t = 0.538 s, (b) t = 1.218 s, (c)
t=1618s,and (d) t=2.258s. . .. ... ... ... L.
(Experiment reference tracking (DIII-D shot 146458)): Control tra-
jectory comparison: (a) plasma current (MA), (b) total noninductive

power (MW), and (c) line average electron density (10 m=3). . . . .
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3.15

3.16

4.1

(Experiment disturbance rejection (DIII-D shot 146153)): Poloidal flux
gradient profile 0(p) at time (a) t = 1.998 s, (b) t = 2.198 s, (c)
t=2698s, (d) t =3.158 s, (e) t = 3.998 s, and (f) ¢t = 4.958 s, and
time trace of poloidal flux gradient # at normalized radii (g) p = 0.3,
(h) p =04, (1) p=06, () p =07 (k) p = 08, and (1) p = 0.9,
Gray-shaded region denotes when feedback controller is off. . . . . . .
(Experiment disturbance rejection (DIII-D shot 146153)): Control tra-
jectory comparison: (a) plasma current (MA), (b) total noninductive
power (MW), and (c) line average electron density (10' m™=3). Gray-

shaded region denotes when feedback controller is off. . . . . . . . ..

Safety factor profiles specified as to-be-achieved targets at the end of
the current ramp-up phase of DIII-D plasma discharges. Target 1 is
characterized by a minimum g¢-value of ¢,,;,, = 1.3 and a g¢-value at
95% of the poloidal flux of qo5 = 4.4. Target 2 is characterized by
Gmin = 1.65 and qg5 = 5.0. Target 3 is characterized by ¢, = 2.1 and

Gos = 6.2, . L L
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4.2

4.3

Optimized and physically achieved (DIII-D shot 157947) actuator tra-
jectories for ¢ profile target 1 in Fig. 4.1: (a) total plasma current,
(b) line average electron density, (c¢) total amount of neutral beam
injection power, and (d-f) individual neutral injection powers. The
optimized 150R and 330L neutral beam injection powers are 0 MW
(not shown). The optimization is carried out over the time interval
topp = t € [0.4,1.5] s. Additionally, the actuator magnitude (solid
green) and rate (dash green) limits applied on the optimization prob-
lem solution are also shown (L-H power limit in (c) is given by (4.19)).
The solid-orange and solid-purple lines indicate the time when the er-
ror between the achieved ¢ profile and the target is at a minimum, i.e.,
when (4.2) is minimized, for the simulation and experimental tests,
respectively. . . . . . ..o
Optimized and physically achieved (DIII-D shot 157952) actuator tra-
jectories for ¢ profile target 2 in Fig. 4.1: (a) total plasma current,
(b) line average electron density, (c¢) total amount of neutral beam
injection power, and (d-f) individual neutral injection powers. The
optimized 150R and 330L neutral beam injection powers are 0 MW
(not shown). The optimization is carried out over the time interval
topt = t € [0.4,1.25] s. Additionally, the actuator magnitude (solid
green) and rate (dash green) limits applied on the optimization prob-
lem solution are also shown (L-H power limit in (c) is given by (4.19)).
The solid-orange and solid-purple lines indicate the time when the er-
ror between the achieved ¢ profile and the target is at a minimum, i.e.,
when (4.2) is minimized, for the simulation and experimental tests,

respectively. . . . . . ..o
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4.4  Optimized and physically achieved (DIII-D shot 157949) actuator tra-
jectories for ¢ profile target 3 in Fig. 4.1: (a) total plasma current,
(b) line average electron density, (c) total amount of neutral beam in-
jection power, and (d-f) individual neutral injection powers. The 30L
neutral beam injection power is at a constant 1.1 MW and the opti-
mized 330L neutral beam injection power is 0 MW (not shown). The
optimization is carried out over the time interval t,,, =t € [0.4,1.0]
s. Additionally, the actuator magnitude (solid green) and rate (dash
green) limits applied on the optimization problem solution are also
shown (L-H power limit in (c) is given by (4.19)). The solid-orange
and solid-purple lines indicate the time when the error between the
achieved ¢ profile and the target is at a minimum, i.e., when (4.2) is

minimized, for the simulation and experimental tests, respectively. . . 166
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4.5

4.6

Optimized and physically achieved (DIII-D shot 158058) actuator tra-
jectories for ¢ profile target 2 in Fig. 4.1: (a) total plasma current,
(b) line average electron density, (c¢) total amount of neutral beam
injection power, and (d-f) individual neutral injection powers. Note
that the physically achieved neutral beam injection powers were not
archived by the data acquisition system for this discharge. The opti-
mized 150L/R and 330L/R neutral beam injection powers are 0 MW
(not shown). The optimization is carried out over the time interval
topt = t € [0.4,1.25] s. Additionally, the actuator magnitude (solid
green) and rate (dash green) limits applied on the optimization prob-
lem solution are also shown (L-H power limit in (c) is given by (4.19)).
The solid-orange and solid-purple lines indicate the time when the er-
ror between the achieved ¢ profile and the target is at a minimum, i.e.,
when (4.2) is minimized, for the simulation and experimental tests,
respectively. . . . . . Lo
Best ¢ profile target matching during the simulation and experimental
testing of the optimized feedforward startup actuator trajectories to
achieve the target profiles shown in Fig. 4.1: (a) target 1 (actuator
trajectories shown in Fig. 4.2), (b-c) target 2 (actuator trajectories
shown in Fig. 4.3), (d) target 2 (actuator trajectories shown in Fig.
4.5) and (e) target 3 (actuator trajectories shown in Fig. 4.4). DIII-D

shot numbers are indicated in the figures. . . . . . . . ... ... ...
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4.7

4.8

4.9

4.10

4.11

Simulated and experimental (DIII-D shot 157952) testing of optimized
feedforward startup actuator trajectories to achieve target ¢ profile 2 in
Fig. 4.1 with co-current neutral beam injection (actuator trajectories
shown in Fig. 4.3): Time traces of ¢ at p = 0.1,0.2,0.3,0.5,0.7, and
0.95. The solid-orange and solid-purple lines indicate the time when
the error between the achieved ¢ profile and the target is at a minimum,
i.e., when (4.2) is minimized, for the simulation and experimental tests,
respectively. . . . . ..o
Simulated and experimental (DIII-D shot 158058) testing of optimized
feedforward startup actuator trajectories to achieve target g profile 2 in
Fig. 4.1 with counter-current neutral beam injection (actuator trajec-
tories shown in Fig. 4.5): Time traces of ¢ at p = 0.1,0.2,0.3,0.5,0.7,
and 0.95. The solid-orange and solid-purple lines indicate the time
when the error between the achieved ¢ profile and the target is at a
minimum, i.e., when (4.2) is minimized, for the simulation and exper-
imental tests, respectively. . . . . .. ..o
Plasma parameter uncertainty ranges in DIII-D L-mode scenarios: (a)
electron density, (b) electron temperature, and (c) plasma resistivity.
Note: nominal values (solid) and minimum/maximum values (dash). .
Schematic of control problem formulation for ¢ profile feedback control
design in DIII-D L-mode scenarios. . . . . . . ... .. .. ... ...
Relevant control channels for ¢ profile control in DIII-D L-mode sce-
narios: (a) output and (b) input. The components of the control input
P, P,

vector are defined as uyg, = [P, L)| f» where

biisoL /R + nbizioL/r L nbizzoL/R?

ugp, = 0 for P,

DigoL/m®  * ottt ottt
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4.12

4.13

4.14

Normalized total toroidal current density (defined in (2.91)) and nor-
malized 330L neutral beam injection current density in DIII-D L-mode
SCENATIOS. .+ v v v v v v e e e e e e
Singular value diagrams: (a) 1/W, and Sp¢,, and (b) 1/W,, and K Spc,,
and (c) structured singular value p(Ni;(jw)) versus frequency. The
robust stability condition is defined as p(Ny;(jw)) < 1 Vw [10]. . . . .
Best q profile target matching during experimental testing of optimized
feedforward + feedback control algorithm to achieve g profile target 1.
The target (green circle) is g profile target 1 shown in Fig. 4.1 and
the reference ¢ profile (Cntrl. Ref.) that the feedback controller was
attempting to follow at the time ¢t = 0.439 s is shown by the blue line
+ triangle and at the time ¢ = 1.519 s is shown by the blue line. The
best ¢ profile matching to the reference (at the time t¢, i.e., 7p(p, t5))
with feedforward + feedback control is shown by the red dashed line
and the best ¢ profile matching to the reference (at the time ¢y, i.e.,
ru(p,ty)) with feedforward control is shown by the black dash-dotted

line. DIII-D shot numbers are indicated in the figures. . . . . . . ..
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4.15 Experimental testing of optimized feedforward + feedback control al-
gorithm to achieve ¢ profile target 1 during DIII-D shot 157950: (a-c)
time traces of ¢ at p = 0.1,0.2, and 0.95, (d) total plasma current,
(e) line average electron density, (f) total auxiliary power, and (g-i)
neutral beam injection powers (Ppi,;; = Pobirsor + Prbirsons Prbiener =
Prbinior T Prvisions Prbign = Pubigsor, T Prbigsor )- 10t (a-¢) the target (green
circle) is ¢ profile target 1 shown in Fig. 4.1 and the reference ¢ profile
evolution (Cntrl. Ref.) that the feedback controller was attempting to
follow is shown by the blue line. In (f), the applied L-H power limit
(green X) is given by (4.64) and the predicted L-to-H transition power
(gold circle) is calculated according to (4.19) by using the physically

achieved line average electron density (red dashed line in (e)). . . .. 192
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4.16 Experimental testing of optimized feedforward + feedback control al-
gorithm to achieve ¢ profile target 2 during DIII-D shots 157958 (top
row) and 158051 (bottom row): (a)/(d) time trace of ¢ at p = 0.1,
where the target (green circle) is g profile target 2 shown in Fig. 4.1
and the reference ¢ profile evolution (Cntrl. Ref.) that the feedback
controller was attempting to follow is shown by the blue line, (b)/(e)
total auxiliary power, where the applied L-H power limit (green X) is
given by (4.64) and the predicted L-to-H transition power (gold circle)
is calculated according to (4.19) by using the physically achieved line
average electron density, and (c)/(f) best ¢ profile target matching,
where the reference ¢ profile (Cntrl. Ref.) that the feedback controller
was attempting to follow at the time ¢ = 0.439 s is shown by the blue
line + triangle and at the time ¢ = 1.319 s is shown by the blue line, the
best g profile matching to the reference (at the time ¢, i.e., ra(p, ts))
with feedforward + feedback control is shown by the red dashed line,
and the best ¢ profile matching to the reference (at the time ¢y, i.e.,
ra(p,t)) with feedforward control is shown by the black dash-dotted

line. DIII-D shot numbers are indicated in the figures. . . . . . . ..
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4.17 Experimental testing of optimized feedforward + feedback control al-
gorithm to achieve ¢ profile target 3 during DIII-D shots 158052 (top
row), 158055 (middle row), and 158057 (bottom row): (a)/(c)/(e) best
q profile target matching, where the target (green circle) is ¢ profile
target 3 shown in Fig. 4.1, the reference ¢ profile (Cntrl. Ref.) that
the feedback controller was attempting to follow at the time ¢ = 0.439
s is shown by the blue line + triangle and at the best target match-
ing time is shown by the blue line, the best ¢ profile matching to the
reference (at the time ¢y, i.e., 7ps(p, 7)) with feedforward + feedback
control is shown by the red dashed line, and the best ¢ profile matching
to the reference (at the time ¢, i.e., rp/(p, t5)) with feedforward control
is shown by the black dash-dotted line, and (b)/(d)/(f) total auxiliary
power, where the applied L-H power limit (green X) is given by (4.64)
and the predicted L-to-H transition power (gold circle) is calculated ac-
cording to (4.19) by using the physically achieved line average electron

density. DIII-D shot numbers are indicated in the figures. . . . . . . .
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5.1

5.2

5.3

5.4

5.5

Optimized and physically achieved (DIII-D shot 154684) actuator tra-
jectories: (a) total plasma current, (b) total electron cyclotron power
(set to be inactive during the time interval ¢ € [0.5,2.5) s because of
the limited amount of total energy the gyrotrons can deliver in one
discharge), and (c-f) individual neutral beam injection powers. Ac-
tuator limitations (either in regulation or faults) are indicated in the
respective figures. Additionally, the actuator magnitude (solid green)
and rate (dash green) limits applied on the optimization problem so-
lution are also shown. The actuator trajectories are represented by a
finite number of parameters (optimized parameter denoted by red o)
and the associated actuator trajectories (red - - line) are determined by
linear interpolation during the time intervals between the individually
optimized parameters. . . . . . . . .. .. ... L
H-mode threshold (5.26) and density limit (5.28) conditions achieved
with the actuator trajectories shown in Fig. 5.1 that are obtained by
solving the optimization problem (5.32)-(5.33). . . . . . . . ... ...
Simulated and experimental (DIII-D shot 154684) testing of optimized
actuator trajectories: (a-e) time traces of ¢ at p = 0.1,0.2,0.3,0.4,0.9,
(f) time trace of Sy, and (g-i) g profile at ¢ = 3.0,4.0, and 6.0 s. The
solid green line denotes the onset of MHD instabilities during DIII-
D shot 154684. Approximate error bars for the measured ¢ profiles
(obtained from rtEFIT [11]) are shown by the gray-shaded regions.

Plasma parameter uncertainty ranges in DIII-D H-mode scenarios: (a)
electron density, (b) electron temperature, and (c) plasma resistivity.
Note: nominal values (solid) and minimum/maximum values (dash). .
Schematic of control problem formulation for simultaneous 6 profile +

E feedback control design in DIII-D H-mode scenarios. . . . . . . ..
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5.6

5.7

5.8

5.9

5.10

Relevant control channels for § profile + E control in DITI-D H-mode
scenarios: (a-b) output and (c¢) input. The decoupled output is defined
as J = [Ys, Y| where gy are the outputs associated with the magnetic
states and g is the output associated with the kinetic states. The
feedback vector components are ws, = [Prec,, s Prbiyzgr. s Prbissor ms L)
where uy, = 0 for Py, SR e e et
Normalized total toroidal current density (defined in (2.91)) and nor-
malized 330L neutral beam injection current density in DIII-D H-mode
SCENATIOS. . v v v v v e e e e e
Singular values: (a) 1/W, and Spc, and (b) 1/W,, and KSp¢, and (c)
p(Ny1(jw)) versus frequency. The closed-loop robust stability condi-
tion is defined as u(Ny;(jw)) < 1,Vw [10]. . . . . . ..o
Experimental testing of ¢ profile feedback controller during DITI-D shot
154359: (a-c) ¢ profile at t = 2.5,4.5, and 5.5 s, (d-f) time traces of ¢
at p = 0.1,0.3, and 0.9, and (g-i) comparison of actuator trajectories
(Popi, 11 = Prbiysor, T Prviyon)- Approximate error bars for the measured
q profiles (obtained from rtEFIT [11]) are shown by the red-shaded
regions. Note: actuator limits denoted by green X. . . . . . . . . ..
Comparison of (a) By and (b) bootstrap current profile j,s (computed
by TRANSP [12]) at 4.0 s. The bootstrap fraction in the target dis-
charge was f;s = 38% and in the feedback-controlled discharge was
fos = 39% at 4.0 s. The bootstrap fraction is defined as fis = Ips/ 1,

where [, = fol jbs(ﬁ)g—?dﬁ and S is the poloidal cross-sectional area

enclosed by a magnetic flux surface. . . . .. .. ... ... ... ..
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5.11

5.12

5.13

5.14

6.1

Experimental testing of ¢g-profile feedback controller during DITI-D shot
154692: (a-c) g profile at t = 0.5,3.5, and 5.5 s, (d-f) time trace of ¢
at p = 0.1,0.3, and 0.9, and (g-i) comparison of actuator trajectories
(Pobi,, = Prbisser, + Prbissor ). Approximate error bars for the measured
q profiles (obtained from rtEFIT [11]) are shown by the red-shaded
regions. Note: actuator limits denoted by green X. . . . . . . . ...
Comparison of (a) Sx and (b) bootstrap current profile (computed by
TRANSP [12]) at 4.0 s. The bootstrap fraction in the target discharge
was fis = 39% and in the feedback-controlled discharge was fis = 27%

Simulation testing of ¢ profile + F feedback controller: (a-c) ¢ profile
at various times, (d-h) time trace of ¢ at various spatial locations, and
(i) time trace of plasma fy. The gray-shaded region indicates when
the feedback controller is inactive. . . . . . . . . ... ..o
Simulation testing of ¢ profile + E feedback controller: Actuator tra-
jectory comparison (actuator limits in solid green). The shaded gray
region denotes when the feedback controller is not active. Note that

the gyrotrons become available at 2.5 s and the line average electron

density and the 30L/R neutral beam lines are not feedback controlled.

Comparison of stationary state plasma parameters in ITER at I, = 11
MA with P, = Poey = Poey = 4 MW, Py = 20 MW, 7, = 7.35 x 10
m 3 and P, = 5 MW (solid) and P,. = 20 MW (dash): (a) electron

temperature, (b) plasma resistivity, (c¢) auxiliary current density, (d)

234

bootstrap current density, (e) toroidal current density, and (f) ¢ profile. 242
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6.2

6.3

6.4

6.5

6.6

6.7

Plasma parameter uncertainty ranges in ITER H-mode scenarios: (a)
electron density, (b) electron temperature, and (c) plasma resistivity.
Note: nominal values (solid) and minimum/maximum values (dash). . 243
Magnitude of maximum singular value versus frequency of the linear
model (6.19) along the nonlinear feedforward state and control input
trajectories xp(t) and uss(t) for6 =0and ds =0. . .. .. ... .. 247
Schematic of control problem formulation for 6 profile feedback control
design in ITER H-mode scenarios. The uncertain state-space system
(6.23) is shown in the light purple box. The blocks ¥7'U7Q'/? and
R~V are used to obtain a decoupled relationship between the out-
puts and inputs of the system, which allows us to design a square
feedback controller K € R**ks The outputs of the closed-loop system
are defined as Z; = W(s)eX € R and Z, = Wau(s)up, € R*s where
W, € RF*Fs and W, € RF<*ks are frequency-dependent weight functions.249
Relevant control channels for 6 profile control in ITER H-mode sce-
narios: (a) output and (b) input. Note the components of the control
input vector are defined as uy = [Pecy, Pecys Pecys Papis Ip)- - - - -« o .. 251
Response of the nominal state-space system y = Go(s)us, to a 1 MA
step input in the plasma current. The system response is much faster
near the plasma boundary compared to the response in the plasma core.252
Singular value diagrams: (a) 1/W, (dash-dotted) and Sp¢, (solid) and
(b) 1/W, (dash-dotted) and K Sp¢, (solid), and (c) p versus frequency. 255
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6.8

6.9

6.10

Schematic of closed-loop control system structure for simultaneous 6
profile + E control for the ITER tokamak.. The coordinate transfor-
mation block converts the simulated plasma parameters to the param-
eters controlled by the feedback controller (6 = 0v/0p and E). The
feedback controller reacts to the tracking error and outputs a feedback
control request that drives the system in a direction to minimize the
tracking error and reject the effects of any external disturbances. The
anti-windup compensator reacts to the difference between the satu-
rated and unsaturated actuator requests and outputs an anti-windup
control request that minimizes the effects that actuator saturation has
on the closed-loop system performance. . . . . . . . ... ... ....
(a-f) Comparison of target, feedforward + feedback, and feedforward
controlled ¢ profiles at various times, (g-1) time traces of ¢ at various
radial locations, and (m-o) time traces of plasma stored energy, nor-
malized [, and fusion power for the simulation in section 6.4.1. The
solid-orange line denotes when the target ¢ profile is maintained in a
stationary condition while modifying the generated fusion power. . . .
Control actuator trajectory comparison for the simulation in section
6.4.1: (a-c) individual gyrotron launcher powers, (d) neutral beam in-
jection power, (e) total plasma current, and (f) ion cyclotron launcher
power. The actuator magnitude limits are shown in solid-green. The
solid-orange line denotes the time when the target ¢ profile is main-

tained in a stationary condition while modifying the generated fusion
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6.11

6.12

7.1
7.2

7.3

7.4

7.5

(a-f) Comparison of target, feedforward + feedback, and feedforward
controlled ¢ profiles at various times, (g-1) time traces of ¢ at various
radial locations, and (m-o) time traces of plasma stored energy, nor-
malized [, and fusion power for the simulation in section 6.4.2. The
shaded gray region denotes when the feedback controller is not active.
The solid-orange line denotes when the target ¢ profile is maintained
in a stationary condition while modifying the generated fusion power.
Control actuator trajectory comparison for the simulation in section
6.4.2: (a-c) individual gyrotron launcher powers, (d) neutral beam
injection power, (e) total plasma current, and (f) ion cyclotron launcher
power. The shaded gray region denotes when the feedback controller
is not active. The actuator magnitude limits are shown in solid-green.
The solid-orange line denotes the time when the target ¢ profile is
maintained in a stationary condition while modifying the generated

fusion power. . . . ...

Normalized auxiliary current drive (1020 kgl\;év : %) in TCV.

Comparison of stationary state plasma parameters under low and high
plasma heating conditions with P4 = —0.1 MW. . . . .. ... ...
Comparison of stationary state plasma parameters under low and high
plasma heating conditions with P24 =0 MW. . ... ... ... ..
Plasma parameter uncertainty ranges in TCV L-mode scenarios: (a)
electron density, (b) electron temperature, and (c¢) plasma resistivity.
Note: nominal values (solid) and minimum/maximum values (dash). .

Schematic of control problem formulation for ¢ profile feedback control

design in TCV L-mode scenarios. . . . . .. .. .. ... ... ....
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7.6

7.7

7.8

7.9

7.10

7.11

7.12

Schematic of closed-loop control system structure for ¢ profile control
for the TCV tokamak. . . . . . .. ... ... ... .. ... .....
Relevant control channels for ¢ profile control in TCV L-mode scenar-

ios: (a-c) output (§ = Q~Y2UX§*) and (d-f) input (i, = Rfl/Qva;b)-

The feedback vector components are defined as ug, = [Pec,, Pecy s Lp) | b-

(a-f) Nominal performance (tracking and control effort) and (g-i) struc-
tured singular value versus frequency for the three controllers. The
closed-loop robust stability condition is defined as p(Nyi(jw)) < 1,
Vw [10], where Ny; is the transfer function between ya and ua in Fig.
/25 TS
Time traces of outputs (¢) and inputs (I, Pec,, Pec,) for simulation in
section 7.4.1. Gray-shaded region denotes when feedback controller is
off. Actuator limits (solid brown). . . . . . . ... ... ... ...
Comparison of target, feedforward + feedback controlled, and feed-
forward controlled ¢ profiles at various times for simulation in section
TAL. . e
Time traces of outputs (¢) and inputs (I, Pec,, Pec,) for simulation in
section 7.4.2. Gray-shaded region denotes when feedback controller is
off. Actuator limits (solid brown). . . . . . . ... ...
Comparison of target, feedforward + feedback controlled, and feed-
forward controlled ¢ profiles at various times for simulation in section

TA2. o
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8.1

8.2

8.3

8.4

8.5

8.6

(a) Cubic spline basis functions used to model x. and (b) the x. un-
certainty range (gray-shaded region) captured by the model (8.15)-
(8.16). The nominal model (characterized by d, = 0) is shown by the

solid black line, and the maximum /minimum values (characterized by

do = 1 and §, = —1, respectively) are shown by the dashed black lines.

The multicolored lines show the various y. profiles that are achieved
during a typical TCV simulated discharge using RAPTOR [13-15]. . 296
Normalized auxiliary electron cyclotron (a) current drive (1020 ﬁ . %)
and (b) power density (m~3) in the TCV tokamak. . . .. ... ... 298
Schematic of control problem formulation for simultaneous ¢ + 7T, pro-

file feedback control design in TCV L-mode scenarios. . . . . . . . .. 306
Relevant control channels for ¢+ and T, profile control in TCV L-mode
scenarios: (a-b) output and (c) input. The output is defined as § =
[0.,9r.], where ¢, are the system outputs associated with the rota-
tional transform, and g7, are the system outputs associated with the
electron temperature. The feedback vector components are us =
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Abstract

As the demand for energy continues to increase, the need to develop alternative en-
ergy sources to complement (and one day replace) conventional fossil fuels is becoming
increasingly important. One such energy source is nuclear fusion, which has the po-
tential to provide a clean source of energy and possesses an abundant fuel supply.
However, due to the technological difficulty in creating the conditions necessary for
controlled fusion to occur, nuclear fusion is not yet commercially viable. The toka-
mak is a device that utilizes magnetic fields to confine the reactants, which are in
the plasma state, and it is one of the most promising devices capable of achieving
controlled fusion. The ITER tokamak project is the next phase of tokamak develop-
ment and will be the first tokamak reactor to explore the burning plasma (one with
a significant amount of fusion reactions) operating regime.

In order for ITER to meet its demanding goals, extensive research has been con-
ducted to develop advanced tokamak operating scenarios characterized by a high
fusion gain, good plasma confinement, magnetohydrodynamic stability, and a signifi-
cant fraction of noninductively driven plasma current to maximize the plasma perfor-
mance and potentially enable steady-state operation. As the dynamics of the tokamak
plasma magnetic and kinetic states are highly coupled, distributed, nonlinear systems
that exhibit many instabilities, it is extremely difficult to robustly achieve advanced
operating scenarios. Therefore, active control of the plasma dynamics has significant

potential to improve the ability to access advanced operating regimes. One of the



key plasma properties investigated in the development of advanced scenarios is the
plasma current profile because of its intimate relationship to plasma energy/particle
transport and to plasma stability limits that are approached by increasing the plasma
pressure. The plasma density and temperature profiles are also important parameters
due to their close relationship to the amount of generated fusion power, to the total
plasma stored energy, and to the amount of noninductive current drive. In tokamaks,
the current and electron temperature profiles are coupled through resistive diffusion,
noninductive current drive, and plasma energy/particle transport. As a result, inte-
grated algorithms for current profile and electron temperature profile control will be
necessary to maintain plasma stability, optimize plasma performance, and respond
to changing power demand in I'TER, and eventually a commercial, power producing
tokamak reactor.

In this work, model-based feedforward and feedback algorithms are developed
to control the plasma current profile and thermal state dynamics with the goal of
improving the ability to achieve robust tokamak operation. A first-principles-driven
(FPD), physics-based approach is employed to develop models of the plasma response
to the available actuators, which provides the freedom to handle the trade-off between
the physics accuracy and the tractability for control design of the models. A numer-
ical optimization algorithm to synthesize feedforward trajectories for the tokamak
actuators that steer the plasma through the tokamak operating space to achieve a
predefined target scenario (characterized by a desired current profile and total stored
energy), subject to the plasma dynamics (described by the developed physics-based
model), actuator constraints, and plasma state constraints, is developed. Addition-
ally, robust feedback control algorithms for current profile, combined current profile 4
total stored energy, and simultaneous current profile + electron temperature profile
control are synthesized for various tokamaks by embedding a FPD model into the

control design process.



Examples of the performance of the controllers in simulations (DIII-D, ITER,
and TCV tokamaks) and DIII-D experiments are presented to illustrate the potential
and versatility of the employed control methodology. The DIII-D experimental tests
demonstrate the potential physics-model-based profile control has to provide a sys-
tematic approach for the development and robust sustainment of advanced scenarios.
The ITER simulations demonstrate the ability to drive the current profile to a sta-
tionary target while simultaneously modulating the amount of fusion power that is
generated. Finally, the TCV simulations demonstrate the ability to drive the current
and electron temperature profiles to a self consistent target, as well as to maintain the
current profile in a stationary condition while simultaneously modulating the electron

temperature profile between equilibrium points.



Chapter 1

Introduction

As a result of more countries becoming industrialized and the world population rising,
the demand for energy continues to increase. Several energy sources will be employed
to help society as a whole meet this growing energy demand, such as fossil fuels,
renewable energies, and nuclear energy. Currently, the major source of the world’s
energy is produced by burning fossil fuels, such as coal, natural gas, and oil. These
conventional energy sources are becoming more environmentally friendly through the
development of technologies to capture and store greenhouse gases (such as carbon
dioxide) that are produced by burning the fossil fuels. However, even though the
sources are becoming cleaner and their availability is not expected to be depleted for
several hundred years, it is predicted that there will be an energy shortfall in the near
future (possibly in less than 50 years) at the world’s current rate of energy consump-
tion [16,17]. As a result, the need to develop alternative energy sources to complement
(and one day replace) conventional fossil fuels is becoming increasingly important.
Solar, wind, hydroelectric, and geothermal power are examples of renewable en-
ergy sources that possess many attractive options to complement fossil fuel energy

production. These energy sources do not generate potentially harmful greenhouse



gases to produce electricity, which makes them attractive from an environmental per-
spective. Also, the fuel supply for renewable sources is theoretically unlimited, which
makes them attractive from a sustainability point-of-view. However, despite these
advantages, there are also several hurdles that limit the applicability of renewable
energy sources to completely make up for the predicted energy shortfall. Renewable
energy sources can only be installed where their respective fuel sources (sun, wind,
falling water, etc.) are plentiful, which may result in difficulties in redistributing the
produced power from the generation site to the consumer. Also, since these energy
sources rely on the availability of sunlight, wind, etc., there may not be a constant
supply of electricity from renewable power plants. Therefore, enhancements to the
electrical power grid need to be developed to cope with this inconsistent supply, such
as integration of energy storage technologies into the power grid. Finally, renewable
energy sources currently lack a sufficient power density (power produced divided by
the land area needed to generate the power) compared to other energy generation
sources.

Nuclear energy, generated from the processes of nuclear fission (splitting of heavy
nuclei) or nuclear fusion (combining of light nuclei), on the other hand provides a
larger power density comparable with conventional fossil fuel energy sources. As a
result, nuclear fission and fusion have a significant potential to help meet growing
energy demands. Nuclear fission is currently a mature commercial technology that
supplies a significant portion of the world’s energy needs. However, despite the ad-
vantages that nuclear fission possesses, such as being an alternative energy source
that can produce a constant supply of electricity while not generating any greenhouse
gases, there are several aspects of this energy source that may limit its ability to
continue growing. Some of the disadvantages of nuclear fission reactors are related to
proliferation issues and the possibility of a nuclear accident characterized by a large,

uncontrolled release of energy, as well as the fact that they produce long-lasting (can



be on the order of 1000’s of years) radioactive waste that must be properly stored to
avoid detrimental environmental effects.

Like nuclear fission, nuclear fusion does not produce any greenhouse gases, but
in contrast to nuclear fission, nuclear fusion poses no threat of a nuclear accident.
Additionally, fusion possess an abundant fuel supply! that can potentially last for
thousands of years and produces radioactive waste that can be properly disposed
of on a much shorter timescale (on the order to 10’s to 100’s of years) compared
to fission. Research towards developing controlled nuclear fusion reactors has been
ongoing for the past 60 years. However, due to the extreme technological difficulty
in creating the conditions necessary for controlled fusion to occur, nuclear fusion is
not yet a commercially viable energy source. The work in this dissertation focuses on
developing control solutions to improve the performance of and the ability to robustly

operate nuclear fusion tokamak devices.

1.1 Introduction to nuclear fusion

Nuclear fusion is the process by which two light nuclei “fuse” together to form one

heavier nucleus, and in the process, energy is released according to the relation

E,— E, = (m, —m,) ¢, (1.1)

where E denotes energy, m denotes mass, ¢ denotes the speed of light in a vacuum, and
(+):, for i € [r, p], defines quantities related to the reactants (i = r) and products (i =
p) of the reaction, respectively. Presently, the two nuclei most often considered for the

fusion reaction are deuterium (D) and tritium (7), which are isotopes of hydrogen,

IThe most often considered reactants for the fusion reaction are deuterium and tritium, which
are isotopes of hydrogen. Deuterium naturally occurs in seawater, and tritium, which is radioactive,
can be produced from lithium, which is found in the Earth’s crust.
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Figure 1.1: Reactivity versus temperature for various fusion reactions calculated using the
results obtained in [1].

because the D — T reactivity is higher at lower temperatures than other possible
fusion reactions (see Fig. 1.1). The D — T fusion reaction is shown schematically in

Fig. 1.2 and can be expressed mathematically as
2D+3T—>4H€+1R+QT (1.2)
1 1 2 0 DT's :

where He denotes a helium nucleus, n denotes a neutron, and QQpr is the amount
of energy produced in the reaction. In the notation {C, a denotes the atomic mass
number, b denotes the atomic number, and C denotes the element. The helium
nucleus produced in this reaction (3He) is commonly referred to as an alpha particle
(a), i.e., sHe = a, in the fusion community. The amount of energy that is released in
this reaction is 17.6 mega electron volts (MeV)?, i.e., Qpr = 17.6 MeV. The energy
generated in the reaction is divided amongst the products according to the inverse

proportion of their masses, i.e.,

E,=—"" Q=35 MeV,
My, + Mg,
mey
E,=— = 14.1 MeV. 1.3
— maQDT e (1.3)

21 electron volt (eV) is equal to 1.60217646 x 10712 Joules (J).
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Figure 1.2: Schematic of the deuterium (3D) tritium (37°) nuclear fusion reaction. The
products are a helium nucleus (5He), which carries 3.5 MeV of energy and a
neutron ({n), which carries 14.1 MeV of energy.

This relation is obtained by applying the principles of conservation of linear momen-
tum and conservation of energy (assuming the reactants are stationary) to the reaction

(1.2). Conservation of linear momentum applied to the reaction (1.2) results in

me
0=myve +mpyv, = vV,=—"v, =
my
my \ > m m
« « «
2= —) v2 = 0= 2—FE, = E,=—EF,, (1.4)
my m, mp

where m;, v;, and E; = (1/2)mv?, for i € [o, n], denote the mass, velocity, and kinetic
energy of the a particle and neutron, respectively. Conservation of energy applied to

the reaction (1.2) results in

Qpr = Eo + B, = E, (1 + @) , (1.5)

My

where we have utilized (1.4). The relations shown in (1.3) are then obtained from
(1.4) and (1.5).
Due to the Coulombic repulsion force that exists between the positively charged

nuclei, the fusion reactants must be kept under high pressure and heated to a high



temperature (on the order of 100 million degrees Kelvin) so that the nuclei possess
enough kinetic energy to overcome this repulsive force and get close enough together
where the strong nuclear force dominates, resulting in the nuclei fusing. The reactivity
of the reactant nuclei is dependent on the nuclei velocity distribution, which is a
bounded nonlinear function of the nuclei temperature, and only becomes significant
when the temperature is higher than 10 million degrees Kelvin. By examining Fig. 1.1,
we see that at around 100 million degrees Kelvin, the D — T reactivity is larger
than one order of magnitude higher than other possible fusion reactions. At these
high temperatures, the reactant gas mixture is in the plasma state, which means
the positively charged nuclei and negatively charged electrons disassociate from one
another and are free to move about independently of one another.

There are three ways to confine the nuclei in the environment necessary for fusion
reactions to occur: gravitational confinement, inertial confinement, and magnetic
confinement. Gravitational confinement is only possible in stars because the mass
needed to generate the required gravitational force is extremely large. The second
confinement approach is inertial confinement, where a rapid pulse of energy is directed
onto the surface of a fuel pellet which causes the pellet to implode, thus generating
the required high pressures and temperatures needed for fusion to occur. Finally, as
the reactant mixture is in the plasma state, it can conduct electricity and therefore
interact with magnetic fields which can be used to confine the plasma, as shown in
Fig. 1.3, in various magnetic configurations to create the conditions necessary for
fusion to occur. Arguably, the magnetic confinement technique is the most promising
approach for achieving controlled fusion on Earth, and one of the most promising

magnetic confinement devices is the tokamak?® [18].

3Russian acronym which translates to toroidal chamber with magnetic coils.
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Figure 1.3: Charged particles confined by an applied magnetic field. Due to the Lorentz
force F = q(E+v xB), where ¢ is the particle charge, v is the particle velocity,
E is the electric field, and B is the magnetic field, the charged particles are
confined in the direction perpendicular to the magnetic field lines but are free
to move in the direction parallel to the magnetic field lines.

1.2 Magnetic confinement: The tokamak

If the magnetic configuration shown in Fig. 1.3 is used to attempt to confine the
plasma in a fixed volume (tube where the magnetic field lines run the length of the
tube), plasma confinement would eventually be lost due to the particles escaping
through the ends of the tube. Therefore, to eliminate these end losses, the tokamak
device [18] closes the tube in on itself to obtain a doughnut structure. A schematic of
the various coil systems used to generate the magnetic fields in a tokamak machine
is shown in Fig. 1.4. The long way around the device is denoted as the toroidal
direction, and the short way around the device is denoted as the poloidal direction.
The tokamak employs various coil systems to generate the total helical magnetic
field (red line in Fig. 1.4) to confine the plasma in a fixed toroidal volume. The main
confining toroidal magnetic field (purple arrow in Fig. 1.4) is generated by the toroidal

field coils (purple D shaped coils in Fig. 1.4). The toroidal magnetic field decreases
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Figure 1.4: Schematic of the tokamak machine for confining a plasma.

as the distance from the center of the machine increases. This radial gradient results
in the plasma particles drifting vertically inside the machine, and the drift direction
is charge dependent, i.e., the ions and electrons drift in opposite directions. This
charge separation consequently generates a vertical electric field in the plasma. The
interaction of this electric field with the toroidal magnetic field results in the plasma
particles drifting horizontally outward towards the tokamak walls. Thus, the toroidal
magnetic field alone can not completely confine the plasma. Therefore, a poloidal
magnetic field (green arrow in Fig. 1.4 that wraps around the tube) is also needed to
completely confine the plasma in a fixed volume. The combination of the toroidal and
poloidal magnetic fields generates a total confining helical magnetic field structure
(red line in Fig. 1.4). As the plasma particles travel along this helical path, they
continuously drift vertically in the machine due to the toroidal magnetic field radial
gradient as previously discussed. However, as the particles travel along the helical
path, they spend some time above and some time below the horizontal mid-plane of

the machine. Therefore, averaged over many transits around the torus, the plasma
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particles tend to stay at a given spatial location relative to the center of the plasma.
Thus the total helical magnetic field produces an averaging of the plasma particle
vertical drifts such that the total net vertical drift is almost exactly zero. Therefore,
there is no charge separation, and consequently, no vertical electric field is produced.
As a result the plasma is confined in a fixed toroidal volume. In the tokamak, the
poloidal magnetic field is primarily generated by exploiting the ability of the plasma
to conduct electrical current. The plasma electric current (green arrow in Fig. 1.4) is
traditionally driven through a transformer action, where the ohmic poloidal field coil
(green coils in the center of the machine in Fig. 1.4) acts as the primary circuit and
the plasma acts as the secondary circuit. Finally, the position and shaping poloidal
field coils (green coils on the exterior of the machine in Fig. 1.4) are used to push and
pull on the plasma to control its position and shape within the device.

In a well confined tokamak plasma, the plasma kinetic pressure (density multiplied
by temperature) is a maximum at the center of the plasma (red region of the plasma
in Fig. 1.4). An important property of the tokamak plasma is referred to as the

plasma beta (), which is defined as

plasma kinetic pressure

g (1.6)

magnetic pressure

The plasma [ is a measure of how efficiently the applied magnetic pressure is being
utilized to confine the plasma kinetic pressure. Naturally, the higher ( is, the better.
Different regimes of tokamak operation exist with different levels of plasma confine-
ment and are characterized by the pressure profile that is present in the machine.
A schematic of the pressure profiles observed in low confinement (L-mode) and high
confinement (H-mode) operating regimes are shown in Figs. 1.5(a-b). In L-mode,
the pressure gradient is limited over the whole plasma cross section and is governed

by a high level of turbulence which enhances the radial transport. A region with a
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Figure 1.5: Schematic of the pressure profiles observed (a) in L-mode, (b) in H-mode, and
(c¢) with an internal transport barrier (ITB) [2]. The variable p is used to
denote the spatial coordinate (left = center of plasma (red region of plasma
in Fig. 1.4) and right = boundary of plasma (purple region of plasma in Fig.
1.4)). Regions of reduced radial transport (gray-shaded areas) are observed
where large pressure gradients are present, i.e., at the plasma edge in H-mode
and in the plasma core for an I'TB.

large pressure gradient at the edge of the plasma, which is associated with a local
reduction of the turbulent transport, is a characteristic of an H-mode plasma. Simi-
larly, an internal transport barrier (ITB) is characterized by a large pressure gradient
in the plasma core as shown in Fig. 1.5(c) [2]. As the product of the pressure and
the volume encapsulated by the region of higher pressure increases, larger amounts
of stored energy in the plasma are produced. This results in higher values of § which
is advantageous for the development of a power producing reactor.

There are multiple devices around the world studying various aspects of tokamak
research, from plasma physics, to plasma control, to technological issues, such as
plasma-material interaction, with the goal of building the scientific and technological
basis needed to develop a commercial fusion reactor. Some examples are JET in
the United Kingdom, ASDEX-Upgrade in Germany, Tore Supra in France, TCV in
Switzerland, EAST in China, JT-60U in Japan, KSTAR in South Korea, and DIII-D,
NSTX-U, and Alcator C-Mod in the United States. As all modern day tokamaks
rely on induction (transformer action) to drive current in the plasma (necessary to
maintain plasma confinement), tokamaks are inherently pulsed devices. The process

of creating, forming, and terminating the plasma is commonly referred to as a plasma
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discharge, or shot, in the tokamak community. The tokamak discharge can roughly

be divided up into four phases:

1. Breakdown phase: During this phase, the plasma is created by ionizing the

reactant gas inside the tokamak vacuum vessel chamber.

2. Ramp-up phase: During this phase, the plasma current is brought from its
initial value of zero up to its desired steady-state value. Additionally, other
quantities that characterize the plasma, for example density and temperature,

are brought to their desired values.

3. Flattop phase: This is the most important phase of the tokamak discharge and
is the phase where the production of energy should happen. During this phase,
all of the quantities that characterize the plasma should remain as constant as

possible.

4. Ramp-down phase: During this phase, the plasma current is driven to zero and

the plasma is terminated.

Modern tokamak devices are at the point where they can produce almost as much
energy as is required to heat the plasma. The next phase of tokamak development
is the ITER tokamak project [3], which will be the first tokamak device to produce
a significant amount of fusion power and hence be the first machine to explore the
burning plasma operating regime. The products of the D — T fusion reaction are a
charged « particle (carries 3.5 MeV, or 20%, of the generated energy) and a neutron
(carries 14.1 MeV, or 80%, of the generated energy) as shown in (1.2). As fusion
reactions occur, the deuterium and tritium fuel will need to be replenished inside
the reactor and subsequently heated to the temperatures where further reactions can
occur. As the alpha particle product of the D — T reaction is charged, it will remain

confined by the magnetic field in the tokamak. Therefore, as the a particle collides
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Figure 1.6: Schematic of the ITER tokamak [3]. Note the size of the person in the lower
left hand side of the figure.

with particles already present in the plasma, it will impart some of its energy to these
particles. This is referred to as plasma self-heating. A burning plasma is one in which
a significant portion of the power needed to sustain the fusion reaction is generated
by the «a particle heating. As the neutron product of the D — T reaction has no
charge, it will not be confined by the magnetic field in the tokamak and therefore
leave the plasma. As the neutron interacts with the confining structure, its energy
will be converted into heat, which can be utilized in a conventional Rankine cycle to

produce electricity. A schematic of ITER is shown in Fig. 1.6.

1.3 Control problems in tokamaks

In order for the ITER project to meet its demanding project goals, extensive re-

search has been conducted to find advanced tokamak operating scenarios [19] that
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are characterized by a high fusion gain, good plasma confinement, magnetohydrody-
namic (MHD) stability, and a noninductively driven plasma current*. The ability
to drive the plasma current in the tokamak through completely noniductive means
could potentially lead to the realization of a “steady-state” tokamak reactor. If these
performance objectives are achieved, the cost and size of fusion reactors could be
greatly reduced. The dynamics of the tokamak plasma are highly coupled, dis-
tributed, nonlinear systems that exhibit many instabilities. Therefore, active control
to stabilize/suppress these plasma instabilities and to optimize the performance of
the plasma has significant potential improve the ability to access advanced operating
regimes. A complete description of the various control problems in tokamaks is be-
yond the scope of this dissertation, however, a few of the most relevant problems are
briefly highlighted in the following. See [20,21] for an introduction to many of these
control problems.

The first class of control problems are typically referred to as magnetic control
problems, and consist of employing the tokamak poloidal field coils (green coils in Fig.
1.4) to control the location of the plasma inside the machine (for vertically elongated
plasmas, ones that are taller than they are wide, the plasma vertical position is unsta-
ble), the value of the plasma current, as well as the shape (boundary) of the plasma.
Advances in plasma position, current, and shape control are described in [22-31]. A
second class of control problems are related to the stabilization /suppression of plasma
MHD instabilities. These instabilities are usually triggered in high performance plas-
mas and limit the achievable plasma (. If these instabilities are triggered, they result
in a reduction of the plasma confinement, which lowers the plasma stored energy.

While not normally catastrophic, if left uncontrolled, these instabilities can lead to

4The ratio between the amount of fusion power (Pf,s) produced to the amount of external
power (P.y) that is needed to heat the plasma is defined as the fusion gain (Q) of a scenario, i.e.,
Q = Ppus/Pegt. Two of the ITER project goals are to demonstrate operation at Q = 10 with
an inductively driven plasma current and operation at () = 5 with a largely noninductivley driven
plasma current.
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. Some examples of plasma MHD instabilities are:

plasma-terminating disruptions
resistive wall modes (RWMs), edge localized modes (ELMs), and neoclassical tearing
modes (NTMs). Advances in RWM control can be found in [32-41], and advances in
NTM stabilization can be found in [42-48].

Finally, as the tokamak plasma is a distributed system, the spatial distribution of
the plasma toroidal current density, particle density, particle temperature, etc., plays
an important role in the stability, as well as the performance, of a given operating
condition. The spatial distribution of these plasma quantities are typically referred
to as profiles, e.g., current profile, density profile, temperature profile, in the tokamak
community. Current profile control is usually referred to as magnetic profile control
and kinetic profile control refers to the control of the plasma kinetic quantities (den-
sity, temperature, etc.). The work in this dissertation focuses on developing strategies
for current profile control, combined current profile + total stored energy control, and
simultaneous current profile 4+ electron temperature profile control.

The various control algorithms on any given machine are integrated together to
form the machine’s Plasma Control System (PCS). A schematic of the various com-
ponents of a tokamak PCS, and how a machine operator would interact with this
system, is shown in Fig. 1.7. The work in this dissertation focuses on developing
components (specifically the Actuator Trajectory Optimizer and Model-based Feed-
back Controller in Fig. 1.7) of the PCS relevant to control of the plasma current
profile and thermal state dynamics. Also in this work, physics-based, control-oriented
models of the plasma current profile and thermal state dynamics are developed that
can be used to simulate the evolution of these plasma quantities. Subsequently, these
models are interfaced with the PCS, i.e., they replace the Tokamak in Fig. 1.7, to test

the implementation and performance of, and ensure effective interaction between, the

5A plasma disruption is a condition where the plasma current is extinguished and the energy of
the plasma particles is rapidly lost to the surrounding structure.
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Figure 1.7: Schematic of the various components of a tokamak Plasma Control System
(PCS), how a machine operator would interface with the PCS, and how the
PCS would interface with the tokamak.

developed control components through simulations prior to experimental testing.

In an fully operational, power producing tokamak reactor, the PCS will need to be
able to maintain the plasma state in a predefined operational space ensuring stability
and safety limits are not violated, stabilize numerous plasma instabilities, optimize the
evolution of average plasma parameters and plasma profiles, avoid or mitigate plasma
disruptions, and be able to respond to any abnormal event requiring a change in the
control action in a seamless fashion. This will require the development of optimized,
yet robust, integrated algorithms that can coordinate the sharing of the available
actuation capabilities to control multiple strongly coupled plasma parameters [49].
The development of this overarching PCS architecture, as well as the development
of the individual control algorithms, is an active area of research, and many of the

solutions will be needed for ITER.
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Figure 1.8: Actuators that can be used for plasma profile control [4].

1.4 Current profile control

There are several actuators that can be used to manipulate the plasma current profile
evolution in the tokamak (shown in Fig. 1.8). The first actuator is the total plasma
current, which is controlled by the poloidal field coil system through induction. By
controlling the total current inside the plasma, the internal current profile can be
modified through resistive diffusion. Also, since the plasma is slightly resistive, some
of the plasma current is dissipated into heat. The plasma resistivity scales inversely
with the plasma electron temperature, therefore, at high temperatures the resistive
diffusion is low, which tends to freeze the current profile evolution. The second ac-
tuator is neutral beam injection (NBI). Injecting beams of highly energetic neutral
particles into the plasma provides a source of noninductive current as well as plasma
heating through collisions. The third actuator is radio-frequency heating/current-
drive. The frequency can be tuned to excite the electrons or ions by power from
electron cyclotron and ion cyclotron launchers, respectively. The radio frequency
waves can be injected into the plasma in a variety of ways, and various combina-
tions of electron/ion cyclotron heating (ECRH/ICRH) and electron/ion cyclotron
current drive (ECCD/ICCD) can be obtained. The neutral beam injectors and radio

19



frequency wave launchers comprise a given machine’s auxiliary heating and current
drive (H&CD) system. The final actuator is the plasma electron density, which is
controlled by gas-feed and pellet launchers. However, tight control of the electron
density in experiments is challenging due to large recycling at the tokamak walls.

Recent work towards the development of advanced tokamak operating scenarios
is described in [50-59]. The goal in these works is to study the formation of advanced
scenarios with a high bootstrap current fraction so as to minimize the necessary
amount of auxiliary current drive needed to maintain the plasma at the desired op-
erating point [53]. The bootstrap current is a self-generated, noninductive current
in the plasma that is associated with particles that cannot complete their helical or-
bit around the machine. These particles are therefore called trapped particles. In
the presence of the radial pressure gradient that is produced by the magnetic con-
finement, more trapped particles move in one toroidal direction than in the other.
As a result, a net current is produced which is called the bootstrap current [60]. A
key plasma property that is investigated in the development of advanced scenarios
is the safety factor profile (¢ profile) [18] because of its close relationship to plasma
energy /particle transport [61,62], which affect both the magnitudes and gradients of
the plasma temperature and density profiles, and to plasma stability limits that are
approached by increasing the plasma pressure [63,64]. The temperature and density
gradients are important due to their relationship to the bootstrap current, and the
temperature and density profiles themselves are important due to their relationship
to the fusion gain of a scenario and to the amount of current that can be driven by
auxiliary sources [53,65,66].

The safety factor is defined as the ratio between number of times (n) a magnetic
field line goes toroidally (the long way) around tokamak to number of times (m) it
goes around poloidally (the short way) before it closes in on itself, i.e., it reaches the

same point in space that it originated from. Mathematically, the local ¢ value at a
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specific location in the plasma can be expressed as

(1.7)

n
q= m
During a tokamak discharge, the toroidal field coils produce an approximately con-
stant toroidal magnetic field. As a result, n is approximately constant at a given
spatial location in the plasma. If the shape of the plasma boundary is controlled at a
steady-state equilibrium, the poloidal field coil currents are nearly constant as well.
Therefore, changes in the poloidal magnetic field, and hence the value of m at a given
spatial location in the plasma, are dominated by changes in the spatial distribution
of the toroidal current density in the machine. Therefore, the ¢ profile is seen to be
dependent on the toroidal current profile and vice versa. As a result, the current
profile and the ¢ profile are often utilized interchangeably in the tokamak community
to describe the magnetic state of the plasma.

Finally, advanced scenarios aim to operate at high values of the plasma S to
maximize the bootstrap current fraction, however, MHD instabilities, such as NTMs,
can be triggered in these regimes [67], which in turn limit the plasma performance
and can lead to plasma-terminating disruptions. Obtaining a suitable target current
profile in the plasma may provide sufficiently stabilizing effects near rational ¢ surfaces
to mitigate NTM formation and contribute to maximizing the bootstrap current [59].
This complex set of interactions makes the problems of predicting (using models)
and achieving (in experiments) advanced scenarios extremely challenging. Also, as
advanced scenarios operate close to operational boundaries, variations in the plasma
evolution can lead to difficulties with reproducibility. These factors motivate the
design of controllers to regulate the plasma current profile to improve the ability to
access advanced modes of operation. This is the main focus of this dissertation.

Algorithms to control the plasma parameters can be developed by employing either
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non-model-based or model-based control techniques. Most likely, non-model-based
single-input-single-output (SISO) control loops will not be able to satisfy the plasma
profile control performance requirements needed for ITER because the SISO control
loops cannot account for the multiple effects a given actuator has on the plasma
evolution. Additionally, non-model-based controllers require trial-and-error tuning
and are not conducive to developing integrated algorithms to control coupled plasma
parameters, which requires coordinated actuator sharing, both of which are imprac-
tical for use on I'TER. Model-based control is motivated by the coupled, nonlinear,
multivariable, distributed parameter dynamics of the plasma. In the development of
model-based controllers, the dominant physics of the system is embedded into the
control design process through a multi-input-multi-output (MIMO) control-oriented
dynamic model. Therefore, the developed controllers know in which direction to actu-
ate to generate a desired response in the plasma state evolution and can be designed
to share the available actuation capabilities. As a result, model-based control design
inherently reduces the need for trial-and-error tuning of the algorithm and has the
potential to meet the demanding control requirements of ITER.

To develop model-based controllers (control algorithms), control-oriented models
that describe the plasma response to the actuators, i.e., poloidal field coil voltages,
electron cyclotron heating/current-drive, etc., must first be developed. These mod-
els can be obtained by employing either data-driven or first-principles-driven (FPD),
physics-based modeling techniques. Data-driven models are developed by mainly
considering the response of the system output, i.e., the plasma parameters to be
controlled, around a specified reference state due to modulations in the system ac-
tuators, and little if any physical understanding is incorporated into the model. As
a result of the model identification process, most data-driven models are inherently
linear, and are only valid around the reference plasma state adopted during the data

identification process. This in turn may limit the effectiveness of controllers designed
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by utilizing these models when the plasma state deviates from the adopted reference
state. Also, as the data-driven models are strongly dependent on system input-output
data, dedicated identification experiments are needed on each device, and potentially
for each operating scenario, to develop the models.

A substantial physics effort has been ongoing for several years to develop predic-
tive models for the evolution of the magnetic and kinetic plasma profiles in toroidal
plasmas. The core of these first-principles models are the fundamental physical laws
that govern the behavior of the plasma, such as conservation equations (mass, mo-
mentum, energy, charge) and Maxwell’s equations, for instance. These physics models
have been incorporated into complex simulation codes utilized to model the plasma
dynamics and predict the evolution of the plasma in existing and future tokamak
devices, with some examples being TRANSP [12], ONETWO [68], CORSICA [69],
ASTRA [70], DINA-CH&CRONOS [5-9], and FASTRAN [71]. The goal in devel-
oping FPD, control-oriented models is the conversion of these physics models into
a form suitable for control design. Where first-principles knowledge of a particular
plasma parameter is either to complex for control design or not fully understood,
such as the plasma thermal conductivity, general physical observations, which are
not unique to any one machine, and experimental/simulated data are used to close
the first-principles model by developing a simplified model of the plasma parameter
in question, thereby obtaining a first-principles-driven model.

It is important to note that FPD, physics-based models are developed with control
design in mind. Consequently, the models need only capture the dominant physics
of the plasma dynamics that are relevant to the control objective since one of the
main characteristics of feedback control is the ability to deal with model uncertain-
ties, such as unmodeled dynamics that have a relatively small influence on the plasma
state evolution from a control design point-of-view. Additionally, FPD models have

the advantages of being (i) extendable to various MHD equilibrium configurations
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and operating scenarios, (ii) able to incorporate the nonlinear coupling between the
various plasma parameters, and (iii) able to explicitly describe the temporal and spa-
tial evolution of the plasma profiles in response to nonlinear control actuation. As
these models mainly rely on fundamental physical laws, they can readily be adapted
to a given operating scenario (characterized by a specified magnetic configuration,
heating/current-drive scheme, etc.) in a given tokamak, as preexisting experimental
data from the machine of interest, or in the case of ITER, simulated data from an
advanced simulation code, is all that is needed to close the model. Finally, FPD
modeling provides the freedom of arbitrarily handling the trade-off between the sim-
plicity of the model and both its physics accuracy and its range of validity, which will
of course be reflected in the model-based controller’s performance and capability. In
this dissertation, the focus is on employing FPD, physics-based models to control the

plasma dynamics.

1.4.1 Prior work

Advances in current profile control at the JET, DIII-D, Tore Supra, and JT-60U
tokamaks are described in [72-82]. Experiments at the DIII-D tokamak focus on
creating the desired current profile during the ramp-up and early flattop phases of
the discharge with the goal of actively maintaining this target profile throughout
the remainder of the discharge. During the initial phase of the discharge, feedback
control of the value of ¢ at the center of the plasma and the minimum ¢ value across the
spatial domain has been demonstrated at DIII-D by changing the plasma conductivity
through electron heating [75] . The employed controller requests a power level to the
actuator, either ECRH or NBI, that is equal to a preprogrammed feedforward value
plus the error in ¢ times a proportional gain. The ¢ profile is obtained in real-time
from the motional Stark effect (MSE) diagnostic measurement. If the sampling rate

of the ¢ profile is reduced, because the MSE beam is modulated rather than run
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continuously, the non-model-based controller has been observed to become unstable
causing the ¢ profile to oscillate. This behavior, along with the strong coupling
between the magnetic and kinetic plasma profiles and the high dimensionality of the
problem, motivates the design of a model-based controller that takes into account the
dynamics of the ¢ profile in response to the available actuators and has the potential
for improved performance.

By following a data-driven modeling approach, linear, dynamic, plasma profile
response models were obtained from experimental data by performing system identi-
fication experiments in JET [74], JT-60U, and DIII-D [76]. The models were identified
by exploiting the different time scales of the magnetic and kinetic variables and were
subsequently used to design controllers to control the plasma current profile. The
designed controllers use the heating and current drive systems to regulate the plasma
profiles around desired target profiles during the flattop phase of the plasma dis-
charge [74,77,78]. However, as the identified models are linear, they are only valid
around the reference plasma state adopted during the system identification experi-
ment. Therefore, the effectiveness of the controllers designed based on these models
may be limited when the plasma state moves away from the reference state.

Alternatively, a first-principles-driven, physics-based approach can be employed
to design control algorithms to regulate plasma conditions. Progress towards physics-
based, control-oriented modeling of the magnetic and kinetic plasma profile evolutions
in L-mode scenarios has been recently reported in [13,83,84]. Advances in developing
physics-model-based algorithms to control the plasma dynamics in various tokamaks

can be found in [85-94].

1.4.2 Results of this work

The control strategy we employ to control the current profile dynamics is a feed-

forward 4 feedback control scheme, where the feedforward control commands are
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computed off-line and the feedback control commands are computed on-line. The
objective of the feedforward controller is to achieve a target plasma state evolution
throughout the discharge while taking into account actuator constraints, such as the
maximum available amount of auxiliary heating and current-drive power and total
plasma current ramp-up rate, and plasma state constraints. The objective of the feed-
back controller is to reject the effects that external disturbances have on the plasma,
overcome the uncertainties in the model used for the control design, and regulate the
plasma state around the target.

In this work, firstly, a general physics-based modeling approach is developed to
convert the physics model that describes the current profile evolution in the tokamak
into a form suitable for control design by developing physics-based, control-oriented
models of the electron density, the electron temperature, the plasma resistivity, and
the noninductive current drives in response to the available control actuators. Subse-
quently, the FPD, physics-based model is tailored to L-mode and H-mode scenarios in
DIII-D, to H-mode burning plasma scenarios in ITER, and L-mode scenarios in TCV,
demonstrating the flexibility of the developed approach. The model prediction is then
compared to the evolution of experimentally-achieved /advanced-simulation-predicted
plasma parameters.

Secondly, a model of the plasma dynamics is embedded into a numerical opti-
mization algorithm to synthesize feedforward trajectories for the tokamak actuators
that steer the plasma through the tokamak operating space to a predefined target
scenario. In this way, actuator trajectories can be designed by exploiting the ac-
cumulated knowledge gained by the plasma physics community regarding both the
multivariable, coupled, nonlinear, distributed plasma dynamics and plasma stabil-
ity limits. Ideally, one would like to embed the complex simulation codes described

in [5-9,12,68-71] into the numerical optimization algorithm. However, as these codes
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contain highly sophisticated models of the plasma dynamics, they require a sub-
stantial amount of computational time to simulate a plasma discharge. As many
state-of-the-art optimization algorithms use an iterative approach to find the optimal
solution to a problem [95], a more computationally efficient model of the plasma dy-
namics is needed in practice. Therefore, we utilize the developed FPD, physics-based
model, as models of this complexity can be used to simulate a tokamak discharge
with a computational time on the order of seconds, and as a result, are ideal candi-
dates for the models that can be embedded in an iterative optimization algorithm.
Advances in actuator trajectory optimization in L-mode scenarios at the DIII-D and
TCV tokamaks that employ physics-based models of the plasma dynamics can be
found in [14,96,97]. In this work, the developed optimization algorithm is employed
to design feedforward actuator trajectories to achieve various different target plasma
conditions in L-mode and H-mode scenarios in the DIII-D tokamak, and the optimized
trajectories are subsequently tested in DIII-D experiments.

Finally, feedback control algorithms to control the current profile evolution in
L-mode and H-mode scenarios in the DIII-D and TCV tokamaks are designed by
embedding a FPD, physics-based model of the plasma dynamics into the control
design process. The effectiveness of the controllers in tracking a desired current
profile evolution is demonstrated in simulations and in DIII-D experiments. In order
to experimentally test the feedback controllers in DIII-D, a general framework for
real-time feedforward + feedback control of magnetic and kinetic plasma profiles
was implemented in the DIII-D PCS. A valuable result of the experimental tests
is an investigation into the minimum number of variables that must be controlled
to achieve robust scenario execution. The L-mode DIII-D experiments represent
the first successful demonstration of FPD, physics-model-based, closed-loop full ¢
profile control in a tokamak device. In conjunction with the work presented in this

dissertation, the work described in [98,99] was also part of this initial experimental
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campaign. Subsequently, the control philosophy described in [98,99] was extended to

actively control the ¢ profile in DIII-D H-mode scenarios [100,101] through feedback.

1.5 Combined current and kinetic profile control

The current profile and the electron temperature profile are intimately coupled in
tokamaks through resistive diffusion, auxiliary current-drive efficiency, bootstrap cur-
rent drive, ohmic heating, and plasma energy /particle transport. In reactor relevant
high confinement scenarios, particle and energy transport barriers just inside the
plasma boundary are formed, which improve the plasma performance and result in
the formation of large gradients in both the plasma density and temperature. These
gradients increase the complexity of the coupling between the magnetic and kinetic
plasma parameters via the increase of the plasma self-generated bootstrap current in
H-mode scenarios compared to L-mode scenarios, where the bootstrap effects are rela-
tively small because of the lower plasma temperature and density gradients in this op-
erating mode (2] (see Fig. 1.5). To optimize the fusion power, the plasma density and
temperature profiles must also simultaneously be controlled. The volume-averaged
plasma stored energy is related to these kinetic plasma profiles and can alternatively
be controlled to regulate the fusion power. As the current and electron temperature
profiles are intimately coupled (particularly in reactor relevant scenarios), integrating
methodologies for current profile control with strategies to control the kinetic state of
the plasma is crucial to developing the ability to robustly achieve and maintain high
performance plasma targets, in particular on long-pulse devices such as ITER where
the resistive current diffusion time constant is comparable to the discharge time. This
capability can enable the study of desired regimes, control the proximity to stability

limits, and maximize the physics output of the executed plasma discharges.
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1.5.1 Prior work

Algorithms for simultaneous control of the current profile and a volume average rep-
resentation of the plasma thermal state (plasma 3, total fusion power) following a
data-driven approach have recently been developed. These controllers have been
tested in H-mode DIII-D experiments [102-105] and in advanced tokamak ITER op-
erating scenarios [103] through simulations with the simplified plasma transport code
METIS [106]. Additionally, following a data-driven approach, an algorithm for si-
multaneous control the current profile and the gyro-normalized electron temperature
gradient profile was designed for JET and tested through simulations [74]. Finally
an algorithm for simultaneous control of the current and electron temperature pro-
files based on real-time estimation of linearized static plasma profile response models
is described in [107]. This algorithm was subsequently tested in advanced tokamak

ITER operating scenarios through simulations with the CRONOS code [7].

1.5.2 Results of this work

In this work, feedback algorithms for simultaneous current profile 4 total stored en-
ergy control in H-mode scenarios in the DIII-D and ITER tokamaks are designed by
embedding a FPD, physics-based model of the plasma dynamics into the control de-
sign process. The effectiveness of the controllers in tracking a desired current profile
+ total stored energy evolution is demonstrated in DIII-D and ITER based on simu-
lations with the FPD, physics-based model developed in this work. In particular, the
ITER simulations demonstrate the ability of the feedback controller to maintain the
current profile at a stationary target while simultaneously modulating the amount
of fusion power that is generated. Additionally, a feedback algorithm for simultane-
ous current + electron temperature profile control in L-mode scenarios in the TCV

tokamak is designed by following a FPD, physics-based approach. The effectiveness
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of the feedback controller is demonstrated through simulations with the RAPTOR
code [13-15], which is a simplified physics-based code (similar to one developed in
this work), where the current profile is maintained at a stationary target while simul-
taneously modulating the electron temperature profile between equilibrium points.
The ability to maintain the current profile at a stationary target (to maintain plasma
stability) while modulating the thermal state of the plasma (to respond to changing
power demand) is an essential capability that will be needed for a commercial, power

producing tokamak reactor.

1.6 Dissertation outline

The organization of this dissertation is as follows.

Chapter 2

In this chapter, a general physics-based modeling approach is developed to convert
the physics model that describes the current profile evolution in the tokamak into a
form suitable for control design. This is accomplished by developing physics-based,
control-oriented models of the electron density, the electron temperature, the plasma
resistivity, and the noninductive current drives in response to the available control
actuators. Subsequently, the FPD model is tailored to L-mode and H-mode operating
scenarios in multiple tokamaks, demonstrating the flexibility of the employed method-
ology. The model’s predictive capabilities are demonstrated through comparison to
the evolution of experimentally-achieved /advanced-simulation-predicted plasma pa-
rameters.

This work was presented at the 54th Annual Meeting of the APS Division of
Plasma Physics [108] and the 52nd IEEE Conference on Decision and Control [109].
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Chapter 3

In this chapter, a robust feedback controller for current profile control in L-mode sce-
narios in the DIII-D tokamak is designed by employing the FPD, physics-based model
described in [83]. A general framework for real-time feedforward + feedback control of
magnetic and kinetic plasma profiles is implemented in the DIII-D PCS. A tokamak
simulation model (Simserver) that can interface with the control algorithm imple-
mented in the DIII-D PCS is developed, which enables closed-loop simulations with
the real-time code to be executed to debug the algorithm prior to experimental test-
ing. The effectiveness of the feedback controller is demonstrated through simulations
and DIII-D experiments. These experiments, along with those described in [98,99],
represent the first demonstration of FPD, physics-based, closed-loop control of the
entire current profile in a tokamak.

This feedback control design, control algorithm implementation in the DIII-D
PCS, and experimental testing of the controller was presented at the 53rd Annual
Meeting of the APS Division of Plasma Physics [110], the 2012 American Control
Conference (best student paper award finalist) [111], the 24th IAEA Fusion Energy
Conference [112], and published in Nuclear Fusion [113].

The Simserver development work was presented at the 52nd Annual Meeting of
the APS Division of Plasma Physics [114] and published in Fusion Engineering and
Design [115].

Chapter 4

In this chapter, a FPD, physics-model-based algorithm is developed to optimize
plasma startup conditions in L-mode scenarios in the DIII-D tokamak by achieving a
specified target ¢ profile at the end of the current ramp-up phase of the discharge. A

feedforward + feedback scheme is utilized to control the ¢ profile. The physics-based
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model developed in chapter 2 is embedded in a numerical optimization algorithm to
design feedforward trajectories for the available actuators. A unique characteristic
of the feedforward trajectories obtained by solving the optimization problem is the
regulation of the plasma current ramp-up rate to achieve the target ¢ profiles. The
feedback controller is employed to add robustness to the control scheme and account
for drifts due to external plasma disturbances. Additionally, the feedback controller
is designed to be robust to uncertainties in the electron density, electron tempera-
ture, and plasma resistivity profiles, respectively. Experimental results in DIII-D are
presented to demonstrate the potential of the feedforward + feedback controller to
improve the ability to robustly achieve various different target ¢ profile at the end of
the current ramp-up phase of the discharge.

This work was presented at the 56th Annual Meeting of the APS Division of
Plasma Physics [116].

Chapter 5

In this chapter, the feedforward and feedback controllers designed in chapter 4 are
extended to H-mode scenarios in the DIII-D tokamak. The physics-based model de-
veloped in chapter 2 is embedded in a numerical optimization algorithm to design
feedforward trajectories for the available actuators that steer the plasma through the
tokamak operating space to reach a target plasma state (characterized by the current
profile and plasma stored energy) in such a way that the achieved state is as station-
ary in time as possible. Additionally, feedback controllers for current profile and for
simultaneous current profile and plasma stored energy control are designed follow-
ing the approach presented in chapter 4. The feedforward and feedback controllers
are tested in DIII-D experiments. The experimental tests demonstrate the potential
physics-model-based profile control has to provide a systematic approach for the de-

velopment and robust sustainment of advanced scenarios, as well as provide insight
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into physics aspects important to robust scenario execution. The current profile (not
including energy control) feedback controller is shown to be able to effectively control
the current profile when the plasma stored energy is relatively close to the target. This
indicates the need for integrated current profile and stored energy control to further
enhance the ability to achieve robust scenario execution. Through simulations with
the physics-based model developed in chapter 2, the ability of the combined current
profile and stored energy feedback controller to track a desired target is demonstrated.

This work was presented at the 55th Annual Meeting of the APS Division of
Plasma Physics [117], the 19th IFAC World Congress [118,119], and the 25th IAEA

Fusion Energy Conference [120].

Chapter 6

In this chapter, a feedback controller for simultaneous ¢ profile and plasma stored
energy control in H-mode burning plasma scenarios in the ITER tokamak is designed.
The controller is designed with a two-loop structure, where the total plasma current
and the auxiliary sources that heat and drive noninductive current in the plasma are
employed to the control the ¢ profile, and the auxiliary sources that only heat the
plasma are employed to control the plasma stored energy. The ¢ profile controller is
designed to be robust to uncertainties in the electron density, electron temperature,
and plasma resistivity profiles, respectively. The ability of the two control loops to
interact together effectively is demonstrated through simulations with the physics-
based model developed in chapter 2 by first tracking a nominal target, and then
modulating the generated fusion power while maintaining the current profile in a
stationary condition.

This work was presented at the 52nd IEEE Conference on Decision and Con-

trol [121].
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Chapter 7

In this chapter, feedback algorithms for ¢ profile control in L-mode scenarios in the
TCV tokamak are synthesized. The controllers are designed to put emphasis on
achieving the target ¢ profile in different spatial regions, to respond differently to
errors in the ¢ profile, and to be robust to uncertainties in the plasma electron tem-
perature and plasma resistivity profiles. The performance of each controller is tested
though simulations with the RAPTOR code, where the ability of each controller to
track multiple different target profiles is demonstrated.

This work was presented at the 53rd IEEE Conference on Decision and Con-

trol [122].

Chapter 8

In this chapter, a feedback controller for simultaneous current and electron tempera-
ture profile control in L-mode scenarios in the TCV tokamak is designed following a
FPD, physics-based approach. The electron thermal conductivity profile is modeled
as an uncertainty, and the controller is designed to be robust to an expected uncer-
tainty range. The RAPTOR code is used to test the capabilities of the controller.
The performance of the integrated profile controller is demonstrated by first track-
ing a nominal target, and then modulating the electron temperature profile between
equilibrium points while maintaining the current profile in a stationary condition.

This work was submitted to the 2015 American Control Conference [123].

Chapter 9

In this chapter, the contributions of this dissertation are summarized, and some

possible directions of future research are discussed.
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Chapter 2

Physics-based modeling of the

plasma current profile dynamics

2.1 Introduction

Towards the goal of developing control algorithms to achieve and maintain a de-
sired plasma magnetic state in the tokamak, in this chapter, a general control-
oriented physics-based modeling approach is developed to obtain a first-principles-
driven (FPD) model of the plasma current profile dynamics in tokamaks. We be-
gin the model development process by considering the well known one-dimensional
poloidal magnetic flux diffusion equation [124,125], which describes the resistive diffu-
sion of the poloidal magnetic flux in the tokamak in response to the electric field due
to induction, the noninductive current driven by the auxiliary heating and current-
drive (H&CD) system, and the neoclassical bootstrap effect. This physics model is
subsequently converted into a form suitable for control design by developing simplified
control-oriented versions of physics-based models of the electron density, the electron
temperature, the plasma resistivity, and the noninductive current-drives (auxiliary

and bootstrap). The objective in developing the simplified physics-based models of
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the plasma parameters is to capture the dominant physics that describe how the
control actuators affect the plasma parameters.

The approach employed to develop the control-oriented models is inspired by the
approach presented in [83], where a FPD model of the poloidal magnetic flux dy-
namics valid for low confinement (L-mode) scenarios in the DIII-D tokamak was
developed. The approach developed in this work extends the work described in [83]
in many critical areas. Firstly, the effects of the auxiliary H&CD actuators are mod-
eled independently to exploit the full capabilities of a given machine’s H&CD system.
Additionally, the ability to include various kinds of auxiliary current drive sources,
such as electron cyclotron current drive and neutral beam injection current drive, is
included in the model. Secondly, the bootstrap current and fusion power are included
in the model. This allows the developed FPD model to be applied to reactor rel-
evant, high confinement (H-mode) operating scenarios where the bootstrap current
provides a significant fraction of the total current density, and in the case of ITER,
to burning plasma scenarios where a significant portion of the plasma heating power
is provided by the a power. Finally, the developed approach (and corresponding
numerical simulation code) is readily tailored to different machines of interest.

This chapter is organized as follows. We begin by providing a derivation of the
Grad—Shafranov equation [126], which is a two-dimensional, nonlinear, elliptic partial
differential equation (PDE) that describes the magnetohydrodynamic (MHD) equi-
librium distribution of the poloidal magnetic flux at any given time in the tokamak
plasma, in section 2.2. The derivation provided follows the one described in [127].
In section 2.3, a deviation of the the poloidal magnetic flux diffusion equation is
provided. The derivation provided follows the one described in [124]. The control-
oriented, physics-based models of the plasma parameters in response to the control
actuators are discussed in section 2.4. In section 2.5, the, nonlinear FPD model of the

plasma poloidal magnetic flux dynamics is obtained by coming the magnetic diffusion
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equation with the control-oriented models, and various parameters that are utilized
to characterize tokamak operating scenarios (and their relationship to the poloidal
magnetic flux), such as the current profile and the safety factor profile (¢ profile),
are defined in section 2.6. In sections 2.7 through 2.10, the FPD model is tailored to
L-mode and H-mode scenarios in the DIII-D, ITER, and TCV tokamaks, respectively,
demonstrating the flexibility of the developed approach. The model prediction is then
compared to the evolution of experimentally-achieved /advanced-simulation-predicted

plasma parameters. Finally, conclusions are discussed in section 2.11.

2.2 Tokamak plasma MHD equilibrium

A tokamak plasma magnetohydrodynamic equilibrium is governed by the static, time

independent form of the full MHD equations:

jxB=Vp, (Momentum Equation) (2.1)
V x B = ), (Ampere’s Law) (2.2)
V-B=0, (Gauss’s Law) (2.3)

where B is the magnetic field, j is the current density, p is the fluid pressure, and g
is the vacuum magnetic permeability. We begin by defining the cylindrical coordinate
system (R, ¢, Z) shown in Fig. 2.1, where R denotes the radial direction, Z denotes
the vertical direction, and ¢ denotes the angle necessary to obtain a right-handed
system. We use the quantities er, e4, and ez to denote unit vectors along the
appropriate directions. At each point in space, the direction parallel to the unit
vector ey is called the toroidal direction and the plane perpendicular to this direction

is called the poloidal direction. In this coordinate system, a generic vector A, with
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Figure 2.1: Coordinate systems employed to describe plasma quantities: cylindrical sys-
tem (R, ¢, 7Z) and flux surface system (p, ¢,6). The geometric major radius
of the tokamak is denoted by Ry and p, denotes the value of p at the plasma
boundary.

components Agr, Ay, and Ay, is defined as

A= AReR + A¢e¢ + AZez.

Finally, as the geometric configuration of the tokamak is symmetric about the Z-axis,
we assume that all relevant physical quantities are independent of the toroidal angle

¢, which implies for a general quantity A

0
a—qu—O.

We begin by defining the total magnetic field as

B = BReR—I—B¢e¢—|—BZeZ, (24)

38



and from Gauss’s Law (2.3), the magnetic field components must satisfy

10(RBy)  10By , 0By _, _  10(RBg) , 0By

V-B=r"0r R 06 07 R OR 07

=0. (2.5)

Next, we define the poloidal stream function v as the flux per unit radian of magnetic
field passing through a disk Sz of radius R that is perpendicular to ez, which is

expressed as

™

1 1 2w R R
W(R, Z) = — / B.dS, — — / By(r, Z)dérdr — / +By(r, Z)dr.  (2.6)
2 2m Jo  Jo 0
Differentiating (2.6) with respect to R, we obtain

oy
@ — RBZ7

and differentiating (2.6) with respect to Z and using (2.5), we obtain

R R
o 0By / 0GB,
0

2l = —
T T T 0T

oz ), "oz

Therefore, the magnetic field components Br and Bz depend on the poloidal stream

function 1 through the relations

1 0y

Bp=——2%

R }5827

10y
By = ——. 2.7
2= B3R (2.7)
By employing (2.7), the magnetic field (2.4) can be written as

B = B¢e¢ + Bg, (28)
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where the poloidal magnetic field By is defined as

oy 100
By :—V¢Xe¢ <8RR+__¢ ¢+8Ze)><e¢
_ 1o 10¥
T TRz T RORY (2:9)

Finally, in a well confined tokamak plasma, nested surfaces of constant 1) are obtained
as shown in Fig. 2.2, and these surfaces are referred to as magnetic flux surfaces. By

noting that

(0 10y O 19 1 9
VQ/J B_(8R6R+RE)¢ ¢+ Z) ( RaZeR+B¢e¢+RaR )

1oy 1a¢a¢ B
~ ROROZ + ROROZ 0, (2.10)

we see that the helical magnetic field lines lie on the magnetic flux surfaces. The
limiting magnetic flux surface, which approaches a single magnetic field line, is called
the magnetic axis. The definition of the function v given in (2.6) results in ¢ having
the same sign as the physical poloidal magnetic flux and ) is related to the poloidal
magnetic flux ¥ via the relation ¥ = 2m). Additionally with this definition, the
function ¢ is a maximum at the magnetic axis for a positive plasma current (flowing
in the counter-clockwise direction when looking down on the tokamak).

By utilizing Ampere’s Law (2.2), we can obtain an expression for the electrical
current density. Substituting (2.8) into (2.2) we obtain

, 10B, OB, OBy 0By, | (O(RB,) 0Bs
_ B— (922 _ Y% 9Bk 0Bz L
o) =V X ( )eR+(8Z aR) +R< oR 09

B 8B¢R+(_182w 1 0% 1aw) (aB
R

v _lov, low RZ% L B, ey (211
RoZ:2  ROR: R oR)C or * ¢)ez (2.11)

40



Magnetic Flux
Surfaces

Magnetic Axis

Figure 2.2: Toroidal magnetic flux surfaces (defined by a constant poloidal magnetic flux)
in a tokamak. The coordinates (R, Z) define the radial and vertical coordi-
nates in the poloidal plane. The total helical magnetic field (B) is composed
of a toroidal component (B¢) and a poloidal component (B@) respectively.

The poloidal component is in turn composed of a radial component (E r) and
vertical component (E 7). The limiting flux surface at the plasma core is called
the magnetic axis. The quantity p is any arbitrary quantity that is constant
on each magnetic flux surface within the plasma and can be used to index the
magnetic flux surfaces.

By defining the differential elliptic operator A*iy as

e v VY _prg (L, 10y | OU
A=V = BV - 55 | gpent gt 550

Y

_pp| L0 (plovy 10 (1opy 0 (10

=R [R(?R <RR28R)+R8¢ (R38¢>+8Z (R28Z>}

& [11 (1%) +L<‘>‘2_ﬂ

B ROR \ROR) R20Z72

L0 (1o 0%

= R <Tzﬁ> + 575 (2.12)

we can express (2.11) as

. 1 1
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where

ey O (100N _ 1% 18 18 109
R ~ OR\ROR ROZ?2  ROZ?2 ROR?2 R20R
and
1 _ 1[O(RBy) 1 9(RBy) O(RBg)
RV(RB¢)XG¢—R|: 8R er +R a¢ e¢+ 6Z ey ><e¢
OB OB
|:< a—R(;s+B¢)eR+Ra—Z(z)eZ:| X e¢
8B¢ OBy
= oz° (Rﬁ +B¢)ez-

The final condition that the electrical currents and magnetic fields inside the
plasma must satisfy so that the plasma is in MHD equilibrium is given by the mo-
mentum equation (2.1). The momentum equation (2.1) can be decomposed into 3
components, along B, j, and V¢ (normal to the magnetic flux surfaces). By noting
that B-Vp =0 and j- Vp = 0, we see that the pressure gradient is orthogonal to
both the magnetic field and electrical current density. Evaluating the component of

(2.1) parallel to B results in

1 1
B-Vp=0 = <§wae¢)-Vp=O = e¢-(ﬁv¢xvp):0. (2.14)
Evaluating the component of (2.1) parallel to j results in

i-Vp=0 = ——V(RB,) xe;, | -Vp=0
j-Vp (uoR( s) ¢>) p

1
——e V(RBy) % Vp) =0. 2.15
s ((vinEy 215)
From (2.14), we see that Vp is parallel to Vi, which implies p is constant on a

magnetic flux surface, i.e., p = p(¢v). From (2.15), we see that V(RBy) is parallel

42



to Vp (and therefore V), which implies RB, is also constant of a magnetic flux
surface, i.e., RBy, = F = F(¢). Finally, evaluating the component of (2.1) parallel
to V1 results in

Vi - (j x B) = Vo - Vp. (2.16)

By employing (2.13) and (2.8), the term V¢ - (J x B) is evaluated as

. B 1 F 1
V- (j x B) =V ( ORA¢e¢+MRVF><e¢) <Re¢+vaXe¢)

1 0 0
:V¢.<_MOR2 w{qux( ageRjLa—]ﬁez)}

L OF[( ov oY
e [(—a—z on gns) <)

1. 1 dF
v (MORQ 01 W)
1. 1 dF
—(Vy - Vi) (MORQ @) (2.17)

where we have used the definition VF(¢) = [0F/0¢] V. The term Vi - Vp is
evaluated as

Vip-Vp = (V- V¢) (2.18)

¢
where we have used the definition Vp(y) = [Op/0y] V.
The Grad—Shafranov equation [126] is then obtained by combining (2.16)-(2.18)

and is expressed as
dp LF d_F
dw dip

Note that the poloidal stream function v is both a dependent and an independent

A+ poR*—— =0. (2.19)

variable in (2.19). The Grad-Shafranov equation is a two-dimensional, nonlinear,
elliptic partial differential equation that describes the equilibrium distribution of v
(in the poloidal plane) at any given time in the tokamak plasma. A typical distribution

of the poloidal magnetic flux in a tokamak plasma is shown in Fig. 2.3. The magnetic
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Vertical Position (m)

3 4 5 6 7 8 9
Radial Position (m)

Figure 2.3: Magnetic flux surface geometry in the ITER tokamak (computed by the

DINA-CH&CRONOS [5-9] free-boundary tokamak simulation code). The

individual magnetic flux surfaces are shown in blue, the plasma boundary is
shown in red and the first wall is shown in black.

field (2.8) and current density (2.13) written in terms of ¢ and F' are expressed as

1 F
1 dF 1
j= ——VU xe, — —A*"Ye,. 2.21
J= R P X ey o Ve (2.21)
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2.3 Plasma poloidal magnetic flux diffusion equa-
tion

We now introduce the poloidal magnetic flux diffusion equation, which describes the
resistive diffusion of the poloidal magnetic flux in the plasma. Any arbitrary quantity
that is constant on each magnetic flux surface within the plasma can be used to index
the magnetic flux surfaces. In this work, we choose the mean effective minor radius,

p, of the magnetic flux surface, i.e.,
D(p) = 7By or (2.22)

as the indexing variable, where ® is the toroidal magnetic flux and By is the vac-
uum toroidal magnetic field at the geometric major radius Ry of the tokamak. The
normalized effective minor radius is defined as p = p/py, where p, is the normalized
mean effective minor radius of the last closed magnetic flux surface.

We begin by noting that some physical quantities are constant on a magnetic flux
surface, such as 1, p, and F' as shown in the previous section, while other physical
quantities are not constant on a magnetic flux surface. Therefore, to derive equations
for physical quantities that are not constant on a magnetic flux surface, we introduce
the concept of a flux-surface average. The flux-surface average of a generic quantity

A is defined as
0
Ay =2 | Ad 2.2
) = 557 [ 4av. (2.23)

where V' is the volume enclosed by a magnetic flux surface and the differential volume
is defined as dV = RdRd¢dZ. The toroidal magnetic flux is defined as the magnetic

field passing through the surface Sy (dSy = dRdZ) that is perpendicular to e,

1 F 1 F
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Therefore, we can define the quantities 0®/9V and 0V/dp as

0P 1 0 F F 1
- - - —dV = —{ — 2.2
oV 27r6V/VR2 v 27T<R2> (225)
and
/ oV oV 0P 2 1 47T2pB¢70 1
V=%, "o F <R_> 2mBs0p = <R> , (2.26)

which will be useful in the derivation of the poloidal magnetic flux diffusion equation.

The poloidal magnetic flux diffusion equation is a statement of Ohm’s Law pro-
jected along the direction parallel to the magnetic field lines and then averaged over
a flux surface. Ohm’s Law describes the evolution of the inductive component of the

plasma current density and is stated as

E +vX B = 77(j _jni)v (227)

where E is the electric field, v is the average velocity of the particles in the plasma, 7 is
the plasma resistivity, and jy; is the total noninductive current density. Evaluating the
component of (2.27) parallel to B and flux-surface averaging the resulting equation

results in

(E-B) +((vxB)-B)=2((G —jui)-B) = nJ = E +0jnis (2.28)

where

Ji = (- B)/Bsp,

B = (E-B)/Byy,

jm‘ = <jni : B>/B¢>,0'
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The poloidal magnetic flux diffusion equation is obtained by rewriting the terms j
and E) in terms of 1. By employing (2.20) and (2.21), the term (j - B)/By is

evaluated as

<JB¢1?> _ %%/V (ﬁ%w X ey — Mo_lRA*weqs) : (%w X e+ %%) 4V
- %ﬂ)%/v (—M;A*w " uolRQg_f;Vw ' Vw) v
_ %%/V (_M_P; .%+M01R£_Zw-w) v
_ _mgw v > i MO;M‘;—Z <%w - w> ,
7 V) e a0 A %)
b (o) ) ()

I g{v,<|w|2>a_w}+ 1 3_F<‘9_w<|Vp|2>
o By oV Op R?/ Op toBgso Op Op \ R?

_ R L0 [ (NP o) V oFoy /(9

" woByoV' | FOp R / 0p F20p 0p \ R?

2 / 2
___F Q{K<|W| >a_¢} (2.29)
/JJ(]B(z,’()V, 3p F R? 8p

where we have used (2.12), the property

(V-A) = %(A~VV),

and the definitions Vp(¢) = [0p/0¥]|V and VV (¢) = [0V/0y]Vi). By employing

Faraday’s Law, which is stated as

0B
_ - E 2.
5 V x E, (2.30)
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where ¢ is the time, it can be shown that [124,125]

% {E-B) (2.31)

ot F(R2)

The term (E - B) /By is then evaluated as

(E-B) F
Bor = B A (2.32)

A derivation of (2.31) following the one described in [124] is now discussed. Firstly,

we consider a magnetic flux surface (S,) defined by 1) = constant that is moving with
a constant velocity uy, which is defined by the relation

Gy =2t vo=o (2:33)

dt

The toroidal magnetic flux enclosed by a magnetic flux surface is defined by (2.24)

and the time rate of change of toroidal flux ® that is enclosed by the surface Sy, is

evaluated as

0d 0 10
or _ 9 . .
ot =constant (925 S, = o0 Ot VodV
OB 1
- VodV +— ¢ (B-V¢)u,-dS, (see (2.35))
8t o
1 vy

where we have used the relation dS, = (V¢ /|V]|)dS, and the theorem

/—dV +% Allw . dSw,

= [ AdV is a scalar. By em-

(2.35)

where A(R, ¢, Z,t) is a general scalar field and C(t
ploying Faraday’s Law (2.30), the first term of (2.34) can be expressed as a surface
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integral by employing the Divergence Theorem as

— 08]? VodV = ——/ (VxE) -VopdV (Faraday’s Law)

= ——/ (Ex Vo) +E-(VxVep)]dV (Vector Identity)

=5 /V -(E x V¢)dV (Vector Identity)
Y

Vi
27 Jg |V1/)|
1

~ 5 f BT T g

1 1oy 18w 1
— E. (2 fe,— ——2 _—
on (RazeR RaReZ> g o

1
dsS,, (2.36)

1
- (E x V¢) - ——dS,, (Divergence Theorem)
"

——dSy; (Vector Identity)

— E-B
T 2r 9|wr

where we have used (2.9). Evaluating the component of (2.30) parallel to Vi results in

V) - a—B = -V (VxE). (2.37)

The left-hand-side of (2.37) can be evaluated as follows. Since the magnetic field lines
lie on the magnetic flux surfaces, we know from (2.10) that Vi - B = 0. Therefore,

we can write

0 0B 0
(Vi B) = Vo 2 B (Ve =0,

which implies that

0
w-% ~-B. —(w)——B va—f (2.38)
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The right-hand-side of (2.37) is evaluated as

Vi (VXxE)==-V-(ExVy)—E-(VxVy) (Vector Identity)
= -V (E x V) (Vector Identity)
o 1 8¢ 81/) 1)

=-V- ([ERGR + E¢E¢ + EZez] X {ﬁeR + = R 0¢

0 9 9 9
=V (a?E"je“[aJlg —E ag Vafz ¢ez>

0 0 0 0
=_-V- (%Ed,eR a]ﬁ@)ez) as V- ({83/}2 ERa?} qs) =0

=V (BRE¢) as V - (RB¢E¢€¢) =0
= RE4V -B)+B-V(RE,) (Vector Identity)

=B V(RE;) (Gauss’s Law (2.3)), (2.39)
where we have used (2.9). Therefore, combining (2.37)-(2.39), we obtain
— RE, = —uy- V4, (2.40)

where we have used (2.33). Combining (2.34) with (2.36) and (2.40), we obtain

% — 5 e St o 7{ (B 99 FE. gy
% (E By + ByE,) st
=50 f, (BB g s,
_ %g_‘;@ ‘B, (2.41)

where the last equivalence relation follows from the definition of the flux-surface
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average operation [124]. Finally, from the relation

o _ow owov ou|
ot Pd=constant ot 1p=constant ov 8’17/) ot Pd=constant o
we obtain (2.31) by solving for dv/0t, which is evaluated as
oY ov oy 0P 1 oV (E-B)
ot $=constant P IV ot d=constant 21 0P < > F<R_2> ’ ( )

where we have used (2.25) and (2.41).
By combining (2.28), (2.29), and (2.32) we obtain

29 Vo2 P
) _ = ——— = + iy
toBgoV' Op R aﬂ Byo(R?) 0t

which can be rearranged to obtain

2 ! 2 2
Ov _ nE(R) 0 [V2[IVPEN 0V | nBsoll) (2.43)
ot V' Op R? / Op F

We now rewrite (2.43) by using (2.26), the definition of the normalized mean effective

minor radius of the magnetic flux surface (p = p/py), and the geometric factors

_F
(R3/R2)’

b =l G = <R3|Vp|2> () = (2.44)

to obtain the poloidal magnetic flux diffusion equation [124,125], which is expressed as

o n 18(AAAA3¢) _
o Pb 2p0p ap 0 (245)
The boundary conditions are given by
0 R
- . R AU} (2.46)
9P | =0 P | p=y 2m G(1)H(1)
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where I,(t) is the total plasma current. The model (2.45)-(2.46) makes the simplifying
assumption that the magnetic geometry is fixed in time, which excludes two potential
sources of flux: (i) a change in py, either by a change in the shape of the last closed flux
surface or in By and (i) a change in location of the geometric center of the interior
flux surfaces relative to that of the last closed flux surface, such as changes in the
Shafranov shift that occur during a plasma energy or internal inductance change. The
assumption that the plasma surface can be considered fixed assumes that a separate
poloidal field (PF) coil controller, which is not considered, provides this fixed surface

on a faster timescale than the energy confinement.

2.4 Physics-based modeling of plasma parameters

In this section, we develop simplified physics-based, control-oriented models of the
electron density, the electron temperature, the plasma resistivity, and the noninduc-
tive current drives in response to the available control actuators (total plasma current,
auxiliary heating and current-drive system, electron density) to convert the physics
model (2.45)-(2.46) into a form suitable for control design, hence obtaining a first-
principles-driven model of the poloidal magnetic flux dynamics. In this work, physical
quantities are used as actuators, although they are quantities which are themselves
controlled by feedback loops. Thus, quantities such as the total plasma current and
electron density are considered as actuators since they appear as control inputs in the
physics models. In other words, the control algorithms developed in this work will
generate references for the respective physical quantities that are sent to the dedi-
cated feedback control loops that command the physical actuators on the tokamak.
Additionally, we exploit the fact that the dynamics of the physical actuator feedback

control loops are faster than that of the system we are controlling, i.e., we assume that
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the dedicated control loops are able to instantaneously follow the references gener-
ated by the controllers developed in this work. As a result, the fact that the physical
quantities have power supplies and gas valves is not taken into account here.

The objective in developing simplified physics-based models of the plasma pa-
rameters is to capture the dominant physics that describe how the control actuators
affect the plasma parameters, and hence the ¢ profile evolution. We emphasize the
models developed are not designed for physical understanding, rather they are meant
to capture the dominant physics which affect the overall system dynamics that are
relevant for control design, i.e., the input-output relationship of the system. This
implies that a controller synthesized by employing the control-oriented model only
needs to know about the physics that are relevant to its design objective. The control-
oriented models (and hence the first-principles-driven model) can then be tailored to
a given operating scenario in a given machine of interest by employing experimental
and simulated (from an advanced physics simulation code TRANSP [12], DINA-
CH&CRONOS [5-9], etc.) data.

2.4.1 Electron density modeling

In the formulation of the electron density model, we assume the control action em-
ployed to regulate the electron density only weakly affects the radial distribution of

the electrons. Therefore, the electron density evolution n.(p,t) is modeled as

ne(p,t) = n" (p)ne(t), (2.47)

where nP™/ is a reference electron density profile and 7, is the line average electron
density, which is typically utilized to specify the electron density in present tokamak
operation. Note that n?™*/ is obtained by evaluating the experimental /simulated n,

at a reference time ¢, , i.e., n2"7(p) = n.(p, t,, ) /Ne(t,, )-
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2.4.2 Electron temperature modeling

In the formulation of the model of the electron temperature (7,) evolution, we assume
a tight coupling between the electron and ion species in the plasma, i.e., T.(p,t) ~
T;(p,t) and n.(p,t) =~ n;(p,t), where T;(p,t) and n;(p,t) are the ion temperature and

density profiles, respectively.

Physics model approach: Electron heat transport equation

Under the simplifying assumption of a fixed magnetic geometry (both the plasma
boundary as well as the orientation of the internal magnetic flux surfaces), and as-
suming diffusion is the dominant heat transport mechanism in the tokamak plasma,

the electron temperature dynamics are given by the electron heat transport equa-

tion [7]
30 1 10 |.GH? ( az;)
A ar ne € PN ~ A—" Ene_/\ + (3] 2‘48
20t Inee) piH pOp g \N p ¢ (2.48)
with boundary conditions
oT,
=0 T.|. . = Tepdry 2.49
% |, |p=1 = Tepary (2.49)

where y.(p, t) is the electron thermal conductivity, Q.(p,t) is the total electron heat-
ing power density, and 7 44, is the electron temperature at the plasma boundary,
which is assumed constant. Typically, the electron temperature is specified in units
of kilo-electron-volts (keV) in the plasma physics community.

The total electron heating power density is expressed as

1 Nauzx

Qohm(ﬁ7 t) + Z Qauxi (/67 t) - de(ﬁa t) + nfusqus(,ﬁy t) ) (250)
=1

Qe(p, 1)

kaeV

where (Qopm 1s the ohmic heating power density, (.., is the power density produced by
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the individual auxiliary sources, (),qq is the radiated power density, @) ¢, is the fusion
power density, 14y, is the total number of individual auxiliary heating sources, 1y
represents the effectiveness of the fusion power in heating the plasma, and k., = e x
1V x 1000, where e is the elementary charge. Due to the assumption of a tight coupling
between the electron and ion species in the plasma, we have neglected the explicit

electron-ion equilibration power density. The ohmic power density is modeled as

Qo (P 1) = Jior (s 1)°0(p, 1), (2.51)

where the total toroidal current density is expressed as [70]

o 1 10 (. A0
jtor(ﬂ; t) - _TT_A <,0GH A) .
pop RoH p Op op

The individual auxiliary power densities are modeled as

dep

auzx;

where k¢  is a normalizing constant, () is a reference power density deposition

aux;

profile for each auxiliary source, the effectiveness each respective source has on heat-
ing the plasma is captured through the efficiency constant 74yz,;, Paus,i is the power

injected through the i-th auxiliary source, and Q"% . = k¢ Q%P  Note that Q*”

aux,t i vaur;” aux,t

is obtained by evaluating the experimental/simulated Quu.; at a reference time bro,

ie., Q™ (5) = Qauzilp, try, ). The constant kg, is also evaluated at the time ¢,

autr,: aux;

and is expressed as k2, = 1/[Nauz, Paue; (tr, )]. The radiated power density is com-

aux;

prised of Bremsstrahlung, line, and cyclotron radiation losses. In modern tokamaks,
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the dominant radiative power density losses are due to Bremsstrahlung radiation!,

which is modeled as [18]

Qrad(ﬁ7 t) = kbremZeffne(ﬁa t)2 Te(ﬁ? t)a (253)

where kyrem = 5.5 x 10737 Wm?/v/keV is the Bremsstrahlung radiation coefficient

and Z.ss is the effective average charge of the ions in the plasma, which is defined as

1
Zeps = . Z anJZ,

e -
all ions

where n; and Z; are the density and charge of the j-th ion species. In this work,
we assume Z ¢y to be constant in space and time. The fusion power density (for a

deuterium (D) and tritium (7") fuel) is expressed as

qus(iéa t) = QDTnD(Iaa t)nT(ﬁa t)<UU>DT(:67 t)kJeV> (254)

where Qpr = 17.6 MeV is the energy released in each D — T reaction, np(p,t)
and nr(p,t) are the density of the deuterium and tritium ions, respectively, and
kjey = e x 1V. The deuterium-tritium reactivity <0’U> pp 18 dependent on the velocity
distribution of the deuterium and tritium ions, which is a bounded nonlinear function
of the deuterium and tritium temperature Tpr(p, t). From [1], (o) . is given in units

of ecm?-s7! by

. a
<JU>DT(p, t) = exp (TTl + ag + a3Tpr + a4T127T + a5T,%T + a6TéT> , (2.55)
DT

where Tpr is in keV, the constants a; and r are given in Table I of [1], and we have

"'Whenever a charged particle experiences an acceleration/deceleration, i.e., a change in veloc-
ity, it will radiate electromagnetic energy, which is referred to as Bremsstrahlung radiation. In a
plasma, coulomb scattering collisions will cause acceleration/deceleration of charged particles and
will therefore result in the emission of Bremsstrahlung radiation.
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neglected non-thermal ions which might enhance the reactivity.

Singular perturbation approach: Exploiting characteristic time scale dif-

ference between energy confinement and resistive current diffusion

Ideally, one would like to model the evolution of the electron temperature profile using
the electron heat transport equation (2.48)-(2.49). However, due to the complexity of
modeling the local thermal transport, i.e., x., it is difficult to model the electron tem-
perature dynamics in this way. The local thermal transport is intimately dependent
on the local magnetic and kinetic state of the plasma [61,62], and closed-form expres-
sions, i.e., explicit first-principles knowledge, that represent this complex interaction
do not exist. There are multiple computationally intensive numerical simulation codes
that calculate plasma transport coefficients, under some approximations, for a given
plasma state, with some examples being GLF [128] and GLF23 (a linearized version
of GLF) [129]. Alternatively, closed-form expressions for plasma transport can be
derived from empirical scalings, with some examples being Coppi—Tang [130] and
Bohm-Gyrobohm [131]. Finally, expressions for how the electron temperature re-
sponds to changes in the control actuators can be obtained from scaling laws [83,84].
In this work, we utilize the scaling law approach.

Under the assumption of a tight coupling between the electron and ion species in
the plasma, the plasma kinetic pressure (p) and total stored thermal energy density

(Ey) are expressed as

p(ﬁ? t) = kaeV [ne(ﬁv t>T€(ﬁ7 t) + nl(ﬁ? t)ﬂ(ﬁ, t)]

= QkaeVne (,5, t)Te(ﬁ, t), (256)
) 3 3
Ed(ﬂ? t) = kjkev 5”6(@ t)Te(pv t) + §ni(pv t)ﬂ(p’ t)
= 3kfjkevne (,5, t)Te<ﬁ, t) (257)
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The expression for Ey given in (2.57) results from the assumption that the distribution
of the plasma particles in energy is given by a Maxwell-Boltzmann distribution, which
is derived from statistical mechanics. Note that the Maxwell-Boltzmann distribution
only strictly applies to systems of particles that are in thermodynamic equilibrium,
i.e., a system that possesses no strong sinks/sources of particles or energy. In fusion
relevant plasmas, this is generally not the case as there are strong sinks (particle
and energy loss from the plasma) and sources (particle fueling, auxiliary and fusion
heating). Nevertheless, it is observed that many phenomena in fusion plasmas are
well represented by assuming a Maxwell-Boltzmann distribution. The stored thermal

energy (FE) in the plasma is expressed as

ov

1
B) = [ Bip.) 5500 = S ()T Yy (2.59)
0

where (-)y denotes the volume-average operation 1/V}, [,,(-)dV and Vj, denotes the
total plasma volume. Additionally, under the fixed magnetic geometry assumption,

the plasma power balance equation is given by the ordinary differential equation

dFE
E = _Ploss(t) + Pohm(t) + Paux(t) - Prad(t) + nfustus(t)a
E
= ——— + Pun(t), 2.
D) + Prot(t) (2.59)

where Py,ss = E/Tg is the total power crossing the plasma boundary, 75 is the global
energy confinement time, P, is the ohmic power, P,,, is the total auxiliary heating

and current-drive power, P,qq is the radiated power, Py, is the fusion power, and

Ptot = Pohm + Pauaz - Prad + nfuspfus (260)

is the total power injected into the plasma.

The characteristic energy confinement time in the plasma is much faster than the
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characteristic resistive current diffusion time. Therefore, the temperature is always
in quasi-equilibrium on the time-scale of the poloidal magnetic flux evolution. As
a result, we neglect the temporal dynamics of the electron temperature in the de-
velopment of the electron temperature evolution model, as we are mainly concerned
with capturing the dominant physical effects that the electron temperature has on the
poloidal magnetic flux profile evolution. Evaluating (2.59) at steady state (d/dt = 0),
we obtain

T.
3kaeV<ne>V< €>VVP _ })tot- (2.61)

TE
Various energy confinement scaling expressions have been developed over the years to
fit experimentally observed plasma behavior, such as the IPB98(y,2) [132] and Gold-
ston scaling expressions [133]. Typically, these scaling expressions are proportional
to the actuators utilized for plasma control, i.e., 7 o< I)* Pgints, where 7, €5, and (,
depend on the scaling expression utilized. If, as with the IPB98(y,2) and Goldston
scaling expressions, 7 is not an explicit function of the temperature, we can solve

(2.61) for the temperature to obtain
(To)v o I Pl (ne) ™). (2.62)

Utilizing the results of this analysis, we model the slowly evolving (on the resistive
current diffusion time scale) electron temperature evolution T,(p,t) as a static map

of the control actuators, which is expressed as
T.(p,t) = k. (D)L (D) Iy (£)" Prot () e (5, 1)°, (2.63)

where k7, is a normalizing profile and TP/ (p) is a reference electron temperature
profile. The constants 7, ¢, and { describe how the temperature scales with the various

parameters. Note that TP °/ is obtained by evaluating the experimental /simulated T,
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at a reference time t,,, , i.e., TP/ (p) = T.(p,t,, ). The constant kr, is also evaluated

T

at the time ¢,, and is expressed as
-1
kTe (:6) = Ip(trTe)’yPtot(trTe)ane (ﬁ? trTe)CA7 -W* m(—3)4] : (2'64)

In low performance (L-mode) tokamak operating scenarios (characterized by low en-
ergy confinement) there are no abrupt changes in particle and energy transport across
the spatial domain. As a result, the plasma density and temperature exhibit a smooth
behavior across the entire spatial domain in this regime. Therefore, the electron tem-
perature model (2.63) is applicable across the entire spatial domain. In contrast, high
performance (H-mode) tokamak operating scenarios are characterized by particle and
energy transport barriers [18] just inside the plasma boundary. These transport bar-
riers improve the plasma performance (a higher energy confinement compared to L-
mode) and result in the formation of large gradients in both the plasma density and
temperature. Therefore, the plasma density and temperature may exhibit a different
behavior in the plasma core (inside of the transport barriers) and near the plasma
boundary (outside of the transport barriers) in this regime. This behavior can be
incorporated into the formulation of the electron temperature model by modeling the

electron temperature evolution as

Te(p,t) = kr, (p) [T2"7(p) = T (pw)] () Proe (1) ne(p, 1)

+k7, () T2 (D) I (1) Pror (8) ne (s, £)° (2.65)
in the plasma core (0 < p < py) and as
To(9) = R, (TP ()T, (0) Prc (0", 1 (2.66)

outside of the edge energy transport barrier (p, < p < 1), where k%} and k%e are

60



normalizing profiles and py, is the spatial location of the edge energy transport barrier.
The constants 7, €, and ( describe how the temperature in the plasma core scales
with the various parameters. The constants A, v, and £ describe how the temperature
outside of the edge energy transport barrier scales with the various parameters. Note
that the constant w is 1 if the temperature outside of the edge energy transport barrier
scales with the various parameters and is 0 otherwise. The constants k}, and k7, are

evaluated at the time ¢,,, and are expressed as

-1
kr, (p) = [Jp(trTe)VPm(trTe)fne(,g’ £ AT WE m(—g)c] |

-1
B2, (9) = [ Ilter, ) Par(teg, ) me(p o JAY - W2 om0 (2,67)

where kj, is defined on the interval 0 < p < py, and k7, is defined on the interval
pw < p <1
We now describe the models of the individual plasma heating sources in (2.59).

The ohmic power can be obtained from (2.51) and is expressed as

! ov
Pon0) = [ Qo1 55 = Ry )1, (2.68)

where R, is the global plasma resistance, which is expressed as

1 1 98
R.(t) ~ 27 R, / {f_AdA};
»() 0/ o Lntptyop

where S is the poloidal cross-sectional area enclosed by a magnetic flux surface within
the plasma. The auxiliary heating and current-drive actuators considered in this
work are electron cyclotron (ec) sources, ion cyclotron (ic) sources, and neutral beam

injection (nbi) sources. Therefore, the total auxiliary heating and current-drive power
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is expressed as

Nec Nic Nnbi

Paua(t) = Z Nec, Pec, (t) + Z Mic; Pic, (t) + Z Thabi; b, (1), (2.69)
i=1 =1 i=1

where P, is the power injected through the individual electron cyclotron (gyrotron)
launchers, P, is the power injected through the individual ion cyclotron launchers,
Popi; 1s the power injected through the individual neutral beam injectors, and n..,
Nie, and n,p are the total number of gyrotron, ion cyclotron, and neutral beam
launchers, respectively. The effectiveness each respective source has on heating the
plasma is captured through the efficiency constants 7c.,, i, and 7., respectively.

The radiated power can be obtained from (2.53) and is expressed as

1 OV
Prua(t) = / Quasl.) 505 (2.70)

Finally, the fusion power can be obtained from (2.54) and is expressed as

! NG
Pfus(t) = / qus(p7 t)?dp (271>
0 P

Under our working assumption of an approximately equal electron and ion tempera-

ture we evaluate (2.55) with Tpr = T..

2.4.3 Plasma resistivity modeling

The plasma resistivity 7 scales inversely with the electron temperature. In this work,
we model the plasma resistivity by utilizing a simplified Spitzer resistivity model,

which we express as

R kop(P)Zeyy
t) = el 2.72
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The profile k,, is obtained from the experimental/simulated 71 at a reference time t,,

and is expressed as

n(p, tr) ) Te(p, tr, )?/?
Zeyy

ksp(p) = Qm(keV)*2. (2.73)

Neoclassical corrections to this formula exist in the literature [134, 135], however, in
this work, we neglect these corrections, which can nonetheless be significant, to retain

the main temperature dependence.

2.4.4 Noninductive current drive modeling

The total noninductive current drive is produced by the combination of the auxiliary

sources and the bootstrap current [60] and is expressed as

jni(ﬁv t) = jztz(;tm(ﬁv t) + ij(ﬁv t)7 (274)

tot

where 5.2

is the total current density driven by the auxiliary sources and j,s is the
current density driven by the bootstrap current. The total auxiliary current drive
is generated by the electron cyclotron and neutral beam injection sources and is

expressed as

Nec Nnbi
Jaa(Prt) =D Jeei (1) + Y dunis (01 1), (2.75)

i=1 i=1
where j., is the current density generated by the individual gyrotron launchers and
Jnbi; 1S the current density generated by the individual neutral beam injectors. In the
operating scenarios considered in this work, the ion cyclotron launchers are configured

to provide only heating power to the plasma.
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Electron cyclotron and neutral beam injection current drive

We model each auxiliary current-drive source as the time varying power injected
through each actuator multiplied by a constant deposition profile in space. The

current density provided by each auxiliary source is modeled as

: : T.(p,t)°
N A\ -dep A e\M»
Ji(yt) = ki(p)gi " (P)———miFi(t)
ne(p, t)
. T.(p,t)°
ref Ay te\Ms
ne(p7 t)
where i € [ecy, ..., ec,,, ,nbiy, ..., nbi, .|, k; is a normalizing profile, jidep is a reference

current density deposition profile for each auxiliary source, the term T? /n, represents

the current-drive efficiency, and j7 = k;j%". Note that j*” is obtained by evaluating

the experimental /simulated j; at a reference time t,,,., i.e., j%?(p) = ji(p,ty,,,). The

constant k; is also evaluated at the time ¢ and is expressed as

Tauzx

A Tle (ﬁ7 tr ) m_3
ki(p) = 7= . 2.77
<p) {Ié(p’trauz)éni}%(trauz) ke\/5 '\A] ( )

The auxiliary neutral beam heating and current-drive models, (2.69) and (2.76), re-
spectively, neglect the slowing down time (75) of the fast ions (injected neutral parti-
cles) [18] and assume the particles and their energy are instantaneously thermalized
(deposited) in the plasma. If this physical mechanism is determined to be significant
based on the analysis of experimental data, a first-order filter could straightforwardly

be included in the models to describe this physical mechanism, i.e.,

. 1 1 ..
Py = ——Poy + — P (2.78)

Ts Ts

where P;;Zf is the power injected through the neutral beam source and P, (input

to (2.69) and (2.76)) is the absorbed power. Finally, for electron cyclotron current
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Normalized NBI Current—Drive
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Figure 2.4: Normalized neutral beam driven current (2.79) as a function of temperature
for a specific plasma composition and various values of the injected neutral
particle energy (from 40 keV to 1 MeV). The green arrow denotes increasing
injected particle energy. Note FEpeqmn, = 40 keV (black line + circle) and
Epeam = 1 MeV (black line + square).

drive, § = 1 [66] and for neutral beam current drive, § is dependent on the energy
of the injected particles [65]. From [65] the normalized neutral beam driven current

(1%,) is expressed as a function of the temperature as

. B E 3/2 (Tc/Te)3/2
cd(Te) =C (Tc> ¢t + ¢ (TC/Te) + (TC/TG)S/Z’ (279)

where ¢, ¢, and T, are constants related to the composition of the plasma and the
characteristics of the injected neutral particles (type and energy of particles). Note
that T, < FEpeam, Where Fjpean is the energy of the injected neutral particles. A
comparison of [, as a function temperature for various values of the injected neutral
particle energy is shown in Fig. 2.4. As shown in the figure, the behavior of the
neutral beam driven current changes as the energy of the injected particles increases.
For low injected particle energies, the behavior can be approximated as I, o< /1,

and for high injected particle energies, the behavior can be approximated as 17, oc T¢.
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Bootstrap current drive

The bootstrap current is a self-generated current in the plasma that is associated
with particles that cannot complete a helical orbit around the magnetic axis. These
particles are therefore called trapped particles. In the presence of the radial pressure
gradient that is produced by the magnetic confinement, more trapped particles move
in one toroidal direction than in the other. As a result, a net current is produced
which is called the bootstrap current [60]. From [134, 135], we write the bootstrap

current as

B 1 1 9p: 10T, 1~ R, 10T,
RBy 9pe 379@} T fipe 10T 9 g

Jbs(p,t)=%pe[£3l{ﬁa¢+p_6% Ly 5y, T R, T,00)

where p. denotes the electron pressure, p; denotes the ion pressure, and R,. = p./p.
Under the assumption of a tight coupling between the electron and ion species in the

plasma, we rewrite (2.80) as

N Ejkev Ro (&/))1 [ ~ ~ ane
s(p,t) = —/— - 2L T.(p,t)—
Jbs (P, 1) P \op 31(0)1e(ps 1) 5
. N R R . 0T,
+{2L31(p) + L32(p) + () L34(p) } ne (P, lﬁ)a—/3 ; (2.81)

where the coefficients L31, L£32, L34, and « depend on the magnetic configuration of
a particular plasma equilibrium and on particle collisionality in the plasma. As the
bootstrap current is driven by the radial pressure gradient (the terms T, [On./0p] and
n. [0T./0p] in (2.81)), we note that in L-mode operating scenarios, j,s will be relatively
small as the plasma density and temperature profiles exhibit a smooth behavior across
the spatial domain. However, in H-mode operating scenarios, large gradients in the
plasma density and temperate result from the formation of edge particle and energy
transport barriers. Therefore, 7, represents a significant portion of the total current

density in these operating scenarios, and as a result the complexity of the coupling
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between the magnetic and kinetic states is increased.

2.5 First-principles-driven physics-based model of
plasma poloidal magnetic flux dynamics

By combining the physics-based models of the electron density (2.47), electron tem-
perature (2.65)-(2.66), plasma resistivity (2.72), and noninductive current-drives (2.74)-
(2.76) and (2.81) with the magnetic diffusion equation model (2.45)-(2.46), we ob-
tain our desired first-principles-driven, physics-based, control-oriented model of the
poloidal magnetic flux profile evolution. At this time, we stress that we have included
the dominant physics properties of the tokamak plasma that are critical to the evo-
lution of the poloidal magnetic flux profile in response to the various actuators used
for control, and have neglected others. An example of this is illustrated by including
Z.sy for plasma resistivity (2.72) and Bremsstrahlung radiation (2.53), but not for
fuel dilution. Our purpose is to include the dominant features, which will ultimately
be verified by modeling as well as the performance of control algorithms designed by
employing the developed model.

By defining the control input vector as

U = [Pecla---7Pecnee7picl7"'7Picnic7Pnbi17 "'7Pnbinnbi7,ﬁ'87[p]7

the first-principles-driven, nonlinear, partial differential equation (PDE) model is ex-

pressed as

A 10 (. 0\ <, .
3 = 1000 35 (DG ) + D o 500 P

F3 fo o) P+ B o) (35) (282
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with boundary conditions

O

oY
op =0

$=0 op p=1

= —kr, I,(1), (2.83)

where the parameters f,, fec,, fnbi;, and fps are functions of the model parame-
ters, the diffusion coefficient D, is defined as Dy(p) = F(p)G(p)H(p), and ki, =
[oRo] / [27ré(1)ﬁ (1)} In the case where the electron temperature scales with the
control actuators in the same way across the entire spatial domain, i.e., the electron
temperature is expressed as (2.63), the spatial and temporal dependence in the model

parameters f,, fec;, fupi;, and fis can be separated, and (2.82) can be expressed as

0 1 Nec

1/}—fn() ()E p(pD¢a )—i_Zfecl uecl
+ an fnln2 UmlnZ ) + fbs ( )Ubs(t) (gﬁ) , (284)

where
Folp) = SR LZELL o yres ! ()],
topy F(p)
; L
Fr(P) = RoF(P)p(9) Zugy [k, (T2 (D)t (5)] ™ ;Zm;f(fp))
fnbii (/3) = Rof:[(ﬁ)ksp(ﬁ)Zeff [kTE( )Tprof<p)n;;mf(p> ]( 3/2+9) ]nbzl (p)

e (p)’

AL [ gyt et 7))

AN ka:eVR A(pA
fb8</)) = I

> [~—

(
{2L51(p)

+

£aa(p) + () Can(p)) ! (5) 55 (b (DT () (5))

2L (9) [ (HYTZ (D)nre! (5] d% (7 () |, (2.85)
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and the control inputs are defined as

uy(t) = [Tp(8) Praa().(8)6] 2,
teer(£) = [Tp() Prot()7 7 (0] % o8 Py (8),
iy (1) = [Ip () Pron (8) 7 (6)] ™2 0o (8) " P (1),
us(t) = [L(8) Proy(£) 0 (£)] % e (1) (2.86)

From (2.84), we see that the magnetic diffusion equation admits actuation not only
through interior control (uec,, Unp;,;, Ups) and boundary control (I,), but also through
u,, which we name diffusivity control in this work. Simulated and experimental
data can now be utilized to tailor the control-oriented models (and hence the first-
principles-driven model (2.82)-(2.83)) to a given operating scenario in a given machine
of interest.

In order to simulate the FPD, physics-based model, we spatially discretize the infi-
nite dimensional PDE (2.82)-(2.83) by employing a finite difference method, where the
non-dimensional spatial domain of interest (p € [0, 1]) is represented by m,, discrete
nodes. By utilizing the finite difference method, a general function f(p) is approxi-
mated as f = fi,--s fis s fm,], where f; is the value of f at the discrete node i,
for i € [1,...,my]. This representation yields spatial derivative approximations of

order (Ap)? at the evenly spaced interior nodes (i € [2,...,my — 1]) of

()

where Ap = 1/ [my — 1]. After spatially discretizing (2.82) and taking into account

_fimn = 2fi+ fia
i (Ap)r

N S
200p 07?

i

the boundary conditions (2.83), we obtain a nonlinear finite dimensional ordinary
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differential equation model defined by

where 7,& = o, ..., U, ... 7¢m¢—1]T € R™ is the magnetic state vector, v; is the value
of ¢ at the discrete nodes, f, € R" is a nonlinear function of the magnetic states
and control inputs, and n, = my —2. The boundary conditions (2.83) are discretized

as

0= =3¢y + 49y — 93,

0= ki, Ly(t) + (—3Um, + 4my—1 — Umy—2) [ (—24p).

By defining the augmented state vector as

we can write the magnetic and thermal system dynamics as

~

f¢<¢a U)
t=| E = Fyp(z,u) € R™HY, (2.87)
- + Pz, u)
E

where the energy confinement scaling expression employed is the IPB98(y,2) scaling

law [132]

75 = 0.0562 H 75y 2T, (MA) 9 Ry (m) 0 (m) 57, (109 m )41

X By o(T)*1 AQ7 P K0T Py (MW) =09, (2.88)
where Hpgg(y,2) is the energy confinement enhancement factor, a is the plasma minor
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radius, Acsy is the effective mass number of the hydrogenic ion species in the plasma,
and k is the plasma elongation. We then integrate (2.87) in time by employing a fully

implicit numerical scheme, i.e.,

= F¢7E(xk+1,uk), (289)

where x; and u, denote the plasma state and control input, respectively, at the
time step tx, Txy1 denotes the plasma state at the next time step, and At denotes
the simulation time step. The plasma magnetic and thermal state evolution can be
obtained by iteratively solving (2.89) at each simulation time step from a given initial

condition xy = z(ty), where tj is the simulation starting time.

2.6 Physics parameters utilized to define plasma
scenarios

There are many plasma parameters related to the plasma magnetic and thermal
states, ¢ and F, respectively, that will be of interest in determining the type of op-
erating scenarios that are or can be achieved and their performance. The parameters
considered in this work are the safety factor profile (¢ profile), the total toroidal cur-
rent density (jior), the normalized plasma beta (6y), and the plasma loop voltage
profile (U,). The safety factor profile is related to the spatial gradient of the poloidal

magnetic flux profile and is defined as

0P dp
Lo d® d®  9pdp  Byopih
apt) = —0g = 2rdy ., 00 OY/0p’ (2.90)
9p
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where we have utilized the definitions of the mean effective minor radius of the mag-
netic flux surfaces ®(p) = mByp* and the normalized mean effective minor radius
p = p/pp. The toroidal current density is also related to the poloidal magnetic flux

spatial gradient and is defined as [70]

. 1 10 [ .00
Jtor(Pst) = —————= === (ﬁGH ) . 2.91
rPo1) topi RoH P Op op (2:91)

By examining (2.90) and (2.91), we see that the local safety factor value is roughly
inversely related to the local toroidal current density amplitude in tokamaks as ¢ o
(0v/0p)~t and jior o< (01 /0p)? + (0¢/0p). The normalized plasma beta is related to

the plasma stored energy and is defined as

_ aBy,o v (2/3)(E/V)
By = Bt[%]]p[MA] B = B2,/ (2]~ BLy/2h0) (2.92)

where f3; is the toroidal plasma beta [18] and we have utilized (2.56)-(2.57). The
plasma loop voltage profile is related to the temporal derivative of the poloidal mag-

netic flux profile and is defined as

W _ 5% (2.93)

2.7 Tailoring physics-based model to L-mode sce-
narios in DIII-D

We now employ DIII-D experimental data, and data computed by the TRANSP
advanced tokamak simulation code [12] configured to the DIII-D geometry, to tailor
the FPD, physics-based model to L-mode plasma scenarios in DIII-D. In section

2.7.1, the model parameters tailored to the DIII-D tokamak are presented and in
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Figure 2.5: Model parameters tailored to L-mode scenarios in the DIII-D tokamak: (a)
magnetic equilibrium configuration parameters F(p), G(p), and H(p), (b)
bootstrap current coefficients L31(p), L32(p), L34(p), and «(p), (c) reference
clectron density profile n?"°’ (p), (d) reference electron temperature profile
Tpmf( 5) (keV), (e) electron temperature coefficient k7, (100 m=3A~1W~1/2)
and plasma resistivity coefficient ksp (1078 Q m keV?/2), (e) normalized aux-

iliary neutral beam injection (]nbl ), for i € [30L/R,150L/R,210L/R,330L/R],
current-drive reference profiles (10'® m~3keV~1/2W~1A m~2).

sections 2.7.2 and 2.7.3 simulation studies that compare the evolution of the plasma
parameters predicted by the FPD, physics-based model to the plasma parameters

experimentally achieved in the DIII-D tokamak are discussed.

2.7.1 Model parameters tailored to DIII-D

As we are modeling L-mode scenarios in DIII-D, there are no abrupt changes in par-

ticle and energy transport in the plasma, and the temperature exhibits a smooth
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Figure 2.6: Control inputs applied during FPD, physics-based model simulation and DIII-
D experimental discharge #146411 (current in MA, power in MW, and density
in 10' m~3).

behavior across the entire spatial domain. Therefore, we model the electron temper-
ature evolution as in (2.63), and we choose the constants in this model as v = 1,
€ = 0.5, and ¢ = —1. This choice qualitatively describes the slowly evolving electron
temperature in response to the control actuators, i.e., the observation of (i) an in-
crease in plasma confinement, and hence an increase in temperature, with increasing
plasma current, and (ii) a decrease in plasma confinement with increasing total in-
jected power [133]. Also, by changing the electron density, the electron temperature
is modified for a given electron pressure.

The parameters related to the magnetic configuration of the plasma equilibrium,
the reference profiles for the various models, and the normalizing profiles are shown
in Fig. 2.5. The auxiliary heating and current-drive actuators on DIII-D considered
in this work are 8 individual neutral beam injection sources, referred to by the names
30L/R, 150L/R, 210L/R, and 330L/R, respectively, where L. and R denoted left and
right beam lines, respectively. The current-drive deposition profiles for each source
are shown in Fig. 2.5(f). The 30L/R and 330L/R neutral beams inject power into the
plasma in the co-current direction (same direction as the total plasma current) with

deposition profiles that are peaked at the magnetic axis (referred to as on-axis neutral
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Figure 2.7: Time trace of poloidal magnetic flux ¥ at various normalized effective minor
radii for the model comparison simulation test in section 2.7.2.

beam injection). The 150L/R neutral beams inject power into the plasma in the co-
current direction with deposition profiles that are peaked away from the magnetic
axis in the spatial region p € [0.3,0.5] (referred to as off-axis neutral beam injection).
Finally, the 210L /R neutral beams inject power into the plasma in the counter-current
direction (opposite direction as the total plasma current) with deposition profiles
that are peaked at the magnetic axis (referred to as counter-current neutral beam
injection). The energy of the injected neutral particles on DIII-D is 80 keV, therefore,
the constant in the neutral beam current-drive model (2.76) is chosen as 6 = 1/2 [65]
(see Fig. 2.4). The heating efficiency constants for the auxiliary heating and current-
drive actuators are taken as 7, = 1 for i € [30L/R,150L/R,210L/R,330L/R]. The
hydrogenic ion species in the considered DIII-D plasmas are solely deuterium (A.r; =
2). As the plasma temperature in DIII-D is not hot enough to produce a significant
probability of deuterium-deuterium fusion reactions occurring, we choose the fusion
heating constant as 7s,s = 0. Finally, the other model constants are Byo = 2.0 T,
Ry =1.6955 m, p, = 0.82 m, and Z.¢y = 1.5.
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Figure 2.8: (a-f) Poloidal magnetic flux profile W(p) at various times and (g-1) safety
factor profile ¢(p) at various times for the model comparison simulation test



2.7.2 Comparison between model predicted and experimen-

tally achieved (#146411) plasma parameters

We now describe a simulation study that compares the evolution of the plasma param-
eters predicted by the first-principles-driven, physics-based model to the experimen-
tally achieved plasma parameters in DIII-D shot 146411. The control inputs (total
plasma current, total neutral beam injection power, and line average electron density)
applied during both the simulation and the experiment are shown in Fig. 2.6. The
plasma magnetic state evolution predicted by the FPD, physics-based model is now
compared to the experimentally achieved magnetic state evolution. Figure 2.7 shows
the evolution of the poloidal magnetic flux ¥ at various normalized effective minor
radii, Figs. 2.8(a-f) show a comparison of the FPD, physics-based model predicted
and experimentally achieved poloidal magnetic flux W(p) profiles at various times,
and Figs. 2.8(g-l1) show a comparison of the FPD, physics-based model predicted
and experimentally achieved safety factor g(p) profiles at various times. As shown
in the figures, the FPD, physics-based model predicted plasma magnetic state evo-
lution shows good agreement with the experimentally achieved plasma parameters.
The FPD, physics-based model predicted poloidal magnetic flux diffuses at a slightly
slower rate in the plasma core compared to the experimentally achieved poloidal mag-
netic flux during the time interval ¢ € [3.0,5.0] s (see Figs. 2.7(a-c) and 2.8(d-f)).
This indicates that the physics-based model predicted plasma resistivity is slightly

lower than the experimentally achieved plasma resistivity.
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Figure 2.9: Control inputs applied during FPD, physics-based model simulation and DIII-
D experimental discharge #145477 (current in MA, power in MW, and density
in 10' m~3).

2.7.3 Comparison between model predicted and experimen-

tally achieved (#145477) plasma parameters

We now describe a simulation study that compares the evolution of the plasma pa-
rameters predicted by the first-principles-driven, physics-based model to the exper-
imentally achieved plasma parameters in DIII-D shot 145477. The control inputs
(total plasma current, total neutral beam injection power, and line average electron
density) applied during both the simulation and the experiment are shown in Fig. 2.9.
The plasma magnetic state evolution predicted by the FPD, physics-based model is
now compared to the experimentally achieved magnetic state evolution. Figure 2.10
shows a comparison of the FPD, physics-based model predicted and experimentally
achieved safety factor ¢(p) profiles at various times. As shown in the figures, the
FPD, physics-based model predicted plasma magnetic state evolution shows good

agreement with the experimentally achieved plasma parameters.
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Figure 2.10: Safety factor profile ¢(p) at various times for the model comparison simula-
tion test in section 2.7.3.

2.8 Tailoring physics-based model to H-mode sce-
narios in DIII-D

We now employ DIII-D experimental data, and data computed by the TRANSP
advanced tokamak simulation code [12] configured to the DIII-D geometry, to tailor
the FPD, physics-based model to H-mode plasma scenarios in DIII-D that have energy
and particle transport barriers just inside the plasma boundary. In section 2.8.1, the
model parameters tailored to the DIII-D tokamak are presented and in sections 2.8.2
and 2.8.3 simulation studies that compare the evolution of the plasma parameters
predicted by the FPD, physics-based model to the plasma parameters experimentally
achieved in the DIII-D tokamak and analyzed by the TRANSP code are discussed.

2.8.1 Model parameters tailored to DIII-D

Based on the TRANSP analyzed electron temperature profile evolution, we first note

that the electron temperature exhibits a similar behavior across the entire spatial

79



>
o

. == @] g
g |---¢ g
830{--74 X S
& L £
220 §otae 3
S .-
o ceT g
1.0 e e % -05]
= e S EL
M
0.0 -1.0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Normalized Effective Minor Radius Normalized Effective Minor Radius
1.50 <4
@
$ 1.25 =<
o Q 31
§ 1.001 g
° Q
3 0.751 82
w ()
2 1 =
3% = g
o) @ —_—
T 0.00 ‘ ‘ ‘ ‘ o ; ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Normalized Effective Minor Radius Normalized Effective Minor Radius
2.0 : : : : 8 g
= @
- 1 S R/
§ 1.5 3 6
o
o
£1.0 >4
& 2
[9] R
£0.5] 221
: BRIG
f
0.0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Normalized Effective Minor Radius Normalized Effective Minor Radius
[
Z 50 220
9 ||—i it S — i nitinon
8 401t —e—jie! 515 Initoan | [0 it |}
330 - -l ——ire! 3 demmann N\ |7 inition] [P0
o = 1.0
< o
& 20 z
§ 1.0] E 0.5 [
N £ (h)
E o , (9) £ oo .
S 0. * = 0.0+ ; ; ; ERNRRRR |
z 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Normalized Effective Minor Radius Normalized Effective Minor Radius

Figure 2.11: Model parameters tailored to H-mode scenarios in the DIII-D tokamak: (a)
magnetic equilibrium configuration parameters F(p), G(p), and H(p),(b)
bootstrap current coefficients L31(p), L32(p), Laz4(p), and «(p), (c) ref-
erence electron density profile n"/(p), (d) reference electron tempera-
ture profile T2/ (p) (keV), (e) electron temperature coefficient kg, (101
m3ATIW—1/2)_ (f) plasma resistivity coefficient kg, (1075 Q m keV3/2), (g)
normalized auxiliary electron cyclotron ( jg,if ), fori € [1,2,3,4,5,6], current-
drive reference profiles (108 m™ keV ~'W~! A m~2), and (h) normalized
auxiliary neutral beam injection (]ZZ{Z), for i € [30L/R,150L/R,330L/R],

current-drive reference profiles (10" m=2keV~1/2W~1A m~2).
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Figure 2.12: Control inputs applied during FPD, physics-based model simulation and
DIII-D experimental discharge #147634 (current in MA, power in MW, and
density in 10'® m~3).

domain (both inside and outside the transport barrier). Therefore, we model the elec-
tron temperature evolution as in (2.63), and we choose the constants in this model
as v =1, =0.5, and ( = —1. This choice qualitatively describes the slowly evolv-
ing electron temperature in response to the control actuators, i.e., the observation of
(i) an increase in plasma confinement, and hence an increase in temperature, with
increasing plasma current, and (ii) a decrease in plasma confinement with increas-
ing total injected power [133]. Also, by changing the electron density, the electron
temperature is modified for a given electron pressure.

The parameters related to the magnetic configuration of the plasma equilibrium,
the reference profiles for the various models, and the normalizing profiles are shown
in Fig. 2.11. The auxiliary heating and current-drive actuators on DIII-D considered
in this work are 6 individual electron cyclotron sources, which are grouped together
to form 1 effective source for control, and 6 individual neutral beam injection sources,
which are referred to by the names 30L/R, 150L/R, and 330L/R, respectively. The
current-drive deposition profiles for each source are shown in Fig. 2.11(g-h). The
30L/R and 330L/R neutral beams inject power into the plasma in the co-current

direction (same direction as the total plasma current) with deposition profiles that
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Figure 2.13: Electron density profile evolution computed via: (a) physics-based control-
oriented model and (b) TRANSP, and electron temperature profile evolution
computed via: (c) physics-based control-oriented model and (d) TRANSP
for the model comparison simulation test in section 2.8.2.

are peaked at the magnetic axis (referred to as on-axis current drive). The elec-
tron cyclotron sources and the 150L/R neutral beams inject power into the plasma
in the co-current direction with deposition profiles that are peaked away from the
magnetic axis (referred to as off-axis current drive). Note that counter-current injec-
tion neutral beam sources (210L/R sources in section 2.7.1) are not utilized in these
scenarios as they have been observed to increase the possibly of triggering MHD
instabilities in DIII-D H-mode scenarios. The energy of the injected neutral parti-
cles on DIII-D is 80 keV, therefore, the constant in the neutral beam current-drive
model (2.76) is chosen as 0 = 1/2 [65] (see Fig. 2.4). The heating efficiency con-
stants for the auxiliary heating and current-drive actuators are taken as 7., = 1
fori € [1,2,...,6] and as 1, = 1 for i € [30L/R,150L/R,330L/R]. The hydrogenic

ion species in the considered DIII-D plasmas are solely deuterium (A.s; = 2). As the
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Figure 2.14: Neutral beam injection current-drive evolution computed via: (a-f) physics-
based control-oriented model and (g-1) TRANSP for the model comparison
simulation test in section 2.8.2.
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Figure 2.15: Total electron cyclotron current-drive evolution computed via: (a) physics-
based control-oriented model and (b) TRANSP, and bootstrap current-drive
evolution computed via: (c) physics-based control-oriented model and (d)
TRANSP for the model comparison simulation test in section 2.8.2.

plasma temperature in DIII-D is not hot enough to produce a significant probabil-
ity of deuterium-deuterium fusion reactions occurring, we choose the fusion heating
constant as 7s,s = 0. Based on the experimentally measured energy confinement
time (during the high performance phase of the discharge), the energy confinement
enhancement factor is chosen as Hpog(y2) = 1.4. Finally, the other model constants

are Byo=1.65T, Ry =1.6955 m, a = 0.6 m, p, = 0.82 m, x = 1.8, and Z.5y = 1.75.
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Figure 2.16: (a-f) Time trace of poloidal magnetic flux ¥ at various normalized effective
minor radii and (g-1) safety factor profile ¢(p) at various times for the model
comparison simulation test in section 2.8.2.
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versus time for the model comparison simulation test in section 2.8.2.

2.8.2 Comparison between model predicted and experimen-

tally achieved (#147634) plasma parameters

We now describe a simulation study that compares the evolution of the plasma pa-
rameters predicted by the first-principles-driven, physics-based model to the exper-
imentally achieved plasma parameters in DIII-D shot 147634. The control inputs
(total plasma current, total electron cyclotron power, total neutral beam injection
power, and line average electron density) applied during both the simulation and
the experiment are shown in Fig. 2.12. We begin the analysis of the FPD model’s
prediction capabilities by first comparing the prediction of the physics-based models
of the electron density, electron temperature, and noninductive current-drive source
evolutions to the TRANSP analyzed plasma parameter evolutions. Figures 2.13(a-
b) show the electron density profile, Figs. 2.13(c-d) show the electron temperature
profile, Fig. 2.14 shows the individual neutral beam injection noninductive current
drive, and Fig. 2.15 shows the total electron cyclotron and bootstrap noninductive
current-drive sources at various times computed by both the physics-based models
and TRANSP. The trends of the physics-based model predicted plasma parameters
show good agreement with the TRANSP results. As shown in Figs. 2.14(g-1) and

2.15(b), TRANSP predicts that the spatial noninductive current deposition location
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Figure 2.18: Control inputs applied during FPD, physics-based model simulation and
DIII-D experimental discharge #154358 (current in MA, power in MW, and
density in 10'® m~3).

of the neutral beam injectors and gyrotron launchers remains reasonably constant

throughout the experiment. Therefore, the physics-based model assumption of con-

stant neutral beam injection and gyrotron current deposition profiles appears appro-
priate for the scenarios considered.

We now compare the plasma magnetic and thermal state evolution, ¢ and FE, as
well as the plasma parameters related to these plasma states, the ¢ profile and the
normalized plasma beta (fy), predicted by the FPD, physics-based model to the ex-
perimentally achieved plasma parameters. Figure 2.16(a-f) shows the evolution of the
poloidal magnetic flux W at various normalized effective minor radii, Figs. 2.16(g-1)
shows a comparison of the FPD, physics-based model predicted and experimentally
achieved safety factor ¢(p) profiles at various times, and Fig. 2.17 shows a compari-
son of the FPD, physics-based model predicted and experimentally achieved plasma
stored energy E and normalized plasma beta Sy. As shown in the figures, the FPD,
physics-based model predicted plasma magnetic and thermal state evolution shows
good agreement with the experimentally achieved plasma parameters. The plasma
stored energy (and hence plasma fy) is slightly over predicted by the physics-based

model during the time interval ¢ € [0.5,2.5] s because a constant energy confinement
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Figure 2.19: Time trace of poloidal magnetic flux ¥ at various normalized effective minor
radii for the model comparison simulation test in section 2.8.3.

enhancement factor is employed throughout the simulation. In actuality, the thermal
transport evolves during the discharge (from a value characterized by Hpgs(y2) =~ 0.9
during the time interval ¢ € [0.5,2.5] s to a value characterized by Hpog(yo) ~ 1.4
during the time interval ¢ € [3.0,6.0] s) based on the magnetic and kinetic state of the
plasma [61,62] as discussed in section 2.4.2. However, as closed-form expressions that
represent this complex interaction do not exist, we chose to employ a constant en-
ergy confinement enhancement factor throughout the simulation. Finally, the plasma
stored energy (and hence plasma () is slightly under predicted by the physics-based
model during the time interval ¢ € [3.0,6.0] s because the plasma power balance equa-
tion (2.59)-(2.60) neglects the contribution that the fast ions (particles that have not

thermalized) in the plasma have to the total plasma stored energy?.

2E-mail correspondence with Dr. John R. Ferron at General Atomics, San Diego, CA, USA.
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Figure 2.20: (a-f) Poloidal magnetic flux profile ¥(p) at various times and (g-1) safety
factor profile ¢(p) at various times for the model comparison simulation test
in section 2.8.3.
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Figure 2.21: (a) Plasma stored energy E versus time and (b) plasma normalized beta Sy
versus time for the model comparison simulation test in section 2.8.3.

2.8.3 Comparison between model predicted and experimen-

tally achieved (#154358) plasma parameters

We now describe a simulation study that compares the evolution of the plasma pa-
rameters predicted by the first-principles-driven, physics-based model to the exper-
imentally achieved plasma parameters in DIII-D shot 154358. The control inputs
(total plasma current, total electron cyclotron power, total neutral beam injection
power, and line average electron density) applied during both the simulation and
the experiment are shown in Fig. 2.18. The plasma magnetic and thermal state
evolution predicted by the FPD, physics-based model is now compared to the ex-
perimentally achieved magnetic and thermal state evolution. Figure 2.19 shows the
evolution of the poloidal magnetic flux W at various normalized effective minor radii,
Figs. 2.20(a-f) show a comparison of the FPD, physics-based model predicted and
experimentally achieved poloidal magnetic flux W(p) profiles at various times, Figs.
2.20(g-1) show a comparison of the FPD, physics-based model predicted and exper-
imentally achieved safety factor ¢(p) profiles at various times, and and Fig. 2.21
shows a comparison of the FPD, physics-based model predicted and experimentally
achieved plasma stored energy E and normalized plasma beta Sy. As shown in the

figures, the FPD, physics-based model predicted plasma magnetic and thermal state
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evolution shows good agreement with the experimentally achieved plasma parame-
ters. The physics-based model predicted plasma stored energy (and hence plasma
Bn) exhibits the same behavior in comparison to the experimentally achieved plasma

stored energy as observed in section 2.8.2.

2.9 Tailoring physics-based model to H-mode sce-
narios in ITER

We now employ the DINA-CH&CRONOS free-boundary simulation code [5-9] con-
figured to the ITER geometry to obtain simulated data of the plasma state evolution
to tailor the FPD, physics-based model to H-mode burning plasma (one with a sig-
nificant number of fusion reactions) scenarios in ITER that have energy and particle
transport barriers just inside the plasma boundary. This advanced simulation code
couples the free-boundary plasma equilibrium and current diffusion solver DINA-
CH [6] with the plasma heat and particle transport solver CRONOS [7] and employs
complex physics models to predict the plasma magnetic and thermal state evolution
in the tokamak through exhaustive consumption of computational resources. DINA-
CH&CRONOS is currently configured to execute with a prescribed electron density
evolution and calculates anomalous heat conductivity profiles using a global trans-
port model, KIAUTO [136]. The radial heat conductivity profile dependence for the
core plasma is computed using a Gyrobohm-like formula. Additionally, the auxiliary
H&CD source profiles are recomputed by DINA-CH&CRONOS on a one second time
interval, and the plasma evolves with constant auxiliary powers in-between these aux-
iliary source profile updates. In section 2.9.1, the model parameters tailored to the
ITER tokamak are presented and in section 2.9.2 a simulation study that compares

the evolution of the plasma parameters predicted by the FPD, physics-based model
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Figure 2.22: Model parameters tailored to the ITER tokamak: (a) magnetic equilibrium
configuration parameters F(p), G(p), and H(p),(b) bootstrap current coeffi-
cients L£31(p), L32(p), L34(p), and a(p), (c) reference electron density profile
n?"°! (), (d) reference electron temperature profile T2/ () (keV), (e) elec-
tron temperature coefficient kr, = k:ilpe (10 m—3A~"W~1/2), note k%@ =1,
and plasma resistivity coefficient kg, (1075 Q m keV3/2), (e) normalized aux-
iliary neutral beam injection ( j;i{ ) and electron cyclotron (jis!, jrel . jrely

current-drive reference profiles (10! m—3keV~"'W~1A m~2).

and DINA-CH&CRONOS is discussed.

2.9.1 Model parameters tailored to ITER

Based on the DINA-CH&CRONOS predicted electron temperature profile evolution,
we first note that the electron temperature exhibits a different behavior in the plasma
core (inside of the transport barrier) and near the plasma boundary (outside of the

transport barrier). Therefore, we model the electron temperature evolution as in
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(2.65)-(2.66), and we choose the constants in this model as v =1, ¢ = 0.5, ( = —1
and A = v = £ = w = 0, which models the temperature outside of the edge energy
transport barrier as stiff. This choice qualitatively describes the slowly evolving elec-
tron temperature in the core of the plasma in response to the control actuators, i.e.,
the observation of (i) an increase in plasma confinement, and hence an increase in tem-
perature, with increasing plasma current, and (ii) a decrease in plasma confinement
with increasing total injected power [133]. Also, by changing the electron density, the
electron temperature is modified for a given electron pressure. The auxiliary heating
and current-drive actuators on ITER considered in this work are 3 independently
configurable gyrotron launchers, 1 ion cyclotron launcher, and co-current-injection
neutral beam launchers. In the considered operating scenarios, (i) the ion cyclotron
launcher is configured to provide only heating power to the plasma and (ii) the neutral
beam launchers are configured to inject particles at the same off-axis radial location,
therefore, we group them together to form 1 total neutral beam launcher. The energy
of the injected neutral particles on ITER is 1 MeV, therefore, the constant in the
neutral beam current-drive model (2.76) is chosen as 0 = 1 [65] (see Fig. 2.4).

The parameters related to the magnetic configuration of the plasma equilibrium,
the reference profiles for the various models, and the normalizing profiles are shown
in Fig. 2.22. The heating efficiency constants for the auxiliary heating and current-
drive actuators are taken as the ratio between the power absorbed by the plasma
(calculated by DINA-CH&CRONOS) and the power requested for each individual
actuator, and the efficiency constants are 7., = 1 for i = 1,2,3, 7, = 0.85, and
Npi = 1. Neglecting the alpha particle and impurity densities, the charge neutrality
condition in the plasma is approximated as n.(p,t) = np(p,t) +nr(p,t) = 2npr(p,t),
where we assume a 50:50 mix of deuterium and tritium ions and n pr is the deuterium-

tritium density. Under these assumptions, we approximate the fusion power density
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Figure 2.23: (a) Control inputs applied during FPD, physics-based model and DINA-
CH&CRONOS simulations (current in MA, power in MW and density in
10* m~3), electron density profile evolution computed via: (b) physics-based
control-oriented model and (c) DINA-CH&CRONOS, electron temperature
profile evolution computed via: (d) physics-based control-oriented model
and (e) DINA-CH&CRONOS, (f) ion temperature evolution computed via
DINA-CH&CRONOS, noninductive current-drive evolution computed via
physics-based control-oriented model: (g) total gyrotron, (h) neutral beam
injection, and (i) bootstrap, and noninductive current-drive evolution com-
puted via DINA-CH&CRONOS: (j) total gyrotron, (k) neutral beam injec-
tion, and (1) bootstrap for the model comparison simulation test in section
2.9.2.
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(2.54) as

~ 2
qus(laa t) ~ QDT (n6<2107 t)> <UU>DT(157 t)kJeV7 (294)

and we chose the heating efficiency constant related to fusion heating in (2.60) as
Nrus = 0.15 so that the plasma stored energy predicted by the simplified physics-based
model (2.58) matches the plasma stored energy simulated by DINA-CH&CRONOS.
Employing these heating efficiency constants, the energy confinement enhancement
factor is chosen as Hpggy2) = 1.3 [8], so that the power balance equation (2.59)
predicts the same energy confinement enhancement, and hence plasma stored energy,
as DINA-CH&CRONOS. Finally, the other model constants are By = 5.3 T, Ry =
6.2m, a=20m, p, =262m, pyp = 095, kK = 1.7, Zyy = 1.7, and Aepy = 2.5
(results from a 50:50 mix of deuterium (A = 2) and tritium (A = 3)).

2.9.2 Comparison between model and DINA-CH&CRONOS

predicted plasma parameters

We now describe a simulation study that compares the evolution of the plasma pa-
rameters predicted by the first-principles-driven, physics-based model and by the
DINA-CH&CRONOS free-boundary simulation code [5-9]. We emphasize the sce-
nario studied is not meant to be representative of any one specific standard ITER
operating scenario but is meant to determine the ability of the FPD, physics-based
model to predict the plasma magnetic and thermal state evolution in response to
changes in the control actuators. As the FPD, physics-based model is designed for
the high performance phase of the discharge, we start the simulations just after the
plasma transitions from L-mode to H-mode in this particular simulated scenario at
the time t = 45 s, which is still in the plasma current ramp-up phase. The control
inputs (total plasma current, individual gyrotron launcher, ion cyclotron launcher,

and neutral beam injection powers, and line average electron density) applied during
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Figure 2.24: Time trace of poloidal magnetic flux ¥ at various normalized effective minor
radii (top to bottom p = 0.1,0.2,...,0.8,0.9) for the model comparison
simulation test in section 2.9.2.

both simulations are shown in Fig. 2.23(a). We begin the analysis of the FPD model’s
prediction capabilities by first comparing the prediction of the physics-based models
of the electron density, electron temperature, and noninductive current-drive source
evolutions to the DINA-CH&CRONOS predicted plasma parameter evolutions. Fig-
ures 2.23(b-c) show the electron density profile, Figs. 2.23(d-f) show the electron and
ion temperature profiles, and Figs. 2.23(g-1) show the total gyrotron, neutral beam in-
jection, and bootstrap noninductive current-drive sources at various times during the
simulations computed by both the physics-based models and DINA-CH&CRONOS.

The trends of the physics-based model predicted plasma parameters show good
agreement with the DINA-CH&CRONOS predicted results.  Firstly, as shown in
Figs. 2.23(e-f), DINA-CH&CRONOS predicts the electron and ion temperature pro-
files evolve in a similar fashion, which suggests the physics-based model assumption
of an approximately equal electron and ion temperature appears appropriate for the
scenarios considered. Secondly, as shown in Figs. 2.23(j-k), DINA-CH&CRONOS
predicts that the spatial noninductive current deposition location of the gyrotron
launchers and neutral beam injectors remains reasonably constant throughout the

simulation. Therefore, the physics-based model assumption of constant gyrotron and
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Figure 2.25: Safety factor profile ¢(p) at various times for the model comparison simula-
tion test in section 2.9.2.

neutral beam injection current deposition profiles also appears appropriate for the sce-
narios considered. Finally, as shown in Figs. 2.23(h) and 2.23(k), the physics-based
model prediction of the noninductive current driven by the neutral beam injectors
agrees reasonably well with the neutral beam driven noninductive current predicted by
DINA-CH&CRONOS. However, the physics-based model neglects the slowing down
time of the fast ions, assuming the particles and their energy are instantaneously ther-
malized, but this physical mechanism is taken into account by DINA-CH&CRONOS.
This effect can be seen at the time ¢ = 50 s during the simulations. A first-order filter
could straightforwardly be included in the simplified model to describe this physical
mechanism as discussed in section 2.4.4 (see (2.78)).

We now compare the plasma magnetic and thermal state evolution, v and F,
respectively, as well as the plasma parameters related to these plasma states, the ¢
profile, the toroidal current density (jir), the plasma loop voltage profile (U,), and
the normalized plasma beta (Sy) predicted by the FPD, physics-based model and
DINA-CH&CRONOS. Figure 2.24 shows the evolution of the poloidal magnetic flux
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Figure 2.26: Toroidal current density evolution computed via: (a) FPD, physics-based,
control-oriented model and (b) DINA-CH&CRONOS, and loop voltage pro-
file evolution computed via: (¢) FPD, physics-based, control-oriented model

and (d) DINA-CH&CRONOS for the model comparison simulation test in
section 2.9.2.

U at various normalized effective minor radii, Figs. 2.25 and 2.26 show a compari-
son of the FPD, physics-based model predicted and DINA-CH&CRONOS predicted
safety factor ¢(p), toroidal current density ji,r(p), and loop voltage U,(p) profiles,
respectively, at various times, and Fig. 2.27 shows a comparison of the FPD, physics-
based model predicted and DINA-CH&CRONOS predicted plasma stored energy F,
normalized plasma beta By, and fusion power Py,.

The scenario studied can be broken into four time sections: (i) 45—85s, (ii) 85—200
s, (iii) 200 — 250 s, and (iv) 250 — 400 s, as shown in Fig. 2.23(a). During section (i)
of the simulation, the control inputs are modified in time from their initial values
to a first set of constant values and during section (ii) of the simulation, the control

inputs remain stationary. During section (iii) of the simulation, the control inputs are
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Figure 2.27: (a) Plasma stored energy FE versus time, (b) plasma normalized beta Sy
versus time, and (c) fusion power Py, versus time for the model comparison
simulation test in section 2.9.2.

again modified to a second set of constant values and again remain stationary during
section (iv) of the simulation. This sequence of actuator waveforms provides the
opportunity to determine the ability of the FPD, physics-based model to predict the
plasma magnetic and thermal state evolution during both transient and stationary
conditions in plasma actuation. Figures 2.24-2.27 show that the trends of the FPD,
physics-based model predicted plasma magnetic and thermal state evolution, as well
as the other parameters related to these plasma states, show good agreement with the
DINA-CH&CRONOS predicted results during both transient and stationary plasma
actuation conditions. The discontinuity in the plasma stored energy, normalized beta,
and fusion power predicted by DINA-CH&CRONOS at 300 s, shown in Fig. 2.27, is
a numerical artifact in the plasma evolution that results from a slight inconsistency
between the plasma state in a simulation that is restarted from a previously executed

simulation.

2.10 Tailoring physics-based model to L-mode sce-
narios in TCV

We now employ the RAPTOR code [13-15], which is a simplified physics-based code

(similar to one developed in this work) that simulates the plasma ¥ and T, profile
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Figure 2.28: Model parameters tailored to the TCV tokamak: (a) magnetic equilibrium
configuration parameters '(p), G(p), and H(p), (b) bootstrap current coeffi-
cients L£31(p), L32(p), L34(p), and a(p), (c) reference electron density profile
n?"°! (), (d) reference electron temperature profile T2/ () (keV), (e) elec-
tron temperature coefficient k7, (10'° m~3A~"W~1/2) and plasma resistivity
coefficient kg, (1078 Q m keV3/2), and (f) normalized auxiliary electron cy-

clotron (ji&f), for i € [la,2a,1b,2b], current-drive reference profiles (102

m3keV 1WA m~2).
evolution, configured to the TCV geometry to obtain simulated data of the plasma
state evolution to tailor the FPD, physics-based model to L-mode plasma scenarios
in TCV. In section 2.10.1, the model parameters tailored to the TCV tokamak are
presented and in section 2.10.2 a simulation study that compares the evolution of
the plasma parameters predicted by the FPD, physics-based model and RAPTOR is

discussed.
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Figure 2.29: (a) Control inputs applied during simulations (current in MA and power in
MW) and electron temperature profile evolution computed via: (b) physics-
based control-oriented model and (c) RAPTOR for the model comparison
simulation test in section 2.10.2.

2.10.1 Model parameters tailored to TCV

As we are modeling L-mode scenarios in TCV, there are no abrupt changes in particle
and energy transport in the plasma, and the temperature exhibits a smooth behavior
across the entire spatial domain. Therefore, we model the electron temperature evo-
lution as in (2.63), and we choose the constants in this model as v = 1, ¢ = 0.5, and
(¢ = —1. This choice qualitatively describes the slowly evolving electron temperature
in response to the control actuators, i.e., the observation of (i) an increase in plasma
confinement, and hence an increase in temperature, with increasing plasma current,
and (ii) a decrease in plasma confinement with increasing total injected power [133].
Also, by changing the electron density, the electron temperature is modified for a
given electron pressure.

The parameters related to the magnetic configuration of the plasma equilibrium,
the reference profiles for the various models, and the normalizing profiles are shown
in Fig. 2.28. The auxiliary heating and current-drive actuators on TCV considered in
this work are 4 electron cyclotron launchers that are grouped into 2 clusters (denoted
as a and b). The current-drive deposition profiles for each source are shown in Fig.
2.28(f). The gyrotrons in cluster a are configured as follows: 1 on-axis co-current-

injection source (j7¢/ in Fig. 2.28(f)) and 1 off-axis counter-current-injection source
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Figure 2.30: Auxiliary noninductive current-drive evolution computed via: (a) physics-
based control-oriented model and (b) RAPTOR, and bootstrap current-drive
evolution computed via: (c) physics-based control-oriented model and (d)
RAPTOR for the model comparison simulation test in section 2.10.2.

( jg;fa in Fig. 2.28(f)), and the gyrotrons in cluster b are configured as follows: 1 on-

axis counter-current-injection source ( j;fl];

in Fig. 2.28(f)) and 1 off-axis co-current-
injection source (j7¢/ in Fig. 2.28(f)). In this work, the heating efficiency constants
for the auxiliary heating and current-drive actuators are taken as 1., = 1 for i €
[1a,2a,1b,2b]. The hydrogenic ion species in the considered TCV plasmas are solely
deuterium (Acpf = 2). As the plasma temperature in TCV is not hot enough to
produce a significant probability of deuterium-deuterium fusion reactions occurring,
we choose the fusion heating constant as 7y,, = 0. Also, the electron density profile
is assumed constant in the considered scenarios. Finally, the other model constants

are Byg=144T, Ry = 0.88 m, p, = 0.3013 m, and Z 5y = 3.5.
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Figure 2.31: (a-f) Time trace of poloidal magnetic flux ¥ at various normalized effective
minor radii and (g-1) safety factor profile ¢(p) at various times for the model

comparison simulation test in section 2.10.2.
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2.10.2 Comparison between model and RAPTOR predicted

plasma parameters

We now describe a simulation study that compares the evolution of the plasma pa-
rameters predicted by the first-principles-driven, physics-based model and the RAP-
TOR code [13-15]. The control inputs (total plasma current and gyrotron cluster
powers) applied during both simulations are shown in Fig. 2.29(a). We begin the
analysis of the FPD model’s prediction capabilities by first comparing the prediction
of the physics-based models of the electron temperature and noninductive current-
drive source evolutions to the RAPTOR predicted plasma parameter evolutions. Fig-
ures 2.29(b-c) show the electron temperature profiles and Fig. 2.30 shows the total
gyrotron and bootstrap noninductive current-drive sources at various times during the
simulations computed by both the physics-based models and RAPTOR. The trends
of the physics-based model predicted plasma parameters show good agreement with
the RAPTOR predicted results. We now compare the plasma magnetic state evo-
lution predicted by the FPD, physics-based model and RAPTOR. Figures 2.31(a-f)
show the evolution of the poloidal magnetic flux ¥ at various normalized effective
minor radii and Figs. 2.31(g-1) show a comparison of the FPD, physics-based model
predicted and RAPTOR predicted safety factor q(p) profiles at various times. As
shown in the figures, the FPD, physics-based model predicted plasma magnetic evo-
lution shows good agreement with the RAPTOR predicted results. The constant
offset that develops between the FPD, physics-based model predicted and RAPTOR
predicted W profile evolution (shown in Figs. 2.31(a-f)) is due to the slight mismatch
between the physics-based model predicted and RAPTOR predicted T, profile evolu-
tion (shown in Figs. 2.29(b-c)) during the initial phase of the simulations (¢ € [0, 0.2]
s). The electron temperature predicted by the physics-based model is slightly higher

than the RAPTOR predicted electron temperature during that time interval. As
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a result, the physics-based model predicted plasma resistivity is slightly lower than
the RAPTOR predicted plasma resistivity. This results in the FPD, physics-based
model predicted poloidal magnetic flux diffusing slower than the RAPTOR predicted

poloidal magnetic flux.

2.11 Conclusion

A derivation of the plasma poloidal magnetic flux diffusion equation was provided.
This equation describes the resistive diffusion of the poloidal magnetic flux in the
tokamak in response to the electric field due to induction, the noninductive current
driven by the auxiliary H&CD system, and the bootstrap effect. This physics model
was subsequently converted into a form suitable for control design by developing
simplified control-oriented versions of physics-based models of the electron density,
electron temperature, plasma resistivity, and the noninductive current-drives in re-
sponse to the available control actuators. The FPD, physics-based model was tailored
to L-mode and H-mode scenarios in the DIII-D, ITER, and TCV tokamaks, respec-
tively, demonstrating the flexibility of the developed approach. Finally, the model
prediction was shown to be in good agreement with the evolution of experimentally-
achieved /advanced-simulation-predicted plasma parameters in the studied operating
scenarios. For the remainder of this dissertation, the developed model will be em-
ployed to 1.) optimize feedforward trajectories for the tokamak actuators that steer
the plasma through the tokamak operating space to reach target plasma scenarios,
2.) design feedback controllers to regulate plasma conditions to maintain desired op-
erating scenarios, and 3.) verify the ability of the designed algorithms to drive the

plasma to desired targets through simulations.
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Chapter 3

Current profile control in low

confinement scenarios in the

DIII-D tokamak

3.1 Introduction

In this chapter, a first-principles-driven (FPD), physics-model-based, robust feedback
algorithm for current profile control in low confinement (I-mode) operating scenar-
ios in the DIII-D tokamak is designed. The choice of L-mode operating scenarios
rather than high confinement (H-mode) operating scenarios is based on the fact that
the coupling between the magnetic and kinetic plasma parameters is not as strong
in this operating regime. As a result, the dynamics of the current profile evolution
in L-mode are simplified, which reduces the complexity of the model-based control
design process. Therefore, .-mode operating scenarios are more attractive for initial
demonstration of the technical feasibility of controlling the current profile evolution in
closed-loop experiments with controllers synthesized from first-principles-driven mod-

els. Once the methodology is validated, the focus will be on extending the approach
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to high performance scenarios by incorporating the effects of the bootstrap current in
the FPD model of the system and synthesizing closed-loop controllers for this more
complex operating mode.

The robust feedback controller is synthesized by embedding the control-oriented
model of the poloidal magnetic flux evolution developed in [83] into the control de-
sign process. In this particular model of the poloidal magnetic flux evolution, the
magnetic diffusion equation is combined with empirical correlations for the electron
density, the electron temperature, the plasma resistivity, and the auxiliary current
drive developed from physical observations and experimental data from L-mode dis-
charges in DIII-D. Secondly, the auxiliary current drive actuators are lumped into a
single input, and the noninductive bootstrap current is neglected due to its effects
being relatively small in L-mode discharges, in this model. The actuators employed
for current profile control are the total plasma current, the total average neutral beam
injection power, and the line average electron density. Finally, the feedback controller
is tested in simulations and experiments in the DIII-D tokamak. These experiments,
along with those described in [98,99], represent the first successful demonstration of
FPD, physics-based, closed-loop control of the entire current profile in a tokamak.

This chapter is organized as follows. In section 3.2, the control-oriented, partial
differential equation (PDE) model for the evolution of the poloidal flux profile valid
for L-mode discharges is introduced. The governing infinite dimensional PDE is
approximated by a finite dimensional system of ordinary differential equations to
facilitate the synthesis of a feedback controller by employing a truncated Taylor series
expansion in space. While the state of the reduced-order model is linearized around a
given feedforward operating trajectory, the control input nonlinearities are preserved

through a nonlinear transformation, and a time varying state-space representation of
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the deviation dynamics is derived in section 3.3. In section 3.4, the time varying state-
space system is represented as an uncertain state-space model, i.e., a nominal time-
invariant model plus a bounded uncertain component, which is then formulated into
a robust control framework. The part of the plant output we can effectively control is
determined by employing a singular value decomposition of the static gain matrix of
the nominal plant model in section 3.5, which is combined with the dynamic response
of the system around the given feedforward trajectory to synthesize a robust feedback
controller. In section 3.6, the feedback controller is synthesized by first considering
the nominal model and then analyzing the stability of the closed-loop system in the
presence of the model uncertainty. A general framework for real-time feedforward +
feedback control of the magnetic and kinetic plasma profiles is implemented in the
DIII-D Plasma Control System (PCS), and a simulation simserver (Simserver) that
can interface with the DIII-D PCS is developed in section 3.7. In section 3.8 we test
the feedback controller in Simserver simulations with the real-time code utilized in the
DIII-D PCS, and in section 3.9 the feedback controller is tested in reference tracking
and disturbance rejection experiments in the DIII-D tokamak. Finally, conclusions

are discussed in section 3.10.

3.2 Partial differential equation model of system
dynamics

The control-oriented model of the poloidal magnetic flux evolution derived in [83] is

given in normalized cylindrical coordinates by the magnetic diffusion equation

0

bu L0 (Y
~ Ry (952 ) + flpustt .1

Fri
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with boundary conditions

o

oY
p =0

Z

= —ksus(t), (3.2)

p=1

where the functions fi(p), f2(p), fi(p), and the geometrical constant k3 are defined
in [83], and the control inputs are expressed as

3/2
B ne(t) u o Prot(t) u _
o= <1p<t> Pmtu)) S ORI

The poloidal stream function is denoted by v, which is closely related to the poloidal
magnetic flux U (¥ = 2me)), ¢ is the time, n.(¢) is the line average electron density,
P,yt(t) is the total average neutral beam injection power, and I,(t) is the total plasma
current. The normalized effective minor radius p = p/py is the spatial variable em-
ployed to index the magnetic flux surfaces, where p is the mean effective minor radius
of the magnetic flux surface, i.e., ®(p) = mByop?, @ is the toroidal magnetic flux,
By is the vacuum toroidal magnetic field at the geometric major radius Ry of the
tokamak, and p, is the mean effective minor radius of the last closed magnetic flux
surface.

The control inputs wuy (), us(t), and uz(t) of the magnetic diffusion equation have
large order of magnitude differences which is not conducive to developing a feed-
back control algorithm that uses all of the available actuators to their fullest extent.
Therefore, we normalize (3.1) by determining the maximum feedforward values of
the three control inputs, which are denoted as u;

Us and wus, . respec-

norm ) norm

tively. The control inputs are scaled as uf(t) = wuy(t)/uq,,,,,, us(t) = us(t)/us,,...,

and uj(t) = us(t)/us,,,.., and the parameters in the governing PDE (3.1) are scaled

as ff(ﬁ) = ulnormfl(p\)’ f;(ﬁ) = u2normf2(p/\)7 and kg - u3normk37 Where (‘)S denOteS a

scaled quantity. Now each control input can vary between the same magnitude range,
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i.e., zero to one, and a feedback controller can be designed to use the full range of each
actuator. The superscript s used to denote the scaled control inputs and equation
parameters is dropped for the remainder of this chapter in order to simplify notation.

In the plasma physics community, the toroidal current profile in tokamaks (jyo)
is usually specified in terms of the safety factor profile (¢ profile) as this quantity is
intimately related to the stability and performance of a tokamak plasma operating
scenario [61,62] (see section 2.6 for the explicit relationship these quantities have
to the poloidal magnetic flux). In particular, the ¢ profile is defined in (2.90) and

repeated here for convenience as

d®  d®  Byopip
dv  2mdy  OY/0p’

Q(ﬁ7 t) = (34)

Because the ¢ profile is inversely dependent on the gradient of the poloidal stream

function 0 /0p, it is chosen to be the controlled variable and is denoted by

0(p,1) = D/ 0p(p,1). (3.5)

In order to obtain a PDE for §(p, ), (3.1) is expanded using the chain rule as

9%
9p?

I O dfy

| o
Frie f1u1(t)5 [Paﬁ 0

dp

+ fagr +0Ja } + foua(t). (3.6)

Inserting (3.5) into (3.6) results in the following PDE

O — LD [5G + P+ D] + B, (3)

where (-) = d/dp. By differentiating (3.7) with respect to p, the PDE governing the
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evolution of 0(p,t) is found to be

00 . 0%0 06

5% hO(p)a_ﬁ? + hy (ﬁ)a—ﬁ + ha(p)0] ui(t) + hs(p)ua(t), (3.8)

with boundary conditions
where

ho(p) = f1(p) fa(p);

ha(p) = f1(p) fa(p) + f1(D) f(P) /P + 211 (P) f1(P),

ha(p) = f1(D)f1(P) + Fi(p) fa(p) /b + fr(p) fa(P) /P
—f1(p) f1()/ 7 + f1(D) 1 (p),

ha(p) = f5(p)- (3.10)

The model (3.8)-(3.10) is the starting point for the development of the feedback
controller design. This first-principles-driven, control-oriented, PDE model contains
the physics information of how the dynamics of the poloidal flux gradient profile
are influenced by the control actuators. The goal is to now convert the physics
information contained in the model into a form suitable to synthesize a feedback
controller, thus allowing the physics contained in the model to be embedded into the

feedback controller.

3.3 Model reduction via spatial discretization

In order to facilitate the design of a feedback controller, the governing infinite di-

mensional PDE (3.8) is approximated by a finite dimensional system of ordinary
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differential equations (ODEs). This is accomplished by discretizing (3.8) in space by
using a truncated Taylor series expansion to approximate the spatial derivatives while
leaving the time domain continuous [137]. The non-dimensional spatial domain of in-
terest (p € [0, 1]) is represented by my nodes, and the spacing between the nodes (Ap)
is defined as Ap = 1/(my — 1). Central finite difference spatial derivative approxi-
mations of order (Ap)? are used in the interior node region, 2 < i < (my — 1). After
applying the spatial derivative approximations to (3.8) and taking into account the
boundary conditions (3.9), we obtain a matrix representation for the reduced-order

model

a(t) = Ta(t)vr(t) + Qua(t) + vz (1), (3.11)

where the vector o = [0,...,0,,-1] € R™ is the state of the system at the interior

discrete nodes, the vector

[01(2), va(t), v3(t)] = [ui(t), ua(t), us (t)us(t)] € R? (3.12)

is the control input, I' € R™*™ Q) € R™ and Il € R™ are the system matrices, and

ng = my — 2. The system matrices for the interior node i = 2 are defined as

« 2ho(Ap
L1 = ha(Ap) — ﬁ,
o ho(Ap) | hi(Ap)
= agp T ony
O = h3(Ap),
1, = 0. (3.13)
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The system matrices for the interior node region, 3 <1i < (my — 2), are defined as

ho(A.ﬁE) _ hl(AZL’)

. . 5=
i—1,0—2 (Aﬁ)Q 2Aﬁ )
Fi—1,¢—1 = hz(A$) - (A—ﬁ)Qa
A A
r ., = ho( Afﬁ) . ha( 1’6)7
T (Ap)? 2Ap
Qi—l = h3(Al’),
I, ; =0, (3.14)

where Az = (i — 1)Ap. The system matrices for the interior node i = my — 1 are

defined as
Fmg—?,mg—Q = hz(A$ ) - (A—ﬁ)Q’
TR AR 28
Qm9—2 = h3(AJ]*),
I, o= —Fk - — 2, 1
o=+ M 19

where Az* = (mg — 2)Ap. All other entries in the I' system matrix are zero. The
values of 6 at the boundary nodes ¢ = 1 and i = my are known from (3.10) and are
therefore not included in the reduced-order model (3.11).

Let app(t) and vpp(t) be the feedforward trajectories of the states and control
inputs respectively with initial condition app(0). These feedforward trajectories sat-
isfy

aFF<t> = FaFF(t>U1FF (t) + QUQFF (t) + HU3FF (t) (316>

By defining the perturbation variables x(t) = a(t)—app(t) and vpg(t) = v(t)—vrp(t),

where z(t) is the deviation away from the feedforward state trajectories and vpp(t) is

113



the output of the to-be-designed feedback controller, we can obtain a model suitable

for tracking control design. Inserting the perturbation variables into (3.11) results in
dpp + 3 =T(apr +2) (Vipp + Vipg) + Qv2pp + v2,5) + (03, +03,,).  (3.17)

By using (3.16), we can express (3.17) as
& =Tv1,,2+(app + 2)vi,, + Quappy + Hog,p. (3.18)

Due to the term I'zv, .., equation (3.18), which describes the behavior of the deviation
dynamics, is bilinear (nonlinearity resulting from the product between the control
input and the state). In addition, the control inputs vy,,, v2,,, and vs,, are nonlinear
functions of the real actuators as shown by the nonlinear transformations (3.3) and
(3.12). While we neglect in this work the bilinear state behavior by assuming that
the feedback control input vgp is able to keep the deviation of the system state away
from the feedforward state trajectory small, i.e., app >> x, we preserve the dominant
control input nonlinearities through the nonlinear transformations (3.3) and (3.12).
An approximate linearization of the state dynamics can therefore be obtained by

neglecting the nonlinear term, i.e.,
(app + ) = apr, (3.19)
and rewriting (3.18) as
& =Tv, .0+ Tappv,, + Quappy + us, .. (3.20)

Simulations and experiments show the closed-loop system to be robust to this approx-

imation and indicate no need for the extra burden of taking into account the bilinear
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state behavior during the control synthesis, which is indeed possible. The deviation
dynamics (3.20) can be written as a linear time-variant (LTV), dynamic, state-space

model, i.e.,

y = Cx + Dupp (3.21)

where A(t) = Tvy,.,(t) € R"*" B(t) = Tapp(t),Q, 1] € R%*3 C = [,, € Rrexne
where I, is an ng x ngy identity matrix, D = 0 € R™*3 7 € R™, y € R™, and
VEB = [Ulpg, Vopg, Vaps)” € R3. Here a, and therefore z, is assumed measurable. A
linear control law for the inputs vy, (t), va,,(t), and vs,,(¢) can now be determined
and combined with the nonlinear inverse transformations resulting from (3.3) and
(3.12) to produce an overall nonlinear control law for I,(t), Pi(t), and n(t).

The first-principles-driven linear model for the deviation dynamics (3.21) is simi-
lar in structure to the linear plasma response models obtained by performing system
identification experiments. However, there are some subtle differences between the
two types of models. Firstly, the first-principles-driven deviation model can be ob-
tained around any feedforward reference trajectory of the system while the data-driven
deviation model can only be obtained around the reference plasma state adopted dur-
ing the identification process. Secondly, the first-principles-driven deviation model is
time varying, therefore, it provides information on how the deviation dynamics evolve
throughout the discharge while the data-driven deviation model is time invariant. Fi-
nally, the first-principles-driven deviation model is able to capture the nonlinear effect
the control actuators have on the current profile evolution through the transforma-
tions (3.3) and (3.12), while the data-driven deviation model can only capture the

linear effect the control actuators have on the current profile evolution.
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3.4 Manipulation of dynamic model into robust
control framework

We now have a LTV model describing the dynamic behavior of the system around any
given feedfoward operating trajectory that we can use to synthesize a feedback con-
troller. However, most linear control design techniques are suited for time-invariant
model dynamics, i.e., the state-space matrices A, B, C', D of the model are not a
function of time. Therefore, we choose to model the time-varying system (3.21) as
a nominal time-invariant model plus a bounded uncertain component. We then seek
to design a feedback controller to stabilize the closed-loop system for all allowable
uncertain perturbations.

The control inputs vep(t) are chosen to produce a desired trajectory of the system
aprp(t) [96,97], therefore, both time varying quantities are bounded. We choose to
model the time varying parameters v;,..(t) and app(t) in the definition of the system

matrices of (3.21) as a nominal value plus a bounded uncertain component, i.e.,
nept) e (148.0,)  ap@en(1es), G2

where Yo = (vlFFmaz + 'UlFme)/2, ’j/;; = (O‘/iFFmaz + OéiFme)/Qa ﬁv = (UlFFmaz —

Vipr )/ (20), and B, = (Qipp, . — Qippe )/(297) with [6,] <1 and [0} < 1 where

1 =1,2,...,ny. Since the vector arr contains the value of 6 at the ny nodes and
the parameter vy, is a scalar, this method of modeling the time varying parameters

produces ny + 1 uncertain parameters. By inserting the models (3.22) into (3.21) and

defining the total uncertainty vector 6 as § = [}, ...,d7¢,6,] € R™T! the state-space

Y Yo )
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matrices A(t), B(t), C, D in (3.21) are expressed as

ng+1 ng+1
Alt)=Ao+ > 0nA,  Bt)=DBo+ Y 0nB,
m=1 m=1
ng+1 ng+1
C=Co+ Y omCy, D=Dy+ Y 6uD;, (3.23)
m=1 m=1
where
ng '
AO = ”}/UF BOk = ’ylekﬂ-, Qk, Hk C() = [ng DO = 0, (324)
i=1
and
AT,Q,...,TL@ = O A:,g+l = 7’05’01_‘7
B, = [(”yg"‘ﬁgl)f‘km, 0, 0} form=1,2,...,n9 o1 =0,
i2,...,n9+1 =0 DI,Q,...,MH =0, (3-25)
where k = 1,2,...,ng, I'y; denotes the k-th row i-th column component of I', By,

and B;, ~denote the k-th component of By and By, respectively, and I, denotes
the ng X ng identity matrix. The state-space matrices Ay, By, Cy, Dy represent the
nominal system, ¢,, denotes the m-th component of §, and the state-space matrices
Ay, B, Cr. Dy represent the influence that each uncertain parameter ¢,, has on
the system.

A linear system with state-space matrices A, B, C, D has a transfer function
representation G(s) = C(sl,, — A)"'B + D that describes the relationship between
the system’s inputs and outputs, i.e., y = G(s)vpp, where s denotes the Laplace
variable and ng is the number of states of the system. If we insert the representation

of the state-space matrices (3.23) into the transfer function representation of the

system, the nominal model will be coupled with the uncertain parameters 9,, for
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Figure 3.1: General P — A control configuration with model uncertainty.

m = 1,...,n9 + 1. By exploiting the structure of the state matrices in (3.23), we
can separate the uncertain parameters from the nominal parameters by grouping the
uncertain parameters into a structured uncertainty matrix A = diag{d} to express
the feedback system in the conventional P — A robust control framework shown in
Fig. 3.1 by employing the method outlined in [138], where P(s) is the generalized
transfer function of the system. If the transfer function P € Rr+m)x(ar+3) where
gr is the rank of the uncertainty matrix A, is partitioned as
Py Pro

pP= : (3.26)
P21 P22

the input-output equations of the generalized transfer function are

ya = Priua + Piovpp,

Yy = P21UA + PQQUFB, (327)

where P € RqTXqT, P e RqTX?’, Py e RnquT, Py € RHQX?), YA € RqT, ua € RQT,
y € R™, and vpp € R3. The relationship between the system transfer function G(s)

and the generalized transfer function P(s) and the uncertainty matrix A is expressed
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as

G(s) = Pas(s) + Por(s)A[Lyy — Pu(s)A] ™ Pia(s), (3.28)

where I, is a gr X gr identity matrix. An overview of the employed technique is
provided in Appendix A.

By examining (3.27), it can be seen that the transfer function P contains informa-
tion on how both the nominal system and the uncertain parameters affect the output
of the system y. The output of the system is driven by the feedback control input
vrp and the uncertain input perturbation ua through the transfer functions Psy and
Py, respectively. The uncertain input perturbation is driven by the uncertain output
perturbation ya through the uncertain matrix A (see Fig. 3.1). Finally, the output
perturbation is driven by the feedback control input vpp and the uncertain input
perturbation ua through the transfer functions Pj5 and Pip, respectively. If there
were no uncertain perturbations, i.e., A = 0, the input-output equation of the system
would be reduced to

Yy = PZZUFB- (329)

Therefore, the transfer function P,y describes the nominal response of the system,
and the transfer functions Pi;, P2, and P»; describe how the uncertain parameters

affect the output of the system.

3.5 Evaluation of relevant control channels

It is desired that the controlled output y(t) be able to track a reference value r(t),

therefore, we define the tracking error e(t) as

e(t) = r(t) — y(b). (3.30)
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The conditions to bring the tracking error exactly to zero are typically not met because
the number of controlled outputs (ngy) is larger than the number of controlled inputs
(3). As aresult, we can only independently control 3 linear combinations of the output
of the system. Therefore, in order to synthesize an effective feedback controller, it is
necessary to determine which output directions are the most controllable and which
input directions are the most influential. If these directions are not identified, the
feedback controller could actuate in a direction that the system does not respond to
and a lot of control energy could be spent for a marginal improvement in the value
of the tracking error. The technique we employ to evaluate and decouple the most
relevant control channels is based on a singular value decomposition (SVD) of the
static (steady-state) gain matrix of the nominal state-space system Ay, By, Co, Do.
The relationship between the outputs y and the inputs vrp of the nominal system

is expressed in terms of the nominal transfer function Gy(s) which is defined as
y = Go(s)vrp where Go(s) = Cy(sl,, — Ag) ' By + Dy. (3.31)
The nominal input-output relation in steady state (i.e., s — 0) is expressed as
y = Govpp = (— Co(Ao) ' By + Do) Urp, (3.32)

where 7§ denotes the steady-state output, vz denotes the steady-state input, and G
denotes the steady-state gain of the plant Go(s) (i.e., s — 0). We next define the

“weighted” transfer function Gy and its economy size SVD as
Go = QY?GoR™'? =UxVT, (3.33)

where ¥ = diag{oy, 09,03} € R**3 is a diagonal matrix of steady-state singular

values with o7 > 03 > 03 > 0 and U € R™*3 and V € R3*? are matrices that
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possess the following properties VIV = VVT = [, UTU = I. We have introduced the
positive definite matrices Q € R™*™ and R € R3*3 to weight the relative tracking
performance and control effort. Using (3.33), the input-output relation (3.32) is

expressed as

7= Gobpp = Q V2 GoRY?*tpp = QY 2USVT RY 5. (3.34)

We note that the columns of the matrix Q~/2UY define a basis for the subspace of
obtainable steady-state output values. Therefore, any obtainable steady-state output

can be written as a linear combination 4* € R? of the basis vectors, and we can write

7=Q ULy — g =S UTQY?y. (3.35)

As the obtainable steady-state outputs are given by (3.35), this implies that only the
component of the reference vector that lies in the subspace Q~2UY will be able to

be tracked in steady state, and we can define the quantity

7 =2 UTQYVA e R?, (3.36)

which represents the trackable components of the reference. By defining

Upp = VIR opp <= tpp = RYV?Vihy, (3.37)

where 05 € R3, and by employing (3.35) and (3.34), a decoupled relationship be-

tween the outputs y* and the inputs v} 5 is obtained as

g =2UTQYy = WU QVAQ TV PUSVT RY b = T (3.38)
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Figure 3.2: Steady-state (a) reference output singular vectors and (b) input singular vec-
tors for 6 profile control in DIII-D L-mode scenarios.

We note that some of the singular values o; may have a small magnitude relative to
others and may be chosen to be neglected in the control synthesis to avoid poten-
tially spending a significant amount of control effort for only a marginal improve-
ment in the tracking error (3.30). We therefore partition the singular values into k;
significant singular values >, and 3 — k; negligible singular values >,;. The signifi-
cant components of the reference, output, and input vectors can then be defined as
Fr=SUTQV € RYs, gr = S71UTQY?y € R*, and v = VI RY?0pp € REs,
respectively, where U, € R™>**s and V, € R3**s are the components of U and V asso-
ciated with the significant singular values. A detailed overview of the SVD technique
employed evaluate the relevant control channels is provided in Appendix B.

The singular vectors of the basis for the subspace of obtainable steady-state output
values Q~/2U are shown in Fig. 3.2(a). The corresponding singular vectors associated
with the steady-state input values R~*/2V are shown in Fig. 3.2(b). The associated
singular values are o; = 7.9360, oo = 0.2738, and o3 = 0.0015, which are the result of
the dynamic model assumptions, the actuator configuration, and the input scaling.
As evidenced by the magnitude of the first singular value relative to the others,
the first output singular vector is the dominant shape of an achievable steady-state

profile, according to the model. In order to generate this profile shape, the feedback
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controller can actuate in the direction associated with the first input singular vector,
which contains a strong contribution from the boundary feedback control component
V3,5 As the value of the singular value decreases, a larger amount of control effort
is needed along the direction of the associated input singular vector to produce a
significant contribution to the steady-state profile in the direction of the associated

output singular vector.

3.6 Feedback control problem formulation

The control goal is to design a feedback controller that can minimize the tracking error
(3.30) while using as little feedback control effort as possible, achieve a set of specified
performance objectives, and robustly stabilize the system by controlling the significant
portion of the output of the system (3.27). A schematic of this control problem is
shown in Fig. 3.3. The blocks X;'UTQ'/? and R~'/?V, are used to obtain a one-to-
one relationship between the outputs and the inputs of the system, which provides
us the ability to synthesize a square feedback controller K. The block ¥71UTQ'/?
extracts the significant component of the tracking error e from the error signal e. The
feedback controller is driven by the error ef and outputs the significant component
of the feedback control input v%p . Finally, the block R™'2V, is used to compute
the feedback control input vpp that is applied to the system from the control signal
vpp,- The outputs of the closed-loop system Z; and Z, are defined as Z; = We;
and Zy = Wyvip , where W), and W, are frequency dependent functions that will
be used to optimize the closed-loop performance of the system during the controller
design process by minimizing the frequency-weighted tracking error (Z;) and control
effort (Z5).

The feedback system is expressed in the conventional A — P* — K robust control

design framework shown in Fig. 3.4, where P* is the generalized plant and r} =
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Figure 3.3: Schematic of control problem formulation for 8 profile feedback control design
in DIII-D L-mode scenarios.

Y7'UTQ'?r. By defining the transfer functions

Gpe = X' UT QY2 Py R7V2V,

Tyno = P2 RV,

Ty = 37U QY2 Py, (3.39)

the input-output equations of the generalized plant P* are

Ya Py Phy | Py
ua ua
* * *
Z Py, Py | Poy . .
— TS - TS 9 (340)
* * *
Za Py Py | Psy . .
. . . . VpB, VrB,
€s Py P | P

where

P1*1:P11 PQ*IZ_WPTZ/UA P3*1:0
P1*2: P2*2:Wp Pékz:
Py =Ty Py =-WyGpo Py =W,

le = _TyuA szz =1 szg = —Gpc.
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Figure 3.4: Model in conventional A — P* — K robust control design framework.

The system (3.40) can be written in the conventional N — A closed-loop control
analysis configuration shown in Fig. 3.5 by using the definition of the lower linear

fractional transformation (LFT), which is denoted as Fj, between P* and K, i.e.,

N = F(P*,K) = P}, + P;,K(I — P},K)™'P;,. (3.41)

By using the definitions

Spcy = (I +GpcK)™,
TDCO = GDC'K(] + GpcK)_l,

I = SDCO + TDCoa (342)

where Spc,, is the decoupled output sensitivity function and Tp¢,, is the decoupled

output complementary sensitivity function, the system (3.40) is expressed in the N—A
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framework as

Yy Nll N12 Pll - TyAvKSDCOTyuA TyAUKSDCO
ua
Zy| = N . N = Noy Ny | = _WpSDCOTyuA WpSDCO
Ts
ZQ N31 N32 _WuKSDCOTyuA WuKSDCO
(3.43)

One possible approach to designing a feedback controller K is to directly take the
uncertainty A into account during the design process by employing the p-synthesis
technique [10]. This technique aims to synthesize a feedback controller that robustly
stabilizes the system by iterating between controller design and robust stability anal-
ysis in a systematic sequence of steps. This approach would guarantee that the
designed controller would robustly stabilize the system, however, the computational
complexity of this design technique is high, and the iterations may not converge to
the best solution. Therefore, we adopt a different approach to synthesize a feedback
controller. The technique we employ is to design a nominal controller K to achieve
the specified control goals for the nominal closed-loop system, i.e., we assume A = 0.
We then take the uncertainty A into account by analyzing the robust stability of the

system with this nominal controller. If the controller successfully robustly stabilizes
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the system, we have achieved all of our control goals. If the controller does not ro-
bustly stabilize the system, we must repeat the process of designing a controller for the
nominal system while relaxing the performance objectives of the closed-loop system.
With this purpose in mind, the nominal performance condition of the closed-loop

system (3.43) and the control problem are expressed as

Z w,S w,S
- pebCo T:} = min pobco ‘ ,  Yw, (3.44)
Zy WK Spe, KW, K Spe, e
where || - || denotes the H,, norm. The frequency dependent weight functions W,(s)

and W, (s) are chosen to shape (place upper bounds on the magnitude of) the closed-

loop transfer functions and are parameterized as [10]

W(s) = (:s/\/ﬁ][,—l—wp)2 Wals) = (5/\/M+Wu)2 7
(s + wp/Hy) (s + wur/H)

where M), = 1, H; = 10°% w, =1, M, =1, Hf = 10*', and w, = 10. If we are

(3.45)

able to find a controller K that minimizes the stacked norm of the transfer functions
W,S5pc, and W, KSpe,,, we will have minimized the effect a change in the reference
75 has on the error e while using as little feedback control effort vz as possible and
achieved a desired performance in the response of the nominal closed-loop system to
changes in the reference r¥. Therefore, by solving the minimization problem (3.44),
we have synthesized a controller that minimizes (3.30) while using as little control
effort as possible and produces a desired closed-loop response of the system. An
introduction to the design of feedback controllers by employing the H., closed-loop
shaping technique is provided in Appendix C.

The feedback controller K found by solving (3.44) is written in state-space form
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as

i’fb = Aﬂ,a:fb + beez,

vps, = O sy + Dpes, (3.46)

where the vector zy, € R™?® is the internal controller states, Ay, € R™*™ By €
R7rvxks Cpy € RFEs*mso - and Dy, € RFs*ks are the controller system matrices, and
ng is the number of controller states. For this controller design, the significant
singular values are chosen as >, = oy, and the negligible singular values are chosen as
Y,s = diag{os, 03}, i.e., ks = 1. By neglecting the second and third singular values,
the feedback controller will be able to actuate the system in the direction associated
with the first input singular vector shown in Fig. 3.2(b) to produce the dominate
shape of an achievable steady-state profile associated with the first output singular
vector shown in Fig. 3.2(a). To analyze the closed-loop performance of the nominal

system, the frequency response of the magnitude of the maximum singular value of
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Figure 3.7: Structured singular value p versus frequency.

the upper bounds 1/W, and 1/W,, along with the achieved transfer functions Spc,,
and KSpc, computed with the nominal controller (3.46) are shown in Fig. 3.6. As
can be seen from the figure, the desired shapes of the transfer functions Spc, and
K Spe, are achieved, and the control goals for the nominal closed-loop system are
therefore achieved. To analyze the robust stability of the closed-loop system, the
structure of the uncertainty in the N — A control analysis framework is now taken
into account. Because the uncertainty has a defined structure, A = diag{d}, we can

define the structured singular value u as

1
mln{km| det(] — k’mNHA) = 0}’

,U(Nn(jw)) = (3.47)

where Ny is the closed-loop transfer function between ya and ua, i.e., ya = Nijua
(see (3.43)). The closed-loop system is robustly stable for all allowable perturbations
if and only if ,u(Nll(jw)) < 1, Vw [10]. A plot of p versus frequency is shown in
Fig. 3.7, and as can be seen from the figure, the robust stability condition is satisfied
with the nominal controller (3.46). Therefore, the controller (3.46) achieves all of our
closed-loop control specifications.

The inputs that are applied to the system P are the control signals vpp and the
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measurements that are available from the system P are the error signals e. There-
fore, we must convert the input and output of the controller (3.46) to these sig-
nals. This is accomplished by substituting the relationships ¢! = Y71UTQ?e and
vpp = R7Y?V,v}p. into (3.46). Finally, the multi-input-multi-output feedback con-

troller K € R3*m g expressed in state-space form as

Tpp = Afbxfb + beZs_lUsTQl/Qe,

vrp = R7Y2V,Cpapy + RTVPV.Dp S UT QY e, (3.48)

3.7 Control algorithm implementation in the DIII-
D Plasma Control System

In this section we describe the implementation of a real-time feedforward + feedback
algorithm for magnetic and kinetic profile control in the DIII-D Plasma Control Sys-
tem (PCS). We provide in section 3.7.1 an overview of the algorithm designed in this
chapter. In section 3.7.2, we describe the generalized framework for real-time feed-
forward + feedback control of magnetic and kinetic plasma profiles implemented in
the DIII-D PCS. Finally, in section 3.7.3 we present a simulation simserver that can
interface with the DIII-D PCS to test the correctness of the real-time implementation

of the control framework and to determine the effectiveness of proposed controllers.

3.7.1 Overview of feedforward 4 feedback control algorithm

The overall feedforward 4 feedback control algorithm synthesized from the first-

principles-driven model of the poloidal flux profile evolution can be summarized as
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follows. The feedforward control inputs are computed as

3/2
- fiepp (1)
Her (t) N (IPFF(t) PtOtFF (t)) |

o PtotFF (t)
U2pp (t) - ma
U3pp (t) = IPFF (t>’ (349)

where I,.,.(t), Piotpp(t), and 7, (t) are determined off-line [96,97]. In accordance

with (3.11), the feedforward control inputs are modified as

Uipp = Uipp V2pp = U2pp Vpp = UippU3pp- (350)
Finally, the closed-loop control inputs are computed as

VL = Vipp T VlppUlyorm:
U2 = ,UQFF + UQFBUQTLOT"L7

U3 = U3FF + U3FBu1no7‘mu3norm7 (351)

where (-)ppr denotes a feedforward quantity and (-)rp denotes a feedback quantity
computed on-line via (3.48). The closed-loop signals for the control actuators I,(t),

P,oi(t), and n.(t) are computed as

L) =2 Pmt<t>—(%)2 no(t) = 228, (3.52)
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3.7.2 Generalized framework for real-time plasma profile con-

trol

A general framework for real-time feedforward + feedback control of magnetic and
kinetic plasma profiles + a scalar quantity has been implemented in the DIII-D PCS.
The magnetic profiles that can be controlled are: the safety factor (¢q), the rotational
transform (v = 1/q), the poloidal magnetic flux (¥), or the poloidal magnetic flux
gradient (). The kinetic profiles that can be controlled are: the electron temperature
(T¢), the ion temperature (7;), or the toroidal rotation velocity (V). The scalar
quantities that can be controlled are: the normalized plasma beta (5y), the minimum
value of ¢ (¢min), or the plasma internal inductance (I;). The selected magnetic profile
can be controlled at 21 evenly spaced points on the domain p € [0, 1], and the selected
kinetic profiles can be controlled at 11 evenly spaced points on the domain p €
[0,1]. The feedback portion of the controller was interfaced with the real-time EFIT
(rtEFIT) equilibrium reconstruction code [11] for magnetic profile control and with
the real-time charge-exchange recombination (rtCER) code [139] for kinetic profile
control. The control scheme in this chapter has only been designed to control the
magnetic poloidal flux gradient profile, therefore, only the magnetic profile portion of
the control algorithm implemented in the DIII-D PCS is described below.

The diagnostics provided to the PCS by rtEFIT are: a measured value of the
total plasma current I;"***, the poloidal stream function at the magnetic axis ¥uzis
and at the plasma boundary 4, and the safety factor ¢ on a normalized flux spatial

domain 1, where

w B wam's
Vp = ——. 3.53
wbdry - Qpam’s ( )
The safety factor g(¢I") is provided by rtEFIT at 64 evenly spaced points
o =0,1/64,2/64,...,63/64. (3.54)
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Figure 3.8: Configuration between the DIII-D tokamak and the DIII-D PCS real-time
code for magnetic profile control.

The feedback portion of the controller is implemented as a discrete time state-space
system with a sampling time of 20 milliseconds. This sampling time is set based
on the modulation of the neutral beam injector utilized to acquire Motional Stark
Effect (MSE) diagnostic data that is used to obtain measurements of the ¢ profile in
real-time. In this case the MSE beam is modulated on for 10 milliseconds then off
for 10 milliseconds.

The configuration between the generalized real-time code running in the DIII-D
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PCS and the DIII-D tokamak is shown in Fig. 3.8. The Coordinate Transformation
block in the PCS is an algorithm that is executed to construct the selected magnetic
profile y(p), either g, ¢, ¥, or 6, controlled by the Feedback Controller from the data
provided by the rtEFIT algorithm q(¢;), Yaxis, Yedry, and 1;**. See Appendix D for
a detailed description of this algorithm. By implementing the Feedback Controller
with separate input signals, ry —yar,, and yar — Yy, ,, where )y represents the target
(desired system output) and yay,, represents a reference output (for example a value of
the system output around which a linear model of the system dynamics is obtained),
controllers designed with different tracking error definitions can be employed with
the same implementation configuration. The Feedback Controller outputs a general
feedback control signal (uys,) that is added to a general feedfoward control signal
(usr) to produce a general total control signal (u). Here, the variable u is employed
to denote any general control input, i.e., it is not to be misinterpreted as the value of
the intermediate control signals (3.49) for the algorithm designed in this chapter. In
the case of control algorithm designed in this chapter (see section 3.7.1), the signal
w in Fig. 3.8 would correspond to the control inputs v defined in (3.50)-(3.51). The
nonlinear transformation switch (NL Trans. Switch) is used to indicate whether or
not post processing of the signals generated by the overall controller is required. If
post processing is required, the NL Trans. Switch is set to the left position and the
Nonlinear Transformation block in the PCS converts the control signals prescribed by
the feedforward + feedback controller to the signals for the physical control variables.
If the Feedback Controller directly generates signals for the physical control variables,
the NL Trans. Switch is set to the right position and the control signal u is directly sent
to the Magnitude Saturation block in the PCS. In the case of the control algorithm
designed in this chapter (see section 3.7.1), post processing of the control signals
is required (NL Trans. Switch set to the left), and the Nonlinear Transformation

block represents the conversion (3.52) of the outputs prescribed by the feedforward
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+ feedback controller to the physical control variables 1,(t), P (t), and n.(t).

If the feedfoward + feedback controller drives the physical control actuators to sat-
uration, causing any integral component of the feedback controller to wind up, unde-
sirable oscillations in the system could develop. Therefore, some type of anti-windup
design is necessary to ensure that the closed-loop system remains well behaved in the
presence of actuator saturation. The approach taken here is to augment the feed-
forward + feedback controller with a separate anti-windup compensation feedback.
The Anti-windup Compensator outputs a signal u,,, that is designed to mitigate the
effect that actuator magnitude saturation has on the closed-loop performance. Var-
ious methods exist to design anti-windup compensators that achieve this goal [140].
The anti-windup switch (AW Switch) is used to indicate whether the output of the
Anti-windup Compensator is designed to affect the input (right position) or the out-
put (left position) of the feedback portion of the combined controller. In the case of
control algorithm designed in this chapter, an anti-windup scheme that affects the
input of the Feedback Controller (AW Switch set to the right) is employed. See [141]
for an example of the employed anti-windup augmentation.

Finally, it is important to note that the requests made by the combined feedfor-
ward + feedback controller are the references to the Dedicated Control Loops com-
manding the physical actuators on DIII-D. For example, in the case of the plasma
current, a proportional-integral-derivative (PID) loop regulates the ohmic poloidal
field coil voltage so the plasma current (I,), which is measured by a Rogowski loop
and includes both inductive and noninductive current components, follows the de-
sired waveform requested by the feedforward + feedback algorithm (Z7¢/). Similarly
to the case of the plasma current, a PID loop regulates gas puffing to make the line
average electron density measured by a CO, interferometer (n.) follow the combined
controller requested density (727¢/). Finally, the neutral beam and electron cyclotron

control loops manage the individual neutral beam and gyrotron modulation (P,;; and
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P..) to follow the average neutral beam and electron cyclotron power requests made
by the feedforward + feedback controller (P'¢/ and P’¢/). Experiments in DIII-D
have shown the possibility of controlling both the plasma current and the neutral
beam and electron cyclotron powers very accurately. However, the control of the line

average electron density appears more challenging.

3.7.3 Simserver architecture for validating implemented al-

gorithms

The simulation simserver (Simserver) architecture is a valuable simulation environ-
ment which is used for testing algorithms running in the DIII-D PCS, and its archi-
tecture is shown in Fig. 3.9. It incorporates a tokamak simulation model that is used
to test the PCS in realistic closed-loop simulations. The simulation model accepts
control inputs from the PCS and then generates simulated diagnostics. A test switch
connects the PCS (left) to either the DIII-D tokamak (upper right) or the DIII-D
simulated tokamak (bottom right) depending on which mode of operation is selected.
The Matlab/Simulink modeling environment is used to model the major features of
the tokamak, and the only restriction on the Simulink models is that their inputs and
outputs must be consistent with the input and output channels in the PCS. This type
of simulation is used to determine the effectiveness of controllers and correctness of
their real-time implementation before experimental tests are conducted [142].

In order to carry out a Simserver simulation, a Simulink model of the magnetic
diffusion equation (3.1) was developed and integrated into a Simserver that can in-
terface with the DIII-D PCS [115]. To construct the model, the governing infinite
dimensional PDE (3.1)-(3.2) is approximated by a finite dimensional system of ODEs.
The process used to obtain the reduced-order model is the same one used in section

3.3, where the non-dimensional spatial domain is represented as m, nodes while the
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Figure 3.9: Simserver architecture for validating control algorithms in the DIII-D PCS.

time domain is left continuous. This discretization process results in m,, — 2 ordinary
differential equations that can be integrated in time to simulate the the poloidal mag-
netic flux profile evolution in response to the control actuator signals. In order to be
compatible with the diagnostics provided to the PCS by rtEFIT, the Simulink model
of the magnetic diffusion equation is required to output the plasma current I,(t), the
poloidal stream function at the magnetic axis 14, and at the plasma boundary gy,

and the safety factor q(¢").

3.8 Simserver simulation testing of control algo-
rithm

In this section, we show results from a Simserver simulation used to test the implemen-
tation of the control algorithm (3.49)-(3.52) in the DIII-D PCS and to demonstrate
the effectiveness of the proposed control algorithm. In order to test the feedback
controller in a realistic tokamak operating scenario, we need to generate simulation

conditions where there is a mismatch (i) between the actual and the assumed initial
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Figure 3.10: (Simulation reference tracking): Initial poloidal flux gradient profile 8(p) at
time t = 0.5 s.

conditions and (ii) between the actual plant and the model used for the control design.
The nominal initial poloidal flux gradient profile §(p) is shown in Fig. 3.10, which is
extracted from DIII-D shot 129412 at an experimental time of ¢ = 0.5 s. In order to
satisfy the first simulation condition requirement, we perturb the initial 6 profile as
shown in Fig. 3.10. We denote as the nominal model the PDE model of the é profile
evolution in a tokamak presented in section 3.2 and described in detail in [83]. This
nominal model is used to design both the feedforward and the feedback controllers. In
order to satisfy the second simulation condition requirement, we perturb the nominal
electron temperature and noninductive current density models (described in [83]) by
10 % in order to produce a plant (disturbed model) that is different from the nominal
model used to synthesize the control algorithm. These simulation conditions provide
the means to test the feedback controller in a realistic operating scenario where there
is a mismatch between the actual and the assumed initial conditions and between the
plant and the model.

We now describe the setup for a test conducted to determine the reference track-
ing capabilities of the feedback controller through simulation with the real-time code
utilized in the DIII-D PCS. We begin by producing a target poloidal flux gradient

profile evolution 6,,,(p,t) by executing a feedfoward-control-only simulation with the
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optimal feedforward control inputs vpg,,, [96,97]. For this simulation, the Simserver
simulates the nominal model with the nominal initial condition. Next, we produce
a second poloidal flux gradient profile evolution Opr(p,t) that is different from the
target evolution 6,,.(p,t). This is accomplished by generating a non-optimal set of
feedfoward control trajectories vppr by perturbing the optimal feedfoward control in-
puts and then executing another feedfoward-control-only simulation with these per-
turbed control inputs. For this simulation, the Simserver simulates the disturbed
model (plant) with the perturbed initial condition. Finally, we determine the ability
of the feedback controller to track the target profile evolution 6y, (p,t) by executing
a feedforward + feedback control simulation. For this simulation, the Simserver sim-
ulates the disturbed model (plant) with the perturbed initial condition. The setup of
the feedforward + feedback simulation is as follows. The feedback controller is on for
the duration of the simulation, the non-optimal feedforward control inputs vpp are
used, and the reference vector is set according to 7y (p,t) = 0par(p,t). The tracking

error e is defined at any time ¢ during the simulation as

€= (TM - yMFF) - (?/M - yMFF)

= [etar(ﬁ) - HFF(:@)} - [9(:6) - QFF(ﬁ)} = etar(ﬁ) - 0(16)7 (355)

which in turn implies the feedback controller is trying to drive the 6 profile to the
desired target profile.

The ramp-up phase of the simulated discharges corresponds to an experimental
time ¢t = [0.5,1.7] s, and the early flattop phase of the simulated discharges is asso-
ciated with the experimental time ¢t = [1.7,2.9] s. A comparison between the target
profile, the 6 profile achieved by the plant (disturbed model) with feedforward +
feedback control, and the 6 profile achieved by the plant with feedforward-only con-

trol at the times ¢t = 1.7 s, t = 2.3 s, and t = 2.9 s is shown in Figs. 3.11(a-c).
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Figure 3.11: (Simulation reference tracking): Poloidal flux gradient profile 8(p) at time (a)
t=1.7s,(b)t=23s, and (c) t = 2.9 s and control trajectory comparison:
(d) plasma current (MA), (e) total noninductive power (MW), and (f) line
average electron density (109 m=3).

1.0 2.0

During the ramp-up phase, the feedback controller reacts to the initial tracking error
and begins to drive the plant towards the target. At the end of the ramp-up phase,
the modification of the € profile of the plant towards the target profile is evident as
shown in Fig. 3.11(a). As the feedforward + feedback simulation progresses into the
beginning of the flattop phase, the feedback controller is able to successfully drive
the plant to the target profile and then regulate the 6 profile evolution around the
target trajectory as shown in Figs. 3.11(b-c). A comparison of the feedforward and
feedforward + feedback control trajectories for I,(t), Pi(t), and 7 () is shown in
Figs. 3.11(d-f). In order to (i) track the target profile evolution, (ii) overcome the
disturbance in the initial 6 profile, and (iii) overcome the uncertainty in the plant, the
feedback component of the combined controller modifies the non-optimal feedforward

control trajectories throughout the feedforward + feedback simulation.
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3.9 Experimental testing of control algorithm

The actuators used to manipulate the poloidal flux gradient profile evolution 6(p, t)
have a limited ability to drive the system towards a desired target profile based on
the physical design of the DIII-D tokamak. As a result, there are a limited num-
ber of target profiles that are physically achievable by the machine no matter what
type of profile control strategy is employed. The control actuators themselves are
also physically constrained in magnitude as well as rate of change, which further re-
duces the range of target profiles achievable for a given initial 6 profile. The goal of
the experimental tests was to verify that the feedback controller synthesized from a
first-principles-driven model of the poloidal flux profile evolution is able to drive the
system to a target profile that is physically achievable by the machine. Towards this
goal, we first sought a target poloidal flux gradient profile evolution 6y,,.(p,t) that
was physically achievable by the machine. We executed a feedfoward-control-only
discharge with a nominal set of feedforward control inputs vpg,,,, in DIII-D shot
145477, and from this discharge we extracted a physically achievable target profile
evolution that we employed to test the feedback controller in reference tracking and

disturbance rejections experiments.

3.9.1 Reference tracking

In this section we describe the results of a test designed to determine the reference
tracking capabilities of the feedback controller in the DIII-D tokamak during the
ramp-up and early flattop phases of the discharge. We first produced a poloidal
flux gradient profile evolution 0rp(p,t) that was different from the target evolution
Otar(p,t). This profile evolution was obtained by perturbing the nominal feedfoward
control inputs to obtain a second set of feedfoward control inputs vgp,, , and executing

a feedfoward-control-only discharge in DIII-D shot 146411. Next, we determined the
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Figure 3.12: (Experiment reference tracking (DIII-D shot 146458)): Time trace of

poloidal flux gradient 6 at normalized radii (a) p = 0.3, (b) p = 0.4, (c)

p=06,(d) p=0.7,(e) p=0.8, and (f) p = 0.9.
ability of the feedback controller to track the target profile evolution 6y,.(p,t) by
executing a feedforward + feedback control discharge in DIII-D shot 146458. During
this discharge, the feedback controller was on for the duration of the experiment,
the feedforward control inputs vgp,,,, were used as the feedforward component of the
combined controller, and the reference vector was set according to 7y (p, t) = Osar(p, t).
As seen in (3.55), this choice of the reference vector implies the feedback controller
was trying to drive the 6 profile to the desired target profile.

In the reference tracking experiment, the ramp-up phase was associated with the
time ¢ = [0.5, 1.2] s, and the early flattop phase corresponded to the time ¢ = (1.2, 2.25]
s. Time traces of the poloidal flux gradient # at normalized radii p = 0.3, 0.4, 0.6,
0.7, 0.8, and 0.9 achieved during the target discharge, the feedforward + feedback
controlled discharge, and the feedforward controlled discharge are shown in Fig. 3.12.
The feedback controller can manipulate the 6 profile evolution through diffusivity,
interior, and boundary actuation. Due to the fact that the boundary actuation is one

of the more influential actuators as shown in Fig. 3.2(b), the feedback controller can
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Figure 3.13: (Experiment reference tracking (DIII-D shot 146458)): Poloidal flux gradient
profile 6(p) at time (a) t = 0.538 s, (b) ¢t = 1.218 s, (¢) t = 1.618 s, and (d)
t=2.258s.

more effectively control the ¢ profile near the plasma boundary because of the spatial
proximity of the actuator and the controlled quantity. Therefore, a tracking error in
the interior of the plasma will take longer to be eliminated because the control action
applied at the plasma boundary will have to diffuse towards the center of the plasma.
This behavior is shown in Figs. 3.12(c-f) for the time traces of the 6 at normalized
radii p = 0.6, 0.7, 0.8, and 0.9 achieved in the feedforward + feedback controlled
discharge. During this discharge, the 6 evolution at p = 0.6 and 0.7 was initially
below the desired target evolution. Therefore, the feedback controller caused 6 at
p = 0.8 and 0.9 to overshoot the desired target evolution at these spatial locations
in order to cause the 6 evolution at p = 0.6 and 0.7 to increase towards the target
evolution through diffusion. Once the target 8 evolution was achieved at p = 0.6 and

0.7 at the time ¢ = 2.0 s as shown in Figs. 3.12(c-d), the feedback controller began
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Figure 3.14: (Experiment reference tracking (DIII-D shot 146458)): Control trajectory
comparison: (a) plasma current (MA), (b) total noninductive power (MW),
and (c) line average electron density (10! m=3).

to reduce the tracking error at the normalized radii p = 0.8 and 0.9 during the time
interval ¢t = [2.0,2.25] s as shown in Figs. 3.12(e-f).

A comparison between the target profile, the §(p) profile achieved in the feedfor-
ward + feedback controlled discharge, and the 6(p) profile achieved in the feedforward
controlled discharge at various times is shown in Fig. 3.13. Due to the nonlinear
behavior of the tokamak plasma and the physical limitations of the actuators to ma-
nipulate the 6 profile evolution, there was no guarantee that the feedback controller
would be able to drive the 6 profile evolution in the feedforward + feedback con-
trolled discharge to the target profile evolution from the perturbed initial condition
shown in Fig. 3.13(a). During the ramp-up phase of the feedforward + feedback
controlled discharge, the feedback controller began to drive the plasma towards the
target profile by modifying the perturbed feedforward actuator trajectories as shown
in Figs. 3.13(b-c). At the end of the early flattop phase of the feedforward + feedback
controlled discharge, the feedback controller was able to drive the 6 profile as close
as possible to the target profile as shown in Fig. 3.13(d).

A comparison of the actuator trajectories during the feedforward controlled dis-
charge and during the feedforward + feedback controlled discharge is shown in Fig.
3.14. In order to track the target profile evolution, the feedback component of the

combined controller modified the actuator trajectories throughout the feedforward +
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feedback controlled discharge. Also shown in Fig. 3.14 is the ability of the dedicated
control loops commanding the physical actuators to follow the requests made by the
control algorithm. The control loops commanding the total plasma current and the
total average neutral beam power were able to follow the requests very well, and
the control loop commanding the line average electron density was able to follow the

request reasonably well.

3.9.2 Disturbance rejection

In this section we describe the results of a test designed to determine the disturbance
rejection capabilities of the feedback controller in the DIII-D tokamak during the
flattop phase of the discharge. To determine the ability of the feedback controller
to reject an artificial input disturbance, a feedforward + disturbance + feedback
controlled discharge was executed in DIII-D shot 146153. During this discharge,
the nominal feedforward control inputs vpp,, . were used during the time interval
t = [0.5,2) s (ramp-up and early flattop phases) with the feedback controller off.
During the time interval ¢t = [2,5] s (flattop phase), a disturbance was added to the

nominal feedforward actuator trajectories. The disturbance was added according to

UIFFD'LS - ulFFNDm’
/U2FFD'LS o u2FFNom,

= —0.1] :
UgFFD'L's ulFFNo"L |:U3FFN()’"L O ) (3 56)

to produce a feedforward + disturbance set of control inputs vpp,, . By examining
(3.52) it can be seen that this disturbance will propagate into each of the three

control actuators I,(t), Py (t), and ne(t). The feedback controller was turned on and
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off throughout this discharge according to

(

0.5t022s OFF

2.2t027s ON
VrFrB — N (357)
27t032s OFF

3.2to05.0s ON

to see the effect the disturbance had on the plasma and to determine the ability
of the feedback controller to reject the disturbance and regulate the 6 profile evolu-
tion around the target profile evolution. The reference vector was set according to
rar(p,t) = Opar(p, t), which implies the feedback controller was trying to regulate the
0 profile around the desired target profile.

A comparison between the target profile and the 0(p) profile achieved during DIII-
D shot 146153 (FF + Dist. + FB) at several times throughout the discharge is shown
in Figs. 3.15(a-f). When the disturbance was initially introduced to the plasma at
the time t = 2.0 s, the 0 profile was close to the desired target profile as shown in
Fig. 3.15(a). During the time interval ¢t = [2.0,2.2] s, the disturbance slightly moved
the 0 profile away from the target profile as shown in Fig. 3.15(b). At the time
t = 2.2 s, the feedback controller was turned on and it was able to reject the effects
of the disturbance. This resulted in the target profile being successfully achieved
when the feedback controller was turned off at the time ¢ = 2.7 s as shown in Fig.
3.15(c). During the time interval ¢ = [2.7,3.2] s, the 6 profile again drifted away
from the target profile due to the disturbance as shown in Fig. 3.15(d). Finally,
the feedback controller was turned on for the remainder of the discharge at the time
t = 3.2 s, and it was once again able to reject the effects the disturbance had on the
0 profile evolution. This resulted in the 6 profile evolution being driven to and then

successfully regulated around the target profile evolution as shown in Figs. 3.15(e-f).
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Figure 3.15: (Experiment disturbance rejection (DIII-D shot 146153)): Poloidal flux gra-

dient profile 6(p) at time (a) t = 1.998 s, (b) t = 2.198 s, (c) t = 2.698 s, (d)
t =3.158 s, (e) t = 3.998 s, and (f) ¢ = 4.958 s, and time trace of poloidal
flux gradient € at normalized radii (g) p = 0.3, (h) p =04, (i) p = 0.6, (j)
p =07 (k) p=038, and (1) p = 0.9. Gray-shaded region denotes when
feedback controller is off.
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Figure 3.16: (Experiment disturbance rejection (DIII-D shot 146153)): Control trajectory
comparison: (a) plasma current (MA), (b) total noninductive power (MW),

and (c) line average electron density (10! m=3). Gray-shaded region denotes
when feedback controller is off.

Time traces of # at normalized radii p = 0.3, 0.4, 0.6, 0.7, 0.8, and 0.9 achieved
during the target discharge and DIII-D shot 146153 are shown in Figs. 3.15(g-1). The
effect the uncontrolled disturbance had on the 6 profile evolution can be seen in the
time traces of # at normalized radii p = 0.6, 0.7, 0.8, and 0.9 as shown in Figs. 3.15(i-
1). During the time intervals ¢ = [2.0,2.2] s and ¢ = (2.7,3.2] s when the feedback
controller was off, the disturbance caused 6 to drift away from the target. Also
shown in these time traces of 6 is the ability of the feedback controller to reject the
effects of the disturbance and regulate 6 around the target during the time intervals
t =1(2.2,2.7] s and t = (3.2,5.0] s when the feedback controller was on.

A comparison of the actuator trajectories during the target discharge and during
the feedforward + disturbance + feedback controlled discharge is shown in Fig. 3.16.
In order to regulate the 8 profile around the target profile and reject the effects of the
disturbance, the feedback component of the combined controller modified the actuator

trajectories throughout the discharge. The actuator limits during this control test
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were

0.3 MA < [,(t) < 1.5 MA,
2.24 MW < P, (t) < 4.4275 MW,

2 x (10)" m™ < n () < 10 x (10)" m™3, (3.58)

As can be seen in Fig. 3.16(c), the combined control algorithm drove the line average
electron density request to saturation, however, the line average electron density
requested by the control algorithm was around 1.9 x (10)* m™. Therefore, the
level of actuator saturation was small, and the anti-windup compensator was able to
successfully keep the closed-loop system well behaved in the presence of the actuator
saturation. Also shown in Fig. 3.16 is the ability of the dedicated control loops
commanding the physical actuators to follow the requests made by the combined
control algorithm. The control loops commanding the total plasma current and the
total average neutral beam power were able to follow the requests very well, but the
control loop commanding the line average electron density was not able to follow
the request very well. This resulted in an additional, unintentional disturbance the

feedback controller needed to overcome.

3.10 Conclusion

A robust feedback controller was synthesized to control the poloidal flux gradient
profile evolution in the DIII-D tokamak from a first-principles-driven model of the
poloidal flux profile evolution. A general framework for real-time feedforward + feed-
back control of magnetic and kinetic plasma profiles was successfully implemented in
the DIII-D PCS. The feedback component of the control algorithm was interfaced with

the available real-time measurements and successfully tested experimentally during
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both the ramp-up and flattop phases of L-mode discharges. Even though the model
used to synthesize the feedback controller neglected the effects of the bootstrap cur-
rent, the adequate performance of the feedback controller during the flattop phase of
the discharge can be attributed to the facts that the effects of the bootstrap current
on the 6 profile evolution are typically small in L.-mode plasmas and the feedback
controller is robust against the unmodeled bootstrap current dynamics in this oper-
ating regime. These experiments, along with those described in [98,99], mark the
first time ever a first-principles-driven, model-based, closed-loop full magnetic profile

controller was successfully implemented and tested in a tokamak device.
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Chapter 4

Optimization of plasma startup

conditions in the DIII-D tokamak

4.1 Introduction

Advanced tokamak scenarios operate close to operational boundaries in terms of both
proximity to stability limits (to maximize plasma performance) and available actua-
tion capabilities. As a result, variations in the plasma evolution due to drifts caused
by external plasma disturbances, such as variability in the condition of the tokamak
walls, plasma impurities, the plasma response to the actuators, and actuator faults,
can lead to difficulties with reproducibility of target plasma conditions. The initial
creation and formation of the plasma is a particularly sensitive phase of the discharge
to plasma variation. In this chapter, a first-principles-driven (FPD), physics-model-
based control algorithm is developed to remove residual variability in the plasma state
at the end of the initial creation and formation phase of the discharge (defined here
at the time t = 0.4 s). This is accomplished by developing a feedforward + feedback
scheme to optimize plasma startup conditions in low confinement (L-mode) scenarios

in the DIII-D tokamak by achieving a specified target safety factor profile (¢ profile)
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at the end of the current ramp-up phase of the discharge.

The physics-based model developed in chapter 2 is embedded in a numerical opti-
mization algorithm to design feedforward trajectories for the available actuators (total
plasma current, auxiliary heating and current-drive (H&CD) system, line average elec-
tron density) that steer the plasma through the tokamak operating space to reach a
target q profile, subject to actuator, plasma state, and operating scenario constraints.
The auxiliary H&CD actuators on DIII-D considered in this chapter are 8 individ-
ual neutral beam injection (NBI) sources, referred to by the names 30L/R,150L/R,
210L/R, 330L/R, where L and R denoted left and right beam lines, respectively. The
30L/R and 330L/R neutral beams inject power into the plasma in the co-current di-
rection (same direction as the total plasma current) with deposition profiles that are
peaked in the center of the plasma (referred to as on-axis NBI). The 150L/R neutral
beams inject power into the plasma in the co-current direction with deposition pro-
files that are peaked away from the plasma core (referred to as off-axis NBI). Finally,
the 210L/R neutral beams inject power into the plasma in the counter-current di-
rection (opposite direction as the total plasma current) with deposition profiles that
are peaked in the center of the plasma (referred to as counter-current NBI). The
feedback controller is synthesized by following a FPD approach and is employed to
add robustness to the control scheme and account for drifts due to external plasma
disturbances. For feedback control design, we chose to model the kinetic plasma pa-
rameters (electron density, electron temperature, and plasma resistivity) as a nominal
model plus a bounded uncertain model. These uncertain models are then combined
with the physics model that describes the poloidal magnetic flux profile evolution
in the tokamak (the magnetic diffusion equation) to obtain the FPD model of the
system dynamics that is embedded into the feedback control design process. The
feedback controller is synthesized by employing robust control techniques [10] and

is designed to achieve a desired closed-loop system performance while guaranteeing
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that the controller maintains closed-loop system stability for the range of the kinetic
plasma parameters captured by the uncertain models.

This chapter is organized as follows. In section 4.2, the actuator trajectory opti-
mization problem is formulated. The optimization problem is solved by employing the
sequential quadratic programming (SQP) technique [95], and the optimized actuator
trajectories are tested in DIII-D experiments in section 4.3. A unique characteristic
of the feedforward trajectories obtained by solving the optimization problem is the
regulation of the plasma current ramp-up rate to achieve the target ¢ profiles. In
section 4.4, a robust feedback algorithm to control the rotational transform profile (¢
profile), which is defined as ¢« = 1/q, is designed. Experimental results in DIII-D are
presented to demonstrate the potential of the feedforward + feedback controller to
improve the ability to robustly achieve various different target ¢ profiles at the end
of the current ramp-up phase of the discharge in section 4.5. Finally, conclusions are

discussed in section 4.6.

4.2 Plasma startup optimization by feedforward
actuator trajectory design

The toroidal current profile in tokamaks (ji,.) is usually specified in terms of the
safety factor profile, or its inverse the rotational transform profile, as this quantity is
intimately related to the stability and performance of a tokamak plasma operating
scenario [61,62] (see section 2.6 for the explicit relationship these quantities have to
the poloidal magnetic flux (V)). In particular, the g profile is defined in (2.90) and

repeated here for convenience as

1 d®  d®  Bsopip
Wp,t) AV 2mdy OWp)Op]
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where t is the time, 1 is the poloidal stream function, which is closely related to the
poloidal magnetic flux (¥ = 27¢)). The normalized effective minor radius p = p/py
is the spatial variable employed to index the magnetic flux surfaces, where p is the
mean effective minor radius of the magnetic flux surface, i.e., ®(p) = By p?, P is the
toroidal magnetic flux, By is the vacuum toroidal magnetic field at the geometric
major radius Ry of the tokamak, and pj is the mean effective minor radius of the last

closed magnetic flux surface.

4.2.1 Target plasma state: Cost functional definition

The optimization problem goal is to design startup actuator trajectories that steer
the plasma from an assumed initial condition through the tokamak operating space
to reach a target g profile (¢""(p)) at the end of the current ramp-up phase of the
discharge. We denote the time that coincides with the end of the current ramp-up as
ts. Therefore, the proximity of the achieved ¢ profile to the target at the time ¢; can

be described by the cost functional

J(ty) = /0 Wa(p) [d(5) — a(p.t1)]* dp, (42)

where W, (p) is a positive function used to weight which portions of the ¢ profile are

more important relative to the others.

4.2.2 Plasma state dynamics

In chapter 2, a general first-principles-driven, physics-based model of the poloidal
magnetic flux profile (and hence the ¢ profile) evolution was derived. The model was
subsequently tailored to L-mode operating scenarios in the DIII-D tokamak in section

2.7. The nonlinear, physics-based partial differential equation (PDE) model of the
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poloidal flux evolution tailored to DIII-D L-mode scenarios is expressed as

0 10 A o\~
3 = 00 5 (D055 ) + 3 () + i ) (35 )
(4.3)

with boundary conditions

=0 = —/ﬂ[p'LL[p(t), (44)

p=1

09 5o 9

where f,, fap;, and fis are defined in (2.85), Dy is a parameter pertaining to the
magnetic configuration of a particular plasma equilibrium, n,,,; is the number of indi-
vidual neutral beam injectors, and &, is a geometrical constant defined in (2.83). The

diffusivity (u,), interior (ups;,, Uss), and boundary (uz,) control terms are expressed as

ur, (1) = 1,(1) (45)

where I,(t) is the total plasma current, P, (t) is the total power injected into the

plasma, which is defined as
Nnbi

Ptot( - ohm + Z Pnbzl rad( ) (46)

where P, (t) is the ohmic power (defined in (2.68)), Py, (t) are the individual neutral
beam injection powers, P,.4(t) is the radiated power (defined in (2.70)), and n.(t) is

the line average electron density.
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To simulate the physics-based model, we spatially discretize the infinite dimen-
sional PDE (4.3)-(4.4) by employing a finite difference method, where the spatial
domain (p € [0,1]) is represented by my, discrete nodes. After spatially discretizing
(4.3) and taking into account the boundary conditions (4.4), we obtain a nonlinear

finite dimensional ordinary differential equation (ODE) model defined by

&= fy(x,u), (4.7)

where x = [t)o, ... >¢m¢—1]T € R™ is the magnetic state vector, ¢, fori =2, ... ,my—
1, is the value of ¢ at the i-th node, u = [Py, . .- 7Pnbinnbiaﬁe7[p]T € R"«t ig the
control input vector, nget = My + 2, fy € R™ is a nonlinear function of the plasma
magnetic states and control inputs, and ny, = my — 2. We then integrate (4.7) in

time by employing a fully implicit numerical scheme, i.e.,

Lht1 — Tk

AL = f¢($k+1,uk)a (4-8)

where x, and u, denote the state and control input, respectively, at the time step
tx, Tx41 denotes the state at the next time step f,,1, and At is the simulation time
step. The magnetic state evolution can be obtained by iteratively solving (4.8) at

each time step from a given initial condition at time to, i.e., xg = z(to).

4.2.3 Control actuator trajectory parameterization

We parameterize the trajectories of the i-th control actuator (u;) by a finite number of
parameters (n,,) at discrete points in time (t,,), i.e., t,, = [to,t1, ..., th, ..., tp = t5] €

i

R™:. During the time interval ¢t € ({y,tx,1) the i-th control input is determined by
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linear interpolation as

t— 1

ui(t) = wi(te) + [wi(ter1) — wilts)] P

(4.9)

By combining all of the parameters utilized to represent each individual actuator
trajectory into a vector

. n
U TS Vs (4.10)

7 ? ) TMNget?

n 1 Npy 1
0= |up,...,u ",

~ tot . .
where § € R™" and nl* =} (" n,,,, we can write the parameterized control actuator
trajectories as

u(t) = I1(t)0, (4.11)

where TI(t) € R™e*"" is a piecewise linear function of time. Some of the parameters
in the vector (4.10) may be chosen to be fixed due to the desire to obtain an operating
condition at the time ¢, with a specific set of characteristics (for example a final plasma
current (I,(tf))), or to provide the ability to acquire diagnostic data (for example
requiring a constant power in a neutral beam injector). Therefore, the subset of free
parameters in the vector (4.10) can be combined into a vector of to-be-optimized

parameters which we define as 6 € R™#* where ngy, < 0.

4.2.4 Actuator constraints

The actuator magnitude constraints are given by

[ < Iy(t) < 1, (4.12)
P < P (1) < PR g =1,..., Ny, (4.13)
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where (-)™" and (-)™%* represent the minimum and maximum limits, respectively.

The actuator rate constraints are given by

/ dl ,
d p U
_Ip,maar S % S Ip,max? (414)
where [ ;j"max and Iglmw are the maximum total plasma current ramp-down and ramp-

up rates, respectively. The actuator constraints (4.12)-(4.14) can be combined to-
gether and written in terms of the to-be-optimized parameters 6 in a compact matrix
form as

Alimg < plim. (4.15)

4.2.5 Plasma state and operating scenario constraints

The magnetohydrodynamic (MHD) stability limit related to the plasma magnetic

states considered in this work is expressed as

Gmin () > ¢, (4.16)
where gmin(t) = min{q(p,t)} and ¢/ is a constant chosen to be slightly greater than
one to avoid the onset of sawtooth oscillations® [18]. In order for the plasma to remain

in the L-mode operating regime, the net power across the plasma surface, P,.;, must

be lower than a threshold power [143,144], Pipreshotd, 1-€-,

Pnet<t) S Pthreshold(t)- (417>

1Sawtooth oscillations are periodic reconnections of the magnetic flux surfaces which degrade the
plasma confinement and can be the precursor to more serious MHD instabilities that can lead to
plasma-terminating disruptions.
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In this chapter, the net power across the plasma surface is approximated as

Nnbi

Proet(t) = Poa(t) = Z Pryis (1), (4.18)

where P, is the total auxiliary power injected into the plasma. The threshold power
is determined by analyzing data from DIII-D experiments in which the plasma tran-
sitioned from the low confinement to the high confinement (H-mode) regime during

the discharge, and the threshold power was found to follow the expression given by?

Pthreshold<t> =2 [ﬁ619(t)]3/4 5 (419)

where 7i.19 is the line average electron density in units of 10'® m=3. We next chose
to formulate the constraint (4.16) as an integral constraint [145]. This provides us
the ability to reduce the number of constraints imposed on the optimization problem

solution. The constraint (4.16) is expressed as an integral constraint as

. ty ,
Clrfz?d(x(t)) = / maX{Oa CI%;@ - Qmin(t)}dt < 0. (4-20)
t

0

The operating mode constraint (4.17)-(4.19), depends directly on the to-be-optimized
parameters ¢, but in a nonlinear manner. Therefore, we chose to also formulate this

constraints as a integral constraint as
. ty
C;;Lm(0> = / HlaX{O, Pnet@) - threshold(t>}dt < 0. (421)
to

4.2.6 Optimization problem statement and solution method

The nonlinear, constrained, actuator trajectory optimization problem is now to de-

termine the to-be-optimized parameters ¢ that minimize the cost functional (4.2)

2 Analysis performed by Dr. Tim C. Luce at General Atomics, San Diego, CA, USA.
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subject to the plasma dynamics (4.7), the control actuator trajectory parameteriza-
tion (4.11), the actuator and operating scenario constraints (4.15) and (4.21), and

the plasma state constraint (4.20). This optimization problem is written mathemat-

ically as
min (i) = J(alty)). (4.22)
such that
T = fy(z,u),
u(t) = T1(t)6,

Alimg < plim
™ (6) <0,

cim (x(t)) <O0. (4.23)

We solve this optimization problem by employing a method called sequential quadratic
programming (SQP) [95]. The SQP solution method is predicated on determining a
local minimizer of the nonlinear program (NLP) (4.22)-(4.23) by iteratively solving a
sequence of quadratic programs (QP). At each iteration we have a current estimate of
a local minimizer of the NLP and a QP which minimizes a quadratic approximation
of the original system Hamiltonian subject to a linear approximation of the system
constraints around the current estimate. The solution of each QP then yields a step
toward the solution of the original NLP. An overview of the SQP technique is provided

in Appendix E.
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Figure 4.1: Safety factor profiles specified as to-be-achieved targets at the end of the
current ramp-up phase of DIII-D plasma discharges. Target 1 is characterized
by a minimum g-value of ¢,,;, = 1.3 and a g-value at 95% of the poloidal flux
of qo5 = 4.4. Target 2 is characterized by ¢, = 1.65 and qg5 = 5.0. Target
3 is characterized by gmin = 2.1 and gg5 = 6.2.

4.3 Design and experimental testing of optimized
startup trajectories

We now solve the actuator trajectory optimization problem (4.22)-(4.23) to reach a
target safety factor profile at the end of the current ramp-up phase of the plasma
discharge by employing the SQP solution method. Three different monotonically in-
creasing ¢ profiles (shown in Fig. 4.1) where specified as targets. The optimization is
carried out over the time interval ¢, =t € [to,tf] = [0.4,tf] s, where ¢; is the time
that corresponds to the end of the current ramp-up phase and is employed as a design
parameter. We begin by parameterizing the i-th actuator trajectory by n,, discrete
parameters at the time points ¢,, = [0.4,0.5,0.75, 1.0, ...,tf] s. Next, the components
of the total parameter vector (4.10) that are fixed, or not-to-be optimized, are chosen
as discussed in section 4.2.3. Firstly, in order to acquire diagnostic data utilized by
the real-time EFIT (rtEFIT) equilibrium reconstruction code [11] to reconstruct the
plasma ¢ profile, the 30L neutral beam injector is required to be on for 10 ms with

the 30R neutral beam injector off. Therefore, we choose to modulate the 30L neutral
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beam injector on for 10 ms and then off for 10 ms, which results in a constant average

power of 1.1 MW being delivered to the plasma, i.e., P, = 1.1 MW. Addition-

bizor,
ally, as the total amount of auxiliary power injected into the plasma is limited so
that the plasma remains in the L-mode operating regime (see (4.17)-(4.19)) and the
30R neutral beam injector cannot actively be utilized for plasma control®, we choose

to fix the 30R neutral beam power at P, = 0.0 MW. Secondly, it was decided

bisor
prior to the execution of the plasma startup optimization experiments that after the
L-mode current ramp-up phase of the discharge was complete (the phase of the dis-
charge that the startup optimization experiments focused on), a significant amount of
neutral beam power would be injected into the plasma to trigger the plasma to tran-
sition to the H-mode operating regime. This was done in order to keep the machine
walls clean and free of impurities that may recycle into the plasma on subsequent
experiments. As the co-current injection neutral beams (150L/R and 330L/R) were
to be employed to transition the plasma to the H-mode operating regime, we choose

to fix the 210L/R neutral beam powers at P, = 0.0 MW. This choice was

bision R
made to avoid the potential of triggering a plasma disruption by transitioning from
a strong counter-rotating plasma (one with a significant amount of counter-current
neutral beam injection) to a strong co-rotating plasma*. Thirdly, density control is
challenging in experiments due to large particle recycling at the tokamak wall and
to the difficulty of pumping particles out of the machine. Therefore, the line average
electron density trajectory is chosen to not be optimized. As the particle confinement

in the plasma is strongly dependent on the value of the total plasma current, the line

average electron density trajectory is chosen to be proportional to the total plasma

3The 30R neutral beam injector could be modulated on for 10 ms and off for 10 ms out of phase
with the 30L neutral beam injector and still satisfy the requirements needed to acquire diagnostic
data. However, this would result in an additional constant average power of 1.1 MW being delivered
to the plasma that cannot be manipulated to achieve the control objective.

4E-mail correspondence with Dr. Tim C. Luce and Dr. John R. Ferron at General Atomics, San
Diego, CA, USA.
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current trajectory following the expression®

ne(1)[10m 2] = 2.5L,(¢)[MA]. (4.24)

Finally, all of the actuator values at the initial time ¢y, = 0.4 s and the value of the
total plasma current at the time ¢y are chosen to be fixed. Therefore, the vector of

to-be-optimized parameters is then given by
0 = [Pubi;(0.5), Popi; (0.75), . .., Pgi, (t5), 1,(0.5), I,(0.75), ..., I,(ty — 0.25)], (4.25)

where ¢ € [150L/R,330L/R], respectively. The value and shape of the ¢ profile in
the center of the plasma (typically in the spatial domain p € [0,0.4]) is important to
achieving and maintaining high performance plasmas [61,62]. As a result, the weight
function W,(p) in (4.2) is chosen to place more emphasis on achieving the target ¢
profile in the inner region of the plasma (p € [0, 0.4]) relative to the outer region.
The optimized parameters (4.25) (and associated actuator trajectories) deter-
mined by solving the optimization problem (4.22)-(4.23) are shown in Fig. 4.2 (¢"*"(p)
chosen as target 1 in Fig. 4.1), Fig. 4.3 (¢"(p) chosen as target 2 in Fig. 4.1), and
in Fig. 4.4 (¢ (p) chosen as target 3 in Fig. 4.1), respectively. For the various
targets, the time that corresponds to the end of the current ramp-up phase is chosen
as t = 1.5 s (target 1), t = 1.25 s (target 2), and ¢t = 1.0 s (target 3), respectively.
The optimized actuator trajectories exhibit a similar behavior for all of the targets.
Firstly, a unique characteristic of the total plasma current trajectory is the regula-
tion of the ramp-up rate, which is traditionally not done in tokamak experiments®.
The plasma current trajectory is characterized by an initial ramp-up rate near the

maximum allowable rate (¢t € [0.4,0.5] s) followed by a gradual ramp-up rate near

5E-mail correspondence with Dr. Tim C. Luce at General Atomics, San Diego, CA, USA.
6Traditionally, the total plasma current is ramped up at fixed rate until the desired flattop value
is reached.
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Figure 4.2: Optimized and physically achieved (DIII-D shot 157947) actuator trajectories
for q profile target 1 in Fig. 4.1: (a) total plasma current, (b) line average
electron density, (¢) total amount of neutral beam injection power, and (d-
f) individual neutral injection powers. The optimized 150R and 330L neutral
beam injection powers are 0 MW (not shown). The optimization is carried out
over the time interval to,; =t € [0.4,1.5] s. Additionally, the actuator mag-
nitude (solid green) and rate (dash green) limits applied on the optimization
problem solution are also shown (L-H power limit in (c) is given by (4.19)).
The solid-orange and solid-purple lines indicate the time when the error be-
tween the achieved ¢ profile and the target is at a minimum, i.e., when (4.2)
is minimized, for the simulation and experimental tests, respectively.

the minimum allowable rate (¢ € [0.5,¢f —0.25] s). During the last optimization time
interval (¢ € [ty — 0.25,1] s), the plasma current is again ramped-up at a rate near
the maximum allowable rate, which is set to avoid triggering tearing modes due to
a loss of magnetic shear near the plasma boundary, to the specified flattop value.
This rapid ramp-up of the plasma current not only drives the system to the desired
q profile near the plasma boundary, but also enhances the plasma confinement which
raises the electron temperature and hence lowers the plasma resistivity. This in turn
slows the penetration of the current density, which contributes to achieving the target
q profile in the plasma core. Secondly, the auxiliary heating scheme is characterized
by initially very little, if any, injected neutral beam power (other than the power
injected in the 30L injector to acquire diagnostics). The off-axis neutral beam power
(P, for targets 1 and 2 and P, for target 3) is rapidly injected late in

bi1soL bi1s0L/R
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Figure 4.3: Optimized and physically achieved (DIII-D shot 157952) actuator trajectories
for ¢ profile target 2 in Fig. 4.1: (a) total plasma current, (b) line average
electron density, (¢) total amount of neutral beam injection power, and (d-
f) individual neutral injection powers. The optimized 150R and 330L neutral
beam injection powers are 0 MW (not shown). The optimization is carried out
over the time interval ¢,y = ¢ € [0.4,1.25] s. Additionally, the actuator mag-
nitude (solid green) and rate (dash green) limits applied on the optimization
problem solution are also shown (L-H power limit in (c) is given by (4.19)).
The solid-orange and solid-purple lines indicate the time when the error be-
tween the achieved ¢ profile and the target is at a minimum, i.e., when (4.2)
is minimized, for the simulation and experimental tests, respectively.

the plasma current ramp-up phase (¢t € [ty — 0.25,¢4] s) to set up a plasma state
with off-axis auxiliary current drive, which is needed to achieve the target ¢ profile
in the plasma core. Additional neutral beam power is also rapidly injected during
this phase (Pppig,,p, for targets 1 and 2) up to the maximum allowable total value (set
to maintain the plasma in the L-mode operating regime (see (4.17)-(4.19))) to raise
the electron temperature (lower the plasma resistivity) to contribute to achieving
the target ¢ profile in the plasma core (slows the penetration of the current density
into the plasma core). Finally, it is worth noting, that if a mixed solution (one in
which both co-current (150L/R and 330L/R) and counter-current (210L/R) neutral
beam injection is allowed), the optimized auxiliary heating scheme solely employs the

counter-current neutral beam power (B, late in the plasma current ramp-up

bizloL/R)

phase for all of the targets. An example of this is shown in Fig. 4.5 where the target
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Figure 4.4: Optimized and physically achieved (DIII-D shot 157949) actuator trajectories
for ¢ profile target 3 in Fig. 4.1: (a) total plasma current, (b) line average
electron density, (c) total amount of neutral beam injection power, and (d-f)
individual neutral injection powers. The 30L neutral beam injection power is
at a constant 1.1 MW and the optimized 330L neutral beam injection power
is 0 MW (not shown). The optimization is carried out over the time interval
topt = t € [0.4,1.0] s. Additionally, the actuator magnitude (solid green)
and rate (dash green) limits applied on the optimization problem solution are
also shown (L-H power limit in (c) is given by (4.19)). The solid-orange and
solid-purple lines indicate the time when the error between the achieved ¢
profile and the target is at a minimum, i.e., when (4.2) is minimized, for the
simulation and experimental tests, respectively.

q profile is chosen as target 2 in Fig. 4.1.

The actuator trajectories shown in Figs. 4.2-4.5 were tested through simulation
with the physics-based model of the plasma dynamics tailored to DIII-D L-mode sce-
narios (described in section 2.7) and experimentally during DIII-D discharges 157947
(target 1), 157948, 157952, 158058 (target 2), and 157949 (target 3). The actuator
values were held constant after the end of the plasma current ramp-up phase was
complete, i.e., after the time ¢. It is important to note that the optimized trajecto-
ries represent the references to the dedicated control loops that command the DIII-D
physical actuators. As shown in Fig. 4.2-4.5, the dedicated control loops were able
to follow the requested trajectories reasonably well (note that the physically achieved

neutral beam injection powers were not archived by the data acquisition system for
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Figure 4.5: Optimized and physically achieved (DIII-D shot 158058) actuator trajectories
for ¢ profile target 2 in Fig. 4.1: (a) total plasma current, (b) line average
electron density, (c) total amount of neutral beam injection power, and (d-f)
individual neutral injection powers. Note that the physically achieved neutral
beam injection powers were not archived by the data acquisition system for
this discharge. The optimized 150L/R and 330L/R neutral beam injection
powers are 0 MW (not shown). The optimization is carried out over the
time interval to; = t € [0.4,1.25] s. Additionally, the actuator magnitude
(solid green) and rate (dash green) limits applied on the optimization problem
solution are also shown (L-H power limit in (c) is given by (4.19)). The solid-
orange and solid-purple lines indicate the time when the error between the
achieved ¢ profile and the target is at a minimum, i.e., when (4.2) is minimized,
for the simulation and experimental tests, respectively.

discharge 158058).

A comparison of the target, physics-based model predicted, and experimentally
achieved ¢ profiles at the time when the error between the achieved ¢ profile and
the target is at a minimum, i.e., when (4.2) is minimized, is shown in Fig. 4.6.
Also shown in the figures is a comparison of the assumed initial ¢ profile that was
employed to design the optimized startup trajectories and of the initial ¢ profile
achieved experimentally. Firstly, we see that a large discrepancy between the assumed
(red dashed line + triangle in Fig. 4.6) and achieved (black dash-dotted line + circle
in Fig. 4.6) initial ¢ profile (at ¢ =ty = 0.4 s) can occur due to the initial generation
and formation of the plasma during the time interval ¢ € [0,0.4] s, the condition of

the tokamak walls, and plasma impurities. Secondly, through simulation with the
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Figure 4.6: Best ¢ profile target matching during the simulation and experimental testing
of the optimized feedforward startup actuator trajectories to achieve the target
profiles shown in Fig. 4.1: (a) target 1 (actuator trajectories shown in Fig.
4.2), (b-c) target 2 (actuator trajectories shown in Fig. 4.3), (d) target 2
(actuator trajectories shown in Fig. 4.5) and (e) target 3 (actuator trajectories
shown in Fig. 4.4). DIII-D shot numbers are indicated in the figures.

physics-based model, it was shown that the optimized startup trajectories were able
to steer the simulated plasma (red dashed line in Fig. 4.6) from the assumed initial
condition through the tokamak operating space to achieve all of the target ¢ profiles
(blue line in Fig. 4.6) at the desired end time of the current ramp-up phase (t; = 1.5
s for target 1, ty = 1.25 s for target 2, t; = 1.0 s for target 3). Finally, as shown
in Fig. 4.6, the optimized startup trajectories were able to drive the experimental

plasma (black dash-dotted line in Fig. 4.6) as close as possible to the all of the

168



5.0 v 5.0 5.0
— Target (b) q(0.2,1) (c) q(0.3,1)
~ - - - Optimized Feedforward (Simulation) 3 A

L 409h = = Optimized Feedforward (157952) L 4.0 = 4.09 Y
2 o L 2 N
§ 3.0 M #157952 § T § N
y w > 3.0 AN ~.3.0 ~
k] s ke AN k] Y
T 2.0 .~ 53 RIS © -
P e P20 LAl @20 TN

107 (a) q(0.1, %) i ol T s lllzzeed] o B

050 075 100 125 150 175 2.00 050 075 1.00 125 150 175 2.00 " 050 075 1.00 125 150 1.75 2.00
Time (sec.) Time (sec.) Time (sec.)
5.0 7.0 14.0
v (d) q(0.5,t) , (e) q(0.7,t) ‘\‘ () ¢(0.95,¢t)
\ )

_40b. s _ 6.0 _ 12.0 \:,‘
2 NS £ 2 Y
& AN & 5.0 . & 10.0 e
w <= w £3Y w o
230 N > RS > 5
° TR 9 4.0 S 9 80 <
= 2 3 N & }

20 R 3.0 Tt 6.0

= B -

1.0 2.0 4.0
050 075 100 125 150 175 2.00 050 075 100 125 150 1.75 2.00 050 0.75 1.00 125 150 175 2.00
Time (sec.) Time (sec.) Time (sec.)

Figure 4.7: Simulated and experimental (DIII-D shot 157952) testing of optimized feed-
forward startup actuator trajectories to achieve target g profile 2 in Fig. 4.1
with co-current neutral beam injection (actuator trajectories shown in Fig.
4.3): Time traces of ¢ at p = 0.1,0.2,0.3,0.5,0.7, and 0.95. The solid-orange
and solid-purple lines indicate the time when the error between the achieved
g profile and the target is at a minimum, i.e., when (4.2) is minimized, for the
simulation and experimental tests, respectively.

target ¢ profiles at a time slightly after the desired end time of the current ramp-
up phase. The delay in the best experimental target matching time is a result of
the dedicated loops not exactly following the requested trajectories, particularly the
total plasma current trajectory (shown in Figs. 4.2(a), 4.3(a), 4.4(a), and 4.5(a)).
The experimentally achieved ¢ profiles show an excellent match to the desired target
profiles in the approximate spatial region p € [0.3,1] and exhibit a value below the
desired target value in the plasma core. Note that the experimental ¢ profile can not
evolve much lower than a value of one due to the development of sawtooth oscillations
(see section 4.2.5).

In order to gain some insight into the physical mechanism that results in the opti-
mized startup trajectories not being able to achieve the target ¢ profiles in the plasma
core, time traces of ¢ at various radial locations for DIII-D shots 157952 and 158058
(the discharges where the experimentally achieved and assumed initial ¢ profiles ex-

hibit the closest matching) are shown in Figs. 4.7 and 4.8, respectively. Firstly, as

169



o
o

50 — Taget 50 (b) q(0-2,1) : (c) q(0.3,1)

- - - Optimized Feedforward (Simulation) \

s 4.07 % .= = Optimized Feedforward (158058) 5 401N 5 40
L kY L 2 -
Saol #158058, 3 g |
(‘ N
3 3.0 Y, 3.04
L L S 20 b 320 el

...... TN~

109 () ¢(0.1,1) L SO S . DR o
050 075 1.00 125 150 1.75 200 050 075 1.00 125 150 175 200 050 075 1.00 125 150 175 2.00

Time (sec.) Time (sec.) Time (sec.)
5.0 7.0 14.0

\ (d) q(0.5,1) (e) q(0.7,t) “‘\‘ (f) ¢(0.95,¢)

- \ W
_ 40 80y J 1200
2 2 vy 2 AN
3 §5.0] ¥ 8 10.0] ~v
w w w
2\3 0 1o > . > 2
k3] BT T 40 ~s T 80 S
© < © =N ©
20 T * ~.. 8

et 3.0 2 6.0 I,

1.0 2.0 4.0
050 075 100 125 150 175 2.00 050 075 100 125 150 1.75 2.00 050 0.75 1.00 125 150 175 2.00
Time (sec.) Time (sec.) Time (sec.)

Figure 4.8: Simulated and experimental (DIII-D shot 158058) testing of optimized feed-
forward startup actuator trajectories to achieve target g profile 2 in Fig. 4.1
with counter-current neutral beam injection (actuator trajectories shown in
Fig. 4.5): Time traces of ¢ at p = 0.1,0.2,0.3,0.5,0.7, and 0.95. The solid-
orange and solid-purple lines indicate the time when the error between the
achieved ¢ profile and the target is at a minimum, i.e., when (4.2) is mini-
mized, for the simulation and experimental tests, respectively.

shown in the figures, the experimentally achieved g profile evolution agrees well with
the physics-based model predicted ¢ profile evolution in the spatial region p € 0.3, 1].
Secondly, the experimentally achieved ¢ profile evolution agrees reasonably well with
the physics-based model predicted ¢ profile evolution in the plasma core during the
approximate time interval ¢ € [0.4,0.75) s. However, after this time, the experimental
q profile evolves to a lower value than the physics-based model predicted ¢ profile (see
Figs. 4.7(a-b) and 4.8(a-b)). This indicates that the experimental current density dif-
fuses towards the plasma core at a faster rate than predicted by the model”. Finally,
as shown in the figures, there is no appreciable difference between the performance
(in terms of driving the system to ¢ profile target 2 in Fig. 4.1) of the optimized
startup trajectories that utilized co-current neutral beam injection (Fig. 4.7) and
counter-current neutral beam injection (Fig. 4.8), respectively.

As a result of the variability in the initial formation of the plasma as well as the

"In tokamaks, the local g-value is roughly inversely related to the local current density amplitude.
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difference between the model predicted and experimentally observed current density
diffusion rate during the experimental tests of the optimized startup trajectories, the
target ¢ profiles were unable to be achieved in the plasma core (p € [0,0.3)) at the
end of the current ramp-up phase of the discharge. Therefore to compensate for
external disturbances (such as perturbed initial conditions and model uncertainty)
and actuation limitations (either in regulation or faults), the feedforward trajectories
need to be integrated together with a feedback control scheme, as discussed in the

next section, to improve the ability to robustly achieve plasma target conditions.

4.4 Feedback control design

4.4.1 Partial differential equation model of system dynamics

We begin the design process by converting the physics model that describes the
poloidal magnetic flux profile evolution in the tokamak (the magnetic diffusion equa-
tion) into a form suitable for feedback control design. The magnetic diffusion equation

is given in (2.45) and restated here for convenience as

a_¢: n(Te) 10 (ﬁFéHaﬂ)

~ )+ RoHn(T.) (awe + o) 4.26
= o (PPGHG. ) 4 BT e ), (426)

with boundary conditions given by

P
Ip

9P
Ip

=0 — —ky, I,(1), (4.27)

p=1

p=0

where 7(p,t) is the plasma resistivity, T.(p,t) is the electron temperature, pq is the
vacuum magnetic permeability, jau.(p, t) is the noninductive current density provided
by the auxiliary sources, and jus(p, t) is the noninductive current density provided by

the bootstrap current [60]. The parameters F(p), G(p), and H(p) are geometric
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spatial factors pertaining to the magnetic configuration of a particular plasma MHD

equilibrium (defined in (2.44)). The total auxiliary current drive is defined as
Jouz = Zjnbija (428)
J

where j € [30L/R,150L/R,210L/R,330L/R], and the individual auxiliary neutral

beam current drives are modeled as (see (2.76) and section 2.7)

Te(ﬁv t)

oy P (1), (4.29)

Jnbi; (D5 t) = ];Z{J (p)

where j;li{] is a normalized reference current density deposition profile for each of
the sources, n. is the electron density, and P;; is the power injected through the
individual neutral beam injectors. The bootstrap current is proportional to the inverse
of the poloidal flux gradient profile multiplied by the kinetic plasma profile gradients

(see (2.81)), i.e.,

o kywevRo (00 One oT.,
]bs(p7 t) — w ( w) |:2,C31Te— + {2£31 + £32 + OAC34} Ne aﬁ , (430)

F dp op

where kjpey = 1.602 x 10710 J/keV and the coefficients L31, L32, L34, and a depend
on the magnetic configuration of a particular plasma equilibrium and on particle
collisionality in the plasma. For feedback control design, we chose to model the kinetic
plasma parameters (electron density, electron temperature, and plasma resistivity) as
a nominal model plus a bounded uncertain model. The feedback controller is then
designed by employing robust control techniques [10] to achieve a desired closed-loop
performance and ensure the closed-loop system remains stable for the range of the
kinetic plasma parameters captured by the uncertain models.

Towards this goal, we define ranges in which the electron density and temperature

profiles are expected to be in typical DIII-D L-modes scenarios, which are shown in
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Figure 4.9: Plasma parameter uncertainty ranges in DIII-D L-mode scenarios: (a) electron

density, (b) electron temperature, and (c¢) plasma resistivity. Note: nominal
values (solid) and minimum/maximum values (dash).

Figs. 4.9(a-b). For feedback control design, we model these kinetic plasma parameters

as a nominal profile plus a bounded uncertain profile, i.e.,

ne(p) = n¢™ (p) + n"(p)on.,

Te(p) = T2 (p) + T2 (p)or.
where
W) = [ ) + 1 7)) /2
T (p) = [T (9) + T (6 >} /2
() = [ (9) — )] /2
Te(p) = [T (p) — T (p )] /2,

(4.31)

(4.32)

(4.33)

and 07, and d,, are uncertain parameters that satisfy |67.| < 1 and [d,,| < 1. The

plasma resistivity decreases as the electron temperature increases, therefore, the min-

imum plasma resistivity is defined by the maximum electron temperature, and the

maximum plasma resistivity is defined by the minimum electron temperature, which

are shown in Fig. 4.9(c). Additionally, the parameters /T, and 1/n,. are related to

the electron temperature and density, respectively. For feedback control design, these
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parameters are modeled as

n(p) = "™ (p) + n""(p)or, (4.34)
T.(p) = T (p) + T (p)or, (4.35)
1/ne(p) = n2™ (5) + 0™ (5)6,., (4.36)
where
0" (p) = [ (6) + 0™ (P)] /2,
T (5 [ VTraw(p) + /Tmn(p) ]/2
ne™ (p) = [n 7 (p) + m™(p)] / [2n* (P02 (5)]
() = [nmm@) ) /2,
<ty [V - T
ne" (5) = [n:“'"m) - n:wx(m] / (207 (p)ny™ (5)] - (4.37)

Note that the plasma resistivity and /7T, dependence on the electron temperature is
modeled to first order to simplify the control design process.
Combining the magnetic diffusion equation (4.26) with the noninductive current-

drive models (4.28)-(4.30) and the uncertain models (4.31)-(4.37), we obtain the PDE
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governing the evolution of ¢ that is used for feedback control design, which is ex-

pressed as

8_,w _ (nnom +77unc(5Te>l a
ot ,uoﬂz?ﬁ’2 pop

(Tnom Ry ){ nonl_ypund 5 }(Z e (D) P, ))

k?Jengﬁ(Umm + 1", ) (81/1)
N : D

F
X [253 (Tnom + T’I.LTZ65 ) a {nnom n’gncéne}

o -
H nom unc
a,a) + RoH (n"™ 4+ n""“0r,)

<;3F(§F1

a7
+{2L31 + L35 + aLgy} {nl" +

Ne

T;’“”CéTe}} . (4.38)

By defining the quantities,

nom

A A A

N n N
" MOP§F2 MOPbF2

gnsz( ) ROH]ZE{ nnoanom nnom hnbz]( ) ROH]:;?{ nnoanom ngnc ,

knbz] ( ROH]n o [nnongnc nom/

/ ’
uncrpmom’ , nom
| n i|
e )

e

+
lnbz( ROHjnbz |:nnomTeunc unc’ _i_nuncTenom/nunc/},

mnbz ( ) ROHJZZ{ 77unchunc nnom pnbz]( ) ROH];Z{ nuncTunc unc’ (4 39)
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and

N k € R nomrnom d nom
ou(p) = B [y &y
nom ., nom d nom
+{2L31 + L3a + aLss} "] dA (12 )}
k € R nomrmom d unc
) = ST [ ez e
nom unc d nom
+1{2Ls1 + L3z + aLgs} n""'ny a5 (17 )]:
A k e RQ}AI nommunc " d nom uncrymom d nom
() = I8 ypeon gz 2 )+ regon £ g
nom nom d unc unc, nom d nom
+{2L31 + L3z + aLas} |00 a7 (1) +n""“ng dA(T IR
A k € RQI:[ nomrmunc " d unc uncrymom d unc
lbs(p) = JV—AO |:2£31 |: Te dA ( ) + n Te dA (n ):|
nom , unc d unc unc, unc d nom
+{2L31 + L3o + aLlss} |70 dA(T )+ n""ny dA(T IRE
~ k € RQ];I uncrypunc d nom
mbs(p) = JV—AO |:2‘C 17 Te dA (Tl )
unc nom d unc
+{2L31 + L3z + aLlgs}n 4 (1T: )]
~ k € RQ}AI uncrpunc " d unc
pbs(p) = JV—AO |:2£3 n Te dA (7’L )
d
+{2L31 + L3z + aLlss} n'"n unch (Tunc)} ) (4.40)

we can express (4.38) as

o _ o o
a fnlAa(Dwap)+fn2Aa(D¢a )5Te

+ Z gnbij + hnbij 5716 + knbij 5Te + lnbij 5Te 5ne + mnbij 5%6 + pnbij 5%5 (5116] Pnbij (t)
J

8 -1
+ [gbs + hbs(sne + kbséTe + lbsdTeéne + 7nb55%e —’_pbsd%edne} (%) . (441)

From (4.1), we see that the rotational transform profile is inversely proportional to the
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q profile (the variable we are ultimately interested in controlling) and proportional to
the spatial gradient of the poloidal stream function. Therefore, we define the poloidal

flux gradient profile as
O

O(p,t) = o

(4.42)

Inserting (4.42) into (4.41) and differentiating the resulting equation with respect to

p, we obtain the following model of the 6 profile dynamics

00 020 00
e = [qm + qn45Te] a_ﬁg + [qnz + q7755Te] 8_/6 + [qns + qn66Te] 0

+ Z [g;lbij + h;lblz 6"6 + k’;lbij 5Te + l;lbij 6Te 6”6 + m;lbij 6%6 + p;Lbij 6%5 5’”«&] Pnbij (t)
J

1\° 90
- [gbs + hbs(sn8 + kbs(STe + lbs(sTe 6115 + 77/Ll)556%8 + pbs(s%8 5715] <_>

0) 9p
1
+ s + NosOne + ki1, + 107, 6, + My 07, + Dhy07 b0, | (§> , (4.43)

where (-) = d/dp and

4 (P) = f (P) Dy (p),

Uy (D) = [, (P) Dy (P) + 2.1, (P) Dy () + fi (P) Dy (D) / P

(D) = Lo (D)Dy (D) /b + F1, (D)Dy(p) = fin (5) D)/ 5
+hn (D)Dy(P) /6 + fu (D) Dy (p),

i (D) = fa(P) Dy (P),

s (P) = [, (D) D (D) + 2. (D) Dy (D) + fie (9) Dy (D) /

U (P) = [, (D) Dy (D) /b + [, (D) D (p) = fua(5) Ds(p)/ P

+ (D) Dy ()] P+ fr (D) D3y (D). (4.44)
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The boundary conditions are given by

0(0,t) =0  0(1,t) = —ky L,(t). (4.45)

4.4.2 Model reduction via spatial discretization

We now approximate the governing infinite dimensional PDE (4.43) by a finite dimen-
sional system of ordinary differential equations (ODEs) to obtain a model suitable
for tracking feedback control design. This is achieved by discretizing (4.43) in space
by using a truncated Taylor series expansion to approximate the spatial derivatives
where the non-dimensional spatial domain (p € [0,1]) is represented by my nodes.
The spacing between the nodes (Ap) is defined as Ap = 1/(my —1). We employ cen-
tral finite difference spatial derivative approximations of order (Ap)? in the interior

node region, 2 < i < (my — 1). After applying the spatial derivative approximations

0 (4.43) for the interior nodes ¢ = [2,...,my — 1], we obtain
: . . Oiy1 — 20; + 0,1
91 - 1 ) + ) 6 e
(40 (P5) + @a (P2)01,] e
Oiv1 — 0i 1

+ @, (Ps) + Gns (Pi)07.] 0y, + [Gns (Di) + @s (pi)07.] 05

+ Z gnsz pl) + h’nsz( l)(sne + k;zbij (ﬁl)gTe + l;bij (ﬁi)éTeéne

J
+m;’bbl ( )52 +pnbz }Pnsz
[gbs (pz) + hbs(pz>5ne + kbs(pz)5 + lbs (pz)(;Te(sne + Mps (pz)52
~ 61,+1 9@ 1
+pbs<pi>5%65ne} (9—Z> 2A -

+ [0 (5i) + Pis(P1) 0. + kg (Pi)Or, + Uy (Di) 01,6, + s ()07,

. 1
+D4($i)07, 0, | (0—> : (4.46)
where 6; and p; are the values of 6 and p at the discrete nodes, for i = [2,...,my—1].

The values of # at the boundary nodes ¢« = 1 and ¢« = my are obtained from the
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boundary conditions (4.45) and are expressed as

0=0 O, = —ky L(t). (4.47)

The discretized model can be written in a compact form as

T = f@(m7ua5)a (448)
! (4.49)
Ly = —————i, )
' qu,op%pi '
where @ = [0a,...,0m,-1] € R™ is the state vector, ¢; is the value of ¢ at the discrete
nodes, fori =2,...,mp—1,u = [PnbisoL/m Prbirsor s Prbissor n> Prbissorms I,] € R?is the

input vector, the uncertain parameter vector is 6 = [(5Te, Onys 0T, On s (525, (526(5%} € R®,
fo € R™ is a nonlinear function of the states, inputs, and uncertain parameters, and
ng = my — 2. The output vector is defined as y = [ta, ..., tm,—1] € R™.

We define a nominal equilibrium point of the system (4.48) as
Teq = fo(Teq, Ueq, 0) = 0. (4.50)

We can obtain a model suitable for tracking control design by defining the perturba-
tion variables Z(t) = x(t) — z¢q and upy(t) = u(t) — ueq, where Z(t) is the deviation
away from the equilibrium state and uy,(t) is the output of the to-be-designed feed-
back controller. Linearizing (4.48) with respect to the state and control input around

an equilibrium point defined by (4.50), we obtain

. 0
Teg + T = fo(Tegs Ueq,0) + ﬁ

., Ofe
O T+

o s, (4.51)

(ﬁeqyueqva)

(quyueqzls)

where 0fp/0x € R™*™ and 0fy/0u € R"™*Y are the Jacobians of the system. By
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employing (4.50), we express (4.51) as

ugpp, + ds, (4.52)

($CQ7uCQ76)

(IeQ7ueqz5)

where ds = fo(%eq, Ueq, 0) is a disturbance. Finally, (4.52) is written as an explicit

uncertain state-space system as

i = A% + Bug, + ds,

y = CZ+ Duy, (4.53)

where the state-space matrices have a structure of the form

5 5
A=A+ 6mAn  B=DBy+ > 6nBn,
m=1

m=1
5 5
C=Co+» 6mCn  D=Do+ > 6nDp, (4.54)
m=1 m=1

where A and B are the Jacobians dfy/0z and 0fy/0u evaluated at (z.q, teg, 0), Te-
spectively, A; and B;, for i« = 0,...,5, are the components of the matrices A and
B, respectively, Cy = diag{—1/(Byopipi)}, Do = 0, and C; = 0 and D; = 0, for
j=1,....5.

4.4.3 Manipulation of dynamic model into robust control

framework
We now exploit the structure of the state matrices in (4.54) to write the system
(4.53) in the conventional P — A robust control framework (shown in the little purple

box in Fig. 4.10), where P is the generalized transfer function of the system and

A = diag{d} is a structured uncertainty matrix. The transfer function of a linear
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Figure 4.10: Schematic of control problem formulation for ¢ profile feedback control design
in DITI-D L-mode scenarios.

system with state-space matrices A, B, C, and D can be written as an upper linear

fractional transformation (LFT) as
1
G(s) = F, (Ma, —Ing) =D+ C(sly, — A)B,
s
where F), is the upper LFT, the matrix M, is defined as

A B
a= - )
I, is an ng x ng identity matrix, and s denotes the Laplace variable. The nominal
model will be coupled with the uncertain parameters in the transfer function repre-
sentation of (4.53). By employing the method outlined in [138], we can separate the
uncertain parameters from the nominal parameters to write the system (4.53) in the

P — A robust control framework. The input-output equations of the system in this

framework are expressed as

ya = Priua + Prouyy,

Yy = Priua + Pougp, + d, (4.55)
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where Py1, P, P51, and P»y are the component transfer functions of P that describe
how the system inputs (ua, uy) affect the system outputs (ya, y) and d represents
the effect that the disturbance ds has on the system outputs. An overview of the

employed technique is provided in Appendix A.

4.4.4 Evaluation of relevant control channels

In order to acquire diagnostic data that is needed by the real-time EFIT (rtEFIT)
equilibrium reconstruction code [11] to reconstruct the plasma ¢ profile for feedback
control, the 30L/R neutral beam powers need to be constant, and we do not utilize

them for feedback control, ie., up = 0 for P, As a result, we have seven

bizow
actuators to utilize in feedback, which implies we can independently control at most
seven linear combinations of the system output. To evaluate the relevant control
channels, we employ a singular value decomposition (SVD) of the nominal state-space

system

Yy = GQ(S)Ufb = (CO (Slng - Ao)il BO + D())Ufb (456)

at a particular frequency. The real approximation of the nominal input-output rela-

tion at a particular frequency jwg. is expressed as
U = Goll s, (4.57)

where G denotes the real approximation of the complex matrix Go(jwa.) [10,146].
Additionally, to weight the relative tracking performance and control effort, we in-
troduce the positive definite weighting matrices @ € R™>*™ and R € R™7. We next
define the economy size SVD of the weighted matrix Gy as Gy = QY2GoR™Y/?2 =
UXVT where ¥ = diag(oy, 09, ...,07) € R™7 is a diagonal matrix of singular values

and U € R™*7T and V € R™7 are matrices that possess the following properties
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Figure 4.11: Relevant control channels for ¢ profile control in DIII-D L-mode scenarios:
(a) output and (b) input. The components of the control input vector are
defined as ugp, = [Pnbi15OL/R7Pnbi210L/R’PnbiBSOL/R’Ip”fb where us, = 0 for
P,

bizoL/R "

VIV =VVT = [,UTU = I, where I is a 7 x 7 identity matrix, and (-)” denotes the
matrix transpose. The input-output relation (4.57) is now expresses as

§=Q V2GR i = QTPUSVT Ry, (4.58)
The relevant control channels are then obtained from (4.58) and are shown in

Fig. 4.11.
i = Q1 Usy,

The singular vectors for the obtainable outputs values are defined as
and the corresponding input singular vectors are defined as s, =
R™'Y2Vay,, where §* and 4%, are the decoupled output and input, respectively, i.e.,
§* = U}, By selecting the frequency as wg. = 25 rad/s, the total plasma current (1)
is exclusively utilized to control the ¢ profile near the plasma boundary (1st singular
vector in Fig. 4.11) and the neutral beam injectors are employed to control the ¢
profile in the plasma core (second through seventh singular vectors in Fig. 4.11).
By examining the second singular vector, we see that increasing all of the neutral
beam powers (iy, > 0 in Fig. 4.11(b)) results in the ¢ profile decreasing (and hence
the ¢ profile increasing) in the plasma core (§ < 0 in Fig. 4.11(a)). Intuitively,

increasing the off-axis, co-current (150L/R) and counter-current (210L/R) neutral

beam injection power would result in a corresponding decrease in the total toroidal
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Figure 4.12: Normalized total toroidal current density (defined in (2.91)) and normalized
330L neutral beam injection current density in DIII-D L-mode scenarios.

current density in the plasma core (for a fixed value of the total plasma current),
which agrees with the control input directions in Fig. 4.11. However, increasing the
on-axis, co-current (330L/R) neutral beam injection power would intuitively result in
an increase of the total toroidal current density in the plasma core (for a fixed value
of the total plasma current), which does not agree with the control input directions
in Fig. 4.11. See sections 2.6 and 4.3 for the relationship the local current density
amplitude has to the local g-value in tokamaks. To understand this, the normalized
total toroidal current density and the normalized 330L neutral beam injection current
density in the considered DIII-D L-mode scenarios is shown in Fig. 4.12. As shown
in the figure, the normalized current density deposition profile for the 330L neutral
beam source exhibits a wider distribution than the normalized total toroidal current
density. Therefore, the on-axis neutral beam sources have a similar effect to the
one that the off-axis neutral beam sources have on the ¢ profile in the considered
scenarios, i.e., increasing the on-axis neutral beam power will result in an decrease
of the total toroidal current density in the plasma core (for a fixed value of the total
plasma current), which agrees with the control input directions in Fig. 4.11.

We note that some of the singular values o; may have a small magnitude relative

to the others and may be chosen to be neglected in the control synthesis to avoid
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potentially spending a significant amount of control effort. Therefore, the singular
values are partitioned into k, significant singular values >, and 7 — k, negligible
singular values >.,;. We then define the significant components of the output and
input vectors as §; = ;'UTQY?) € R and a3, = VIRY*ug € R¥, respectively,
where U, € R"**s and V, € R™*s are the components of U and V associated with
the significant singular values. A detailed overview of the SVD technique employed

to evaluate the relevant control channels is provided in Appendix B.

4.4.5 Feedback control problem formulation

It is desired that the output y be able to track a reference value r, therefore, we define
the tracking error as e = r — y. The feedback control objectives are to maintain a
small tracking error for any reference, reject the effects of the external disturbance,
utilize as little feedback control effort as possible, and robustly stabilize the system
by controlling the relevant channels of the system (4.55). This feedback control
problem is formulated as shown in Fig. 4.10, where K is the to-be-designed feedback
controller. The closed-loop system outputs are Z; = W,(s)es and Zy = W (s)u}y,,
and the frequency dependent weight functions W, and W,, are utilized to optimize the
feedback performance. The nominal performance condition of the closed-loop system

is expressed as

Z1 _ WpSDCo _WpSDCo 7“: :Tzw 7“: ’ (459>
Za W.KSpc, —Wu.KSpc,| |d: d:

where T, is the closed-loop transfer function from the inputs (r¥, d¥) to the outputs

CRAa-]

(Z1,Zy), df = S7UTQY2d, and Spe, = (Ix, + S7UTQY2PyuR7V2V,K)™!. See

section 3.6 for an example of how this nominal performance condition is derived.

Therefore, to achieve the closed-loop performance objectives (minimize tracking error,
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reject effects of disturbance, utilize as little feedback as possible), the control problem
is formulated as

min || T ||, Vo, (4.60)

where || - || denotes the Hy, norm. See Appendix C for an introduction to the design
of feedback controllers by employing the H,, closed-loop shaping technique.
The feedback controller K obtained by solving (4.60) is written in state-space

form as

Epy = ATy + Blyeg,

u}bs — C}ibxfb + D;b€:7 (461)

where zp, € R/ is the internal controller state vector, A}, € R/t By, € R7rexks
Ch € R*=*n50 and D}, € R*=**s are the controller system matrices, and ny, is the
number of controller states. For this controller design, the significant singular values
are chosen as X, = diag{oy, 02,03}, which allows the feedback controller to actuate
the total plasma current to control ¢ near the plasma boundary and the neutral beam
injectors to control ¢ in the plasma core (see Fig. 4.11). Additionally, the value of the
¢ profile in the center of the plasma (typically in the spatial domain p € [0,0.3]) and
near the plasma boundary (typically in the spatial domain p € [0.85, 1.0]) is important
to achieving high plasma performance and maintaining plasma stability [61,62]. As a
result, the weight matrix @) utilized in the evaluation of the relevant control channels
is chosen to place more emphasis on achieving the target ¢ profile in these spatial
regions. By exploiting the block-diagonal structure of the uncertainty matrix, i.e.,
A = diag{d}, we can analyze the the robust stability of the closed-loop system with

the nominal controller. The block-diagonal uncertainty matrix structure allows us to
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Figure 4.13: Singular value diagrams: (a) 1/W, and Spc, and (b) 1/W, and KSpc,
and (c) structured singular value p(N11(jw)) versus frequency. The robust
stability condition is defined as pu(Ni1(jw)) < 1 Vw [10].

compute the structured singular value

1
min{k,,|det (I — k,,N;1A) =0}’

p (N (jw)) =

where Ni; = Py — PoR7YV2V,KSpo, S UT QY2 Py (see section 3.6 for an example
of how this transfer function is derived) is the closed-loop transfer function between
the signals ya and ua shown in Fig. 4.10. To analyze the performance and robust
stability of the closed-loop system, the singular value diagrams of the inverse of the
performance weight functions and the achieved transfer functions Spc, and KSpc,
are shown in Figs. 4.13(a-b) and a plot of the structured singular value p(Ny;(jw))

versus frequency is shown in Fig. 4.13(c).

4.4.6 Anti-windup compensator design

In order to keep the closed-loop system well-behaved in the presence of actuator
saturation, the feedback controller is augmented with an anti-windup compensator
[140] that is designed to keep the controller request from significantly deviating from

the range of physically achievable actuator values. The anti-windup compensator is
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expressed as

Taw = AawTaw + Baw [sat(u) — u],

Ugw = CawTaw + Daw [S(lt(u) - u] ) (462)

where the vector x,, € R"w is the internal anti-windup compensator states, A,, €
Rrewxntaw B € Rrawxd O € R¥Mew and Dy, € R are the anti-windup com-
pensator system matrices, ng, is the number of anti-windup compensator states, g,
is the output of the anti-windup compensator, sat(u) denotes the saturated output

of the controller, the output of the controller is given by
ult) = g () + () + au (), (4.63)

and uys is the feedforward control input. The number of anti-windup compensator
states is chosen as ny, = 9, and the anti-windup compensator system matrices are
chosen as Agw = 0, By, = diag{1}, Cy, = diag{\;}, Daw = 0, where \;, for i =

{1,...,9}, is the anti-windup gain for each individual actuator.

4.5 Optimized feedforward 4+ feedback control al-
gorithm performance testing in DIII-D exper-
iments

In this section, we test the ability of the optimized feedforward (described in section
4.3) + feedback (4.61) control algorithm augmented with the anti-windup compen-
sator (4.62) to reach a target safety factor profile at the end of the current ramp-up
phase of the discharge in experiments in the DIII-D tokamak. We employ the general

framework for real-time feedforward + feedback control of magnetic plasma profiles
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implemented in the DIII-D Plasma Control System (PCS) described in section 3.7.2 to
test the combined control algorithm. The feedback control algorithm designed in this
chapter directly generates signals for the physical control variables. Therefore the NL
Trans. Switch is set to the right position in Fig. 3.8. Also, the employed anti-windup
scheme is designed to affect the output of the feedback portion of the feedforward
+ feedback controller. Therefore, the AW Switch is set to the left position in Fig.
3.8. Finally, the feedback control algorithm is implemented with a sampling time of
20 ms based on the modulation of the 30L neutral beam source utilized to acquire
diagnostic data to reconstruct the g profile (see sections 3.7.2 and 4.3, respectively).

In order for the plasma to remain in the L-mode operating regime, the net power
across the plasma surface needs to be lower than a threshold power (see (4.17)-(4.19)).
Therefore, to ensure the combined optimized feedforward + feedback controller does
not request a total amount of auxiliary power that exceeds the threshold power (4.19),
we implement an additional saturation (after the Magnitude Saturation block in Fig.
3.8) on the individual neutral beam injection power requests. First, the expected
threshold power (P}™) is calculated according to (4.19) as

Pl () =2 [mer (6] " (4.64)

€19

where nZ is the optimized feedforward line average electron density (shown in Figs.
4.2(b), 4.3(b), 4.4(b), and 4.5(b)) in units of 10! m™>. Second, the total controller

requested auxiliary power (Pr¢?) is computed as

Pre(t) = Pri(b), (4.65)

where ¢ € [30L/R,150L/R,210L/R,330L/R] and P!, is the controller requested

nbi;

individual neutral beam injection power (feedforward + feedback + anti-windup)
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after the Magnitude Saturation block in Fig. 3.8. Thirdly, if the total controller
requested auxiliary power (4.65) is greater than the expected threshold power (4.64),

i.e., Prea > plim - a scale factor is computed as

-Pll;;/m(t) o [Preq + Preq ]

Picate(t) = —re oo _hon. (4.66)
Pa“g (t) - [Pnbiq:mL + Pnblggor{]

and the controller requested individual neutral beam injection powers are scaled ac-

cording to

Pre f _ preq

nbizgoL ~ ~ mbizoL’
ref _ preq
nbigor ~ ~ nbizor’
P:;lfz{ (t) = Pscale(t)P:;le- (t)> (467)

where ¢ € [150L/R, 210L/R, 330L/R] to determine the individual neutral beam injec-
tions power references sent to the Dedicated Control Loops commanding the physical
actuators in Fig. 3.8. If the total controller requested auxiliary power (4.65) is less
than the expected threshold power (4.64), i.e., Pr < Plm the individual neutral
beam injections power references sent to the Dedicated Control Loops are computed
as

Pl () = Pred(p), (4.68)

nbi; nbi;

where i € [30L/R, 150L/R,210L/R,330L/R]. Finally, we set the reference for the
feedback controller to follow (the vector 7y, in Fig. 3.8) as the physics-based model
predicted ¢ profile evolution (¢©*P(p,t)) achieved with the optimized feedforward
trajectories designed in section 4.3 (for example see red dash-dotted lines in Figs.
4.6, 4.7, and 4.8, respectively) during the time interval ¢t € [0.4,¢¢], where t; = 1.5 8
for target 1, t; = 1.25 s for target 2, and t; = 1.0 s for target 3. After the time ¢,

the reference is held constant at the physics-based model predicted g profile achieved
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Figure 4.14: Best ¢ profile target matching during experimental testing of optimized feed-
forward + feedback control algorithm to achieve ¢ profile target 1. The target
(green circle) is ¢ profile target 1 shown in Fig. 4.1 and the reference ¢ profile
(Cntrl. Ref.) that the feedback controller was attempting to follow at the
time £ = 0.439 s is shown by the blue line + triangle and at the time t = 1.519
s is shown by the blue line. The best ¢ profile matching to the reference (at
the time tf, i.e., rar(p,ty)) with feedforward + feedback control is shown
by the red dashed line and the best ¢ profile matching to the reference (at
the time ¢, i.e., 7ar(p, ty)) with feedforward control is shown by the black
dash-dotted line. DIII-D shot numbers are indicated in the figures.

at the time t;, i.e.,

) =" (5, 1) overt € 04,4,] s,

ru(pst) = ¢ P (p,tf) over t >ty s.

We now test the ability of the optimized feedforward + feedback control algorithm
to achieve ¢ profile target 1 (shown in Fig. 4.1) at the end of the current ramp-up
phase in DIII-D shots 157950 and 157951. The feedforward actuator trajectories
shown in Fig. 4.2 are used during these discharges. A comparison of the target, feed-
forward + feedback controlled, and feedforward controlled ¢ profiles at the time when
the error between the achieved ¢ profile and the reference at the time t¢ (ra(p,t5))
is at a minimum, i.e., when (4.2) is minimized, is shown in Fig. 4.14. Also shown in
the figures is a comparison of the reference initial ¢ profile and of the initial ¢ profile
achieved experimentally. For both of the discharges, the initial ¢ profile (red dashed

line + circle in Fig. 4.14) is below the initial reference (blue line + triangle in Fig.
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Figure 4.15: Experimental testing of optimized feedforward + feedback control algorithm
to achieve ¢ profile target 1 during DIII-D shot 157950: (a-c) time traces
of ¢ at p = 0.1,0.2, and 0.95, (d) total plasma current, (e) line average
electron density, (f) total auxiliary power, and (g-i) neutral beam injection
powers (Pnbioff = Pnbilg,gL + Pnbi150R7 Pnbicmgr = PnbizlgL + PnbizloRa Pnbion =
Prbigsor, + Prbissor ). 10 (a-c) the target (green circle) is ¢ profile target 1
shown in Fig. 4.1 and the reference ¢ profile evolution (Cntrl. Ref.) that the
feedback controller was attempting to follow is shown by the blue line. In (f),
the applied L-H power limit (green X) is given by (4.64) and the predicted L-
to-H transition power (gold circle) is calculated according to (4.19) by using
the physically achieved line average electron density (red dashed line in (e)).

4.14) in the plasma core. As shown in the figures, the feedback controller is able to
reject the effects of the perturbed initial condition and drive the ¢ profile (red dashed
line in Fig. 4.14) as close to the reference (blue line in Fig. 4.14), and hence the
target (green circle in Fig. 4.14), as possible across the entire spatial domain at the
end of the current ramp-up phase. Also by examining the figures, we see that a very
similar tracking performance is achieved (in terms of the achieved ¢ profile and target
matching) in both of the discharges, which shows that the addition of the feedback

controller is able to improve the ability to robustly achieve the target compared with
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feedforward-only control. To study how the feedback controller tracks the reference
q profile evolution, time traces of ¢ at various radial locations and a comparison of
the actuator trajectories for DIII-D shot 157950 are shown in Fig. 4.15. Firstly, in
response to the ¢ profile in the plasma core initially being below the reference (Figs.
4.15(a-b)), the feedback controller rapidly increases the total auxiliary neutral beam
injection power (blue line in Fig. 4.15(f)) up to the maximum allowable value (green
X in Fig. 4.15(f)). This results in the ¢ profile in the plasma core being driven
from the low initial value to the reference during the time interval ¢t € [1.0,1.519] s.
Also shown in the figures is how the feedback controller employs the various neutral
beam groups (Figs. 4.15(g-1)) to track the reference ¢ profile evolution in the plasma
core. Finally, the feedback controller regulates the total plasma current to track the
reference ¢ profile evolution near the plasma boundary (Figs. 4.15(c-d)).

We now test the ability of the optimized feedforward + feedback control algorithm
to achieve ¢ profile target 2 (shown in Fig. 4.1) at the end of the current ramp-up
phase in DIII-D shots 157958 and 158051. The feedforward actuator trajectories
shown in Fig. 4.3 are used during these discharges. A time trace of ¢ at p = 0.1, a
comparison of the total auxiliary neutral beam injection power, and a comparison of
the target, feedforward + feedback controlled, and feedforward controlled ¢ profiles at
the time when the error between the achieved ¢ profile and the reference at the time
tr (rm(p,ty)) is at a minimum, i.e., when (4.2) is minimized, is shown in Fig. 4.16.
For both of the discharges, the initial ¢ profile (red dashed line + circle in Figs.
4.16(c)/(f)) is relatively close to the initial reference (blue line + triangle in Figs.
4.16(c)/(f)). Firstly, once the g profile in the plasma core evolves below the reference
(Figs. 4.16(a)/(d)) at the approximate times of t = 0.7 s (157958) and ¢t = 0.55 s
(158051), the feedback controller rapidly increases the total auxiliary neutral beam
injection power (blue line in Fig. 4.16(b)/(e)) up to the maximum allowable value

(green X in Figs. 4.16(b)/(e)). This results in the ¢ profile in the plasma core being
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Figure 4.16: Experimental testing of optimized feedforward + feedback control algorithm
to achieve ¢ profile target 2 during DIII-D shots 157958 (top row) and 158051
(bottom row): (a)/(d) time trace of ¢ at p = 0.1, where the target (green
circle) is ¢ profile target 2 shown in Fig. 4.1 and the reference ¢ profile evo-
lution (Cntrl. Ref.) that the feedback controller was attempting to follow is
shown by the blue line, (b)/(e) total auxiliary power, where the applied L-H
power limit (green X) is given by (4.64) and the predicted L-to-H transition
power (gold circle) is calculated according to (4.19) by using the physically
achieved line average electron density, and (c)/(f) best ¢ profile target match-
ing, where the reference ¢ profile (Cntrl. Ref.) that the feedback controller
was attempting to follow at the time ¢ = 0.439 s is shown by the blue line
+ triangle and at the time ¢ = 1.319 s is shown by the blue line, the best ¢
profile matching to the reference (at the time t, i.e., 7as(p, ty)) with feed-
forward + feedback control is shown by the red dashed line, and the best ¢
profile matching to the reference (at the time ¢, i.e., rar(p, t5)) with feedfor-
ward control is shown by the black dash-dotted line. DIII-D shot numbers
are indicated in the figures.

driven closer to the reference in the feedforward + feedback controlled discharges
relative to the feedforward-controlled discharge. However, the ¢ profile in the plasma
core was not able to be driven all of the way to the reference in the feedback-controlled
discharges, even though the feedback controller requested the maximum allowable
neutral beam injection power, which indicates that more auxiliary power is needed to
achieve this target. Secondly, as shown in the figures, the feedback controller is able
drive the ¢ profile (red dashed line in Figs. 4.16(c)/(f)) as close to the reference (blue
line in Figs. 4.16(c)/(f)), and hence the target (green circle in Figs. 4.16(c)/(f)), as
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possible across the entire spatial domain at the end of the current ramp-up phase.
Finally, we see that a very similar tracking performance is achieved (in terms of the
achieved ¢ profile and target matching) in both of the discharges, which again shows
that the addition of the feedback controller is able to improve the ability to robustly
achieve the target compared with feedforward-only control.

We now test the ability of the optimized feedforward + feedback control algorithm
to achieve ¢ profile target 3 (shown in Fig. 4.1) at the end of the current ramp-up phase
in DIII-D shots 158052, 158055, and 158057. The feedforward actuator trajectories
shown in Fig. 4.4 are used during these discharges. A comparison of the target, feed-
forward + feedback controlled, and feedforward controlled ¢ profiles at the time when
the error between the achieved ¢ profile and the reference at the time t; (rp(p,ty)) is
at a minimum, i.e., when (4.2) is minimized, and a comparison of the total auxiliary
neutral beam injection power is shown in Fig. 4.17. For all of the discharges, the
initial ¢ profile (red dashed line + circle in Figs. 4.17(a)/(c)/(e)) is relatively close to
the initial reference (blue line + triangle in Figs. 4.17(a)/(c)/(e)). During discharges
158052 and 158055, the feedback controller is able drive the ¢ profile (red dashed line
in Figs. 4.17(a)/(c)) as close to the reference (blue line in Figs. 4.17(a)/(c)) as possible
across the entire spatial domain at the end of the current ramp-up phase. However,
as observed in the previously discussed experiments, the ¢ profile in the plasma core
was not able to be driven all of the way to the reference in the feedback-controlled
discharges even though the feedback controller requested the maximum allowable neu-
tral beam injection power (Figs. 4.17(b)/(d)). Therefore, during discharge 158057,
the maximum allowable total auxiliary power that the feedback controller can request
is increased above the predicted L-to-H transition power (Fig. 4.17(f)). As shown in
Fig. 4.17(e), the ability to request additional neutral beam power results in the ability
to drive the ¢ profile closer the reference across the entire spatial domain at the end

of the current ramp-up phase during discharge 158057 compared to discharges
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Figure 4.17: Experimental testing of optimized feedforward + feedback control algorithm
to achieve ¢ profile target 3 during DIII-D shots 158052 (top row), 158055
(middle row), and 158057 (bottom row): (a)/(c)/(e) best ¢ profile target
matching, where the target (green circle) is ¢ profile target 3 shown in Fig.
4.1, the reference ¢ profile (Cntrl. Ref.) that the feedback controller was
attempting to follow at the time t = 0.439 s is shown by the blue line +
triangle and at the best target matching time is shown by the blue line, the
best ¢ profile matching to the reference (at the time t¢, i.e., rar(p,ty)) with
feedforward + feedback control is shown by the red dashed line, and the
best ¢ profile matching to the reference (at the time t¢, i.e., rar(p,ty)) with
feedforward control is shown by the black dash-dotted line, and (b)/(d)/(f)
total auxiliary power, where the applied L-H power limit (green X) is given by
(4.64) and the predicted L-to-H transition power (gold circle) is calculated
according to (4.19) by using the physically achieved line average electron
density. DIII-D shot numbers are indicated in the figures.
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158052 and 158055. As there is no transition to the H-mode operating regime in
this discharge, this suggests that the threshold power (4.19) is indicative (not a hard
limit) of transition. Finally, we see that a similar tracking performance is achieved
(in terms of the achieved ¢ profile and target matching) in all of the discharges, which
again shows that the addition of the feedback controller is able to improve the ability

to robustly achieve the target compared with feedforward-only control.

4.6 Conclusion

The reported advances demonstrate the potential physics-model-based profile control
has to improve the reproducibility of plasma startup conditions in L-mode scenarios
in the DIII-D tokamak by achieving a specified target ¢ profile at the end of the
current ramp-up phase of the discharge. Firstly, a numerical optimization algorithm
to design feedforward trajectories for the available actuators, subject to the plasma
dynamics as well as actuator, plasma state, and operating scenario constraints, that
steer the plasma through the tokamak operating space to reach a target ¢ profile was
developed. A unique characteristic of the feedforward trajectories obtained by solv-
ing the optimization problem is the regulation of the plasma current ramp-up rate
to achieve the target ¢ profiles. The optimized actuator trajectories were successfully
tested through simulation and subsequently tested in DIII-D experiments. The ex-
perimentally achieved ¢ profiles showed a good match to the desired target profiles in
the outer spatial region of the plasma. The experimental tests also indicated that the
current density diffuses towards the plasma core at a faster rate than predicted by the
model. Secondly, a robust feedback algorithm was synthesized to control the ¢ profile
dynamics to account for drifts due to external plasma disturbances. Experimental
results in DIII-D demonstrated the potential of the combined feedforward + feedback

controller to improve the ability to robustly achieve various different target ¢ profiles
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across the entire spatial domain at the end of the current ramp-up phase of the dis-
charge. The control scheme developed in this chapter is extended to reactor relevant,

high confinement (H-mode) scenarios in the DIII-D tokamak in next chapter.
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Chapter 5

Current profile and stored energy
control for the development and

sustainment of advanced scenarios

in the DIII-D tokamak

5.1 Introduction

A significant research thrust has been ongoing in the tokamak fusion community
to find advanced, high performance operating scenarios with the goal of developing
candidate scenarios for ITER [19]. These scenarios are characterized by a high fu-
sion gain, good plasma confinement, magnetohydrodynamic (MHD) stability, and a
noninductively driven plasma current. The development of these advanced scenarios
is experimentally explored by specifying the device’s actuator trajectory waveforms,
such as the total plasma current and auxiliary heating and current-drive (H&CD)
scheme, and analyzing the resulting plasma state evolution. This is conventionally

referred to as advanced plasma scenario planning. Traditionally, these feedforward
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actuator trajectories are developed through a substantial number of trial-and-error
attempts and based on extensive experience gained during operation of a particu-
lar device. Two plasma profiles/parameters that are often used to define a plasma
scenario are the safety factor profile (¢ profile), which is related to the stability and
performance of the plasma, and the normalized plasma beta (Sy), which is a measure
of the confinement efficiency of a particular plasma equilibrium.

In this chapter, the feedforward and feedback controllers designed in chapter 4
are extended to high confinement (H-mode) scenarios in the DIII-D tokamak. The
physics-based model developed in chapter 2 is embedded in a numerical optimization
algorithm to design feedforward trajectories for the available actuators (total plasma
current, auxiliary H&CD system, line average electron density) that steer the plasma
through the tokamak operating space to reach a target plasma state (characterized
by the ¢ profile and plasma fy) in such a way that the achieved state is as stationary
in time as possible. The proximity of the achieved plasma state to the predefined
target state is formulated into a cost functional to be minimized. Additionally, actu-
ator constraints, such as the maximum amount of auxiliary H&CD power and total
plasma current ramp rate, and plasma state constraints, such as the minimum value
of the ¢ profile (to avoid the onset of MHD instabilities that degrade the performance
of the plasma), are imposed on the solution of the optimization problem. The non-
linear, constrained, optimization problem is then to design actuator trajectories that
minimize the cost functional subject to the plasma dynamics and the actuator and
plasma state constraints. This optimization algorithm is developed to complement
the experimental effort of advanced scenario planning in the DIII-D tokamak.

Additionally, feedback controllers for ¢ profile and for simultaneous ¢ profile and
plasma stored energy control are designed following the approach presented in chap-
ter 4, with the goal of rejecting external plasma disturbances to sustain the developed

advanced scenarios. The auxiliary H&CD actuators on DIII-D considered in this
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chapter are 6 individual electron cyclotron (EC) and 6 individual co-current neutral
beam injection (NBI) sources, which are referred to by the names 30L/R, 150L/R,
and 330L/R, where L and R denote left and right lines, respectively. In the H&CD
scheme considered, the electron cyclotron (gyrotron) sources and the 150L/R NBI
lines are utilized as off-axis H&CD sources, while the 30L/R and 330L/R NBI lines
are utilized as on-axis H&CD sources. In the feedback control design, the individual
EC sources are grouped together to form 1 effective EC source for control. Both
the feedforward and feedback controllers are tested experimentally in DIII-D. The
experimental tests demonstrate the potential physics-model-based profile control has
to provide a systematic approach for the development and robust sustainment of ad-
vanced scenarios, as well as provide insight into physics aspects important to robust
scenario execution. The ¢ profile (not including energy control) feedback controller
is shown to be able to effectively control the ¢ profile when [y is relatively close
to the target, indicating the need for integrated ¢ profile and Sy control to further
enhance the ability to achieve robust scenario execution. Through simulations with
the physics-based model developed in chapter 2, the ability of the combined ¢ profile
and stored energy feedback controller to track a desired target is demonstrated.
This chapter is organized as follows. In section 5.2, the actuator trajectory opti-
mization problem is formulated. The optimization problem is solved by employing the
sequential quadratic programming (SQP) technique [95], and the optimized actuator
trajectories are tested in DIII-D experiments in section 5.3. In section 5.4, a robust
feedback algorithm to simultaneously control the ¢ profile and stored energy is de-
signed. Experimental results in DIII-D are presented to demonstrate the potential of
the ¢ profile feedback controller (not including energy control) to improve the ability
to robustly achieve target plasma scenarios, and simulation results are presented to
demonstrate the ability of the combined ¢ profile and stored energy feedback controller

to track a desired target in sections 5.5 and 5.6, respectively. Finally, conclusions are
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discussed in section 5.7.

5.2 Scenario planning by feedforward actuator tra-
jectory optimization

The plasma parameters that characterize a tokamak operating scenario considered
in this chapter are the ¢ profile, the plasma [y and the plasma loop-voltage profile
(U,). The relationship these quantities have to the plasma poloidal magnetic flux (V)
and plasma stored energy (F) are described in section 2.6 and are repeated here for
convenience. The ¢ profile is related to the spatial gradient of the poloidal magnetic

flux and is defined as

dd dd Byop2p

q(ﬁ7t>:_d_\lj:_2ﬂ_dw:_aw/8ﬁa (51)

where t is the time and 1 is the poloidal stream function, which is closely related
to the poloidal magnetic flux (I = 2me). The normalized effective minor radius
p = p/py is the spatial variable employed to index the magnetic flux surfaces, where p
is the mean effective minor radius of the magnetic flux surface, i.e., ®(p) = 7By op?,
® is the toroidal magnetic flux, By is the vacuum toroidal magnetic field at the
geometric major radius Ry of the tokamak, and p, is the mean effective minor radius
of the last closed magnetic flux surface. The plasma [y is related to the plasma

stored energy and is defined as

aB¢70
I,[MA]

o _emEm
B ) Ba/Cw) 2]

B = B[]

where (; is the toroidal plasma beta [18], a is the plasma minor radius, [, is the total

plasma current, p is the plasma kinetic pressure, (-)y denotes the volume-average
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operation 1/V, [,,(-)dV, V is the volume enclosed by a magnetic flux surface, V, is
the total plasma volume, and i is the vacuum magnetic permeability. The loop-
voltage profile is related to the temporal derivative of the poloidal magnetic flux and
is defined as

Uy(p,t) = - = —27 27 (5.3)

5.2.1 Target plasma state: Cost functional definition

The objective of the actuator trajectory optimization algorithm is to design actuator
waveforms that steer the plasma from a particular initial condition through the toka-
mak operating space to reach a target state (defined in terms of the ¢ profile (¢'"(p))
and normalized plasma beta (54")) at some time ¢; during the plasma discharge in
such a way that the achieved state is as stationary in time as possible. As the poloidal
flux profile evolves with the slowest time constant in the plasma, if it reaches a sta-
tionary condition, i.e., U,(p,t) = constant, all of the other plasma profiles have also
reached a stationary condition. If U,(p,t) = 0, the total plasma current is completely

driven by noninductive sources and this is referred to as a “steady-state” scenario.

Therefore, the stationarity of the plasma state can be defined by the profile

ou,
ss Aat = Ap- 5.4
guep.0) = 5 (5.4

A stationary plasma state is reached when gs(p,t) = 0. Therefore, the proximity of
the achieved plasma state to the target state at the time ¢; can be described by the
cost functional

J(ty) = kssJos(ty) + kg Jy(ts) + Koy Jay (L), (5.5)
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where kg, kq, and kg, are used to weight the relative importance of the plasma state

characteristics and

Jo(ty) = / Wo(p) [d (p) — alp,ts)]” dp, (5.6)
Juulty) = /D W) (g 1) dp. 5.7)
Ton(t) = [BR" = B (ts)]”, (5.8)

where W, (p) and W,(p) are positive functions used to weight which portions of the

respective profiles are more important relative to the others.

5.2.2 Plasma state dynamics

In chapter 2, a general first-principles-driven (FPD), physics-based model of the
poloidal magnetic flux profile (and hence the ¢ profile and U, profile) evolution was
derived. The model was subsequently tailored to H-mode operating scenarios in the
DIII-D tokamak in section 2.8. The nonlinear, physics-based partial differential equa-
tion (PDE) model of the poloidal flux evolution tailored to DITI-D H-mode scenarios

is expressed as

0 . 10
B = b5 (100

) + i fecl uecl

+anb% 5) ts (8) + fos (5) ns8) (g—ﬁ) | (5.9)

with boundary conditions

o _0
09 5o o

= —kyup(t), (5.10)

204



where f,,, fec:, fubi;» and fys are defined in (2.85), D,, pertains to the magnetic con-
figuration of a particular plasma equilibrium, n.. and n,;; are the number of electron
cyclotron microwave launchers and neutral beam injectors, respectively, and k;, is a
geometrical constant defined in (2.83). The diffusivity (u,), interior (Uec;, Unpi;s Ups),

and boundary (uz,) control terms are expressed as

= [L,(t) Pt (1)1 (t) " o

uecl - []p t -Ptot ne<t>_1

1

p

(t) ]
(t) ]

Uiy (1) = [L(0) Pron (1) PR ()] Re(t) ™ Py (1),
(1) ]

ubs t Ptot 1 2ﬁe(t>71

un () = L), (5.11)

where

Nec Nnbi

Ptot( - ohm + Z PecI + Z Pnbll rad( )7 (512>

is the total power injected into the plasma, P, (t) is the ohmic power, P..,(t) and
Py, (t) are the individual gyrotron launcher and neutral beam injection powers, re-
spectively, P,qq(t) is the radiated power, and 71.(t) is the line average electron density.
The evolution of the plasma stored energy (and hence the plasma [y) is given by

(2.59) and repeated here for convenience as

dFE E
el S ) 5.13
dt TE(t) ¢ t( ) ( )

where Tg(t) is the global energy confinement time. The energy confinement time
scaling used in this work is the IPB98(y,2) scaling law [132].
We now spatially discretize the infinite dimensional PDE (5.9)-(5.10) by employing

a finite difference method to simulate the physics-based model. The non-dimensional

205



spatial domain of interest (p € [0, 1]) is represented by m, discrete nodes. After
spatially discretizing (5.9) and taking into account the boundary conditions (5.10),
we obtain a nonlinear finite dimensional ordinary differential equation (ODE) model

defined by
= fuldu), (5.14)

where ) = [, ... ,wmw_l]T € R™ is the magnetic state vector, ¢;, fori = 2,...,my—
1, is the value of 1) at the i-th node, u = [Pec,, ..., Pec,,. Pabis» - - - s Pbiy, 5 Tle, L) e
R™e<t is the control input vector, nge = Nec +Mnpi +2, fip € R™ is a nonlinear function
of the plasma magnetic states and control inputs, and n, = m, — 2. By defining the

plasma state vector as

T = e RMv+D), (5.15)
we can write the magnetic and kinetic state dynamics as

i = Efww’ Y = Fy p(z,u) € RO+, (5.16)
_K(t) + Piot(z, 1)

By employing a fully implicit numerical scheme, we can integrate (5.16) in time, i.e.,
= FQ/,,E(:L’]H_l, Uk), (517)

where x; and wu; denote the state and control input, respectively, at the time step
tr, Tr1 denotes the state at the next time step tx,1, and At is the simulation time
step. The magnetic and thermal state evolution can be obtained by iteratively solving

(5.17) at each time step from a given initial condition at time tg, i.e., xg = (o).
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5.2.3 Control actuator trajectory parameterization

The individual control actuator trajectories are parameterized in the same fash-
ion as described in section 4.2.3, and the parameterization is repeated here for
convenience. The trajectories of the i-th control actuator (u;) are parameterized
by a finite number of parameters (n,,) at discrete points in time (¢,,), i.e., t,, =
[to,t1, ...ty ..., tg = tg] € R™i. During the time interval t € (¢y,t541) the i-th con-
trol input is determined by linear interpolation as u;(t) = w; (tx)+{w; (tre1) — wi(te)] (t—
tr)/(tk+1 —tx). By combining all of the parameters utilized to represent each individ-
ual actuator trajectory into a vector

N_ 1 Tpy 1 i 1 Npn +
0= up, ™ U Uy U | (5.18)

17

~ tot : 1 1
where § € R"" and n/" = 3 (' n,,, the parameterized control actuator trajectories
are given by

u(t) = TI(t)0, (5.19)

where II(t) € R™*"" is a piecewise linear function of time. Some of the parameters
in the vector (5.18) may be chosen to be fixed due to the desire to obtain an operating
condition at the time ¢; with a specific set of characteristics (a final plasma current
(I,(ty)) and/or line average electron density (7n.(tf))), or to provide the ability to
acquire diagnostic data (constant power in a neutral beam injector). Therefore, the
subset of free parameters in the vector (5.18) can be combined into a vector of to-be-

optimized parameters which we define as 6 € R where n,,, < n/.
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5.2.4 Actuator constraints

The actuator magnitude constraints are given by

I < L(t) < I, (5.20)
Pmin < P (1) < P =1, Nee (5.21)
P < P (1) < PRI =1, Ny (5.22)

where (-)™" and (-)™** are the minimum and maximum limits, respectively. The

actuator rate constraints are defined by

’ dl /
d
~ “p,max < d_tp < I;)L,maam (523)
where I]‘i/max and [glmw are the maximum total plasma current ramp-down and ramp-

up rates, respectively. The actuator constraints (5.20)-(5.23) can be combined to-
gether and written in terms of the to-be-optimized parameters 6 in a compact matrix

form as

Alimg < plim. (5.24)

5.2.5 Plasma state and MHD stability constraints

The MHD stability limit related to the plasma magnetic states considered in this

work is expressed as

where gin(t) = min{q(p,t)} and ¢/ is a constant chosen to be slightly greater than
one to avoid the onset of sawtooth oscillations [18]. In order for the plasma to remain

in the H-mode operating regime, the net power across the plasma surface, P,.;, must
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be greater than a threshold power, Py eshoid, i-€-,

Pnet(t) Z -Pthreshold(t)a (526)
where
dE FE
Pnet:Pot__: X 5.27
t( ) t t( ) dt TE(t) ( )

and the threshold power is given in [143,144]. The final MHD stability limit considered

in this work is given by

77L€20<t> S ng(t), (528)

where 7i.90(t) is the line average electron density evaluated in units of 10 m™® and
L (1) [MA]

ng(t) = 2 (5.29)

is referred to as the Greenwald density limit [147]. We next chose to formulate the
constraints (5.25)-(5.26) as integral constraints [145], which provides the ability to
reduce the number of constraints imposed on the optimization problem solution. An

example of this is given for the constraint (5.25) as

, ty .
Cf]zm = / maX{07 Qﬁ% - Qmm(t)}dt S 0. (530)
to

The MHD stability constraint (5.26) can be written in the form of (5.30) and combined

together and written in a compact matrix form as
ca((t)) < 0. (5.31)

As the MHD stability constraint (5.28) depends directly on the to-be-optimized pa-

rameters 6, it is included in the formulation of the actuator constraints (5.24).
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5.2.6 Optimization problem statement and solution method

The nonlinear, constrained, actuator trajectory optimization problem is now to de-
termine the to-be-optimized parameters ¢ that minimize the cost functional (5.5)
subject to the plasma dynamics (5.16), the control actuator trajectory parameteriza-
tion (5.19), the actuator constraints (5.24), and the plasma state and MHD stability

constraints (5.31). This optimization problem is written mathematically as
min J(t) = J(i(ty).xlty)) (5.32)
such that

T = F¢7E(x,u),
u(t) = T1(t)6,
Aifm9 < bﬁfm,

(1)) < 0. (5.33)

We solve this optimization problem by employing sequential quadratic programming
(SQP) [95] as in section 4.2.6. An overview of the SQP technique is provided in

Appendix E.

5.3 Design and experimental testing of optimized
feedforward trajectories

We now solve the actuator trajectory optimization problem (5.32)-(5.33) to reach a
target plasma state (such that the achieved state is in a stationary condition) at a

time ¢y during the plasma discharge by employing the SQP solution method. The
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optimization is carried out over the time interval t,,; =t € [to, 1] = [0.5,3.0] s. We
begin by parameterizing the i-th actuator trajectory by n,, = 6 discrete parameters at
the time points t,, = [0.5,1.0,...,3.0] s. Next, the components of the total parameter
vector (5.18) that are fixed, or not-to-be optimized, are chosen as discussed in section
5.2.3. Firstly, the total gyrotron power, P..,,(t), is chosen to be evenly distributed
amongst the individual gyrotron launchers. Additionally, as the gyrotrons have a
limited amount of total energy they can deliver in a plasma discharge, they are set
to be inactive during the time interval ¢ € [0.5,2.5) s so they have the potential to be
used at full power for the remainder of the discharge. Secondly, in order to acquire
diagnostic data to reconstruct the ¢ profile, the 30L/R neutral beam powers are fixed
at a constant 1.1 MW. Thirdly, density control is challenging in experiments due to
large particle recycling at the tokamak wall and to the difficulty of pumping particles
out of the machine. Therefore, the line average electron density trajectory is chosen
to not be optimized and is specified as follows: linearly ramped-up from an initial
value of 71.(0.5) = 2 x 10! m™3 to a final value of 7.(2.0) = 4.2 x 10’ m™ and then
held constant. Finally, all of the actuator values at the initial time ¢y = 0.5 s and the
value of the total plasma current at the time ¢t; = 3.0 s are chosen to be fixed, i.e.

they are not optimized. The vector of to-be-optimized parameters is then given by

0 = [Peqot(2~5)v Pectot<3'0)’ Pnbii(1‘0)7 s

P (3.0), I,(1.0), ..., I,(2.5)], (5.34)

where ¢ € [150L/R,330L/R], respectively. The value and shape of the ¢ profile in
the center of the plasma (typically in the spatial domain p € [0,0.4]) is important to
achieving and maintaining high performance plasmas [61,62]. As a result, the weight
function W,(p) in (5.6) is chosen to place more emphasis on achieving the target g

profile in the inner region of the plasma (p € [0,0.4]) relative to the outer region.
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Figure 5.1: Optimized and physically achieved (DIII-D shot 154684) actuator trajectories:
(a) total plasma current, (b) total electron cyclotron power (set to be inactive
during the time interval ¢ € [0.5,2.5) s because of the limited amount of total
energy the gyrotrons can deliver in one discharge), and (c-f) individual neutral
beam injection powers. Actuator limitations (either in regulation or faults)
are indicated in the respective figures. Additionally, the actuator magnitude
(solid green) and rate (dash green) limits applied on the optimization problem
solution are also shown. The actuator trajectories are represented by a finite
number of parameters (optimized parameter denoted by red o) and the associ-
ated actuator trajectories (red - - line) are determined by linear interpolation
during the time intervals between the individually optimized parameters.

The optimized parameters (5.34) (and associated actuator trajectories) deter-
mined by solving the optimization problem (5.32)-(5.33), with the target plasma
state (¢""(p) and 5%") chosen to be the ¢ profile and Sy experimentally achieved at
3.0 s in DIII-D shot 150320, are shown in Fig. 5.1. Firstly, the total plasma current
is ramped up at the maximum allowable rate, which is set to avoid triggering tear-
ing modes due to a loss of magnetic shear near the plasma boundary, and exhibits
a slight overshoot before settling to the specified final value. Secondly, the off-axis

neutral beam power (P, is gradually increased up to the maximum allowable

bi150L/R)
value during the time interval ¢ € [1.5,3] s to set up a stationary plasma state with
off-axis auxiliary current drive, which is needed to achieve the target ¢ profile in the

plasma core. Thirdly, the maximum amount of electron cyclotron power is injected

into the plasma with the same objective, as well as to reach the target Sy. Finally,
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Figure 5.2: H-mode threshold (5.26) and density limit (5.28) conditions achieved with
the actuator trajectories shown in Fig. 5.1 that are obtained by solving the
optimization problem (5.32)-(5.33).

a moderate amount of on-axis neutral beam power (P, is injected into the

bissox.)
plasma during the time interval ¢ € [2,3] s to set up a stationary state before settling
to a relatively small amount that is needed to achieve the target Sy. As shown in
Fig. 5.2, the optimized actuator trajectories satisfy the H-mode threshold (5.26) and
density limit (5.28) constraints that are imposed on the solution of the optimization
problem (5.32)-(5.33).

The actuator trajectories shown in Fig. 5.1 were tested through simulation with
the physics-based model of the plasma dynamics tailored to DIII-D H-mode scenarios
(described in section 2.8) and experimentally in DIII-D during shot 154684. As the
optimized trajectories were designed to achieve a target plasma state at the time
ty = 3.0 s in such a way that the achieved state is as stationary in time as possible,
the actuator values were held constant from the time ¢ until the end of the discharge.
It is important to note that the optimized trajectories represent the references to the
dedicated control loops that command the DIII-D physical actuators, and as shown

in Fig. 5.1, the dedicated control loops were able to follow the requested trajectories

reasonably well. However, during DIII-D shot 154684, one of the gyrotrons faulted
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Figure 5.3: Simulated and experimental (DIII-D shot 154684) testing of optimized actu-
ator trajectories: (a-e) time traces of ¢ at p = 0.1,0.2,0.3,0.4,0.9, (f) time
trace of By, and (g-1) ¢ profile at ¢ = 3.0,4.0, and 6.0 s. The solid green line
denotes the onset of MHD instabilities during DIII-D shot 154684. Approx-
imate error bars for the measured ¢ profiles (obtained from rtEFIT [11]) are
shown by the gray-shaded regions.

at approximately 3.8 s, the 150R neutral beam injector was saturated at its upper

limit after 2.75 s, and the control loop commanding the 150L neutral beam injector

was not able to follow the request after 2.5 s.

Time traces of ¢ at various radial locations, a time trace of Sy, and a comparison

of the target, physics-based model predicted, and experimentally achieved ¢ profiles

at various times is shown in Fig. 5.3. As shown, the optimized trajectories were

able to drive the experimental plasma as close as possible to the desired stationary ¢

profile at 3.0 s. However, at 2.3 s, MHD instabilities developed and persisted for the

remainder of the discharge. The MHD instabilities degraded the plasma confinement

characteristics (shown in the immediate reduction of Sy once the modes develop)

and resulted in the inability to experimentally achieve the target Sy and maintain
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the target ¢ profile in the plasma core after 4.0 s. However, through simulation with
the physics-based model, it was shown that the optimized trajectories were able to
steer the simulated plasma to the stationary target in the absence of MHD modes.
Finally, note the excellent agreement between the simulated and experimental ¢ profile
evolution during the time interval ¢ € [0.5,4.0] s, which provides confidence in the
ability of the physics-based model to satisfactorily predict the evolution of the plasma
for control algorithm design purposes.

As a result of the MHD instabilities that developed during the experimental test
of the optimized trajectories, the target Sy was not able to be achieved and the
target ¢ profile was unable to be maintained in a stationary condition. Therefore
to compensate for external disturbances (such as a reduction in confinement) and
actuation limitations (either in regulation or faults), the feedforward trajectories need
to be integrated together with a feedback control scheme, as discussed in the next

section, to improve the ability to robustly achieve plasma target conditions.

5.4 Feedback control design

5.4.1 Partial differential equation model of system dynamics

We begin the design process by converting the physics model that describes the
poloidal magnetic flux profile evolution in the tokamak (the magnetic diffusion equa-
tion) into a form suitable for control design. The magnetic diffusion equation is given

in (2.45) and restated here for convenience as

o _ (T 19
ot Mopgﬁ2ﬁaﬁ

%
Ip

(ﬁﬁéﬁ] ) - RoHn(T) (s + os), (5.35)
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with boundary conditions given by

wl _, o
9p p=0 9p p=1

= —ky L,(t), (5.36)

where 7(p,t) is the plasma resistivity, T.(p,t) is the electron temperature, juu.(p,t)
is the noninductive current density provided by the auxiliary sources, and jys(p, ?)
is the noninductive current density provided by the bootstrap current [60]. The
parameters F(p), G(p), and H(p) are geometric spatial factors pertaining to the
magnetic configuration of a particular plasma MHD equilibrium (defined in (2.44)).
The total auxiliary current drive is generated by the gyrotron launchers and neutral
beam injectors. The auxiliary gyrotron and neutral beam current drives are pro-
portional to the current-drive efficiencies T,/n, and /T, /n., respectively, where n,
is the electron density. The bootstrap current is proportional to the inverse of the

poloidal flux gradient profile multiplied by the kinetic plasma profile gradients, i.e.,

Jos o< (00/0p)Hne 887;; + Teaa%e]. We chose to model the kinetic plasma parameters
(electron density, electron temperature, and plasma resistivity) as a nominal model
plus a bounded uncertain model. We then employ robust control techniques [10] to
design a feedback controller that achieves a desired closed-loop performance while
guaranteeing that the controller maintains closed-loop system stability for the range
of the kinetic plasma parameters captured by the uncertain models.

Towards this goal, we define ranges in which the electron density and temperature
profiles are expected to be in typical DIII-D advanced scenarios, which are shown

in Figs. 5.4(a-b). For feedback control design, these parameters are modeled as a

nominal profile plus a bounded uncertain profile, i.e.,

ne(p) = 1™ (p) + 1" (p)on,. (5.37)

Te(p) = T2 (p) + TE"(p)0r,, (5.38)
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Figure 5.4: Plasma parameter uncertainty ranges in DIII-D H-mode scenarios: (a) elec-
tron density, (b) electron temperature, and (c) plasma resistivity. Note: nom-
inal values (solid) and minimum/maximum values (dash).

where the nominal (nl°"™, T7°™) and uncertain profiles (n®"¢, T»"°) are defined in
terms of the maximum and minimum profiles shown in Figs. 5.4(a-b), with |07, | < 1
and |0,,| < 1. The plasma resistivity is inversely related to the electron temperature
(minimum resistivity is defined by the maximum electron temperature), and the re-
sistivity range is shown in Fig. 5.4(c). Additionally, the parameters /T, and 1/n,
(note that jup, o< v/T./n. and j.. < T./n.) are related to the electron temperature

and density, respectively. For feedback control design, these parameters are modeled

as

n(p) = """ (p) + 1" (p)6r. (5.39)
VT.(p) = T (p) + T2 (p)dr. (5.40)
1/ne(p) = n®™ (p) + 0" (p)dn.. (5.41)

. / / . / /
where the nominal (™™, T™™  n*™) and uncertain (n"¢, T""¢ n%<) profiles are

defined in terms of the maximum and minimum profiles shown in Fig. 5.4.

From (5.1), we see that the ¢ profile is inversely related to the spatial gradient of

the poloidal stream function, which we define as

i
95

0(p, 1) (5.42)
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By combining the magnetic diffusion equation (5.35) with the noninductive current-
drive models (auxiliary and bootstrap) and the models (5.37)-(5.41), and after some
mathematical manipulations, we obtain the PDE governing the evolution of 8 that is
used for feedback control design, which is expressed as

00 020

00
a = [qm + qn45Te] (9_,52 + [qm + q”]56Te] 6_,5 + [qn3 + q7I65Te] 0

+3 g+ Wi, + Koz, + 107,60, + midF, + pi67, 0, | Pit)

)

1\? 00
_ [gbs + hbséne + kbsdTe + lbg(sTe(Sne + mbsd%e + pbsd%edne} (5)
[ ghe + BB + K, 4 5100+ 8+ a2 6] (

with boundary conditions
0(0,t) =0 0(1,t) = —kg, 1,(t), (5.44)

where i € {ecior, nbisoL/r, Nbi1sor/r, Missor/r }, the parameters g, (p), for j =1,...,6,
9:(p), hi(p), ki(p), Li(p), mi(p), pi(p), gos(D)s hws(D), Kus(D), los(), mus(p), pos(p) are
functions of space, (-) = d/dp, and P,(t) is the total gyrotron launcher power and the
individual neutral beam injection powers, respectively. See section 4.4.1 for an exam-
ple of how (5.43) is derived. Additionally, for feedback control design, we approximate
the plasma stored energy dynamics (5.13) as

% A O —%Jr;mt), (5.45)

TE

where P, is the total auxiliary heating power. In (5.45), we have neglected the ohmic
and radiated power to simplify the feedback control design as they are typically small

compared to the auxiliary heating power in the scenarios considered.
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5.4.2 Model reduction via spatial discretization

We spatially discretize the governing PDE (5.43) by employing a finite difference
method, where the spatial domain of interest (p € [0, 1]) is represented as my nodes,
to obtain a model suitable for tracking control design. After spatially discretizing
(5.43) and taking into account the boundary conditions (5.44), we obtain a nonlinear,

finite dimensional, ordinary differential equation model defined by
0 = fo(6,u,9), (5.46)

where § = [02,...,0m,—1]" € R™ is the magnetic state vector, 6;, fori = 2,... ,mp—1,

is the value of € at the i-th node, u = [P.,,,,, PnbigoL/Ra Pnbi15oL/R7 PnbigsoL/Ra Ip]T € R¥is

] e

the input vector, the uncertain parameter vector is § = [(5Te, Ones 0T, On, 5%6, (5%6 On,
R5, fy € R™ is a nonlinear function of the plasma magnetic states, control inputs,

and uncertain parameters, and ny = my — 2. By defining the plasma state vector as

r= [é, E] € R we can write the magnetic and kinetic state dynamics as

f@(éa Uu, 5) 1
i = E = Fyp(r,u,d) € RMoHD, (5.47)

7
-+ -1 Uy,
TE(t> Zz_l

Linearizing (5.47) with respect to the state and control input around a nominal equi-

librium point (g, Ueq, 0), we obtain a linear time-invariant (LTI) model given by

i = A% + Bug, + ds,

y = CT+ Duy, (5.48)

219



Ak .
p ¥ — Eglui‘gl/z
Up ¥a rs
+ +

> Rkl[iyg > P + > z:lu’;ql—[? — > Wp ﬁ'zi

d | up ¥y ¥

uj:bs g( -

> W, —> 7,

Figure 5.5: Schematic of control problem formulation for simultaneous 6 profile + E feed-
back control design in DIII-D H-mode scenarios.

with

5 5
A=A+ > 6mAn  B=By+ Y 0nBu,

m=1 m=1
5 5
C=Co+ > 6mCn  D=Do+ > 6nDn, (5.49)
m=1 m=1

where Z(t) = x(t) —Zeq, usp(t) = u(t)—ue, is the output of the to-be-designed feedback
controller, ds = Fp p(Teq, Ueg, ), A and B are the Jacobians 0Fp p/0x € Rme+D)x(net1)
and OF) p/Oou € RMe+DX8 yespectively, evaluated at (weq,Ueq, 6), A; and By, for
1 = 0,...,5, are the components of the matrices A and B, respectively, Cy is an

(ng + 1) x (ng + 1) identity matrix, Dy =0, and C; =0 and D; =0, for j =1,...,5.

5.4.3 Manipulation of dynamic model into robust control

framework
By exploiting the structure of the of the state matrices in (5.49), the feedback system
(5.48) can be written in the conventional P — A control framework (shown in the

light purple box in Fig. 5.5), where P is the generalized plant and A = diag{dr., d,. }

is a structured uncertainty matrix, by employing the method outlined in [138]. The
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system input-output equations in this framework are

ya = Priua + Praug,

y = Parua + Paouygy +d, (5.50)

where Py, Py, Py, and Psy are the component transfer functions of the generalized
plant P that are related to the system outputs (ya,y) and inputs (ua,us), respec-
tively, and d represents the effect that the disturbance ds has on the system outputs.

An overview of the employed technique is provided in Appendix A.

5.4.4 FEvaluation of relevant control channels

In order to acquire diagnostic data that is needed by the real-time EFIT (rtEFIT)
equilibrium reconstruction code [11] to reconstruct the plasma ¢ profile for feedback
control, the 30L/R neutral beam powers need to be constant, and we do not utilize

them for feedback control, i.e., us, = 0 for P, As a result, we have six actuators

bizoL/R
to utilize in feedback, which implies we can independently control at most six linear
combinations of the system output. Therefore, we obtain the most relevant control

channels from the nominal input-output relation at a particular frequency jwg., which

is expressed as
§ = Goly, = Q7Y Gy RY 2ty = Q7YPUSVT R4, (5.51)

The decoupled output and input are denoted by §* = SUTQY?j and a0}, =
VIRY24p, ie., §° = %, The nominal system transfer function is expressed as
Go(s) = Cy (sl,, — Ao)f1 B+ Dy and G denotes the real approximation of the com-
plex matrix Go(jwg) [10,146]. The positive definite matrices @ € R(o+1)x(Mmo+1) apq

R € R%*¢ are utilized to weight the relative tracking performance and control effort.
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Figure 5.6: Relevant control channels for 6 profile + E control in DIII-D H-mode scenar-
ios: (a-b) output and (c) input. The decoupled output is defined as § = [y, ¥£]
where 7y are the outputs associated with the magnetic states and yg is the
output associated with the kinetic states. The feedback vector components

are Ufb = [Pectot7 P”bhsoL/R’ PnbigsoL/R’ Ip”fb where Ufb =0 for Pnbi:soL/R‘

Finally, the “weighted” transfer function Gy and its economy size singular value de-
composition (SVD) are defined as Gy = QY/2GyR~/2 = USVT, where ¥ € R6*6 jg
a diagonal matrix of singular values and U € R(™+1)*6 and V' € R%*® are matrices
that possess the following properties VIV = VVT = I, UTU = I, where I is a 6 X 6
identity matrix. 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. Quanti-
ties associated with the significant singular values are denoted by a subscript s for
the remainder of this chapter, i.e., (-)s. A detailed overview of the SVD technique
employed to evaluate the relevant control channels is provided in Appendix B.

The relevant control channels are shown in Fig. 5.6. The frequency to evaluate
the relevant control channels at is selected as wg. = 25 rad/s, which results in the
ability to exclusively utilize the total plasma current (I,) to control the ¢ profile near
the plasma boundary (2nd singular vector in Figs. 5.6(a) and 5.6(c)). Additionally,
by examining the third singular vector, we see that increasing the off-axis, co-current
electron cyclotron (P, ) and neutral beam injection (150L/R) powers (4, > 0 for
i =1,2,3 in Fig. 5.6(c)) and decreasing the on-axis, co-current (330L/R) neutral
beam injection power (s, < 0 for ¢ = 4,5 in Fig. 5.6(c)) results in the 6 profile

increasing (and hence the ¢ profile increasing) in the plasma core (y > 0 for p €
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Figure 5.7: Normalized total toroidal current density (defined in (2.91)) and normalized
330L neutral beam injection current density in DIII-D H-mode scenarios.

[0,0.5) in Fig. 5.6(a)).! Intuitively, the effect that increasing the off-axis, co-current
and decreasing the on-axis, co-current auxiliary current drive has on the ¢ profile
agrees with the control input directions in Fig. 5.6 as opposed to the nonintuitive
behavior observed in section 4.4.4. To further study this, the normalized total toroidal
current density and the normalized 330L neutral beam injection current density in
the considered DIII-D H-mode scenarios is shown in Fig. 5.7. As shown in the figure,
the normalized current density deposition profile for the 330L neutral beam source
exhibits a narrower distribution than the normalized total toroidal current density.
Therefore, increasing the on-axis, co-current (330L/R) neutral beam injection power
would result in an increase of the total toroidal current density in the plasma core (for
a fixed value of the total plasma current), which in turn would result in a decrease
in the ¢g-value (and hence the f-value decreasing) in the plasma core. This behavior
agrees with the control input directions in Fig. 5.6. See sections 2.6 and 4.3 for the

relationship the local current density amplitude has to the local ¢-value in tokamaks.

'The employed coordinate system results in the 6 profile having a negative magnitude. Therefore,
a positive perturbation to this profile will result in a 6 profile with a smaller magnitude in absolute
value, i.e., the resulting 6 profile will be less negative. This perturbation results in the ¢ profile
increasing as g oc =071,
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5.4.5 Feedback control problem formulation

It is desired that the output y be able to track a reference value r, therefore, we
define the tracking error as e = r — y. The feedback control problem is formulated as
shown in Fig. 5.5, where K is the feedback controller, the closed-loop system outputs
are Z1 = Wyeg and Zy = Wyuy, , and W, and W, are frequency dependent weight
functions used to optimize the closed-loop performance. The nominal performance

condition of the closed-loop system is expressed as

7z Ww,S —W, S T Ty
1 _ pPDCo pPDCo AL Tzw = min | ‘Tzwl ‘oo’ Vw,
Zy|  |WuKSpe, —WuKSpe,| |d: d: "

(5.52)
where Spo, = (I + S UTQV2 Py R7YV2V,K) ™, df = S71UTQY2d, and || - ||o de-
notes the H., norm. See section 3.6 for an example of how this nominal performance
condition is derived, and see Appendix C for an introduction to the design of feed-
back controllers by employing the H,, closed-loop shaping technique. The feedback
controller written in terms of the tracking error e and control input uy, is expressed

as

ii'fb = Afbl'fb + beEglUZQ1/2e,

up = R™VV,.Cyrpy + RV, Dp 271 UT QY e, (5.53)

where x, is the internal controller state vector and Ay, By, Cp, Dyp, are the state-
space matrices of the controller K that are determined by solving (5.52). The weight
matrix () utilized in the evaluation of the relevant control channels is chosen to place
more emphasis on achieving the target ¢ profile in the spatial regions p € (0,0.3] and
p € [0.85,1.0) as the g-value in these spatial regions intimately affects the stability

and performance of the plasma. To analyze the performance and robust stability of

224



n
o

o

|
n
o

|
IN
o

Magnitude (dB)
Magnitude (dB)

—-607

107 107 10° 10 10* 107 107 10° 10° 10* 10
Frequency (rad / sec) Frequency (rad / sec) Frequency (rad / s)

(a) (b) (c)

Figure 5.8: Singular values: (a) 1/W, and Spc, and (b) 1/W, and KSpc, and (c)
1(N11(jw)) versus frequency. The closed-loop robust stability condition is
defined as pu(N11(jw)) < 1, Vw [10].

6

the closed-loop system, the singular value diagrams of the inverse of the performance
weight functions and the achieved transfer functions Spc, and KSpc, are shown
in Figs. 5.8(a-b) and a plot of the structured singular value p(Ni;(jw)), which can
be computed due to the block-diagonal structure of the uncertainty matrix A, versus
frequency is shown in Fig. 5.8(c), where Ny, = PH—PlgR*l/QV;KSDCO E;lUSTQl/QPgl

is the closed-loop transfer function between ya and ua in Fig. 5.5.

5.5 Performance testing of ¢ profile feedback con-
trol algorithm in DIII-D experiments

In this section, we test the ability of the ¢ profile feedback control algorithm (not
including E feedback control) to reach, and subsequently maintain, a target safety
factor profile in H-mode experiments in the DIII-D tokamak. The ¢ profile controller
is designed by solely focusing on (5.46). To ensure the closed-loop system remains well
behaved in the presence of actuator magnitude saturation, the controller is augmented
with an anti-windup compensator [140]. See section 4.4.6 for an example of the
employed anti-windup scheme.

We employ the general framework for real-time feedforward + feedback control of

magnetic plasma profiles implemented in the DIII-D Plasma Control System (PCS)
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described in section 3.7.2 to test the control algorithm. The feedback control al-
gorithm designed in this chapter directly generates signals for the physical control
variables. Therefore the NL Trans. Switch is set to the right position in Fig. 3.8.
Also, the employed anti-windup scheme is designed to affect the output of the feed-
back portion of the controller. Therefore, the AW Switch is set to the left position
in Fig. 3.8. Finally, the feedback control algorithm is implemented with a sampling
time of 20 ms based on the modulation of the 30L/R neutral beam sources utilized
to acquire diagnostic data to reconstruct the ¢ profile (see sections 3.7.2 and 4.3,

respectively).

5.5.1 Reference tracking experimental testing of ¢ profile

controller

In a DIII-D discharge, robust tracking of a stationary target ¢ profile was obtained
in the presence of external plasma disturbances. In DIII-D shot 154359, the ¢ profile
feedback controller (not including E feedback control) was tested in a feedforward
+ feedback target tracking experiment. The target g profile (¢'"(p,t)) was obtained
from the ¢ profile achieved in DIII-D shot 150320 (¢*°(p, t)) as follows:

¢"“(p,t) = ¢**°(p, t) over t € [0.5,2.0] s,
- R . . t—2

4" (p,t) = (5, 2) + [q320(p, 5) — ¢2(p, 2)] ((5 — 2>) over t € (2.0,4.0) s,

" (p,t) = ¢°*(p, 5.0) over t € [4.0,6.0] s.

The feedforward component of the control input was chosen to be the actuator tra-
jectories achieved in DIII-D shot 150320. A key physics goal of plasma profile control
is to be able to robustly reproduce target scenarios and enable controlled variation of

specific characteristics of the profiles through feedback to better elucidate physics.
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Figure 5.9: Experimental testing of ¢ profile feedback controller during DIII-D shot
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qg at p = 0.1,0.3, and 0.9, and (g-i) comparison of actuator trajectories
(Prbi, i+ = Prbigsor + Prbiysor ). Approximate error bars for the measured ¢
profiles (obtained from rtEFIT [11]) are shown by the red-shaded regions.
Note: actuator limits denoted by green X.

A comparison of the target and experimentally achieved ¢ profiles at various times,
time traces of ¢ at various radial locations, and a comparison of the actuator trajec-
tories is shown in Fig. 5.9. As shown, the controller was able to drive the ¢ profile
to the target (specifically in the spatial regions where the tracking performance was
more heavily weighted (p € (0,0.3] and p € [0.85,1.0))) and achieve a relatively
stationary condition in the presence of perturbations in the initial conditions and ac-
tuator regulation disturbances. During the feedback-controlled discharge, the 30L/R
neutral beam injectors were utilized at a constant power (total of 2 MW) to acquire
diagnostic data while during the target discharge the power in these beams was in-
creased from a low value (total of 1.2 MW) to a high value (total of 3.2 MW) at

3.0 s. Also, during the feedback-controlled discharge, the 330L neutral beam injector
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and the gyrotron launchers were unavailable for feedback control due to errors in
the setup. The 330L NBI delivered a constant 1.9 MW of power in the feedback-
controlled discharge, and a constant 1.7 MW of power in the target discharge, during
the time interval ¢t € [2.5,6.0] s. In the feedback-controlled discharge, the gyrotrons
delivered a constant 1.6 MW of power during the time interval ¢ € [2.5,3.0] s and a
constant 1.2 MW during the time interval ¢ € (3.0,6.0) s. In the target discharge, the
gyrotrons delivered a constant 2.8 MW of power during the time interval ¢ € [2.5,6.0]
s. Additionally, the flattop line average electron density in the feedback-controlled
discharge was approximately 5% lower than in the target discharge during the ap-
proximate time interval ¢ € (3.7,5.4) s. The local g-value is roughly inversely related
to the local current density amplitude in tokamaks, i.e., a low ¢ profile is characterized
by a high current profile and vice versa. The controller utilized the total plasma cur-
rent to regulate the ¢ profile near the plasma boundary (Figs. 5.9(f) and 5.9(g)) and
modulated the mix of the on-and-off axis auxiliary current drives that were available
for feedback control to track the target ¢ profile in the plasma core (Figs. 5.9(d-e)
and 5.9(h-1)). Firstly, during the time intervals ¢ € [0.5,2.0] s and t € (4.0,5.0) s,
the g-value in the plasma core is above the target. In response to this tracking error,
the feedback controller decreases the off-axis neutral beam injection power (P, ; f)
and increases the on-axis neutral beam power (P, ) to track the target ¢ profile
in plasma core. Secondly, during the time intervals ¢ € (2.0,4.0] s and ¢ € [5.0,6.0] s,
the g-value in the plasma core is below the target. In response to this tracking error,
the feedback controller increases the off-axis neutral beam injection power (P, ; f)

and decreases the on-axis neutral beam power (P, ) to track the target g profile

bizzor
in plasma core. Finally, as shown in Fig. 5.10(a), the achieved Sy was relatively close
to the target even though it was not feedback-controlled. This resulted in a simi-

lar bootstrap current profile in both the target and feedback-controlled discharges as

shown in Fig. 5.10(b).
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Figure 5.10: Comparison of (a) Sy and (b) bootstrap current profile js (computed by
TRANSP [12]) at 4.0 s. The bootstrap fraction in the target discharge was
fvs = 38% and in the feedback-controlled discharge was fps = 39% at 4.0 s.
The bootstrap fraction is defined as fps = Ips/Ip, where Iy, = fol jbs(ﬁ)g—?dﬁ
and S is the poloidal cross-sectional area enclosed by a magnetic flux surface.

5.5.2 Disturbance rejection experimental testing of ¢ profile

controller

In another DIII-D discharge, rejection of a disturbance purposely introduced in the
initial ¢ profile was obtained exclusively through feedback actuation. In DIII-D shot
154692, the ¢ profile feedback controller (not including E feedback control) was tested
in a pure feedback disturbance rejection experiment. The ¢ profile evolution achieved
in DIII-D shot 154358 was chosen as the target. A significant disturbance (low relative
to the target) in the ¢ profile at 0.5 s (when the feedback controller was turned on) was
introduced to the plasma by delaying the time at which the plasma transitioned from
the low confinement (L-mode) to the high confinement operating regime. This delay
resulted in the inductive component of the plasma current profile diffusing in towards

the center of the plasma at a faster rate than in the target shot. The feedforward
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Figure 5.11: Experimental testing of g-profile feedback controller during DIII-D shot
154692: (a-c) ¢ profile at t = 0.5,3.5, and 5.5 s, (d-f) time trace of
q at p = 0.1,0.3, and 0.9, and (g-i) comparison of actuator trajectories
(Prbign = Prbissor, + Pubissor ) Approximate error bars for the measured ¢
profiles (obtained from rtEFIT [11]) are shown by the red-shaded regions.
Note: actuator limits denoted by green X.

component of the control input was frozen after 1.6 s, therefore, the achieved profile
regulation was obtained exclusively through feedback. Another important goal of
profile control experiments is to investigate the minimum number of variables that
must be controlled to achieve robust scenario execution.

A comparison of the target and experimentally achieved ¢ profiles at various times,
time traces of ¢ at various radial locations, and a comparison of the actuator trajec-
tories is shown in Fig. 5.11. As shown in the figures, the controller was able to reject
the effects of the initial condition error and drive the ¢ profile to the target during the
time interval ¢t € [0.5,3.5] s in the presence of actuator regulation disturbances. In
the feedback-controlled discharge, the gyrotrons were unavailable for feedback control

due to errors in the setup and did not deliver any power to the plasma, while in the
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Figure 5.12: Comparison of (a) Sy and (b) bootstrap current profile (computed by
TRANSP [12]) at 4.0 s. The bootstrap fraction in the target discharge was
fos = 39% and in the feedback-controlled discharge was fps = 27% at 4.0 s.
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target discharge, the gyrotrons delivered a constant 3 MW of power during the time
interval t € [2.5,6.0] s. Additionally, the flattop line average electron density in the
feedback-controlled discharge was approximately 5-10% lower than in the target dis-
charge during the approximate time interval ¢t € (3.0,5.0) s. The controller utilized
the actuators to regulate the ¢ profile across the spatial domain in the same way as in
the previously discussed feedback experiment (Figs. 5.11(d-1)). However, even though
the controller requested the maximum amount of off-axis auxiliary current drive dur-
ing the time interval ¢ € [4.0,6.0] s, the ¢ profile in the plasma core was unable to be
maintained at the target. As shown in Fig. 5.12(a), the achieved Sy was relatively far
away from the target during the time interval ¢ € (3.0,5.5] s. This resulted in a lower
bootstrap current profile in the feedback-controlled discharge relative to the target
as shown in Fig. 5.12(b). As the bootstrap current is an off-axis source of current,
a lower bootstrap current may have contributed to the inability to maintain the ¢

profile in the plasma core at the target during the feedback-controlled experiment.
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5.6 Simulation testing of integrated ¢ profile + E
controller

In the previous section, the ¢ profile feedback controller was shown to be able to
effectively control the ¢ profile when [y is relatively close to the target. This indi-
cates that an important aspect of achieving robust scenario execution is the need to
simultaneously achieve a target ¢ profile and [y. In this section, the ¢ profile + E
feedback controller (5.53) is tested through simulations based on the physics-based
model of the plasma poloidal magnetic flux profile and stored energy dynamics tai-
lored to DIII-D H-mode scenarios described in section 2.8. First, a target ¢ profile
and [y evolution is obtained by executing a feedforward-only simulation with the
control input trajectories and initial conditions (g(p,0.5) and Sy (0.5)) achieved in
DIII-D shot 150318. Second, a nominal ¢ profile and Sy evolution is obtained by
executing a feedforward-only simulation with a nominal set of input trajectories and
initial conditions. Finally, the ability of the algorithm to track the target evolutions
that are obtained from the first simulation is determined by executing a feedforward
+ feedback simulation with the nominal input trajectories and initial conditions that
are used in the second simulation. During the feedback-controlled simulation, the
controller is inactive during the time interval ¢ = [0.5,2.0] s. Simulated white noise is
added to both the feedforward + feedback and feedforward simulations, respectively,
to approximately replicate the noise level observed in the rt EFIT measurements dur-
ing DIII-D operations.

A comparison of the target, feedforward + feedback controlled, and feedforward
controlled ¢ profiles at various times, time traces of ¢ at various spatial locations,
and a time trace of the plasma [y is shown in Fig. 5.13. A comparison of the
control inputs is shown in Fig. 5.14. As shown in the figures, the controller is able to

drive the ¢ profile and plasma [y to the target evolutions once it becomes active at
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Figure 5.13: Simulation testing of ¢ profile + E feedback controller: (a-c) g profile at
various times, (d-h) time trace of ¢ at various spatial locations, and (i) time
trace of plasma Sy. The gray-shaded region indicates when the feedback

controller is inactive.

2.0 s in the presence of perturbations in the initial conditions and actuator regulation
disturbances. During the feedback-controlled simulation, the 30L/R neutral beam
injectors were utilized at a constant power while during the target simulation the
power in these beams was increased from a low value to a high value at 3.0 s (see Figs.
5.14(d-e)). Additionally, the flattop line average electron density was approximately
5-10% higher than in the target simulation (see Fig. 5.14(b)). In the feedback-
controlled simulation, firstly, the controller decreases the total plasma current to

eliminate the error in ¢ near the plasma boundary (see Figs. 5.13(g-h) and 5.14(a)).

Secondly, at approximately 2.5 s, the value of ¢ in the plasma core evolves below the
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Figure 5.14: Simulation testing of q profile + F feedback controller: Actuator trajectory
comparison (actuator limits in solid green). The shaded gray region denotes
when the feedback controller is not active. Note that the gyrotrons become
available at 2.5 s and the line average electron density and the 30L/R neutral
beam lines are not feedback controlled.

target value. In response, the controller decreases the on-axis auxiliary current drive

(Pubissor,n) and increases the off-axis auxiliary current drive (P, and P, ) to

bi1soL/R
track the target ¢ profile in the plasma core (see Figs. 5.13(d-f), 5.14(c), and 5.14(f-
i)). Finally, in order to track the target plasma [y while maintaining good tracking

of the ¢ profile in the plasma core, the controller slowly increases the on-axis auxiliary

heating (specifically Py, ) beginning at approximately 3.25 s.
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5.7 Conclusion

The reported advances demonstrate the potential physics-model-based profile control
has to provide a systematic approach for the development and robust sustainment
of advanced scenarios in DIII-D. These control algorithms also enable detailed study
of the accuracy and validity of the relevant models themselves and can help clarify
physics aspects important to robust scenario execution. A numerical optimization
algorithm was developed to complement the experimental effort of advanced scenario
planning in the DIII-D tokamak. At the core of the optimization algorithm is a non-
linear, physics-based, control-oriented model of the plasma dynamics. One direction
of future work is to extend the physics-based model by coupling the poloidal mag-
netic flux profile dynamics together with the distributed dynamics of the electron
temperature profile in order to better represent the effect the ¢ profile has on plasma
transport [59]. The optimized actuator trajectories were successfully tested through
simulation, and an experimental test in DIII-D demonstrated the ability of the opti-
mized trajectories to steer the plasma to a target stationary ¢ profile. However, as
observed in the experimental test, access to advanced scenarios can be limited by trig-
gering MHD instabilities. Therefore, another direction of future work is to formulate
additional plasma state constraints that can be imposed on the optimization problem
solution to maintain distance from critical MHD stability limits, such as classical and
neoclassical tearing modes.

As a result of the MHD instabilities that developed during the experimental test,
the optimized feedforward trajectories were not able to achieve the target Sy and
maintain a stationary g profile for the entirety of the plasma discharge. Therefore to
account for external plasma disturbances (such as a reduction in confinement) and
actuation limitations (either in actuator regulation or actuator faults), a feedback

control scheme was developed to control the ¢ profile. The ability of the ¢ profile
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feedback controller (not including energy control) to improve the ability to robustly
achieve plasma target conditions was tested in DIII-D experiments. The ¢ profile
controller was shown to be able to effectively control the ¢ profile when Sy is relatively
close to the target. Therefore, these experiments indicate that another important
aspect of achieving robust scenario execution is the need to simultaneously achieve a
target ¢ profile and Sy. Through simulations, the ability of an integrated ¢ profile and
stored energy feedback controller to track a desired target was demonstrated. Another
direction of future work is to experimentally test the performance of the combined ¢
profile and stored energy controller in DIII-D experiments. The development of these
profile control capabilities may not only help achieve physics objectives on DIII-D,
but will also help evaluate a control scheme that potentially can be utilized in future
experiments and fusion power plants. The control scheme developed in this chapter
is readily adaptable to a given operating scenario in a given machine of interest, as
discussed in the following chapters, due to the strong first-principles dependence of

the modeling and design approach used to synthesize controllers.
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Chapter 6

Simultaneous closed-loop control of
the safety factor profile and stored

energy in burning plasma scenarios

in the ITER tokamak

6.1 Introduction

The next phase of tokamak development is the ITER tokamak project [3]. ITER
will be the first tokamak device to produce a significant amount of fusion power
and hence be the first machine to explore the burning plasma operating regime.
The current profile in the tokamak is intimately related to the plasma stability and
energy /particle transport, and the plasma stored energy is intimately related to the
amount of generated fusion power. As the current profile and the kinetic state of the
plasma are tightly coupled, integrating methodologies for current profile control with
strategies to control the kinetic state of the plasma is crucial to enabling stable plasma

operation and maintaing a desired level of produced power. With this objective in
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mind, in this chapter, an integrated physics-model-based feedback control algorithm
is designed to track target safety factor profile (¢ profile) and stored energy evolutions
in high confinement (H-mode) burning plasma scenarios in ITER.

The auxiliary heating and current-drive (H&CD) actuators on ITER considered
in this chapter are three independently configurable electron cyclotron (gyrotron)
launchers, one ion cyclotron launcher, and co-current-injection neutral beam launch-
ers. In the considered operating scenarios, the neutral beam launchers are configured
to inject particles at the same off-axis radial location, therefore, we group them to-
gether to form 1 effective neutral beam launcher for control. Additionally, the ion
cyclotron launcher is configured to provide only heating power to the plasma. As
a result, we design the feedback algorithm with a two loop structure. The first
loop utilizes the total plasma current and exclusively the current-drive capabilities
of the gyrotron and neutral beam launchers to control the ¢ profile, and the second
loop utilizes the ion cyclotron launcher to control the stored energy. This approach
does not take into account the physical effects the actuators have on the ¢ profile
dynamics through plasma heating, which specifically affects the ¢ profile evolution
through resistive diffusion, auxiliary current-drive efficiency, and bootstrap current
drive. Therefore, we employ the first-principles-driven (FPD), physics-based model
of the plasma magnetic profile and stored energy evolution developed in chapter 2 to
study the effect this unutilized control direction (pure plasma heating) has on the ¢
profile dynamics in the considered H-mode ITER scenarios.

This chapter is organized as follows. In section 6.2, the effect that pure plasma
heating has on the ¢ profile is investigated. An integrated feedback algorithm to
control the ¢ profile and plasma stored energy is designed in section 6.3. The g pro-
file portion of the feedback algorithm is designed to be robust to uncertainties in

the electron density, electron temperature, and plasma resistivity. In section 6.4 the
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feedback control algorithm is successfully tested in both reference tracking and dis-
turbance rejection simulations with the physics-based model developed in chapter 2.
The ability of the two control loops to interact together effectively is demonstrated
by first tracking a nominal target, and then modulating the generated fusion power
while maintaining the ¢ profile in a stationary condition. Finally, a summary and
discussion of some of the key practical issues investigated in this chapter for plasma

profile control in ITER are presented in section 6.5.

6.2 Plasma heating effect on the safety factor pro-
file

We first investigate the effect that pure plasma heating has on the safety factor profile
in H-mode ITER scenarios using the physics-based model described in section 2.9. In
order to illustrate the effect that the electron temperature, and hence the effect pure
plasma heating, has on the ¢ profile dynamics, we briefly describe the physics-based
model. See chapter 2 for a detailed derivation/discussion of the models. The ¢ profile
is related to the plasma poloidal magnetic flux profile and is defined in (2.90) and
repeated here for convenience as

. d® _ Byopip

W)= =00 = " aujap (6.1)

where t is the time and 1 is the poloidal stream function, which is closely related to
the poloidal magnetic flux ¥ (¥ = 27¢)). The spatial coordinate p = p/py 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) = wBsop?, @ is the toroidal magnetic
flux, By 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
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flux surface.
The evolution of the poloidal magnetic flux in a tokamak plasma is given by the

magnetic diffusion equation (2.45) and is restated here for convenience as

W () 13<AAM3¢) - .
- — ~ A FGH N + R H Te nis 62
O~ popiF? 50 p 95 oHn(T.)j (6.2)

with boundary conditions

oy oy

—(0,2) =0 —(1,t) = =k, I,(t), 6.3

ap ( ) ap ( ) IP p( ) ( )
where 7 is the plasma resistivity, 7, is the electron temperature, pg is the vacuum
magnetic permeability, j,; is the total noninductive current density, k;, is a geometric
constant defined in (2.83), and I, is the total plasma current. The parameters F,
@, and H are geometric spatial factors pertaining to the magnetic configuration of

a particular plasma equilibrium (defined in (2.44)). The plasma resistivity scales

inversely with the electron temperature as

n(p,t) o< To(p, ). (6.4)

The total noninductive current is generated by the auxiliary sources and the bootstrap

current (a self-generated noninductive source of plasma current) [60], i.e.,

Nauz

i (D t) =G () + s (D) =D Jauwi (p:t) + Js(p: 1), (6.5)

i=1

tot

where ;%

is the total current density driven by the auxiliary sources, j,s is the
current density driven by the bootstrap current, jg,.; is the current density driven
by the individual auxiliary sources, and ng,, is the number of auxiliary sources. The

individual auxiliary current drives (electron cyclotron and neutral beam) are modeled
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as
To(

e (

1)
7t)

where Jg;j{“ is a normalized reference current deposition profile for the i-th auxiliary

=

jaux,i(ﬁa t) = Jgiﬁ,l(ﬁ) Paux,i(t)> (6'6)

»

source, the term T, /n. represents the current-drive efficiency, n,. is the electron den-
sity, and Fp,.,; is the ¢-th auxiliary power. The bootstrap current arises from the
plasma radial pressure gradient that is produced by the magnetic confinement and is

modeled as [134,135]
T,

o kskevRo (00 one
t) = —— 2 Te_A 2 € ~ | .
Jos(p: 1) 2 (3[3 L3 a5 +{2L31 + L3z + aLz}n a5 (6.7)

where L31, L32, L34, and « depend on the magnetic configuration of a particular
plasma equilibrium and kg = 1.602 x 1071¢ J/keV.

We investigate the effect that auxiliary heating has on the ¢ profile in the presence
of constant auxiliary current drive using the model described in section 2.9 by allowing
the plasma to evolve to a stationary state with physical actuator quantities of [, = 11
MA, P.., = Pu, = Poey = 4 MW (P, denotes the power injected through the
individual electron cyclotron sources), P, = 20 MW (P,;; denotes the total power
injected through the neutral beam injectors), and 7, = 7.35 x 10* m™ (7, denotes
the line average electron density) under low ion cyclotron heating conditions (P;. = 5
MW) and high ion cyclotron heating conditions (P;. = 20 MW). Note that the power
injected through the ion cyclotron launcher in ITER is constrained to the range
0 MW < P, < 20 MW. A comparison of the electron temperature and plasma
resistivity before and after the heating power is increased is shown in Figs. 6.1(a-b).
The increased heating power raises the electron temperature and lowers the plasma
resistivity as expected from (6.4). A comparison of the auxiliary, bootstrap, and
toroidal current density before and after the injected heating power into the plasma is

increased is shown in Figs. 6.1(c-e). The effect of increasing the electron temperature
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Figure 6.1: Comparison of stationary state plasma parameters in ITER at I, = 11 MA
with Pee; = Peey = Peey = 4 MW, Py = 20 MW, 72, = 7.35 x 10! m~3, and
P, =5 MW (solid) and P;. = 20 MW (dash): (a) electron temperature, (b)
plasma resistivity, (c¢) auxiliary current density, (d) bootstrap current density,
(e) toroidal current density, and (f) ¢ profile.

through plasma heating increases both the auxiliary and bootstrap current drives
as expected from (6.6) and (6.7). The decrease in the plasma resistivity and the
increases in both off-axis auxiliary co-current-drive and off-axis bootstrap co-current-
drive results in the toroidal current density decreasing in the spatial region p € [0,0.2)
and slightly increasing in the spatial region p € [0.2,0.4]. Note that as the total
plasma current remains constant, the increase in off-axis current density requires a

corresponding decrease in on-axis current density. The effect this shift in equilibrium
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Figure 6.2: Plasma parameter uncertainty ranges in ITER H-mode scenarios: (a) electron
density, (b) electron temperature, and (c¢) plasma resistivity. Note: nominal
values (solid) and minimum/maximum values (dash).

toroidal current density has on the ¢ profile is shown in Fig. 6.1(f), which shows
that pure plasma heating in the considered H-mode scenarios in ITER results in
approximately a 5% increase in the ¢ profile in the spatial region p € [0,0.2] with

a negligible change outside this spatial region. Therefore, the actuators used for ¢

profile control will attempt to counteract any ¢ profile disturbance that results from

plasma heating effects.

6.3 Feedback control design

6.3.1 Partial differential equation model of system dynamics

We begin by defining ranges in which the electron density and temperature profiles
are expected to be in typical ITER high performance scenarios, which are shown in
Figs. 6.2(a-b). We model these kinetic plasma parameters as a nominal profile plus

a bounded uncertain profile, i.e.,

ne(p,t) = " (p) + ne"(p)on. (1), (6.8)

Te(p,t) = T2 (p) + T"(p)or, (1), (6.9)
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where the nominal (nl°", T7°™) and uncertain (n"¢, T2"°) profiles are defined in
terms of the maximum and minimum profiles shown in Figs. 6.2(a-b) and dr, and §,,
are uncertain parameters that satisfy |67,| < 1 and |0,,,| < 1. As shown in (6.4), the
plasma resistivity is inversely related to the electron temperature, and the resistivity

range is shown in Fig. 6.2(c). Additionally, the parameter 1/n,. is related to the

electron density. These kinetic plasma parameters are modeled as

n(p,t) = n""(p) +n""(p)or. (1), (6.10)
1/ne(p,t) = npo™ (p) + ne™ ()6, (t), (6.11)
where the nominal (7™, n*™) and uncertain ("¢, n*') profiles are defined in

terms of the maximum and minimum profiles shown in Figs. 6.2(a) and 6.2(c), and
the plasma resistivity dependence on the electron temperature is modeled to first
order to simplify the control design process.

By combining the poloidal magnetic flux diffusion equation (6.2) with the models
of the noninductive current-drive sources (6.5)-(6.7) and the models (6.8)-(6.11), the

poloidal magnetic flux profile evolution is given by

a nom ’U/I’LC(S 1 a A A 8

oy _ (" 40" 0r) 1 A(,éFGH ¢)

ot pop 2 pOp ap
+ROH<nnom _"_ nu’fLC(ST6> (TeTLOm _"_ TE’UXHC(STE> {n;),om/ _'_ ngncl(sne}

XAred Py (8) + 1] Pecy (8) + 1] Pecy (1) + it Pan(t) }
k,JkengH(nnom + nuncéTe) (aw> —1
+ = oy
F op

0
X |21 (T2 + T2767,) 5= {ni" +mi™5,, )

P

0

+{2L51 + L3z + aLgg} {n)" +ny"%6,. } 95 {Tr™ + T, } |. (6.12)

From (6.1), we see that the safety factor profile is related to the spatial gradient of the
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poloidal magnetic flux. Therefore, if we are able to control the poloidal flux gradient

profile, which we define as

0(p,t) = 9v/0p(p, 1), (6.13)

we will be able to control the ¢ profile, assuming the system is indeed controllable.
By grouping like terms, expanding (6.12) using the chain rule, inserting (6.13) into
this expanded equation, and differentiating the resulting equation with respect to p,
the partial differential equation (PDE) governing the evolution of 6 is expressed as
00 020 00
a = [Qm + q7746Te] 5_,52 + [%72 + quéTe] 6_,6 + [qu + q7765Te] 0

+3 g+ Wi, + Koz, + 107, 6,, +midF, + pi67, 0, | Pi(t)

]

- [gbs + hbs5ne + kbs(STe + lbsdTedne + Tnbsd%‘i + pbsé%edne}

1
+[Gbs + MsOn. + KhsOr, + 107,00, + My, 07, + p}67, 00, | (5) . (6.14)
with boundary conditions
0(0,t) =0 0(1,t) = —kg, 1,(t), (6.15)

where i € {eci,ecy, ecs, nbi}, the parameters g, (p), for j = 1,...,6, g:(p), hi(p),
ki(p), Li(p), mi(p); pi(P)s Gus(P)s hws(P)s Kus(P), lus(P) mws(p), pos(p) are functions of
space, and (-)' = d/dp(-). See section 4.4.1 for an example of how (6.14) is derived.
The first-principles-driven model (6.14)-(6.15) contains the physics information of
how the control actuators, as well as the uncertain parameters d,,, and d7,, influence
the poloidal flux gradient profile dynamics, and the goal is to embed the physics into
the feedback controller by converting the physics information into a form suitable to

synthesize a feedback controller.
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6.3.2 Model reduction via spatial discretization

We next seek a finite dimensional ordinary differential equation (ODE) model of the
poloidal magnetic flux gradient profile dynamics to facilitate the synthesis of a feed-
back controller. An approximate ODE model is obtained by spatially discretizing the
governing infinite dimensional PDE (6.14) using a truncated Taylor series expansion
while leaving the time domain continuous [137]. The non-dimensional spatial domain
of interest (p € [0, 1]) is represented as my discrete nodes, and the spacing between the
nodes (Ap) is defined as Ap = 1/(my — 1). Central finite difference spatial derivative
approximations of order (Ap)? are used in the interior node region, 2 < i < (mg —1).
After applying the spatial derivative approximations to (6.14) and taking into account
the boundary conditions (6.15), we obtain a nonlinear approximate finite dimensional
ODE model defined by

= fo(x,ug, ), (6.16)

where x = [0, 0s,. .. ,Hme_l]T € R™ is the state vector, #; is the value of 6 at the
discrete spatial nodes, uy = [Pee,, Pecys Pecss Pubis Ip]T € IR’ is the control input vector,
6 = [07,,0n,,07,0n.,0%,,0% 6,.] € R® is the uncertain parameter vector, fy € R™ is
a nonlinear function of the model parameters, the system states, the control inputs

and the uncertain parameters, ng = my — 2 and
01(t) =0 Oy (t) = =k, Ip(1). (6.17)

Let wss(t), ugg,(t), and d5¢(t) be a set of feedforward system trajectories, which

satisfy

Trp = folTps,ups,, Off). (6.18)

We can obtain a model suitable for tracking control design by defining the pertur-

bation variables Z(t) = x(t) — x¢p(t) and ug, (t) = ug(t) — uyy, (t), where () is the
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Figure 6.3: Magnitude of maximum singular value versus frequency of the linear model
(6.19) along the nonlinear feedforward state and control input trajectories
xrp(t) and ugyp(t) for 6 = 0 and ds = 0.

deviation away from the feedforward state trajectories and ug, (t) is the output of the
to-be-designed feedback controller. Linearizing (6.16) with respect to the state and
control input and using (6.18), we obtain a linear time-variant (LTV) system given

by

5= 0h §:+% s, + ds, (6.19)
(@srupsq:0) Yal(asyugsy )
where dfy/0x € R™*™ and dfy/0u, € R™*5 are the system Jacobians, which de-
pend on the uncertain parameters d as well as the feedforward state and control input
trajectories, and ds = fo(xyss,uss,,0) — fo(@ss,uss,,05f). Figure 6.3 shows the max-
imum singular value versus frequency of the linear model (6.19) along the nonlinear
feedforward state and control input trajectories for § = 0 and ds = 0. As shown in the
figure, the dynamic response of the system is weakly dependent on the feedforward
state and input trajectories. Therefore, we evaluate the Jacobians at a specific feed-

forward state and input to obtain a linear time-invariant (LTT) model of the deviation

dynamics given by

i’ = Ai‘ —|— BUqu —I— d5,

Yy = Cz+ DUﬂ,q, (620)
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with

5 5
A=Ay+> 6nAw  B=DBy+ Y 0uBn.

m=1 m=1
5 5
C=Co+Y 0uCn D=Do+ Y 6uDn, (6.21)
m=1 m=1

where A and B are the Jacobians evaluated at a specific feedforward state and control
input, A; and B;, fori = 0, ..., 5 are the component matrices of A and B, respectively,
Cy is an ny X ng identity matrix, Dy = 0, and C; = 0 and D; =0 for j = 1,...,5.
In this chapter, we assume the plasma magnetic state is measurable and available
for feedback control. The state-space system (6.20)-(6.21) is referred to as a linear
uncertain system in the control theory literature, where Agy, By, Cy, and Dg represent
the nominal system and A,,, B,,, C,,, and D,, represent the influence each uncertain

parameter J,, has on the system.

6.3.3 Manipulation of dynamic model into robust control

framework

The relationship between the inputs and outputs of a linear state-space system is given
by the transfer function of the system G(s), i.e., y = G(s)ug, where G(s) = C(sl,, —
A)'B+ D, I,,, is an ny X ng identity matrix, and s denotes the Laplace variable. We
note that the nominal model will be coupled with the uncertain parameters in the
transfer function representation of the uncertain system (6.20)-(6.21). As a result, we
group the uncertain parameters into a block-diagonal structured uncertainty matrix
A = diag{dr., d,.} and write the system in the conventional P — A control framework
(shown in the light purple box in Fig. 6.4) by employing the method outlined in [138],
where P(s) is the generalized transfer function of the system, in order to separate

the uncertain parameters from the nominal parameters. If the transfer function P €
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Figure 6.4: Schematic of control problem formulation for 8 profile feedback control design
in ITER H-mode scenarios. The uncertain state-space system (6.23) is shown
in the light purple box. The blocks E;lUSTQl/2 and R~1/2V, are used to
obtain a decoupled relationship between the outputs and inputs of the system,
which allows us to design a square feedback controller K € RFs*ks — The
outputs of the closed-loop system are defined as Z; = W(s)e! € RFs and
Zy = Wu(s)u}bqs € R where W, € RF**s and W, € Rk:*Fs are frequency-
dependent weight functions.

Rar+n0)x(ar+5) where gr is the rank of the uncertainty matrix A, is partitioned as

Py P
p=" ", (6.22)

P21 P22

the input-output equations of the system are

ya = Priua + Praugy,,

y = Pouua + Proup, +d, (6.23)

where P, € R&>ar P, € RIT*3 Py € RWXIr Py, € RS gy € RIT, up €
R, y € R™, d € R™, and uys, € R®. The parameter d represents the effect the
disturbance ds has on the system outputs. The relationship between the generalized
transfer function P(s), the uncertainty matrix A and the transfer function G(s) is
given by

G(5) = Pa(s) + Por(s)A[I,, — Ppi(s)A] ™ Pia(s), (6.24)

249



where [, is a ¢r x ¢r identity matrix. By examining (6.24), we see the transfer func-
tion Py describes the nominal response of the system and the transfer functions Py,
Pys, and Py describe how the uncertain parameters affect the system. An overview

of the employed technique is provided in Appendix A.

6.3.4 Evaluation of relevant control channels

The target plasma state evolution is prescribed by a reference vector r(¢) and the
control objective is the drive the system output y(t) to the target evolution. Therefore,

we define the tracking error e(t) as

e(t) =r(t) —y(t). (6.25)

As the number of outputs (ngy) is larger than the number of inputs (5), the con-
ditions to bring the tracking error exactly to zero are typically not met. As a re-
sult, only five linear combinations of the output of the system can be independently
controlled, and we employ a singular value decomposition (SVD) of the nominal
state-space system Ay, By, Cy, Dy at a particular frequency to evaluate and decou-
ple the most relevant input-output control channels. The relationship between the
outputs y and inputs uy,, of the nominal linear state-space system is given by the
transfer function of the nominal system which is expressed as y = Go(s)uy,, where
Go(s) = Cy (sl,, — Ao)_1 By + Dy is the nominal transfer function.

The real approximation of the nominal input-output relation at a particular fre-
quency jwy. is expressed as

g = Gotigy,, (6.26)

where  denotes the relevant output, g, denotes the relevant input, and Gy denotes

the real approximation of the complex matrix Go(jwq.) [10,146]. In order to weight the
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Figure 6.5: Relevant control channels for 6 profile control in ITER H-mode scenarios: (a)
output and (b) input. Note the components of the control input vector are
defined as ug = [Pec,, Pecys Pecy, Prbis Ip]-

tracking performance and control effort, we introduce the positive definite weighting
matrices Q € R™*™ and R € R5*%, and we define the “weighted” transfer function Gy
and its economy size singular value decomposition as Gy = QY2G,R™/2 = USVT,
where ¥ = diag(oy, 09,03,04,05) € R is a diagonal matrix of singular values
and U € R and V € R%*® are matrices that possess the following properties
VIV =VVT =[,UTU = I, where I is a 5 x 5 identity matrix, and (-)” denotes the

matrix transpose. The input-output relation (6.26) is now expressed as
g _ Qfl/QéORl/Qaqu _ Qfl/ZUszRl/Qr&qu. (627)

The singular vectors of the basis for the subspace of obtainable output values
(§ = Q~Y2UX%y*), and hence the trackable components of the reference vector 7, as
well as the corresponding input singular vectors (i, = R 2Vﬁ’}bq) are shown in
Fig. 6.5, where ¢* and ﬁ}bq denote the decoupled input and output, respectively, i.e.,
gt = ﬁ?bq. It is reasonable to consider evaluating the relevant channels at a stationary
state, i.e., wge = 0 rad/s. Figure 6.6 shows the response of the nominal system
y = Go(s)ug, to a 1 MA step input in the total plasma current. As shown in the
figure, the response of the system is much slower in the plasma core compared to the

response of the system near the plasma boundary. Therefore, evaluating the relevant

control channels at a stationary state, i.e., using the total plasma current to control
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Figure 6.6: Response of the nominal state-space system y = Go(s)usp, to a 1 MA step
input in the plasma current. The system response is much faster near the
plasma boundary compared to the response in the plasma core.

the ¢ profile across the entire spatial domain, could lead to an undesirable transient
closed-loop system response. As a result, we select the frequency as wg. = 107! rad/s,
which allows us to utilize the total plasma current to control the ¢ profile near the
plasma boundary (1st singular vector in Fig. 6.5) and the gyrotron launchers and
the neutral beam injectors to control the ¢ profile near the center of the plasma (2nd
singular vector in Fig. 6.5 is related to the neutral beams and the 3rd-5th singular
vectors in Fig. 6.5 are related to the gyrotrons). Also, we note that the neutral beam
injectors have a broad influence on the ¢ profile while the gyrotron launchers have
a more localized effect on the g profile, which is consistent with the noninductive
current source profiles shown in Figs. 2.22(f).

As the magnitude of the singular value o; decreases, a larger amount of con-
trol effort is needed to produce a significant contribution to the profile. To avoid
spending a lot of control effort for only a small improvement in the value of the
tracking error (¢ =7 — § = Q" V2UL(#* — §%)), where #* = X'UTQ'Y?* € R® rep-
resents the trackable components of the reference, we can partition the singular val-
ues into ks significant singular values > and 5 — kg negligible singular values >,
and define the significant components of the reference, output, and input vectors as

= S]UTQVAE € RY, gr = S7'UTQY?g € RY, and 4, = V'RY?ap, € R,

s =
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where U, € R™*ks and V, € R%**s are the components of U and V associated with
the significant singular values. A detailed overview of the SVD technique employed

to evaluate the relevant control channels is provided in Appendix B.

6.3.5 Integrated feedback control synthesis

The feedback control objectives are to (i) maintain a small tracking error for any
external reference input, (ii) reject the effects of any external disturbance input, (iii)
utilize as little feedback control effort as possible, and (iv) ensure the closed-loop
system remains stable for all allowable perturbations A, i.e., the ranges of the kinetic
plasma parameters shown in Fig. 6.2, which is referred to as robust stabilization of
the system in the control theory literature. We aim to achieve these control goals
by controlling the relevant input-output channels of the system (6.23). This control
problem is shown in Fig. 6.4, where K is the feedback controller, Z; = Wyel, Z, =
Wuu}bqs, and W, and W, are frequency dependent weight functions used to optimize
the closed-loop performance. The nominal performance condition of the closed-loop

system is expressed as

Z1 _ WpSDCO _WpSDCO 7“: :Tzw 7“: ’ (628)
Zs W.KSpc, —Wu.KSpe,| |d* d

where Spe, = (Ii, + Y7UTQV? Py R™Y2V,K) ™" is the transfer function from the
reference signal 7 to the error signal e}, the function K Spc, is the transfer function
from the reference signal 7 to the feedback control signal u}, , and d; = SUTQYd.
See section 3.6 for an example of how this nominal performance condition is derived.
The frequency dependent weight functions W, (s) = diag{W,,} € R¥**s and W, (s) =

diag{W,,} € R*** are used to shape the closed-loop transfer functions and are
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parameterized as

W, (s) = (5/\/ M, + wpi)

(5/ v/ Moy + ) (6.29)

2 W, (s) = 3
(s + wp, Hz;kz) (s +wy, V H'Z;i)
where @ = 1,..., ks, and M,,, H, , wy,, My, H,, and w,, are design parameters.

Therefore, to achieve the performance conditions of the nominal closed-loop system,

the control problem is formulated as
min ||T |, Yo, (6.30)

where || - ||o denotes the Hy, norm. See Appendix C for an introduction to the
design of feedback controllers by employing the H,, closed-loop shaping technique.

The feedback controller K found by solving (6.30) is written in state-space form as

:tqu = A}ququ + B;ﬁbqe:,

u}bqs - C;ququ + D;bqezu (631)

where the vector xy,, € R"* is the internal controller states, A}bq € R Mibq
B, € R™ by X ks Ch, € RFs*"sta and D}, € R¥=>*s are the controller system matri-
ces, and nyy, is the number of ¢ profile controller states. As the uncertainty has a
block-diagonal structure, i.e., A = diag{d}, we can compute the structured singular
value ,u(NH( jw)) to determine the robust stability of the closed-loop system with the
nominal controller (6.31), where Ny, is the transfer function between ya and ua in
Fig. 6.4. The closed-loop system is robustly stable for all allowable perturbations if
and only if 11( N1 (jw)) < 1, Vw [10]. To analyze the performance and robust stability
of the closed-loop system, the singular value diagrams of the inverse of the perfor-
mance weight functions and the achieved transfer functions Spc, and KSpc, are

shown in Figs. 6.7(a-b) and a plot of p versus frequency is shown in Fig. 6.7(c).
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Figure 6.7: Singular value diagrams: (a) 1/W), (dash-dotted) and Spc, (solid) and (b)
1/W, (dash-dotted) and K Spc, (solid), and (c) p versus frequency.

In the operating scenarios considered in this work, the ion cyclotron launcher is
configured to provide only heating power to the plasma. Therefore, we employ the ion
cyclotron launcher in a feedforward + feedback scheme, i.e., P;. =

P,

icyf + Pinb ) where

¢;p and Py, are the feedforward and feedback components, respectively, to control
the plasma stored energy (F). The stored energy feedback controller is expressed in

state-space form as

Ty, = €E,

Piey, = ki T pop + kp.em, (6.32)

where z 7, € R! is the internal controller state, kp, and kj,, are the controller pro-
portional and integral gains, eg = Ey, — F is the error in the stored energy, and E,,,

is the desired stored energy reference.

6.3.6 Control algorithm structure

A schematic of the closed-loop control system structure is shown in Fig. 6.8. Due to
limited actuation capabilities, such as the available amount of auxiliary heating and
current-drive power, the integrated feedback control algorithm may drive the actua-
tors to saturation, which could cause undesirable oscillations in the system to develop.

Therefore, the feedback algorithm is complemented by and integrated together with
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an anti-windup scheme [140] to ensure the closed-loop system remains well-behaved
in the presence of actuator magnitude saturation. The anti-windup compensator is

designed to keep the total control request
U= Usr + Upp + Ugu, (6.33)
where the components of the control input vector are defined as
U = [Pacy, Pecys Pocsy Pubis I Pie) T € RS, (6.34)

and g, is the output of the anti-windup compensator, from significantly deviating
from the range of physically achievable actuator values. See section 4.4.6 for an

example of the employed anti-windup scheme.

6.4 Simulation testing of integrated feedback con-
trol algorithm performance

In this section, we test the integrated feedback control algorithm (6.31) and (6.32)
augmented with the anti-windup compensator through simulation with the FPD,
physics-based model of the poloidal magnetic flux profile evolution and the volume-
averaged energy balance equation described in section 2.9. As the feedback algorithm
is designed for the high performance phase of the discharge, all of the simulations are
started just after the plasma transitions from the low confinement (L-mode) to the
high confinement regime in these particular simulated scenarios during the current
ramp-up phase at the time ¢ty = 45 s. Additionally, in each simulation, the line average
electron density evolution is linearly ramped up from an initial value of 7n.(ty) =

2.75 x 10 m™3 to a final value of n.(86) = 7.35 x 10! m~3 and then held constant.
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Figure 6.8: Schematic of closed-loop control system structure for simultaneous 6 profile
+ FE control for the ITER tokamak.. The coordinate transformation block
converts the simulated plasma parameters to the parameters controlled by the
feedback controller (6 = 9v/0p and E). The feedback controller reacts to the
tracking error and outputs a feedback control request that drives the system in
a direction to minimize the tracking error and reject the effects of any external
disturbances. The anti-windup compensator reacts to the difference between
the saturated and unsaturated actuator requests and outputs an anti-windup
control request that minimizes the effects that actuator saturation has on the
closed-loop system performance.

The integrated feedback control algorithm is implemented with a sampling time of
1 s in all of the feedback-controlled simulations, which is on the order of the energy
confinement time and significantly smaller than the resistive current diffusion time in
ITER. We now test the reference tracking and disturbance rejection capabilities of
the feedback control algorithm, respectively. We emphasize the scenarios studied are
not meant to be representative of any one specific standard ITER operating scenario
but are meant to determine the ability of the feedback control algorithm to drive the

plasma state evolution to a specified physically achievable target evolution.
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6.4.1 Reference tracking

We now describe the setup for a test conducted to determine the reference tracking
capabilities of the integrated feedback algorithm. First, a nominal ¢ profile and stored
energy evolution (guem(p,t) and E,,,(t)) is obtained by executing a feedforward-only
simulation with a nominal set of input trajectories (total plasma current, individual
gyrotron launcher, ion cyclotron launcher, and neutral beam injection powers) and
initial conditions. The final nominal plasma state is characterized by a slightly re-
versed shear ¢ profile with ¢,,;, slightly greater than one, a total plasma current of
I, = 11 MA, anormalized plasma beta of By ~ 2.2, a fusion power of Py, ~ 390 MW,
and a total injected auxiliary heating power of P = 43 MW. Second, a perturbed ¢
profile and stored energy evolution (gueqt(p,t) and Epe(t)) is obtained by executing
a feedforward-only simulation with a perturbed set of input trajectories and initial
conditions. Finally, the ability of the feedback algorithm to track a target plasma
state evolution is determined by executing a feedforward + feedback simulation with
the perturbed set of input trajectories and initial conditions. The target ¢ profile and

stored energy evolution (g, (p,t) and Fy,,.(t)) is obtained from the nominal evolution

as follows: Giar (P, 1) = Gnom(p,t) during the time interval ¢ € [45,1600] s and

Erom(t) 45 to 1000 s
Eior(t) = § 275 MJ (By = 2.1, Py = 360 MW) 1000 to 1300 s - (6.35)
297 MJ (B ~ 2.25, Pp,s ~ 410 MW) 1300 to 1600 s

This target plasma state evolution provides the opportunity to test the ability of the

feedback controller to both track a nominal plasma state evolution (¢ € [45,1000] s)
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Figure 6.9: (a-f) Comparison of target, feedforward + feedback, and feedforward con-
trolled ¢ profiles at various times, (g-1) time traces of ¢ at various radial loca-
tions, and (m-o) time traces of plasma stored energy, normalized 3, and fusion
power for the simulation in section 6.4.1. The solid-orange line denotes when
the target ¢ profile is maintained in a stationary condition while modifying
the generated fusion power.
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Figure 6.10: Control actuator trajectory comparison for the simulation in section 6.4.1:
(a-c) individual gyrotron launcher powers, (d) neutral beam injection power,
(e) total plasma current, and (f) ion cyclotron launcher power. The actuator
magnitude limits are shown in solid-green. The solid-orange line denotes the
time when the target ¢ profile is maintained in a stationary condition while
modifying the generated fusion power.

and maintain a stationary ¢ profile while changing the generated fusion power (¢ €
(1000, 1600] s).

A comparison of the FPD model predicted target, feedforward 4 feedback con-
trolled, and feedforward controlled ¢ profiles at various times, time traces of ¢ at
various normalized effective minor radii, and a comparison of the target, feedforward
+ feedback controlled, and feedforward controlled plasma stored energy, normalized
beta, and fusion power as a function of time are shown in Fig. 6.9. The control inputs
as a function of time are shown in Fig. 6.10. By examining the target plasma state
evolution, we see that the time necessary for the plasma to reach an approximately
stationary state is about 1000 s. During the feedback-controlled simulation, the ini-
tial ¢ profile was lower than the target profile. As shown in the figures, the feedback
controller is able to reject the effects of the perturbed initial condition and drive the

plasma state evolution to the target evolution during the time interval ¢ € [45,1000] s
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(nominal phase of simulation), which is not accomplished with feedforward-only con-
trol. The controller utilizes the neutral beam launchers and the total plasma current
to react quickly to g profile tracking errors in the plasma core and near the plasma
boundary, respectively. For example, during the feedback-controlled simulation dur-
ing the time interval ¢ € [150,300] s, the ¢ profile in the plasma core (Fig. 6.9(g))
evolves below the target, and in response, the controller increases the off-axis neutral
beam power (Fig. 6.10(d)). Then during the time interval ¢ € [300,600] s, the ¢
profile in the plasma core (Fig. 6.9(g)) evolves above the target, and in response, the
controller decreases the off-axis neutral beam power (Fig. 6.10(d)). The controller
utilizes the gyrotron launchers more subtly to eliminate more localized g profile track-
ing errors in the plasma core and the ion cyclotron launcher to eliminate plasma stored
energy tracking errors. Additionally, the feedback controller is able to drive (i) the ¢
profile to the target evolution with a control time constant of approximately 400 s in
the core region of the plasma (roughly p € [0,0.4]) and approximately 200 s in the
outer region of the plasma (roughly p € [0.4,1]), and (ii) the thermal plasma state
to the target evolution with a control time constant of approximately 75 s. Finally
during the time interval ¢ € [1000, 1600] s, the controller is able to maintain the target
stationary ¢ profile while simultaneously changing the generated fusion power. The
total plasma current and gyrotron launcher powers reach stationary values during this
phase of the simulation. Therefore, the controller utilizes the neutral beam power to
counteract the effect the changing ion cyclotron power (pure plasma heating to track
the target thermal plasma state) has on the g profile, i.e., a lower ion cyclotron power
results in a lower bootstrap current and a lower total auxiliary current (shown in
section 6.2), and as a result a higher neutral beam power is needed to maintain a

stationary ¢ profile and vice versa.
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6.4.2 Disturbance rejection

We now describe the setup for a test conducted to determine the disturbance rejection
capabilities of the integrated feedback algorithm. First, a nominal ¢ profile and stored
energy evolution (guem(p,t) and E,,,(t)) is obtained by executing a feedforward-only
simulation with a nominal set of input trajectories (total plasma current, individual
gyrotron launcher, ion cyclotron launcher, and neutral beam injection powers) and
initial conditions. The final nominal plasma state is characterized by a moderately
reversed shear ¢ profile with ¢,,;, slightly greater than one, a total plasma current of
I, = 10.5 MA, a normalized plasma beta of By ~ 2.3, a fusion power of Py, ~ 410
MW, and a total injected auxiliary heating power of P™ = 62 MW. Second, a
perturbed ¢ profile and stored energy evolution (gpeq+(p,t) and Ep.(t)) is obtained
by executing a feedforward-only simulation with a perturbed set of input trajectories
and initial conditions. Finally, the ability of the algorithm to track a target plasma
state evolution is determined by executing a feedforward + feedback simulation with
the perturbed set of input trajectories and initial conditions. The target g profile and

stored energy evolution (g, (p,t) and Fy,,.(t)) is obtained from the nominal evolution

as follows: Giar (P, 1) = Gnom(p,t) during the time interval ¢ € [45,1600] s and

Erom(t) 45 to 1000 s
Eior(t) = § 275 MJ (By ~ 2.2, Pp,s ~ 370 MW) 1000 to 1300 s - (6.36)
297 MJ (By = 2.35, Ppys &~ 420 MW) 1300 to 1600 s

This target plasma state evolution provides the opportunity to test the ability of
the feedback controller to both track a different nominal plasma state evolution (t €
[45,1000] s) and maintain a different stationary ¢ profile while changing the generated

fusion power (¢t € [1000,1600] s). During the feedback-controlled simulation, the
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feedback controller is turned on and off during the simulation according to

45t0300s  ON
upm =< 300to500s OFF , (6.37)
500 to 1600 s ON

to see the effect the disturbance has on the plasma state evolution and to determine
the ability of the feedback controller to reject the disturbance and regulate the plasma
state evolution around the target trajectories.

A comparison of the FPD model predicted target, feedforward 4 feedback con-
trolled, and feedforward controlled ¢ profiles at various times, time traces of ¢ at
various normalized effective minor radii, and a comparison of the target, feedforward
+ feedback controlled, and feedforward controlled plasma stored energy, normalized
beta, and fusion power as a function of time are shown in Fig. 6.11. The con-
trol inputs as a function of time are shown in Fig. 6.12. By examining the target
plasma state evolution, we see that the time necessary for the plasma to reach an
approximately stationary state is again about 1000 s. During the feedback-controlled
simulation, the initial ¢ profile was higher than the target profile. As shown in the
figures, the feedback controller is able to reject the effects of the perturbed initial
condition and drive the ¢ profile and plasma stored energy evolutions towards the
desired target evolutions before the feedback controller is turned off at 300 s. Dur-
ing the time interval when the feedback controller is off in the feedback-controlled
simulation (¢ € [300,500] s), the plasma state evolves away from the target evolution
towards the feedforward-only-controlled plasma state evolution. Once the feedback
controller is turned on again at 500 s, it is once again able to drive the plasma state
evolution towards the target evolution, which is not accomplished with feedforward-
only control. The controller utilizes the actuators to control the plasma state in the

same manner as observed in section 6.4.1, i.e., the neutral beam launchers and total
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Figure 6.11: (a-f) Comparison of target, feedforward + feedback, and feedforward con-

trolled g profiles at various times, (g-1) time traces of ¢ at various radial
locations, and (m-o) time traces of plasma stored energy, normalized /3, and
fusion power for the simulation in section 6.4.2. The shaded gray region
denotes when the feedback controller is not active. The solid-orange line de-
notes when the target q profile is maintained in a stationary condition while
modifying the generated fusion power.
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Figure 6.12: Control actuator trajectory comparison for the simulation in section 6.4.2:
(a-c) individual gyrotron launcher powers, (d) neutral beam injection power,
(e) total plasma current, and (f) ion cyclotron launcher power. The shaded
gray region denotes when the feedback controller is not active. The actuator
magnitude limits are shown in solid-green. The solid-orange line denotes the
time when the target g profile is maintained in a stationary condition while
modifying the generated fusion power.

plasma current to react quickly to ¢ profile tracking errors in the plasma core and near
the plasma boundary, respectively, the gyrotron launchers more subtly to eliminate
localized ¢ profile tracking errors in the plasma core, and the ion cyclotron launcher to
eliminate plasma stored energy tracking errors. Additionally, the feedback controller
is able to drive the plasma state to the target evolution with approximately the same
control time constants observed in section 6.4.1. Finally, during the time interval
t € [1000,1600] s, the controller is able to maintain the target stationary ¢ profile
while simultaneously changing the generated fusion power in the same manner as

observed in section 6.4.1.
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6.5 Conclusion

An integrated model-based feedback control algorithm was designed to track target ¢
profile and stored energy evolutions in H-mode burning plasma scenarios in [ITER. The
feedback controller was designed by embedding a FPD model of the plasma magnetic
profile evolution into the control design process and to be robust to uncertainties
in the electron density, electron temperature, and plasma resistivity profiles, which
provides some additional confidence the algorithm can maintain closed-loop system
stability in a variety of operating conditions. Additionally, the feedback controller is
a computationally robust and efficient algorithm as it can be computed by a simple
matrix multiplication of the controller matrices with the respective tracking errors,
which is also advantageous for application in ITER from a computational point-of-
view relative to other profile control algorithms that require real-time computation of
various plasma profiles [107]. The feedback control algorithm was then successfully
tested in reference tracking and disturbance rejection simulations with the FPD model
of the plasma magnetic profile and stored energy evolution developed in chapter 2.
The demonstrated ability of the feedback controller to (i) drive the system to multiple
different operating points and (ii) maintain the ¢ profile at a stationary target (to
maintain plasma stability) while modulating the thermal state of the plasma (to
respond to changing power demand) is an essential capability that will be needed for
ITER, and eventually a commercial, power producing tokamak reactor.

As shown by the feedback-controlled simulations, the feedback controller aug-
mented with the anti-windup compensator is able to drive the ¢ profile and plasma
stored energy to the target evolutions during both the transient and stationary-state
phases of the simulations. The feedback control algorithm uses (i) the gyrotron
launchers and the neutral beam injectors to control the ¢ profile near the center

of the plasma and the total plasma current to control the ¢ profile near the plasma
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boundary, as well as account for the effects the ion cyclotron launcher has on the
electron temperature profile, which couples to the ¢ profile evolution through the
plasma resistivity, the auxiliary current-drive efficiency, and the bootstrap current
drive, and (ii) the ion cyclotron launcher to control, and account for the effects the
other actuators have on, the stored energy evolution. The integrated feedback con-
trol algorithm could be implemented in existing tokamak experiments by interfacing
it with real-time measurements of the ¢ profile and stored energy, respectively. These
quantities can be obtained from a real-time Grad-Shafranov equation solver, such as
real-time EFIT [11]. An example of how these measurements can be interfaced with
the feedback controller can be found in chapter 3. Additionally, the control algorithm
designed in this work represents a second layer of control in the overall scheme utilized
to control the tokamak plasma, i.e., the actuator requests generated by the controller
represent the reference values to the dedicated control loops commanding the physical
actuators. Therefore, the control algorithm would also need to be interfaced with the
dedicated control loops, for example a dedicated poloidal field coil controller that is
designed to track a desired total plasma current request.

The time necessary for the plasma to reach an approximately stationary state in
the simulations is about 1000 s, which represents a significant portion of (or even
greater than in some cases) the total discharge length for many of the proposed
ITER scenarios [148]. Therefore, active feedback control of the ¢ profile evolution
will be crucial to reject the effects any external disturbances have on the plasma
evolution, maintain the plasma in a stable magnetohydrodynamic state, and maximize
the plasma performance in ITER. As demonstrated, the feedback controller is able to
drive the q profile to the target evolution in approximately 400 s in the plasma core and
approximately 200 s in the outer region of the plasma, which represents a reasonable
control time constant relative to the time necessary to reach a stationary plasma

state. In the scenarios considered in this work, the auxiliary current-drive sources
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(gyrotron and neutral beam launchers) are configured to inject power into the plasma
away from the magnetic axis as shown in Fig. 2.22(f). Therefore, there is no direct
way to control the ¢ profile near the magnetic axis, which consequently contributes to
the longer control time constant in the core region of the plasma relative to the outer
region. Configuring the neutral beam launchers to inject power into the plasma both
on-and-off axis would allow the ¢ profile feedback controller to moderate the relative
location of the noninductively-driven current in the plasma. This additional degree
of control freedom may possibly allow for tighter control of the ¢ profile, as well as
reduce the control time constant, in the core region of the plasma.

As the ¢ profile portion of the integrated feedback controller is designed to be
robust to a range of kinetic plasma parameters, detailed real-time knowledge of these
kinetic plasma profile evolutions may not be needed to actively control the ¢ profile
evolution, which is also advantageous for application in ITER and future reactors by
requiring a smaller number of real-time diagnostics relative to other profile control
algorithms [91,93,107]. Therefore, a separate dedicated control algorithm to control
the thermal state of the plasma can be integrated together with the ¢ profile feedback
controller, as long as the electron density, electron temperature, and plasma resistivity
profiles remain inside the ranges for which the ¢ profile feedback controller ensures
the closed-loop system remains stable. In this work, a proportional-integral feedback
controller that utilizes the ion cyclotron launcher was designed to control the plasma
stored energy evolution. However, if the ion cyclotron power request is driven to
saturation by the feedback controller, the thermal state of the plasma is no longer
controllable using this lone actuator. A subject of future work will be to (i) interface
the ¢ profile controller with a nonlinear burn controller [4] that utilizes not only
auxiliary heating, but also the concept of isotopic fuel tailoring [149] and impurity
injection to control the thermal state of the plasma, and (ii) test the control algorithms

in closed-loop simulations with DINA-CH&CRONOS [5-9].

268



Finally, we have investigated many key practical issues for plasma profile control
in ITER, which will be useful for the development of the ITER Plasma Control
System that has recently been initiated. One of the more critical issues is whether
plasma control can be achieved through the integration of separate individual control
algorithms or whether a more fully integrated approach is required. As shown in
the feedback-controlled simulations, it appears the integration of separate controllers
may be able to achieve the plasma control performance requirements in ITER as
long as the algorithms are robust to changes in the plasma parameters they are not

specifically designed to control, and the target plasma state is physically achievable.
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Chapter 7

Closed-loop control of the safety
factor profile in the TCV tokamak

7.1 Introduction

In this chapter, feedback algorithms for safety factor profile (¢ profile) control in low
confinement (L-mode) scenarios in the TCV tokamak are synthesized by embedding
a first-principles-driven (FPD), physics-based model of the plasma dynamics into the
control design process. As the current diffusion time constant in TCV (approximately
150 milliseconds in the scenarios studied) is much shorter than the plasma discharge
length (approximately 2 seconds), TCV is an ideal machine to study the ability to
actively control the ¢ profile in tokamaks. The total plasma current, the auxiliary
heating and current-drive (H&CD) system, and the line average electron density are
the actuators that can be utilized to control the ¢ profile in tokamaks. In this chapter,
we first investigate the effect that the control input direction associated with pure
plasma heating has on the ¢ profile in L-mode operating scenarios in the TCV tokamak
by utilizing the RAPTOR code [13-15]. This study indicates that pure auxiliary

heating has a small effect on the ¢ profile in the examined scenarios. Therefore, we
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design feedback controllers that utilize the total plasma current, and exclusively the
current-drive capabilities of the auxiliary sources, to control the ¢ profile in TCV. The
controllers are designed to put emphasis on achieving the target ¢ profile in different
spatial regions, to respond differently to errors in the ¢ profile, and to be robust
to uncertainties in the plasma electron temperature and plasma resistivity profiles.
The performance of each controller is tested though simulations with the RAPTOR
code, where the ability of each controller to track multiple different target profiles is
demonstrated. The comparison of the closed-loop performance of these controllers is
done in preparation for future ¢ profile control experiments in TCV.

This chapter is organized as follows. In section 7.2, the effect that pure plasma
heating has on the ¢ profile is investigated. The feedback control problem formulation
is presented in section 7.3. Three feedback controllers are designed, where the em-
phasis is placed on achieving the target in only the plasma core or both in the plasma
core and near the plasma boundary. Additionally, the controllers are designed to
either utilize the available actuators to control the ¢ profile across the entire spatial
domain or to utilize the auxiliary current drive actuators to control the ¢ profile in
the plasma core and the total plasma current to control the ¢ profile near the plasma
boundary. In section 7.4, the feedback controllers are tested in one target and two
target simulations with the RAPTOR code. Finally, conclusions are discussed in

section 7.5.
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7.2 Plasma heating effect on the safety factor pro-
file

The evolution of the poloidal magnetic flux in a tokamak plasma is given by the

magnetic diffusion equation (2.45) and is restated here for convenience as

O _ nTe) 10 (mMé’iﬁ) : .
~, — A A~ FGH N —f-R H Te nis 71
OF = g B2 0P p 9 oHn(Te); (7.1)
with boundary conditions
o o
—(0,1) = —(1,t) = =k I,(t .2
G50.0=0  SE(L0) = <k L0), (7.2

where 1 is the poloidal stream function, which is closely related to the poloidal
magnetic flux U (¥ = 271)), ¢ is the time, 7 is the plasma resistivity, 7, is the electron
temperature, p is the vacuum magnetic permeability, j,; is the total noninductive
current density, k;, is a geometric constant defined in (2.83), and I, is the total
plasma current. The spatial coordinate p = p/p, 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) = wBsop?, P is the toroidal magnetic flux, By 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 (defined in (2.44)). The g profile is related to the

poloidal magnetic flux and is defined in (2.90) and repeated here for convenience as

d®  Byopip

= 9005 (7.3)

Q(ﬁ ) t) ==
In the development of the RAPTOR code [13-15], the magnetic diffusion equation
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(7.1) is combined with physics-based models of varying degrees of complexity for the
electron density, the electron temperature, the plasma resistivity, and the noninduc-
tive current sources to yield a model of the ¢ 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) o< To(p,t) =2 (7.4)

The total noninductive current is generated by the auxiliary sources and the bootstrap

current (a self-generated noninductive source of plasma current) [60], i.e.,

i (5 ) =5 (5,8) + oa(P D) =S G () + (1), (7.5)
=1

tot

ror. is the total current density driven by the auxiliary sources, j,s is the

where j
current density driven by the bootstrap current, jgu., 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
. A -ref ~ P, )
Jauzi(Pr1) = Janie i (P) —— =3 Pana i (1), (7.6)
T ne(p, 1)

where j;’gjf;z is a normalized reference deposition profile for the i-th auxiliary source,
the term T, /n. represents the current-drive efficiency, n, is the electron density, and
P,z 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 [134,135]
o kgkevRo (O™ one T
t) = ——— 2 Te_A 2 e a~ | .
Jos(p: 1) 7 (3[3 L3 BE +{2L31 + L3z + alz}n ap (7.7)
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Figure 7.1: Normalized auxiliary current drive (1020 ﬂ . A) in TCV.

where L31, L35, L34 and o depend on the magnetic configuration of a particular
plasma equilibrium, kg = 1.602 x 10716 J/keV, and we have assumed the electron
and ion densities and temperatures, respectively, are equal.

The auxiliary H&CD actuators on TCV considered in this work are 4 electron
cyclotron (gyrotron) launchers that are grouped into 2 clusters (denoted as a and
b). The normalized reference current deposition profiles for each source are shown

in Fig. 7.1. The gyrotrons in cluster a are: 1 on-axis co-current-injection source

(];flf; in Fig. 7.1) and 1 off-axis counter-current-injection source (jgfi in Fig 7.1).

The gyrotrons in cluster b are: 1 on-axis counter-current-injection source (j7¢/ in

Fig. 7.1) and 1 off-axis co-current-injection source (j;”f,i in Fig. 7.1). 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,

ie, P! = 2(P., + P.,). The second condition is related to plasma current-drive

power (P4 ) and is associated with the difference of the powers injected through the

gyrotron clusters, i.e., P4 = P,. — P..,. Note that if P,., = P, the auxiliary

aux

current drive would be zero as jg§£ = —jg§£ and jgg;; = —jgg; , l.e., pure plasma

heating. If this change of coordinates is employed, the total auxiliary current drive
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would be expressed as

. . . Te(p,t)
tot (A 1) = ref (A ref (A e\ Pcd ). 7.8
Jane(P:1) = (G2l (D) + Jecd (D)) (oD i (1) (7.8)

7.2.1 Auxiliary heating in presence of auxiliary current drive

We investigate the effect that auxiliary heating has on the ¢ 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

auxr

moderate heating conditions (P = 1.0 MW) and high heating conditions (P! =
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 electron temperature
and plasma resistivity before and after the heating power is increased is shown in Figs.
7.2(a-b). The increased heating power raises the electron temperature (Fig. 7.2(a))
and lowers the plasma resistivity (Fig. 7.2(b)) at both values of total plasma current
as expected from (7.4). A comparison of the auxiliary and bootstrap current densities
before and after the heating power is increased is shown in Figs. 7.2(c-d). At both
values of total plasma current, increasing the electron temperature through heating
increases (in magnitude) both the auxiliary (Fig. 7.2(c)) and bootstrap (Fig. 7.2(d))
current drives as expected from (7.6)-(7.7). The increases in both on-axis auxiliary
counter-current-drive (in negative direction) and off-axis bootstrap co-current-drive
(in positive direction), and decrease in the plasma resistivity, results in the toroidal
current density (Fig. 7.2(e)) decreasing in the spatial region p € [0,0.2]. The effect
that this shift in equilibrium toroidal current density has on the ¢ profile is shown
in Fig. 7.2(f), which shows the inverse relationship that exists between the current

density and the ¢ profile. From Fig. 7.2(f), we see that auxiliary heating in the

presence of constant auxiliary current drive results in approximately a 5% increase
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Figure 7.2: Comparison of stationary state plasma parameters under low and high plasma
heating conditions with P¢% = —0.1 MW.

aux

in the ¢ 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. 7.2(c)).

7.2.2 Auxiliary heating in absence of auxiliary current drive

To study the relative importance of the current drive mechanisms (auxiliary and
bootstrap), we investigate the effect that auxiliary heating has on the ¢ 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 P9 = 0 MW under low heating

aux

conditions (P = 0.8 MW) and high heating conditions (P _ = 1.8 MW) at two
values of plasma current, I, = 140 kA and I, = 185 kA, respectively. A comparison
of the electron temperature and plasma resistivity before and after the heating power
is increased is shown in Figs. 7.3(a-b). The increased heating power again raises the
electron temperature (Fig. 7.3(a)) and lowers the plasma resistivity (Fig. 7.3(b)) at
both values of total plasma current as expected from (7.4). A comparison of the aux-

iliary and bootstrap current densities before and after the heating power is increased

is shown in Figs. 7.3(c-d). Since P = 0 MW, there is no auxiliary current drive
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Figure 7.3: Comparison of stationary state plasma parameters under low and high plasma
heating conditions with P¢4 =0 MW.

aux

(Fig. 7.3(c)). Again, at both values of total plasma current, increasing the electron
temperature through heating increases the bootstrap current (Fig. 7.3(d)) as expected
from (7.7). By comparing Fig. 7.2(d) and Fig. 7.3(d), we see that the bootstrap cur-
rent 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 results in a small
change in the toroidal current density (Fig. 7.3(e)), and correspondingly in a small
change in the ¢ profile as shown in Fig. 7.3(f), when auxiliary heating is applied

without auxiliary current drive.

7.3 Feedback control design

As shown in the previous section, auxiliary heating has a small effect on the ¢ profile
in the absence of auxiliary current drive in the considered TCV scenarios. As a result,
a q 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 utilized in chapters 4-6, and the controller will attempt to counteract any ¢
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o
o

profile disturbance that results from plasma heating effects.

7.3.1 Partial differential equation model of system dynamics

We begin by defining ranges in which the electron density profile, the electron tem-
perature profile, and the plasma resistivity are expected to be in typical TCV L-mode

scenarios, which are shown in Fig. 7.4. These parameters are modeled as

no(p) = nl™(p), (7.9)
T.(p) = T/ (p) + T (5)or, (7.10)
n(p) = "™ (p) + 0" (), (7.11)

where the nominal (n2°™, 7™, n"™) and uncertain (7"¢, n*"¢) profiles are defined
in terms of the maximum and minimum profiles and [67.| < 1. Note that the de-
pendence 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, but for
the scenarios considered, the electron density profile is assumed constant. By combin-

ing the magnetic diffusion equation (7.1) with the noninductive current-drive models
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(7.5)-(7.7) and the uncertain models (7.9)-(7.11), we obtain

a nom unc 1 . a A
ov _ ™" +n"or) 1 0 (ﬁFGH(%f)
ot popi 2 pOop ap
ol (n"™ 4 n""<or,) (T3 + Tp"“0r,)
ngom

<{ (Jeel, + Jel) Pee(®) + (it + icd) Pec,(8) }
| Fsev RH ("™ + "0, ) (a_w) 71

F 9p

0
X | 2La (TE7" + T 0r,) BE {ne”"}

0
+ {2£31 +£32—|—O&£34} nZOma_ﬁ {Tenom_l_Teunc(STe }:| (712)

7.3.2 Model reduction via spatial discretization

From (7.3), we see that the rotational transform profile (v = 1/¢) is dependent on
the poloidal flux gradient profile, which we define as 0(p,t) = [0¢/0p(p,t)]. After
some mathematical manipulations, a partial differential equation (PDE) model of the
0 profile dynamics can be obtained from (7.12). Spatially discretizing this model by

employing a finite difference method results in an ordinary differential equation model

defined by
i‘ = fe(x7 u? 5)7
1
Y= ————— 1, (7.13)
By opypi
where x = [0;] € R™ is the state vector, y = [;;] € R™ is the output vector, 6;,
L, and p; are the values of 0, ¢, and p at the discrete nodes, for i = [2,...,my — 1],

u = [P.c,, Pec,, I,) € R? is the control input vector, § = [d7,,d%,] € R? is the uncertain
parameter vector, f, € R™ is a nonlinear function, ng = my — 2, and my is the

number of nodes utilized to represent the spatial domain. After linearizing (7.13)
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with respect to the state and control input around a nominal operating point (2., teq)

characterized by d = 0, i.e., f(Zeq, Ueq, 0) = 0, we obtain

&= A(0)T + B(0)us + ds,

y =CT+ Dup, (7.14)

where T = o — ¢y, Uppy = U — U is the output of the to-be-designed feedback
controller, ds = f(Zeq, Ueq, 9), A(0) and B(J) are the Jacobians dfy/dx € R™*™ and
Dfg/Ou € R™*3 evaluated at (Teg, Ueg, ), C = diag{—1/(Bgopipi)} € R"*" and
D =0.

7.3.3 Evaluation of relevant control channels

As there are only three control inputs, we can at most independently control three
linear combinations of the system output. Therefore, we obtain the most relevant
control channels from the nominal input-output relation at a particular frequency
jwge, which is expressed as ) = Ggﬁfb = Q Y2GyRV?uy = QVPUSVT RY 4y,
The decoupled output and input are denoted by §* = 2 'UTQY?%§ and U, =
VTRY 2hgp, le., JF = %y, The nominal system transfer function is expressed as
Go(s) = C (sl,, — A(0))"" B(0), where s denotes the Laplace variable and I,,, de-
notes an ng X ny identity matrix, and Go denotes the real approximation of the
complex matrix Go(jwa.) [10,146]. The positive definite matrices @@ € R™*™ and
R € R are utilized to weight the relative tracking performance and control ef-
fort. Finally, the “weighted” transfer function Gy and its economy size singular value
decomposition are defined as Gy = QY2GoR™Y/? = USVT, where ¥ € R¥3 is a
diagonal matrix of singular values and U € R™*3 and V € R3*3 are matrices that
possess the following properties VIV = VVT = [, UTU = I. Some of the singular

values may have a small magnitude relative to the others and may be chosen to be
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Figure 7.5: Schematic of control problem formulation for ¢ profile feedback control design
in TCV L-mode scenarios.

neglected in the control synthesis. Quantities associated with the significant singular
values are denoted by a subscript s for the remainder of this chapter, i.e., (-);. A
detailed overview of the singular value decomposition technique employed to evaluate

the relevant control channels is provided in Appendix B.

7.3.4 Feedback control problem formulation

The feedback control problem is formulated as shown in Fig. 7.5, 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 (7.14) is written in the conventional P — A
robust control framework, where P is the generalized transfer function and A =
diag{dr. } is a structured uncertainty matrix, by employing the method described in
[138]. An overview of the employed technique is provided in Appendix A. The closed-
loop system outputs are Z; and Z3 and the frequency dependent weight functions W),
and W, are utilized to optimize the feedback performance. The control problem is
formulated as (see Fig. 8.3)

W,S —,8
min || T|| Vo Tu=| 70 oo (7.15)

WuKSDCo _WuKSDCo
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Figure 7.6: Schematic of closed-loop control system structure for ¢ profile control for the
TCV tokamak.

where T, is the closed-loop transfer function from the inputs (r¥, d¥) to the outputs

(Z1,Zy), df = S72UTQY%d, Spe, = (I + S71UTQY2PyuR™Y2V,K)™Y, Py is the
component transfer function of P from wy, to y, and || - || denotes the H., norm.
See section 3.6 for an example of how this nominal performance condition is derived.
The feedback controller K is obtained by solving (7.15) and is designed such that the
closed-loop system is stable for all allowable perturbations (checked by computing
the structured singular value [10]). See Appendix C for an introduction to the design
of feedback controllers by employing the H,, closed-loop shaping technique.

A schematic of the closed-loop control system structure is shown in Fig. 7.6.
To ensure the closed-loop system remains well-behaved in the presence of actuator
magnitude saturation, the feedback controller is augmented by an anti-windup com-

pensator [140]. See section 4.4.6 for an example of the employed anti-windup scheme.
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Figure 7.7: Relevant control channels for ¢ profile control in TCV L-mode scenarios: (a-c)
output (j = Q~/2USg*) and (d-f) input (ip = R~Y/2Va},). The feedback
vector components are defined as w sy = [Pec,, Pecy, Ip) | fo-

7.4 Control algorithm performance testing in TCV
RAPTOR simulations

In this section, the closed-loop performances of three feedback controllers are com-
pared in TCV L-mode scenarios using RAPTOR [13-15]. The value and shape of
the ¢ profile in the plasma core is important due to its close relationship to both
plasma performance [61,62] and stability limits [63,64]. Additionally, it may also
be desirable to achieve a ¢ profile with a specific value near the plasma boundary
to obtain plasmas with a desired total plasma current. The weight matrix ) uti-
lized in the evaluation of the relevant control channels can be utilized to place more
emphasis on achieving the target ¢ profile in different spatial regions. The relevant
control channels of the first controller (denoted as K;) are evaluated at a frequency
of wg. = 0 rad/s with emphasis placed on achieving the target ¢ profile in the spatial
region p € [0,0.4]. The second controller (denoted as Kj) is designed in the same
way as controller K; but with emphasis placed on achieving the target ¢ profile in
the spatial regions p € [0,0.4] and p € [0.7,0.8]. Finally, the relevant control channels

of the third controller (denoted as K3) are evaluated at a frequency of wg. = 1500
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Figure 7.8: (a-f) Nominal performance (tracking and control effort) and (g-i) structured
singular value versus frequency for the three controllers. The closed-loop
robust stability condition is defined as p(N11(jw)) < 1, Yw [10], where Ny is
the transfer function between ya and ua in Fig. 7.5.

rad/s with emphasis placed on achieving the target ¢ profile in the spatial regions
p €10,0.4] and p € [0.7,0.8].

The relevant control channels of the three controllers are shown in Fig. 7.7. First,
we note that the third actuation direction (OJ) for all of the controllers (Figs. 7.7(d-
f)) is associated with auxiliary heating (equal contributions from P,., and P, in the
same direction and no contribution from I,,), which is negligible in this control design
approach. Second, we see that the control inputs are coupled for controllers K7 and
Ky, i.e., the first (o) and second () input singular vectors have contributions from all
three actuators (Figs. 7.7(d-e)). In contrast, the gyrotron and total plasma current
actuation directions are decoupled for controller K3 (Fig. 7.7(f)), i.e., the first singular
vector only has contributions from F,., and F.., and the second singular vector only

has a contribution from /,. The bandwidth of the gyrotron control direction for
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Figure 7.9: Time traces of outputs (¢) and inputs (I, Pec,, Pec,) for simulation in section
7.4.1. Gray-shaded region denotes when feedback controller is off. Actuator
limits (solid brown).

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. To

analyze the performance and robust stability of the closed-loop system with the three

controllers, the singular value diagrams of the inverse of the performance weight

functions and the achieved transfer functions Spc, and KSpe, are shown in Figs.

7.8(a-f) and a plot of u versus frequency is shown in Fig. 7.8(g-i) for the three

controllers. As shown in the figures, all of the controllers achieve nominal performance

and are able to robustly stabilize the closed-loop system (marginal stability is reached

with controller K at the approximate frequency of 10 rad/s).

7.4.1 One target simulation

In this section the feedback controllers are tested in a one target simulation with

RAPTOR. A q profile achieved in TCV with a total plasma current of 140 kA and
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Figure 7.10: Comparison of target, feedforward + feedback controlled, and feedforward
controlled ¢ profiles at various times for simulation in section 7.4.1.

counter-current-injection auxiliary power is chosen as the target. First, a nominal
q 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. During the feedback-controlled simulations, the controller is inactive
during the time interval ¢ € [0,0.1] s.

Time traces of g at various spatial locations and a comparison of the control inputs
as a function of time are shown in Fig. 7.9. A comparison of the target, feedforward
+ feedback controlled, and feedforward controlled ¢ profiles at various times is shown
in Fig. 7.10. Once the controllers become active at 0.1 s, they are able to drive the ¢
profile towards the 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 auxiliary power in the
cluster a gyrotrons and increase the auxiliary power in the cluster b gyrotrons to track
the target. The controller K3 is able to respond to the error in the plasma core faster
than controllers K; and K5 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 K is smaller than the error obtained with controller /K due to the higher
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Figure 7.11: Time traces of outputs (¢) and inputs (I, Pec, , Pec,) for simulation in section
7.4.2. Gray-shaded region denotes when feedback controller is off. Actuator
limits (solid brown).

weight placed on achieving the target in this spatial region for controller K.

7.4.2 Two target simulation

In this section the feedback controllers are tested in a two target simulation with
RAPTOR. A q 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
t € [0,0.9] s. During the time interval ¢ € [1.0,1.75] s, a ¢ profile achieved in 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 ¢ 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. During the feedback-controlled
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Figure 7.12: Comparison of target, feedforward + feedback controlled, and feedforward
controlled ¢ profiles at various times for simulation in section 7.4.2.

simulations, the controller is inactive during the time interval ¢ € [0,0.1] s.

Time traces of g at various spatial locations and a comparison of the control inputs
as a function of time are shown in Fig. 7.11. A comparison of the target, feedforward
+ feedback controlled, and feedforward controlled ¢ profiles at various times is shown
in Fig. 7.12. Once the controllers become active at 0.1 s, they are able to drive the
q profile towards the first target. 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 Ky the actuators are utilized to control the ¢ profile across the entire spatial
domain (Figs. 7.7(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 K5. However, the error obtained with controller K5 is smaller than the error
obtained with controller K (see section 7.4.1). In contrast, for controller K3, the
gyrotrons are utilized to control the ¢ profile in the plasma core and the total plasma
current is utilized to control the ¢ profile near the plasma boundary (Fig. 7.7(c)).

Therefore, controller K3 does not increase the total plasma current to decrease the

288



error at p = 0.2,0.3, and as a result, good tracking control 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 K7 and Ky 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).

7.5 Conclusion

Auxiliary heating was shown to have a relatively small effect on the ¢ profile in the
absence of auxiliary current drive in the studied TCV scenarios. As a result, we
designed feedback 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 ¢ profile in different spatial regions and to
respond differently to errors in the ¢ 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 [150] to reconstruct the ¢ profile

in real-time.
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Chapter 8

Simultaneous closed-loop current
and electron temperature profile

control in the TCV tokamak

8.1 Introduction

The current profile and the electron temperature profile are intimately coupled in
tokamak plasmas through resistive diffusion, auxiliary current-drive efficiency, boot-
strap current drive, ohmic heating, and plasma energy/particle transport. As these
physical mechanisms play a critical role in the fusion gain, plasma confinement, mag-
netohydrodynamic (MHD) stability, and fraction of noninductively driven current of
a tokamak operation scenario, developing integrated strategies for current profile and
electron temperature profile control is crucial to developing the ability to robustly
achieve and maintain desired plasma targets. In this chapter, we extend the method-
ology developed in chapter 7 for safety factor profile (¢ profile) control in the TCV
tokamak to synthesize a feedback algorithm for simultaneous safety factor and elec-

tron temperature profile control in TCV following a FPD, physics-based approach.
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The plasma poloidal magnetic flux (V) and electron temperature (7,) dynamics
are governed by an infinite dimensional nonlinear, coupled physics model that is
described by the magnetic diffusion equation [124] and the electron heat transport
equation [7]. The rotational transform (¢) profile, defined as ¢« = 1/¢, is proportional
to the spatial gradient of U, and therefore represents a natural plasma property
conducive for feedback control. In this chapter, an integrated feedback controller
is designed to track target ¢ and T, profiles by embedding the partial differential
equation (PDE) models of the ¥ and T, dynamics into the control design process.
We model the electron thermal conductivity profile as an uncertainty and design the
controller to be robust to an expected uncertainty range. The actuators used to
control the « and T, profiles are the total plasma current and the auxiliary heating
and current-drive (H&CD) system. The performance of the integrated controller is
demonstrated though simulations with the RAPTOR code [13-15] by first tracking a
nominal target, and then modulating the T, profile between equilibrium points while
maintaining the ¢ profile in a stationary condition.

This chapter is organized as follows. In section 8.2, the physics model that governs
the evolution of the current and electron temperature profiles is converted into a form
suitable for control design. The PDE model is spatially discretized by employing a
finite difference method in section 8.3, and in section 8.4, the discretized model is
formulated into a robust control design framework. In section 8.5, the part of the plant
output that we can effectively control is determined by employing a singular value
decomposition of the nominal plant model, and in section 8.6, the integrated feedback
controller is synthesized by first considering the nominal model and then analyzing the
stability of the closed-loop system in the presence of the model uncertainty. Closed-
loop simulations with the RAPTOR code are presented in section 8.7 to demonstrate
the ability of the controller to drive the system to multiple different operating points.

Finally, conclusions are discussed in section 8.8.
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8.2 Model of system dynamics

A well confined tokamak plasma MHD equilibrium is characterized by the formation
of nested toroidal surfaces of constant poloidal magnetic flux. Any quantity that is
constant on these magnetic flux surfaces can be used to index them. In this work, the
spatial coordinate p = p/pp is used to index the magnetic flux surfaces, where p is the
mean effective minor radius of a magnetic flux surface, i.e., ®(p) = 7By p*, ® is the
toroidal magnetic flux, By is the vacuum toroidal magnetic field at the geometric
major radius Ry of the tokamak, and pj is the mean effective minor radius of the last
closed magnetic flux surface.

The rotational transform is related to the spatial gradient of the poloidal magnetic

flux and is defined as

L dvy _ 9y/op
a(p,t) A Bsopyp’

(8.1)

where t is the time and ¥(p, t) is the poloidal stream function, which is closely related
to the poloidal magnetic flux ¥(p,t), i.e., (I = 2m). The poloidal magnetic flux
dynamics in a tokamak plasma are given by the magnetic diffusion equation in (2.45)

and restated here for convenience as

oY n(T.) 18<AAAA3¢) . .
— = ——— | pFGH— | + RoHn(T,)jn;, 8.2
ot = it pop G oHn(Te)j (8:2)
with boundary conditions
oY oY
ala (07t) O aﬁ( 7t> klp D (8 3)

where 7(p,t) is the plasma resistivity, T.(p,t) is the electron temperature, pq is the

vacuum magnetic permeability, jn;(p,t) is the total noninductive current density, k;,
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is a geometrical constant defined in (2.83), and ,(t) is the total plasma current.
The parameters [ (p), G([)), and H (p) are geometric spatial factors pertaining to the
magnetic configuration of a particular plasma MHD equilibrium (defined in (2.44)).

Assuming diffusion is the dominant heat transport mechanism in the tokamak
plasma, the electron temperature dynamics are given by the electron heat transport

equation in (2.48) and restated here for convenience as

30 1 10 | GH? ( T,
A Ay neTe - ~ 1A~ /3 ~ Xene_A> +Qea 84
20t IneT:] ppHpOp | F op (84)
with boundary conditions
oT,
8_ﬁ(07t) =0 Te(1,t) = T pary, (8.5)

where n.(p,t) is the electron density, x.(p,t) is the electron thermal conductivity,
Qc(p, ) is the total electron heating power density, and T p4y, is the electron temper-
ature at the plasma boundary, which is assumed constant.

In order to convert the physics models of the plasma poloidal magnetic flux and
electron temperature dynamics (8.2) and (8.4) into a form suitable to design a feed-
back controller, we develop simplified physics-based models of the plasma resistivity,
noninductive current sources, electron heating sources, and electron thermal con-
ductivity. See chapter 2 for a detailed derivation/discussion of the models, and in

particular, section 2.10 where the models are tailored to the TCV tokamak.
8.2.1 Plasma resistivity modeling
The plasma resistivity scales inversely with the electron temperature as

oy k() Zeyy
T](lo? t) - Te(ﬁ, t)3/2 ) (86)
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where kg, is a spatial profile and Z.; is the effective average charge of the ions in the

plasma, which is assumed constant in space and time.

8.2.2 Noninductive current drive modeling

The total noninductive current density is generated by the combination of the auxil-

iary sources and the bootstrap current [60], i.e.,

Nauzx

Gni(P) =Y Jauad(pot) + Jns(p: 1), (8.7)

i=1
where jguz,; 1 the current density driven by the individual auxiliary sources, jps is the
current density driven by the bootstrap current, and n,,, is the number of auxiliary
sources. The individual auxiliary current drives are modeled as

jaua:,i(ﬁ; t) = j;Z{t,i (ﬁ)—Paux,i(t)a (88)

where j;i{m is a normalized reference current density deposition profile for the i-th
auxiliary source, T, /n. represents the current-drive efficiency (for electron cyclotron
current-drive [66]), and P, ; is the i-th auxiliary power. The bootstrap current is
a self-generated current in the plasma which arises from the radial pressure gradient

that is produced by the magnetic confinement [60], and is modeled as [134,135]
. karevRo (00~ R .

s(p,t) = ——— | =% 2L T, ) ———(p,1

Jos(P: ) 95 ale(p )55 (P 1)

F
oT.
9p

+ {2['31 + £32 + Oé£34} ne(:@ t) (:57 t) 9 (89)

where L31(p), L32(p), L34(p), and «a(p) depend on the magnetic configuration of a
particular plasma equilibrium, ks = 1.602 x 1076 J/keV, and we have assumed

the electron and ion densities and temperatures, respectively, are equal.
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8.2.3 Electron heating power density modeling

The total electron heating power density is expressed as

Naux

Qe ohm + Z Qe auacI Qe rad( ) ) (810)

Qe(p,t) =

kaeV

where Q¢ onm is the ohmic heating power density, Q¢ quz, is the power density produced
by the individual auxiliary sources, and Q). ,qq is the radiated power density. The

ohmic power density is modeled as

Qeonm (P, 1) = Jror (P, £)*n(p, 1), (8.11)

where the total toroidal current density is expressed as [70]

. 1 10 A O
jtor(pu t) = ( G 77Z}> (812)
 LpiRoH hOp op

The individual auxiliary power densities are modeled as

Qe.aua (s 1) = Qi (P) Paua, (1), (8.13)

where Q¢ ref

aur; 18 @ normalized reference power density deposition profile for the i-

th auxiliary source. The radiated power density (for Bremsstrahlung radiation) is

modeled as [18]

Qe,rad(ﬁ7 t) = kbremZeffne(ﬁa t)2 Te(ﬁ’ t), (814)

where kpqern = 5.5 x 10737 Wm3/v/keV is the Bremsstrahlung radiation coefficient.

295



45 - : : : @ ._; .
4 : )l
H {of
° 3.01 F ?
3 25 : r 5
g 2.0 r 3
g 1.5 3 5
1.0 F o
oo />OOO< £
0.0 ° \
-0.5 : : : : =L ‘ ‘ ‘ ‘ |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Normalized Effective Minor Radius Normalized Effective Minor Radius

Figure 8.1: (a) Cubic spline basis functions used to model x. and (b) the x. uncertainty
range (gray-shaded region) captured by the model (8.15)-(8.16). The nominal
model (characterized by d, = 0) is shown by the solid black line, and the max-
imum/minimum values (characterized by d, = 1 and J, = —1, respectively)
are shown by the dashed black lines. The multicolored lines show the various
Xe profiles that are achieved during a typical TCV simulated discharge using
RAPTOR [13-15].

8.2.4 Electron thermal conductivity modeling

From (8.6), (8.8), and (8.9), we see that the electron temperature is coupled to the
poloidal magnetic flux dynamics through resistive diffusion, auxiliary current-drive
efficiency, and bootstrap current drive. From (8.11)-(8.12), we see that the poloidal
magnetic flux is coupled to the electron temperature dynamics through ohmic heating.
Additionally, the local thermal transport, i.e., x., is intimately dependent on the local
magnetic state of the plasma [61,62]. However, it is extremely difficult to develop
closed-form expressions that accurately represent this complex interaction. Therefore,
in this work we model the thermal conductivity as a nominal model plus a bounded
uncertainty. We represent the thermal conductivity by a finite number of elements

Ng as

(D) = 3 A (8.15)

where A,(p) are basis functions and

Yo = ’Ygom + 75n65a7 (816)
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" and yi"¢ are constants that define the range for each «, such that each

where +7¢
uncertainty d, satisfies the condition |d,| < 1. The basis functions A, (p) are chosen as
cubic splines and are shown in Fig. 8.1(a). The evolution of the thermal conductivity
profile during a typical TCV simulated discharge using RAPTOR [13-15] is shown in
Fig. 8.1(b). Based on this data, we can obtain values for 42" and %" in (8.16) by
projecting (8.15) onto a set of trial functions Ag(p) and integrating over the spatial

domain, i.e.,
/ As(p)xe(p)dp ~ Z/ As(p)Aa(p)dpg- (8.17)

By choosing = a, (8.17) can be written in matrix form as

Apal'y = bg, (8.18)
where
fo MM PP [y MDA (PP
g . | .
Jo Mo DM (D)p - [ M ()M (D)dp
¥ Jo M(P)xe(p)dp
e =|: bg = : : (8.19)
Vi Jo Mo (D)X (P)dp

For each RAPTOR simulated x., we solve (8.18) for I'}

(e %}

and the parameters 7™
and 4" in (8.16) are then calculated as

nom

Yo" = [max(y;) +min(v,)] /2,

unc

Yo' = [max(3) —min(y5)] /2. (8.20)
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Figure 8.2: Normalized auxiliary electron cyclotron (a) current drive (1020 kg{;é\, . %)
and (b) power density (m™3) in the TCV tokamak.

The thermal conductivity uncertainty range captured by the model (8.15)-(8.16) with
the parameters 72" and v*"¢ defined by (8.20) is shown in Fig. 8.1(b). As shown

in the figure, the majority of the thermal conductivity profiles fall within the range

captured by the model.

8.2.5 Partial differential equation model of system dynamics

The auxiliary H&CD actuators on TCV considered in this work are 4 electron cy-
clotron (gyrotron) launchers that are grouped into 2 clusters (denoted as a and b).
The respective current drive and power density deposition profiles for each source are
shown in Fig. 8.2. The gyrotrons in cluster a are configured as follows: 1 on-axis heat-
ing and co-current-injection source (j2¢/ and Q’¢/ in Fig. 8.2) and 1 off-axis heating

and counter-current-injection source (j7¢/ and Qr¢/ in Fig. 8.2), and the gyrotrons

in cluster b are configured as follows: 1 on-axis heating and counter-current-injection
source (j7¢/ and Qgﬁfb in Fig. 8.2) and 1 off-axis heating and co-current-injection

C1b

source (jref and QU¢/ in Fig. 8.2). Also, note that the electron density could be
utilized as an actuator, but for the scenarios considered in this work the electron
density profile is assumed constant.

By combining the magnetic diffusion equation (8.2) with the resistivity model
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(8.6), the noninductive current drive models (8.7)-(8.9), and defining the quantities

A ks Ze ~ AT
Fa(p) = =254L Dy(p) = FGH,
topy ¥
~ ROHk:SPZfojeci

Gec; (p) =

kv Rk Zo s H

- fbs1(p>: JkeV OFP ff
. dn,

foso(P) = 2L31 7 Joss (P) = {2L31 + L2 + aLlsy} ne,

for i € [1a,2a,1b,2b], we obtain

o0 110 0
_ 2 (sp
o ﬁ7wﬁ%( w%)
1
+ 172 ([9ecra + Gecza) Peca(t) + [Gecry, + Geen,] Peey (t))

+ sy (g—?) Tl (fbszT beS%T) (8.21)

By combining the electron heat transport equation (8.4) with the electron heat source

models (8.10)-(8.14), the thermal conductivity model (8.15)-(8.16), and defining the
quantities

2 1 GH?n,
D
fr.(p) = 3p#ﬁ% 7.(p) =

Y

F
2 oy Y
S () = 572 Dy, () =
3 kaeVne MoproH

Ié) - GH7
N karemZeffne ~ 2 Q’ref
frad(p) - 3 kaeVne meci(p)

_ Yec;

3 kaeVne
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for ¢ € [1a,2a,1b,2b], we obtain

8

oT,
fTe 395 [pDTe (Z Ay {710 4 yumes }> o

170 o 1
e ) T | R 07
+fjt0T /32 |:8/3 (p Jtor aﬁ)‘| TE/Q f dte

+ [meqa + mECQa] Pec, (t) + [meqb + m602b] Pee, (t). (8'22)

From (8.1), we see that the rotational transform is related to the spatial gradient of

the poloidal flux, which we define as

0(p,t) = [0v/0p(p, 1)]. (8.23)

By inserting (8.23) into (8.21)-(8.22) and after copious application of the chain rule,

we obtain PDE models of the 6 and T, profile dynamics that are expressed as

00 1 020 00 3 1 0T, 00 p
a9 W qﬂla_ﬁg + qnza_ﬁ + | — §W8_P qma—[) + Qs
1
+T1/2 { [gécla + gécQa] Peca (t) + I:g:iclb + g(,iCQb:| Pecb (t)}

1 1 0T,
_§W8_[) {[gecla + gec?a] PeCa (t) + [960117 + gech] Pecb (t)}

1 1 100 3 1 07T, oT,
+8Te {fbsl fbsl@aA_ be1T a :|<be2 e fb83 )

op
8T 0*T, )

+f6819 ! (fb52 et {fbsz + fbsg} fb35 8A2 (824)
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and

aaT —fTeH ~Dr, + D}, }(ZA {yrom 4 Wéa}%)
+Dr. (Z AL (e + )
+Dr. (ZA (v + )}

901% 1
+f]tor p/\2 {D]too" + pD‘]tor} 9 + pD]tor 8

+ [mema + me@a] Pec, (t) + [meclb + mec2b] Pee, (t)7 (8'25>

where (-) = d/dp and

4 (p) = fo(P) Dy (p),

I (P) = F1(D) D () + 215 (D) Dy () + fo(P) Dy () /

U (P) = F1(D)Dy(p)/p + f1(D) Dy (D) — f4(p) Dy (p) /P
+1a(B)Dy(p)/ b + Fo(P) Dy (),

s (P) = fo(P) Dy (p)/ P+ F1(P) Dy (p)-

8.3 Model reduction via spatial discretization

To obtain a model suitable for tracking feedback control design, the governing infi-
nite dimensional PDEs (8.24) and (8.25) are approximated by a finite dimensional
system of ordinary differential equations (ODEs). This is achieved by representing
the spatial domain (p € [0,1]) as m discrete nodes and approximating the spatial
derivatives using a finite difference method of order (Ap)?, where Ap =1/(m —1) is
the spacing between the evenly distributed nodes. After applying the spatial deriva-

tive approximations to (8.24) and (8.25) for the interior nodes i = [2,...,m — 1], we
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obtain

b=z o ) ) T a0

L;)Ti@ TeZHQ;ﬁTeil { m ( Ai)%ﬁ@i_l + G (p?;)@z}

Tel/Q {[9her. (Bi) + Ghey, (P1)] Peca(t) + [Gocy, (Pi) + Ghy, (5i)] Pecy (1) }

;Té/Q TelHQ;ﬁTez‘l {[Geers (Pi) + Geeos (55)] Peco (1) + [Geer, (P1) + Geesy ()] Pocy ()}
g i 0 = P 0 = S
(I ol 0
+ fosr (P )91 Ti/z (fb52<pz Te, + { foso (Pi) + frs, (63) } Te”%ge“
+fbs3([37;)Tei+1 (ZJ;) + T, 1) 520

and
T, = fr.(p7) { {AiDTe(p ) + D7 (p } (ZA AROm g unes }i)
Pi 2A)

~ nom unc €i - Tei—l
+Dr (p (ZA/ pi) {7 +75"0 }+12T>

nom unc Tez‘ - 2T€z‘ + TeF
+Dr.(p (ZA pi) {72 + e 0at — (Ap)2 1)}

Ois1—0i1]" 1
/ ~ ~ i+1 i—1
+f]to'r i p |:{D]to'r ) + pZD_]tO., pl)} 01 + piDjto'r (pl) 2Ap/\ :| T‘i/z

_fmd( )T1/2 + [meqa (ﬁz) + Mecy, (ﬁZ)] Peca (t) + [meqb (,5,) + Mecy, (ﬁz)] PECb (t)>
(8.27)

where 0;, T¢,, and p; are the values of 0, T,, and p at the discrete nodes, for i =

2,...,m — 1]. The values of # and 7, at the boundary nodes i = 1 and ¢ = m are
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obtained from the boundary conditions (8.3) and (8.5) and are expressed as

4T, — T,
—e—, (8.28)

O = —kp, I, (t) T, = Topary. (8.29)

0, =0 T, =

The discretized model can be written in a compact form as

0= Fy(0,T.,u), (8.30)
T, = Fr.(0,T.,u,6), (8.31)

1
B¢,0P§Pi )
where 6 = [Oo,...,0m1] € R, T, = Te,,...,Te,, ] € R" 4 is the value of ¢ at
the discrete nodes, for i = [2,...,m — 1], u = [P.e,, Poc,, I,) € R? is the control
input vector, 6 = [dy,...,d,,] € R™ is the uncertain parameter vector, Fy € R™ and

Fr € R™ are nonlinear functions, and n = m — 2. By defining the state vector as

z =[0,T.] € R2", we can write the state dynamics as

. F@(é7Te7U) 2
T = o = Fpr(x,u,0) € R (8.33)
FTE<97T67U76)

The output vector is defined as y = [z, Te] € R?", where i = [19,...,tm_1] € R™

We define an equilibrium point of the system (8.33) as
Teqg = Fo1,(Teq, Ueq, 0) = 0. (8.34)
We can obtain a model suitable for tracking control design by defining the perturba-

tion variables Z(t) = x(t) — z¢, and upp(t) = u(t) — ue,, where Z(t) is the deviation
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away from the equilibrium state and wg,(t) is the output of the to-be-designed feed-
back controller. Linearizing (8.33) with respect to the state and control input around

an equilibrium point defined by (8.34), we obtain

0Fyr,

. O0Fyr,
ox +

Xz
(qu:ueq:(S) au

Ufsp, (835)

(zeq:ueq:‘s)

j;eq + j == FO,TE (Qzem Ueg, 6) +

where OFy 1, /0x € R**" and OF, 1, /0u € R*3 are the Jacobians of the system.

By employing (8.34), we express (8.35) as

OFy 1,
ou

x 4+

(ifcq yUeq 76)

OFy 1,
ox

uypp + ds, (8.36)

(xcq yUeq 76)

T =

where ds = Fy 1, (Teq, Ueq, 0) 1s a disturbance. Finally, (8.36) is written as an explicit

uncertain state-space system as

Zi' = A((S)CZ’ + BUfb + d(s,

y = CZ + Duy, (8.37)

where A(d) and B are the Jacobians 0Fyr, /0x € R*™ " and dF, 1, /Ou € R*™3

evaluated at (Zeq, Ueq, 0),
c, 0
0 Cr,

Y

where C, = diag{—1/(Byopip:)} € R™", Cr, = diag{1} € R™", and D = 0. The

structure of the matrix A(4) is of the form

A(S) = Ao+ Y BiA;, (8.38)
i=1
where Ag represents the nominal system response and A; represents the influence that

the uncertain parameter §; has on the system response.
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8.4 Manipulation of dynamic model into robust
control framework

We now exploit the structure of the matrix A(J) in (8.38) to write the system (8.37)
in the conventional P — A robust control framework (shown in the little purple box in
Fig. 8.3), where P is the generalized transfer function of the system and A = diag{d}
is a structured uncertainty matrix. The transfer function of a linear system with
state-space matrices A, B, C', and D can be written as an upper linear fractional

transformation (LFT) as
1
G(s) = Fu (Ma, 51) =D+ C(s] — A)™'B, (8.39)

where F), is the upper LFT, the matrix M, is defined as

A B
M, = , (8.40)

C D
I is an identity matrix with the appropriate dimensions, and s denotes the Laplace
variable. The nominal model will be coupled with the uncertain parameters in the
transfer function representation of (8.37). By employing the method outlined in [138],
we can separate the uncertain parameters from the nominal parameters to write the

system (8.37) in the P — A robust control framework. The input-output equations of

the system in this framework are expressed as

ya = Priua + Prouyy,

y = Parua + Paouyp +d, (8.41)

305



A r ; 271'W01/2
d
Up Ya r
+ +
> Ry > r % > T —— > Wy —> 7
d | Upp b v
u]‘pb g\ -
> W, —> 2%,

Figure 8.3: Schematic of control problem formulation for simultaneous ¢ + T, profile feed-
back control design in TCV L-mode scenarios.

where Pi1, P, P51, and Ps, are the component transfer functions of P that describe
how the system inputs (ua, uy) affect the system outputs (ya, y) and d represents
the effect that the disturbance ds has on the system outputs. An overview of the

employed technique is provided in Appendix A.

8.5 Evaluation of relevant control channels

The feedback system (8.41) is an underactuated system, i.e., there are 2n outputs
but only 3 inputs. Therefore, at most 3 linear combinations of the system output can
be controlled. In this work, we employ a singular value decomposition (SVD) of the

nominal input-output relation
y = Go(s)up, where Go(s) =C (s — A0)) "B+ D

at a particular frequency to choose the output directions (and associated input direc-
tions) to control. The real approximation of the nominal input-output relation at a

particular frequency jwy. is expressed as

g = Golig, (8.42)
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Figure 8.4: Relevant control channels for ¢ and T, profile control in TCV L-mode scenarios:
(a-b) output and (c) input. The output is defined as § = [y,, Jr,], where g,
are the system outputs associated with the rotational transform, and gr, are
the system outputs associated with the electron temperature. The feedback
vector components are ugy, = [Pec,, Pec,, Ip] | fo-

where Gy denotes the real approximation of the complex matrix Go(jwa.) [10, 146].
We next define the “weighted” transfer function Gy and its economy size singular
value decomposition as Gy = QY2GoR™Y/2 = ULV, where ¥ € R3*3 is a diagonal
matrix of singular values, and U € R?"*3 and V € R3**® are matrices that possess
the following properties VIV = VVT = [, UTU = I. We have introduced the
positive definite matrices Q € R**?" and R € R3*3 to weight the relative tracking

performance and control effort. The input-output relation (8.42) is now expressed as
j = Gotipp = Q'*GoR iy, = QPUSVT RV iy,

The singular vectors of the basis for the subspace of obtainable output values
(7 = QY2U%y") and the corresponding input singular vectors (ip, = R™Y2Vi},)
are shown in Fig. 8.4, where y* and 4}, are the decoupled output and input, ie.,
y* = Uy, A detailed overview of the SVD technique employed to evaluate the relevant
control channels is provided in Appendix B. In this work, the frequency to evaluate
the relevant channels at is chosen as wy. = 250 rad/s. By examining Fig. 8.4, we see
that this choice allows us to utilize the gyrotrons (P, and P.., in opposite directions)
to control the ¢ profile in the plasma core through auxiliary current drive, the total

plasma current to control the ¢ profile near the plasma boundary, and the gyrotrons

(P, and P.., in the same direction) to control the electron temperature profile. Also
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by examining Fig. 8.4, we can see the difference in time scales between the rotational
transform and electron temperature dynamics. From Figs. 8.4(a) and (c), we see
that at a frequency of 250 rad/s the effect of modifying the total plasma current
at the plasma boundary has not had time to propagate to the core of the plasma,
whereas from Fig. 8.4(b), we see that the effects of the actuators on the electron
temperature have fully propagated across the entire spatial domain. As a result, we
see that the electron temperature dynamics are governed by a faster time constant

than the rotational transform dynamics.

8.6 Feedback control problem formulation

The feedback control problem is formulated as shown in Fig. 8.3, where r is the
reference value, e = r — y is the tracking error, and K is the to-be-designed feedback
controller. The closed-loop system outputs are Z; and Z,, and the frequency depen-
dent weight functions W, and W,, are utilized to optimize the feedback performance.
The feedback control objectives are to maintain a small tracking error for any refer-
ence, reject the effects of the external disturbance, utilize as little feedback control
effort as possible, and robustly stabilize the system by controlling the relevant input
and output channels of the system (8.41). The control problem is formulated as

W,S W8
min || T|| Vo Tu=| 70 oo (8.43)

WuKSpc, —W.KSpc,
which represents the closed-loop nominal performance condition. The function 7,
is the closed-loop transfer function from the inputs (r*,d*) to the outputs (Z, Z),
d* = L7W0TQY2d, and Spe, = (I + S UTQY2PyuR™Y2VK)™'. See section 3.6
for an example of how this nominal performance condition is derived. See Appendix

C for an introduction to the design of feedback controllers by employing the H.,
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closed-loop shaping technique. The feedback controller K obtained by solving (8.43)

is written in state-space form as

jjfb = A;bxfb + B;Zbe*,

u}b = C;bl‘fb —|— D;Zbe*,

where z s, € R™* is the internal controller state vector, A}, € R"/e*"e By, € Rnso%3,
€ R3*7s0 and D}, € R3*3 are the controller system matrices, and ny, is the
number of controller states. Equivalently, the controller can be written in terms of

the tracking error e and control input wuy, as

Zpp = Appy + Bree,

Ugp = CbeL’fb + bee, (844)
where

Afb - j”b?
be — B;bzflUTQl/Q,
Cpp = RV,

Dy, = RV D55 UTQY?,

To analyze the performance of the closed-loop system, the singular value diagrams
of the inverse of the performance weight functions and the achieved transfer functions
Spc, and K Spe, are shown in Fig. 8.5(a-b). As shown in the figure, the controller
achieves nominal performance. The robust stability of the closed-loop system with
the nominal controller is analyzed by exploiting the block-diagonal structure of the

uncertainty matrix, i.e., A = diag{d}, which allows us to compute the structured
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Figure 8.5: (a) Nominal performance (tracking), (b) nominal performance (control effort),
(c) structured singular value versus frequency for physically relevant (solid)
and all possible (dashed) uncertainties according to the model (8.15)-(8.16),
and (d) the corresponding x. that results in the largest p-value at a frequency
of 100 rad/s for each respective case in (c). The robust stability condition is
defined as pu(Ni1(jw)) < 1 Vw [10].

singular value
1
min{k,,|det (I — k,,N;1A) =0}’

p (N (jw)) =

where Ni; = P;; — PioR7Y2V K Spe, S 1UT QY2 Py, (see section 3.6 for an example
of how this transfer function is derived) is the closed-loop transfer function between
the signals ya and ua shown in Fig. 8.3. A plot of u versus frequency is shown
in Fig. 8.5(c). As shown in the figure, for all possible uncertainties (dashed line in
Fig. 8.5(c)) according to the model (8.15)-(8.16), the nominal controller does not
achieve robust stability. However, by comparing the thermal conductivity profile
that results in the largest p-value for this case (dashed line in Fig. 8.5(d)) to the
thermal conductivity profiles predicted by RAPTOR in Fig. 8.1(b), we see that the
model (8.15)-(8.16) can allow unphysical thermal conductivity profiles. Therefore, we

restrict the uncertainties in the model (8.15)-(8.16) by requiring that the resulting

310



thermal conductivity profile should satisfy

OXe
dp

OXe
dp

<0 for p€[0,0.35] and > 0 for p € [0.45,0.85].

We then recompute p, and as shown by the solid line in Fig. 8.5(c), the nominal
controller achieves robust stability for this subset of uncertainties (marginal stability

is reached at a frequency of 100 rad/s).

8.7 Control algorithm performance testing in TCV
RAPTOR simulations

We now test the closed-loop performance of the integrated ¢ + T, profile feedback
controller (8.44) in TCV RAPTOR [13-15] simulations. In order to the ensure a fair
assessment of the controller performance, the target plasma state must be physically
achievable, i.e., the ¢+ and T, profiles that are specified as targets in the simulations
must be compatible with each other. In this work, we obtain T, profiles that are
compatible with specific ¢ profiles by executing RAPTOR simulations with ¢ profile
control only (see chapter 7) and taking the resulting T, profile as a nominal compatible
target.

The controller is tested with two different sets of ¢ and T, profile targets to assess
the ability of the controller to drive the system to multiple different operating points.
In all cases the target profiles are specified in the same way. The ¢ profile target
is held constant for the duration of the simulation, and the nominal compatible T,
profile is chosen as the target during the time interval ¢t € [0,1) s. During the time
interval t € [1,1.4) s, the nominal compatible T, profile is scaled down by 10%, and
the resulting profile is specified as the target. Finally, the nominal compatible T,

profile is scaled up by 10%, and the resulting profile is specified as the target during
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Figure 8.6: Schematic of closed-loop control system structure for simultaneous ¢ + T,
profile control for the TCV tokamak.

the time interval ¢ € [1.4,2] s. Specifying the target evolution in this way provides
the opportunity to (i) test the ability of the controller to track a nominal ¢ and T,
profile evolution (¢ € [0,1) s) and (ii) assess the ability of the controller to modulate
individual quantities (7, profile) while simultaneously maintaining other quantities (¢
profile) in a stationary condition (¢ € [1,2] s).

The sequence of simulations to test the controller performance are also executed
in the same way. First, a nominal + and T, profile evolution is obtained by executing
a feedforward-only simulation with a nominal set of input trajectories. Next, the
ability of the controller to track the target is determined by executing a feedforward
+ feedback simulation with the nominal input trajectories. During the feedback-
controlled simulations, the controller is inactive during the time interval ¢ € [0,0.1]
s. The simulation results are presented in terms of the achieved ¢ profile (¢ = 1/¢) as
this is the quantity most often utilized in the literature to specify the magnetic state
of the plasma.

A schematic of the closed-loop control system structure is shown in Fig. 8.6.

To ensure the closed-loop system remains well-behaved in the presence of actuator
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magnitude saturation, the feedback controller is augmented by an anti-windup com-

pensator [140]. See section 4.4.6 for an example of the employed anti-windup scheme.

8.7.1 Broad T, profile with ¢(0,¢) = 1.05 and ¢(0.8,¢) = 3.3

In this section, a ¢ profile achieved in the TCV tokamak with a total plasma current
of 190 kA and counter-current-injection auxiliary power is chosen as the target. The
corresponding nominal electron temperature profile that is specified as the target ex-
hibits a broad profile shape. Time traces of ¢ and T, at various spatial locations, a
comparison of the target, feedforward + feedback controlled, and feedforward con-
trolled ¢ and T, profiles, and a comparison of the control inputs is shown in Fig. 8.7.
Once the controller becomes active at 0.1 s, it is able to drive the ¢ and 7T, profiles to
the target during the nominal phase of the simulation (¢ € [0, 1) s) by increasing the
total plasma current and the cluster b gyrotron power and decreasing the cluster a
gyrotron power. During the time interval ¢ € [1,2] s, the controller is able to modulate
the T, profile between equilibrium points while maintaining the ¢ profile in a rela-
tively stationary condition by rejecting the effects the changing electron temperature

has on the magnetic profile dynamics (see (8.6), (8.8), and (8.9)).

8.7.2 Narrow 7, profile with ¢(0,¢) = 1.17 and ¢(0.8,¢) = 4.5

In this section, a ¢ profile achieved in the TCV tokamak with a total plasma current
of 140 kA and counter-current-injection auxiliary power is chosen as the target. The
corresponding nominal electron temperature profile that is specified as the target ex-
hibits a narrow profile shape. Time traces of ¢ and T, at various spatial locations,
a comparison of the target, feedforward + feedback controlled, and feedforward con-
trolled ¢ and T, profiles, and a comparison of the control inputs is shown in Fig. 8.8.

When the controller becomes active at 0.1 s, it is again able to drive the ¢ and T,
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Figure 8.7:

Time (sec.)
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(a-f) Time traces of outputs (¢, T.) at various radial locations, (g-1) compar-

ison of target, feedforward + feedback, and feedforward controlled outputs
(¢(p) and Te(p)) at various times, and (m-o) comparison of control inputs
(Ip, Pec, s Pec,) for the simulation in section 8.7.1. The solid-orange line de-
notes when the target ¢ profile is maintained in a stationary condition while
modifying the T, profile. Feedback controller off (gray-shaded region) and
actuator limits (solid brown).
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Figure 8.8:

(a-f) Time traces of outputs (¢, T%) at various radial locations, (g-1) compar-

ison of target, feedforward + feedback, and feedforward controlled outputs
(¢(p) and Te(p)) at various times, and (m-o) comparison of control inputs
(Ip, Pec,, Pec,) for the simulation in section 8.7.2. The solid-orange line de-
notes when the target ¢ profile is maintained in a stationary condition while
modifying the T, profile. Feedback controller off (gray-shaded region) and
actuator limits (solid brown).
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profiles to the target during the nominal phase of the simulation (¢ € [0,1) s) by
decreasing the total plasma current and the cluster a gyrotron power and increasing
the cluster b gyrotron power. Once again, the controller is able to modulate the
T, profile between equilibrium points while maintaining the ¢ profile in a relatively

stationary condition during the time interval ¢ € [1,2] s.

8.8 Conclusion

An integrated feedback algorithm for ¢ and 7, profile control in tokamaks was de-
veloped following a FPD, physics-based modeling approach. The electron thermal
conductivity profile was modeled as a nominal profile plus a bounded uncertainty,
and the controller was designed to be robust to an expected range of uncertainty.
The performance of the controller was demonstrated through RAPTOR simulations
of the TCV tokamak plasma dynamics. One direction of future work is to develop
a model of y. that naturally predicts physically relevant profiles. Additionally, our
future work includes utilizing the closed-loop plasma state observer developed in [150]
to reconstruct the ¢ and T, profiles in real-time to experimentally test the controller

in TCV.
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Chapter 9

Conclusions and future work

The work in this dissertation has focused on developing algorithms for current pro-
file and combined current profile + thermal state control in nuclear fusion tokamak
reactors. In this chapter, the contributions of this dissertation are summarized, and

some possible directions of future research are discussed.

9.1 Contributions
The contributions of this dissertation are as follows:

1. A general physics-based modeling approach was developed to convert the physics
model that describes the current profile evolution in the tokamak into a form
suitable for control design. This was accomplished by developing physics-based,
control-oriented models of the electron density, the electron temperature, the
plasma resistivity, and the noninductive current drives in response to the avail-
able control actuators. This first-principles-driven (FPD) model (as well as the
accompanying numerical simulation code) is readily tailored to a given operat-

ing scenario in a given machine of interest. In this dissertation, the model was
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tailored to low confinement (L-mode) and high confinement (H-mode) scenar-
ios in DIII-D, H-mode burning plasma scenarios in ITER, and L-mode scenar-
ios in TCV, demonstrating the flexibility of the employed methodology. The
model’s predictive capabilities were demonstrated through comparison to the
evolution of experimentally-achieved /advanced-simulation-predicted plasma pa-
rameters. In addition to the control applications developed in this dissertation,
the physics-based modeling approach and numerical simulation code were em-
ployed to develop and test other current profile control algorithms for the DIII-D
tokamak [100, 101, 151] and the National Spherical Torus Experiment Upgrade
(NSTX-U) tokamak [152-154], and are currently being extended to the EAST

tokamak.

. A general framework for real-time feedforward + feedback control of magnetic
and kinetic plasma profiles was implemented in the DIII-D Plasma Control
System (PCS). A tokamak simulation model (Simserver) that can interface with
the control algorithm implemented in the DIII-D PCS was developed, which
enabled closed-loop simulations with the real-time code to be executed to debug
the algorithm prior to experimental testing. In addition to the controllers tested
in this dissertation, the control framework and Simserver were employed to
implement, debug, and experimentally test the controllers developed in [77,78,

98-105] for current profile control in DIII-D.

. A numerical optimization algorithm to synthesize feedforward trajectories for
the tokamak actuators that steer the plasma through the tokamak operating
space to achieve a predefined target scenario, subject to actuator and plasma

state constraints, was developed. At the core of the optimization algorithm is
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the developed FPD, physics-based model of the plasma dynamics. By exploit-
ing the computational efficiency of the embedded physics-based model, the op-
timization problem was iteratively solved by employing the sequential quadratic
programming technique. The optimization algorithm was utilized to optimize
plasma startup conditions by achieving a target current profile at the end of
the current ramp-up phase in DIII-D L-mode scenarios and to reach a target
plasma state characterized by a desired current profile and stored energy in a
stationary manner in DIII-D H-mode scenarios. In addition, the developed nu-
merical optimization algorithm is currently being employed to develop actuator

trajectories for advanced scenario planning in the NSTX-U tokamak.

. Following a FPD, physics-based approach, robust feedback algorithms for cur-
rent profile control, combined current profile 4+ stored energy control, and si-
multaneous current profile + electron temperature profile control were designed
for various operating scenarios in multiple tokamaks, which demonstrates the

flexibility of the employed methodology.

. DIII-D experimental tests demonstrated the potential physics-model-based pro-
file control has to provide a systematic approach for the development and robust
sustainment of tokamak operating scenarios. The ability of the feedforward +
feedback control algorithm to improve the reproducibility of plasma startup
conditions in L-mode scenarios in the DIII-D tokamak was demonstrated by
achieving various target ¢ profiles at the end of the current ramp-up phase of
the discharge. The ability of the optimized feedforward trajetories to steer the
plasma to a target stationary current profile, and the ability of the current pro-
file feedback controller to improve the ability to robustly achieve plasma target

conditions, in DIII-D H-mode scenarios was demonstrated. These experiments,
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along with those described in [98-101], mark the first time ever FPD, model-
based, closed-loop full magnetic profile control was successfully demonstrated

in a tokamak device.

. ITER and TCV simulation tests showed the ability to simultaneously control
the magnetic and thermal state dynamics in tokamak plasmas. The ITER sim-
ulations demonstrated the ability to drive the current profile to a stationary
target while simultaneously modulating the amount of fusion power that is gen-
erated. The TCV simulations demonstrated the ability to drive the current and
electron temperature profiles to a self consistent target, as well as to maintain
the current profile in a stationary condition while simultaneously modulating
the electron temperature profile between equilibrium points. The ability to
maintain the current profile at a stationary target (to maintain plasma stabil-
ity) while modulating the thermal state of the plasma (to respond to changing
power demand) is an essential capability that will be needed for a commercial,

power producing tokamak reactor.

Future work

In order for candidate control solutions to truly be considered for application on ITER,

they need to be developed and routinely used in existing tokamak experiments. The

DIII-D experiments discussed in this dissertation demonstrate the potential physics-

model-based current profile control has to improve the reproducibility of tokamak

operating scenarios. However, current profile control is currently not routinely utilized

in everyday tokamak operation. Therefore additional experimental testing of current

profile controllers, and eventually integrated current profile and electron temperature

profile controllers, in various tokamaks is needed.

The feedback control algorithm developed for combined current profile + stored
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energy control in burning plasma ITER scenarios represents a foundation for inte-
grated current profile and burn condition control in ITER. Additionally, the ability
to simultaneously control the current and electron temperature profiles was demon-
strated in TCV simulations. However, the developed algorithms solely employ auxil-
iary heating to control the plasma thermal state. If the auxiliary heating is driven to
saturation, the thermal state of the plasma is no longer controllable using this lone
actuator. Therefore, integrating the current profile controller with strategies that
utilize not only auxiliary heating, but also the concepts of isotopic fuel tailoring and
impurity injection to control the thermal state of the plasma [4] would be desirable.
Additionally, the control algorithm needs to be more rigorously tested in simulations
with advanced physics-based simulation codes, such as DINA-CH&CRONOS [5-9].

The current profile is not a directly measurable quantity and is reconstructed
for feedback control by combining diagnostic measurements with a real-time Grad-
Shafranov equilibrium solver, which is the case for the rtEFIT algorithm [11] utilized
at the DIII-D tokamak. However, the accuracy of this reconstruction method is
limited by the difficulty of obtaining reliable internal plasma diagnostic measurements
with adequate spatial and temporal resolution to obtain a complete description of the
current profile evolution during the discharge. An alternative approach that warrants
additional exploration is constructing the current profile in real-time by synthesizing
a closed-loop observer following a FPD approach. This approach has recently been
investigated for application in TCV [13,150].

Advanced high performance operating scenarios operate close to operational bound-
aries in terms of proximity to stability limits and actuation capabilities to maximize
plasma performance. In these operating scenarios, magnetohydrodynamic (MHD) in-
stabilities, such as neoclassical tearing modes (NTMs), can be triggered, which limit
the plasma performance and can lead to plasma terminating disruptions. As the

actuators utilized to stabilize these instabilities are also used to control the current
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and electron temperature profiles, integrated algorithms for profile control and MHD

instability stabilization/suppression need to be explored.
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Appendix A

Manipulation of linear uncertain
state-space system into a robust

control framework

In this appendix, we provide an overview of a technique employed to manipulate a
linear uncertain state-space system with a defined structure into a conventional robust
control framework. The derivation follows the one originally described in [138]. We

begin by considering a general linear uncertain state-space system described by

T = Ax + BUFB,

y = Cx + Dupp, (A.1)
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where x € R" is the system state, vpp € R™ is the control input, y € R? is the system

output, and the state-space matrices have a structure defined by

A:Ao—l—i&A: B:BO‘{‘idzB:?

i=1 =1

ns ns
C=Co+ ) &C;  D=Do+» 6D;, (A.2)
i=1 i=1
where 0 = [01,...,0;,...,0p,] € R™ is the uncertain parameter vector, the matrices

Ao, By, Cp, Dy represent the nominal response of the system, and the matrices A7,
B, Cr, Dy represent the influence each uncertain parameter 9; has on the system
response.

A linear system with state-space matrices A, B, C', D has a transfer function
representation G(s) = C(sI,, — A)™'B + D, where s denotes the Laplace variable, I,
denotes an n x n identity matrix, and y = G(s)vpp. By defining the matrix

A B

M, = , (A.3)
C D

the system transfer function G(s) can be written as a linear fractional transformation

(LFT) as

1 —1
G(s)=D+C(sl, —A)'B=D+C-I, (In - Alfn) B
S S

1 1 \"' 1
= Ma22 + Ma21 g[n <In - Mallg[n> Ma12 = Fu (Maa gIn>> (A4>

where F,, denotes the upper LFT. The block diagram of the system transfer function
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Figure A.1: Transfer function G(s) (a) represented as a LFT and (b) with uncertainty A
pulled out.

G(s) (A.4) is shown in Fig. A.1(a) with equivalent equations

1
W = _]nZh
S

1
Yy = F, <Ma7 gln) VUrB = G<S)UFB- (A5)

By employing (A.2), the matrix M,, defined in (A.3), is written in the form of a

general state-space uncertainty as

Ao+ 3647 By+ S 6B
=1 =1

M, = (A.6)

ng ng
Co+ >,0,CF Do+ > 6;D;f
i=1 i=1

)

By exploiting the structure of the state matrices in (A.6), the uncertainty is formu-
lated into a LET by achieving the smallest possible number of repeated blocks [138].
With this purpose in mind, the matrix J; is formed as

AP B

Ji = e RvFp)x(ntm), (A7)
¢ Dy
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By using singular value decomposition and grouping terms, the matrix J; is expressed

as

L R;
Ji = UV = (Ui 5)(VEV]) = : , (A.8)
Wi Z;

where [-]* denotes the complex conjugate transpose. If the rank of the matrix J; is

¢;, then each inner matrix has the following dimensions
L; e R™% W, e RP*% R, e R"™% 7, ¢ R™*%, (A.9)

By employing (A.8), the uncertainty is written as

*

R.
5.J; = 16:1,.] , (A.10)
Z.

where I, is a ¢; x ¢; identity matrix. Finally the matrix M,, defined in (A.6), is

expressed as

Ay B "
My= |0 |+ 3 60d = Fu + FiaARy, (A.11)
Co D(] =1
where
_Ao BO Ll Ln
F11 == F12 - ’ )
_CO D() Wl an
(R: 7 5.1, 0
Foy = | : A= : (A.12)
Ry Zps 0 5n51qn5
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The representation of the matrix M,, defined in (A.11), is equal to the lower LET

M, = F(F,A) = Fiy + FioA(ly, — Fyp )™ Fa

= Fn + F12AF21 (Al?))

where

P F
F=" 0" (A.14)
Fy 0

qr is the total rank of the A matrix given by

ns
=Y (A.15)
=1

I,, denotes a qr X gr identity matrix, and F; denotes the lower LFT.
The block diagram of the system is now drawn as in Fig. A.1(b) with equivalent

equations

1
wy = ;Inzl wy = Az,
1
Yy = Fu <.Fl(F, A), ;]n)UFB = G(S)’UFB. (A16)

The transfer function G(s) of the uncertain state-space model is next expressed as

G(s) = F, (Ma, é[n) =F, (Fl(R A), éln)

= F (Fu (F éln) : A) = F(P',A). (A.17)

For convention purposes, it is necessary to move the uncertainty to create an upper

LFT by employing the definition

G(s) = Fy(P',A) = F,(P,A), (A.18)
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Figure A.2: Block diagram manipulation to obtain plant P.

where
P Pyy Py P Py P ' (A.19)
P12 P11 P21 P22
The corresponding block diagram manipulation is shown in Fig. A.2. The input-

output equations of the system in this robust control framework are given by

29 = Priws + Piavpp,

Yy = P21w2 + PQQUFB, (AQO)

where P, € RqTXQT, Py € RqTXm’ Py € RPXQT, Py € Rpxm’ 29 € RQT’ Wy € RQT,

y € RP, and vpg € R™.
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Appendix B

Evaluation of relevant control
channels via singular value

decomposition

In this appendix, we provide an overview of a technique employed to evaluate the
relevant control channels of an underactuated linear system (one that has more to-be-
controlled outputs than available manipulatable inputs) by employing singular value
decomposition (SVD). More details regarding this technique can be found in [155].

We begin by considering a general linear state-space system described by

T = Ax + BUfb,

y = Cx + Duy, (B.1)

where z € R" is the system state, uy € R™ is the control input, y € RP? is the system
output, A, B, C, D are the system state-space matrices, and p > m. The relationship

between the outputs y and the inputs ug, of the system (B.1) is expressed in terms
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of the system transfer function G(s) which is defined as
y = G(s)ugs where G(s) = C(sl, — A)"'B + D, (B.2)

where s denotes the Laplace variable and I,, is an n X n identity matrix. For a given
set of constant inputs, the system (B.2) will reach a steady-state condition defined
by a constant output, provided that the system is internally stable. These constant
outputs and inputs define a particular equilibrium point of the system. It is desired
that the outputs reach a set point, or reference to-be-tracked, which we denote as

r € RP, and the tracking error is defined as
e=r—uy. (B.3)

A feedback controller can then be designed to manipulate the control inputs wug,
to minimize (B.3). The conditions to bring the tracking error exactly to zero are
typically not met because the number of controlled outputs (p) is larger than the
number of controlled inputs (m). As a result, we can only independently control m
linear combinations of the output of the system. The technique we employ to evaluate
and decouple the most relevant control channels is based on a SVD of the state-space
system (B.1) at a particular frequency jwgec.

The real approximation of (B.2) at a particular frequency jwg. is expressed as
y = Gug, (B.4)

where G denotes the real approximation of the complex matrix G(jwq.) [10, 146].

To begin the process of determining the relevant control channels, we consider a
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performance index J, which is defined as

J=é"Qe= (7 —9)"Q(F —9), (B.5)

>

where () € RP*P is a symmetric positive definite matrix that is used to weight which
components of the tracking error, relative to the other components, are more im-
portant to minimize and (-)” denotes the matrix transpose. We introduce another
positive definite matrix R € R™*™ to weight which inputs have more control author-
ity relative to the other inputs. We then define the “weighted” transfer function Gy

and its “economy” size SVD [156] as
G=Q"GR"=UxVT, (B.6)

where ¥ = diag{o1,09,...,0,} € R™™ is a diagonal matrix of singular values with
opL> 09> ...> 0, >0,U€RPX and V € R™* are matrices that possess the

following properties

viv=vvlt =1, U'U=1,, (B.7)

where I,,, is an m xm identity matrix, and 7 = 1/2 is chosen to enable the performance
index (B.5) to be written as a function of ¥ as will be shown below.

By employing (B.6), the input-output relation (B.4) is now expressed as
g _ Qfl/ZéRl/Zafb — Q71/2UszRl/2ﬁfb. (BS)

We note that the columns of the matrix Q~Y2UY define a basis for the subspace of
obtainable output values, and as a result, any obtainable output can be written as a

linear combination y* € R™ of the basis vectors, i.e.,

§=Q \PUS) = §* =5"'UTQ"y. (B.9)
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This implies only the component of the reference vector which also lies in this subspace
will be able to be tracked in steady state. As a result, we decompose the reference
vector into a trackable component 7; and a non-trackable component r,;, ie., r =
7+ + rne. As the trackable component lies in the subspace of obtainable output values

it can also be written as a linear combination 7* € R™ of the basis vectors, i.e.,
P = QPUSH = 7 = S UTQY2(Fy + ), (B.10)

where X~1UTQY?r,;, = 0 because the non-trackable component does not lie in the

obtainable output subspace. By defining
Wy, = VTR /Quﬂ, = Up =R 1/2 Vi, (B.11)

where %, € R™, a one-to-one relationship between §* and @}, is obtained by using

(B.9) and (B.8) as

g* _ E_lUTQ1/2g

=S UTQVPQTVPUSVT R gy, = i, (B.12)
By utilizing (B.10) and (B.9), the performance index (B.5) is now written as

J=é'Qe= (7 -9 Q" — )
_ (’f‘* . g*)TEUTQfl/QQQfl/QszA* _ A*)
= (7 - ﬂ*)T Za P —95) (B.13)

where o; denotes the i-th singular value, 7} denotes the -th component of #*, and ¢
denotes the i-th component of §*.

We note that the i-th singular value acts as a weight parameter for the i-th
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component of the tracking error in (B.13). It is possible that two sequential singular
values could exhibit a large difference in magnitude, i.e., o; > 0;,1. Therefore, no
matter how large the component of the tracking error associated with o, is, its
contribution to the overall value of performance index will be small compared to the
component of the tracking error associated with o;. As a result, if we take all of the
singular values into account, we could spend a lot of control effort for only a small
improvement in the value of the performance index (B.13). To avoid this penalty,
we partition the singular values into k, significant singular values ¥, and m — k;

negligible singular values ¥, and introduce the partitions

s 0
v=lu, v.] V=l ] 3= , (B.14)
0 Ens
P = y* — u}b = 7b: , <B15)
TA:LS g;s ﬁ}bns

where U, € RP<ks, 5, € Rboxbs 1, € Rmxke 2 ¢ RF, 7 € Rb, and a5, € R By

employing the partitions (B.14), the properties (B.7) are expressed as

T VsT V;TV:% VsTVns [ks 0
VIV = | v = -
VL VIV, VIV, 0 Ik,
. Ur Uru, UTU,, I, 0
U'U= {Us Uns} = = : (B.16)
U’ ULU, ULU,, 0 L.

By employing (B.14)-(B.15), a reduced form of the performance index (B.13) is writ-

ten as

A

Jo= (7 —g) 22— g2) = S o (i - g)”, (B.17)
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where

7 =S UTQYVA (1 + ),

S

g = S;Ur Q. (B.18)

s

By employing (B.18) and (B.8), a reduced form of the decoupled system §* = @7,

(B.12) is expressed as

y;k — ES—IUSTQI/Q,Q _ 28_1USTQI/QQ_I/QUZVTRI/Q'Ilfb

=707 [Us Uns] O RYag,
0 .| |VL
=5 |1, o] ;Y/TT RV i, = it (B.19)
where we have defined
Wy, = VIR Pip, < iy, = RTVPV,i05, . (B.20)
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Appendix C

Fundamentals of feedback control

design by H,, closed-loop shaping

In this appendix, we provide an overview of the fundamentals of feedback control
design by employing the H., closed-loop shaping technique. More details regarding
this technique can be found in [10].

The H., norm of any stable transfer function F'(s), where s denotes the Laplace
variable, represents the maximum gain in any direction at any frequency between the

outputs and inputs of F'(s) and is expressed mathematically as
1E(8)loc = max o (F(jw)), (C.1)

where || - ||o denotes the H,, norm and &(F(jw)) denotes the maximum singular
value of the function F' at each frequency w. For single-input-single-output (SISO)
systems, specifications on the shape of the frequency response of the magnitude of
the transfer function F', which is denoted as |F'|, can be captured by an upper bound,

1/|W4(s)|, on the magnitude of F, where W;(s) is a weight function. This frequency
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dependent specification is expressed mathematically as

[FGw)| < 1/[Wy(w)l,  Vw

& |WiF| <1, Yw & |[[WiF||lx <1, (C.2)

where the last equivalence relationship follows from the definition of the H,, norm
(C.1). This method is easily extendable to multi-input-multi-output (MIMO) systems
and yields the same H., relationship between the weight function and the transfer
function shown in (C.2).

We begin by considering a general linear state-space system described by

i = Ar + Bu,

y = Cx + Du, (C.3)

where z € R" is the system state, u € R™ is the control input, y € RP is the system
output, and A, B, C', D are the system state-space matrices. The relationship between
the outputs y and the inputs u of the system (C.3) can be expressed in terms of the

system transfer function G(s), which is defined as

y=G(s)u  where G(s) = C(sl, — A)"'B+ D, (C.4)

where s denotes the Laplace variable and I, is an n X n identity matrix.

A conventional block diagram of a feedback control system is shown in Fig. C.1,
where G is the system transfer function, K is the feedback controller, r is the desired
reference (set point), d is an uncontrolled disturbance, y is the system output, and
n is the measurement noise. The goal of the feedback control design problem is to
design a controller that outputs a control signal u that drives the system output to

the desired set point, thus minimizing the tracking error e. In order to understand
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A 4

Figure C.1: Block diagram of conventional feedback control system.

how the external system inputs (7, d, n) affect the system outputs (y), tracking error

(e), and control signal (u), the closed-loop system transfer functions are expressed as

GK I GK
YETreR TTraR T T aR" (C5)
I I I
= T3GK T THGR' T TTGR™ (C.6)
I I I
=R rreR T M v er? T Mryar™ (C.7)
By employing the definitions
I
S=Tiok (€8
GK
I +GK’ (€.9)
I=S+T, (C.10)

where S is the sensitivity function and 7" is the complementary sensitivity function,

we can express (C.5)-(C.7) as

y=Tr+S5d—1Tn, (C.11)
e=Sr—Sd— Sn, (C.12)
u=KSr— KSd— KSn. (C.13)
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The feedback control objectives are to 1.) stabilize the system, 2.) maintain a

small tracking error for any reference, 3.) reject the effects of any external disturbance,

4.) minimize the effect measurement noise has on the closed-loop system, and 5.)

utilize as little feedback control effort as possible. These control objectives can be

translated into desired values of the closed-loop transfer functions in various frequency

ranges as follows:

1)

For unstable systems, the feedback controller must first stabilize the system.
In the case of the linear system (C.3) considered here, the feedback controller
needs to ensure all of the closed-loop system poles (eigenvalues) lie in the open

left-half plane, i.e., all of the poles have a negative real part.

Typically references are low frequency signals, therefore, for good reference
tracking (y — r), the magnitude of the transfer function S should approach
zero and the magnitude of the transfer function 7" should approach one at low
frequencies, i.e., |S| — 0 and |T| — 1 as s — 0 (see (C.11) and (C.12)). Note

that both of these conditions can be met by satisfying one of them due to (C.10).

Additionally, disturbances are typically low frequency in nature as well, there-
fore, to reject the effects an external disturbance has on the system output, the
magnitude of the transfer function S should approach zero at low frequencies,

ie., |[S| —0ass— 0 (see (C.11) and (C.12)).

Typically measurement noise is a high frequency signal. In order to minimize
the effect of noise on the closed-loop system, the peak magnitude of the transfer
function S should be suppressed. Additionally, the magnitude of the transfer
function S should approach one and the magnitude of the transfer function T’
should approach zero at high frequencies, i.e., |S| — 1 and |T| — 0 as s — o
(see (C.11) and (C.12)). Note that both of these conditions can be met by

satisfying one of them due to (C.10).
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5.) In order to minimize the amount of control effort used to achieve good refer-
ence tracking (y — r) and disturbance rejection, the magnitude of the transfer
function K'S should be minimized at low frequencies. In addition, the feedback
controller should not react to high frequency noise, so the magnitude of the
transfer function K S should approach zero at high frequencies, i.e., |KS| — 0

as s — 0o (see (C.13)).

By utilizing the results of (C.2), the control design problem can be formulated as

the following stacked H,, minimization problem

w,S
W,KS

min

1 : Vw. (C.14)

o0

The functions W,,(s) and W,(s) are used to place upper bounds 1/ (W, (jw)) and
1/a (Wu ( jw)) on the shape of the frequency responses of the magnitude of the closed-
loop transfer functions S and K.S, respectively. One possible parameterization of the

the weight functions is W, = diag{W,,,} € R?*? and W, = diag{W,,,} € R™*"™ where

Whpi(s) = s/ /M +%")2 W, (s) = (/v Mo, +w“i)2 , (C.15)
(s—l—wpi H*) (s—i—wui\/H_;ji)

pi
where the design parameters M, and M,, are related to the high frequency behavior,
the design parameters H; and H, are related to the low frequency behavior, and
the design parameters w,, and w,, are related to the bandwidth of the upper bounds
1/5(W,,(jw)) and 1/6(W,,(jw)), respectively [10]. The design parameters can be
chosen so the shape of the frequency response of the upper bounds coincides with the

desired shape of the frequency response of the closed-loop transfer functions previously

described.
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The H, closed-loop shaping technique is now applied to the following linear SISO

system

. 1 1
r=——x+ —u,
T T

y=uz, (C.16)

where 7 is a constant. For 7 < 0, the uncontrolled (u = 0) system (C.16) is unstable.
For this example we set 7 = —3, therefore, feedback is necessary to stabilize the
closed-loop system. The various design parameters in the weight functions (C.15) are
chosen as M, = 1, w, = 10%%, H) = 1073, M, = 1073, w, = 10%°, and H} =1, and

the designed H,, closed-loop shaping controller is denoted as
Kus(s) = K(s), (C.17)

where K is obtained by solving (C.14). It is worth noting, that in order to guarantee
that the closed-loop system will be able to track step changes in the reference signal,
the controller should include a pure integrator (1/s). This characteristic could be
captured by selecting the design parameter H; = 0, however, this may result in
numerical problems with the algorithm employed to solve (C.14) [10]. Therefore, an
alternative approach is to augment the H,, closed-loop shaping controller (C.17) with

a compensator as

1@@:m$ww(s+grﬁ (C.18)

s \wint

where n;,; is the number of integrators to be added. The design parameter w;,;
determines the frequency range (w € [0, win]) over which the compensator will affect
the response of the controller K to error signals, i.e., the controller transfer function
K5(s) will be unmodified for frequencies in the range w € (wjn, o0]. For this example

we select n;,; = 1 and w;,; = 0.05.
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The time response of the system (C.16) with the various designed controllers is
shown in Fig. C.2. For comparisons sake, a conventional proportional-integral (PI)

controller is also designed as

Kpi(s) = (kp + lﬁ%) : (C.19)

where kp is the proportional gain and k; is the integral gain. For this example we
select kp = k; = —5. As shown in Figs. C.2(a-b), the response of the system
with the PI controller (C.19) and the loop-shaping controller (C.18) is very similar
when there is no measurement noise, i.e., n = 0 in Fig. C.1, and the controllers
are able to track the desired set point (target). When measurement noise is present,
the controllers are still able to track the desired set point (shown in Fig. C.2(c)),
however, as shown in Fig. C.2(d), the PI controller reacts significantly more to the
noise than the loop-shaping controller. To understand this, the frequency response of
the designed controllers, as well as the frequency response of the various closed-loop
transfer functions, is shown in Fig. C.3. As shown in Fig. C.3(a), the frequency
response of the loop-shaping controllers rolls off at high frequencies, whereas the
frequency response of the PI controller does not. The effect that this has on the closed-
loop transfer function between the control input and noise signals K.S (see (C.13)) is
shown in Fig. C.3(c), which results in the PI controller reacting to noise more than
the loop-shaping controllers. Finally, the steady-state response (with no measurement
noise) of the system (C.16) with the various designed controllers is shown in Figs.
C.2(e-f). As the PI (C.19) and augmented loop-shaping (C.18) controllers have a
pure integrator (shown in Figs. C.3(a-b), i.e., |K| — oo and |S| — 0 as s — 0),
they are able to track the desired set point with zero steady-state error, while a small

steady-state error is achieved with the loop-shaping controller (C.17).

360



3 - 4 . , .
‘‘‘‘‘ Target
—— Open-loop ]
—PI . 2 % N\
52' —— Loop-shaping| : | i T g 0
5 f st
Q. M| 35
= Qo
3+] £z
—— Open-loop
-4 — Pl
—— Loop-shaping
0 T ; ; -6 T T "
0 5 10 15 20 0 5 10 15 20
Time (sec.) Time (sec.)
(a) (b)
3 * y * 4 * * *
‘‘‘‘‘ Target
—— Open-loop 1 I
—9 : Mﬁw
82' —— Loop-shaping| : F S 50
5 st
a H 5
= a
8 1 £-2
—— Open-loop
-4 —pl
—— Loop-shaping
0 T T T -6 T T "
0 5 10 15 20 0 5 10 15 20
Time (sec.) Time (sec.)
(c) (d)
2.050 - : : - 2.050 i i
2.0251 ¥ 2.025
= )
§_2.000 o—0—O0—6—0—6—C—6©——1©—90 ‘32.000 O—O0—60—60—6O6O—1O6—O0©—©610©
] == Target S
1.975 or 1.975] O PI
— Keas — Kes
— K — K
1.950 T T y T 1.950 T T y T
55 56 57 58 59 60 55 56 57 58 59 60
Time (sec.) Time (sec.)
(e) (f)

Figure C.2: Time response of the system (C.16) with the various designed controllers:
(a-b) without measurement noise, (c-d) with measurement noise, and (e-f) in
steady state.
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Figure C.3: Singular value diagrams of: (a) feedback controllers, (b) sensitivity function
(and associated weight function 1/W,, for Hy, design) achieved with the con-
trollers in (a), and (c) transfer function KS (and associated weight function
1/W, for H design) achieved with the controllers in (a).
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Appendix D

Interfacing feedback controller
with available rtEFIT

measurements

In this appendix, we describe the coordinate transformation algorithm implemented in
the DIII-D Plasma Control System (PCS) to construct the magnetic profiles available
for real-time feedback control on the normalized effective minor radius spatial domain
p from the data provided by the real-time EFIT (rtEFIT) equilibrium reconstruction
code [11]. The measurements that are available in real-time on the normalized flux
spatial domain ,, are shown in Table D.1. The normalized flux 1), is defined as

¥ — Vagis

= ¥ " Vaais D.1
w wbdry - Q/Ja:m's ( )

The safety factor g(¢I") is provided by rtEFIT at 64 evenly spaced points

Wt =0,1/64,2/64, ... 63/64. (D.2)
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Table D.1: Measurements Available in Real-time

Measurement Description Units
q(Yrt) Safety factor on normalized flux spatial domain None
Yazis Poloidal stream function on magnetic axis Wh/rad
Ubdry Poloidal stream function on plasma boundary ~ Wb/rad
Lyees Plasma current MA

We begin the magnetic profile construction algorithm by determining the normal-
ized effective minor radius coordinates associated with the rtEFIT normalized flux

coordinates (D.2).

D.1 Computing normalized effective minor radius
coordinates

The basic definition of the safety factor is

dd dd

v T omdy (D.3)

q:

which we use to calculate the toroidal flux coordinates ® (") corresponding to the

values of q(¢"") provided by rtEFIT. By using the relationship

d¢ - (¢bdry - ¢aris)d¢n; (D4)
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we integrate (D.3) to obtain

P P
/ 0D = D) — B(tyui) = —2r / )y,
wazis wazis

q)<¢n) - (I)(()) - _27T/ (¢bdry - ¢amis)Q(¢n>d¢m
0
Pn

(I)Wn) = —271'/ (¢bdry - ¢amis>Q(¢n)dwnv (D5)

0

where ®(0) = 0 by definition. By numerically integrating the right hand side of
(D.5) by employing trapezoidal integration, we compute the toroidal flux coordinates

O(yrt] ), 2 < k <64, as

k

2 aris ~ Y 1 rt e

by = =) L5 ]+ ator)]
j=2

2 aris ry 1 rt rt

e Z0) o]+ atwrl)] 00

=o(yyt], )+

where ®(¢7|;) = 0. Because the safety factor is not computed at the plasma boundary
by rtEFIT, we employ the approximation q(@bj;t‘(js) = q(wﬂ ¢4) to compute ® at the

plasma boundary. This approximation results in

1
‘I’(w:f‘%) = (I)(w;t‘&l) + 2”(%:51'5 - ¢bdry)6_4Q(¢7Zt|64)' (D7)

By using the relationship between the toroidal flux coordinates and the mean effective

minor radius p

® = 1By o0’ (D.8)
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Table D.2: Magnetic Profiles Available in Real-time

Profile Description Units
q(p) Safety factor on normalized p spatial domain None
i(p) Rotational transform on normalized p spatial domain ~ None
U (p) Poloidal magnetic flux on normalized p spatial domain Wb

0(p) = 0v/0p Poloidal flux gradient on normalized p spatial domain ~ Wb/rad

where By is the the vacuum toroidal magnetic field at the geometric major radius

of the tokamak, we calculate the mean effective minor radius p(wm W), 1<k <65, as

O(yrt],)

P(@b;t’k) = m- (D.9)

The normalized minor radius [)(w:f{k), 1 <k <65, is then computed as

py|,) = LCH N (D.10)

(]

We now know the normalized minor radius coordinates associated with the rtEFIT
normalized flux coordinates (D.2), which we use to construct the magnetic profiles

available for real-time control on the desired spatial domain.

D.2 Constructing magnetic profiles available for
real-time control

Due to the unique relationship between the normalized effective minor radius coor-
dinates (D.10) and the rtEFIT normalized flux coordinates (D.2), we can construct
the desired magnetic profiles available for real-time control shown in Table D.2 from

the measurements ¢(¢"") provided by rtEFIT.
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D.2.1 Safety factor profile: ¢

The safety factor profile q(,ﬁ(w;t|k)), 1 < k <64, is computed as

a(p(y'],) = a(@r],)- (D.11)

As the safety factor is not computed at the plasma boundary by rtEFIT, we employ

the approximation

a(p(y[g5)) = (7] g,) (D.12)

to compute the safety factor at the plasma boundary.

D.2.2 Rotational transform profile: i

The rotational transform profile is defined as i = 1/¢, therefore, i(ﬁ(w,’;t|k)), 1<k<

64, is computed as
1

a(¥rt],)
As the safety factor is not computed at the plasma boundary by rtEFIT, we employ

i(p(rt],) = (D.13)

the approximation
1

q(vrt],,)

to compute the rotational transform at the plasma boundary.

(A0 s)) = (D.14)

D.2.3 Poloidal magnetic flux profile: ¥

The relationship between the poloidal flux ¥ and the poloidal stream function v is

U = 21 (D.15)
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Therefore, we use (D.1) and (D.2) to compute the poloidal flux profile @(ﬁ(@bff‘ﬁ),
1 <k <65, as

k—1

W(p(yrt],)) = 27 (wx + o (Vbary — wam)). (D.16)

D.2.4 Poloidal magnetic flux gradient profile: ¢

By using the definition of the safety factor (D.3), the relationship between ® and p
(D.8), and the definition of the normalized effective minor radius (D.10), the safety

factor can be expressed as

B
q == (D.17)

Therefore, the poloidal flux gradient profile H(ﬁ(w:f‘k)), 1 < k <64, is computed as

o B¢70p(¢£t|65)p(’l7/)£t ‘k‘)
q(vit],) '

0(p(v'],)) = (D.18)

If (D.18) is used to compute 6 at the plasma boundary, the construction algorithm
will fail because of the approximation g(t!| o) = q(vrt| s4)- In order to overcome this
construction failure at the plasma boundary, the constructed poloidal flux gradient

at the plasma boundary is computed as

0(p(y l65)) = —kr, L. (D.19)

This definition is consistent with the boundary conditions (2.83) of the magnetic

diffusion equation model of the poloidal flux profile evolution in the tokamak.
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D.3 Computing selected magnetic profile

The selected magnetic profile is denoted as yy(p(¢7")). The spatial domain that the

magnetic profile can be controlled on in real-time is 21 evenly spaced points
p=20,0.05,0.1,0.15,..., 1. (D.20)

Therefore, to complete the magnetic profile construction algorithm, the selected mag-

netic profile y(p(¢0r")) is interpolated onto the spatial domain (D.20).
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Appendix E

Overview of sequential quadratic

programming

In this appendix, we provide an overview of the sequential quadratic programming

(SQP) solution method for a general nonlinear program (NLP) defined by
min  J(z,v), (E.1)
such that

f(z0) =0, (£.2)

where J is a scalar-valued function to be minimized, z is the system state, v is
the manipulated control input, and f is a general nonlinear function. More details
regarding this technique can be found in [95]. To simplify the explanation of the SQP
technique, we only consider equality constraints in the form of (E.2). We begin by

defining the system Hamiltonian as

H(z,v,\) = T(z,0) + X f(z,v), (E.3)
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where A is a to-be-determined Lagrange multiplier. An incremental change in the

Hamiltonian with respect to changes in the parameters is given to first order by
dH = H.dz + H,dv + HrdA, (E.4)

where (-); = % for i € [z,v,A]. At a local minimum (z*,v*, \*), dH must be zero
for all increments dz, dv, d\. Therefore, the first-order optimality conditions for the

NLP (E.1)-(E.2) are given by the nonlinear equations

HZ(Z*)U*7 /\*) = \72(2*’ U*) + ()\*>sz(2’*,1}*) - O’
HU(Z*av*a/\*> = jv(Z*,U*) + (A*)va(z*7v*> = O?

Ha(z", 0", N) = f(z",0") = 0. (E.5)
One approach to solving the NLP (E.1)-(E.2) is to assume we have an iteration
(2EHD 4D A\B+DY = (0 8 AR 4 (¢ 09 50

that is converging to the solution (z*,v*, \*) of (E.5), where (¢*), ¢®) 5(®) are search
directions. Assuming the current estimate () v® A®)) is close to (z*,v*, \*), we

can linearize (E.5) around the current estimate, i.e.,

0 = H (20, o® AB)) 43, (20) ®) \B))®)
(W) 08 AN B Ly (0 ) B8,
0 = Hy (2, 0™ ABY £ 34, (20, o8 AE)¢
(2, 0 ADNE®) Ly () () 3B )
0 = Ha(2®), 0® AB) 42, (20, ®) A6y B

+7—[/\v(z(k),v(k), /\(k))g(k) + %A)\(Z(k), v(k), )\(k))g(k), (E.6)
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where (-);; = % for i € [z,v,A] and j € [z,v, A]. From (E.5), we note that

Hz)\:%)\z:fz HUA:%AU:fU %)\)\:07

which allows us to write (E.6) in matrix form as

sz sz fz C(k) Hz
Hvz H’U’U fv é‘(k) = Hv (E?)
(k)
/- Jo 0 (2(R) p(k) A(R)) g (2(k) p(k) \(k))

The search directions (¢¥),¢®) o)) can then be obtained by solving (E.7). It can

be shown that the first-order optimality condition of the quadratic program (QP)

: k) ok
rﬁi? E(C( ), € ))‘(z<k>,v<k>,w>)a (E.8)
such that
) () ¢®
=0 E.9
f(Z , U )+ [fz fv] (2(F) (k)Y f(k) ’ ( )
where

H.. Haool| [¢P
H’UZ va f(k)

C(k)

WEEIZED

L=H+|mn.
with Lagrange multiplier ¢(®), is given by (E.7). Therefore from the sequence of
quadratic programs (E.8)-(E.9) (denoted as QP™®)), which represent a quadratic ap-

proximation of H subject to a linear approximation of f around the current estimate

(2 v®) AR “search directions for the original NLP (E.1)-(E.2) can be obtained.
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