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ARTICLE INFO ABSTRACT

Keywords: The plasma control systems in next-generation tokamaks like ITER will balance competing control objectives
Current profile control to achieve the desired level of performance in advanced scenarios while preventing magnetohydrodynamic
Moving EC H&CD

instabilities and disruptions. During normal tokamak operation, the points of incidence of the electromagnetic
waves generated by the electron cyclotron heating and current drives (EC H&CDs) are usually fixed in space.
However, the points of incidence can be modified in real-time by changing the angles of the mirrors that reflect
the EC H&CD waves. Altering the points of incidence, in turn, varies the ability of the plasma control system
to regulate a plasma property. For instance, changing the EC H&CD wave incidence location may place the
power demands necessary to achieve a particular plasma target within saturation limits. Therefore, using the
EC H&CD deposition location, which is related to the EC H&CD mirror angle, as a supplementary controllable
variable may facilitate access to a given target scenario. However, active scenario-control algorithms have not
been designed so far to fully exploit this capability in real time. In this work, a model predictive controller
that can handle actuation locations as control inputs is developed. In particular, the controller is designed to
regulate both the auxiliary powers and the EC H&CD deposition locations in a pre-defined optimal sense to
achieve the control objective of attaining and sustaining a target current profile. The proposed controller is
tested for a DIII-D tokamak scenario in nonlinear simulations using the Control Oriented Transport SIMulator
(COTSIM).

Model predictive control

1. Introduction multiple control objectives simultaneously, and the plasma control al-

gorithms in these tokamaks must share the available auxiliary drives to

Maintaining the toroidal current density profile at preset levels is
critical in achieving advanced scenarios associated with high bootstrap
current fraction and steady-state operation. In addition, deviation of the
current profile from preset levels can result in the emergence of mag-
netohydrodynamic (MHD) instabilities that can disrupt the confined
plasma. Control strategies that can actively shape the current density
profile to achieve the desired target have been developed over the past
decade. Examples of existing solutions include linear quadratic optimal
control [1-4], model predictive control [5-7], robust control [4,8],
infinite-dimensional control [9-11], passivity-based control [12], back-
stepping control [13], H,, control [14], feedback linearization [15,16].
In general, the above cited control strategies determine in real time
the auxiliary heating and current drive (H&CD) powers and/or plasma
current to shape the current profile during the plasma discharge.

The number of H&CD actuators available for current profile regula-
tion and their corresponding saturation bounds define the feasible set
of target current profiles that can be achieved in any given scenario.
However, next-generation tokamaks like ITER and DEMO must handle
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achieve the desired targets. As a result, the H&CD actuation capability
for current profile regulation is limited not only by the number of
H&CD sources and their saturation bounds but also by their functional-
ities. Thus, it is highly desirable to develop strategies that can increase
the feasible set of the target current profiles and enable better profile
shaping in a given scenario.

One potential solution to increase the current profile shaping ca-
pabilities of the tokamak with a limited actuation capability is to
use moving actuators. Here, the controllers determine the auxiliary
powers and moving positions of the actuators in real time to achieve
the desired target profile [17]. The additional degrees of freedom
provided by the moving actuator positions can potentially make pre-
viously unfeasible profiles now feasible. A control strategy involving
moving actuators clearly requires the availability of specific auxiliary
H&CD sources whose deposition positions can be updated in real-time.
Electron cyclotron heating and current drives (EC H&CDs) generate
electromagnetic waves with frequencies equal to that of the electron
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Fig. 1. Tokamak magnetic field lines and flux surfaces illustration.

cyclotron frequency. The resulting electron resonance can be used to
heat the plasma and drive current. Importantly, reflecting mirrors can
be used to control the point of incidence of EC H&CD waves. Since the
angle of the reflecting mirrors can be updated in real-time, a moving
actuator strategy can be implemented when EC H&CDs are available
for current profile control.

Profile control with moving H&CD sources is a relatively unexplored
area of research. A feedback-linearization-based control algorithm has
been proposed in [17] to regulate spatially-moving local properties of
the safety factor profile, such as its minimum value, by using spatially-
moving EC H&CD sources. In this work, a control algorithm based
on model predictive control (MPC) is developed to allocate auxiliary
powers and the EC H&CD deposition locations (the points of incidence
of the waves generated by EC H&CDs) to achieve the desired target
current profile. The advantage of such an algorithm is that it can be
adapted to other profile control problems where varying EC H&CD cur-
rent depositions can be advantageous. Furthermore, algorithms based
on MPC allow easy incorporation of state and actuator constraints and
can be tuned to produce smooth inputs.

This paper is organized as follows. Section 2 derives the linearized-
control-oriented model based on the magnetic diffusion equation. Sec-
tion 3 formulates the MPC algorithm for safety-factor control with
moving EC H&CD sources. The results of numerical simulations are
presented in Section 4. The conclusions of this work and potential
future extensions are discussed in Section 5.

2. Control model derivation

The flux ¥ produced by the poloidal magnetic field B, at any given
location P in the tokamak is given by ¥ := [ B,-dS. Here, the term .S
represents the surface enclosed by the loop passing through the point
P as shown in Fig. 1. Under ideal MHD conditions, regions with equal
magnetic flux, commonly referred to as flux surfaces, form a series
of nested surfaces (Fig. 1). Critical plasma properties like the toroidal
current density, safety factor and plasma pressure are equal on these
flux surfaces. Thus, any parameter that indexes the flux surfaces can
be used as the spatial variable while modeling the dynamics of critical
plasma properties like the current profile. In this work, the normalized
mean effective minor radius, defined as
pi=L &)

Pp
is used as the indexing parameter. Here, the term p is the mean effective
minor radius and is given by

L D
pi= \/ Byor’ (2)

where @ and By, are the toroidal magnetic flux and the (magnitude of
the) toroidal magnetic field at the major radius R, respectively. The
term j is computed by normalizing p with respect to mean effective
minor radius at the last closed flux surface p,.
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The toroidal current density at location p and time 7 is defined as

A 1 10 |.ap50

Jp(p,1) 1= ———— = — [PGH—II{] , 3
HopyRoH P 9p ap

where y := ¥/2x is the poloidal stream function, y is the vacuum

permeability, G, H are the geometric factors that define the plasma
equilibrium. The safety factor, a plasma parameter that characterizes
the pitch of the helical magnetic field and is critical to MHD stability,
is defined as

do Byopyh
a¥ ~ o¥/op  ow/op
From (3) and (4), it is clear that the toroidal current density Jps the
safety factor ¢ and the poloidal flux gradient 6 := dy/dj are related
to each other. Thus, the regulation of one of these properties can be
reformulated as the regulation of any of the other two. The model for
control design used in this work is derived from the magnetic diffusion
equation (MDE), which is a partial differential equation (PDE) that
governs the evolution of y [18]. To simplify the MDE, 0.5D control-
oriented models for the plasma resistivity #, non-inductive current j,;,
electron density n, and electron temperature 7, are used [19]. These
0.5D equations model the evolution of n, and T, by using empirical
laws. Closing the MDE with the control-oriented models results in a
PDE of the form

oD/0p

q(p.1) 1= - 4

Npp
oy
i (f1v" + Loy ) u, + Z Sub b

i=1

e
N I

+ z fec,juec.j + _;ubs’ (5)
= v

subject to the boundary conditions

Vj,|ﬁ=0 =0, W/|,3=1 =—ky I, )

P

The above control-oriented model was first introduced in [19] and
successfully implemented in [16,17,20]. In the above model, the no-
tation (-)’ represents the derivative with respect to the spatial variable
p. In (5), the terms f| and f, model the spatial distribution of the flux
diffusion, f,, and f,. model the spatial effect of NBIs and EC H&CDs, re-
spectively, f,, models the spatial distribution of the bootstrap current,
and k 1, models the effect of the plasma current 7, on the boundary.
The terms u,, ,p;;, Uy js Ups are virtual inputs corresponding to the
flux diffusion, ith NBI, jth EC H&CD and the bootstrap current, respec-
tively. The assumption is that there are n,, NBIs and n,, EC H&CDs
available for current profile control, and hence i € {I,...,n,} and

j€{l,...,n,}. The virtual inputs are defined as
w, = (I1 PG i)™/, )
Uy =] Ri;ﬁg)(73/2+g"b)’_’;l Py i ®
Uy 1= (I P i)/ P, )
wyy 1= (I P ALY, (10)

where P,,, and 7, are the total power and line-averaged electron den-
sity, respectively. The terms y, ¢, ¢, ¢, ¢, are constants introduced by
scaling laws. Finally, the variables P,,; and P, ; represent the ith NBI
power and jth EC H&CD power, respectively. Note that the total power
is related to the NBI and EC H&CD powers as

Tp e

Pmt: ohm_Prad+ZPnb+ZPec’ an
i=1 j=1
where P,,,, and P, are the ohmic and radiated power, respectively.

The ohmic and radiated power are calculated using the equations

Pohm = Cohmuahm’ (12)
Praa’ = Crad Urad» (13)
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where C,;,,, and C,,, are constants that account for the global plasma
resistance and global radiation losses [21]. On the other hand, u,,,, and
u,,q are virtual input terms and are defined as

Uppm = Ip271.5y13t;t145€y—l;1,5§’ (14)
Upgg = IS‘SV})I?]’ISS?_Z?O'SC. (15)
In the above model, the effect of spatially moving EC H&CD sources
on the y dynamics was not considered. Particularly, the function f,, ;

corresponds to a default EC H&CD deposition location p,.. ;. The relation
between the two parameters can be explicitly seen from the equation

@ (pynl (p)F y'ee

.prof
— J (16)
2 (p)

ecj ’

foe; () = RyH (p)

Zec (D)

where and "/ are fixed functions of j arising from the control-

oriented models for 7, and n,, respectively, and A is a constant that

accounts for the efficiency of the EC H&CDs. The term jfc’f’jf is the

current deposition profile of the jth EC H&CD that is located at p,, ;.

To incorporate the EC H&CD moving-deposition-location dynamics, a

shifting current deposition model, first introduced in [17], is used.

Suppose the EC H&CD deposition l?cation varies from p,, ; to p,. ;. The
Tpro.

new current deposition profile Jee, is given by

Tepro f

T2 Pec s ) 1= T B+ Pec = Pec)- an
Incorporating the new shifting current deposition profile into (16)
results in a new function f,. ; that depends on both the spatial variable
/ and the EC H&CD deposition location p,, ;. Replacing f,.; with f, ;
in the MDE (5) and taking the derivative with respect to spatial variable
p results in a partial differential equation (PDE) of the form

Mpp
a0
o= (hyt 0" + hy a0 + hy30) u, + Z Py P
i=1
Hepe
o hps1 o'
+ Z hec,j(pec,j)PeC,j + <TS - hbs¢29_2> Upss (18)
j=1

where the fixed spatial profiles are given by h, | = f,, h,, = fi + f,
hy3 = f{s hys1 = fpg M = fis- The terms Ay, Ry j(pec ;), 0N the other
hand, are functions of the spatial variable p and time ¢, and they are
given by

Ry = rib,i x (I;sznﬁg)(_yzﬂ"b)”_e_]’ (19)
PecjPec)) = Flo j(Pecjs ) X (I Py iS) 3/ 2Heec L (20)

Since the EC H&CD deposition locations are allowed to vary, the terms
Pec,; in (18) are functions of time ¢. The Neumann boundary conditions
given in (6) become Dirichlet boundary conditions of the form

0(0,1) =0, o(l,1) = —k,p I, (21)

To simplify the governing equation, a finite difference scheme is
implemented. An uniform grid of N + 1 spatial nodes at j, ...,y and
M +1 temporal nodes at #(, ..., t,, are considered in the spatial domain
[0,1] and time domain [ty,?,,4], respectively. Evaluating the PDE (18)
at the interior nodes (;, ..., py_; and ¢, ..., #;,_;) and using the central
finite difference approximations for first and second order derivatives
results in a difference equation of the form

Zppr = SR 2 Uges Poc i) (22)
where
2 = 10051, 1), -, 0y 1, 11", (23)
ue = [Py(t)", P (0", L, (24)
Poy(t) = [Py (1), - Pap,, 01T (25)

Pec(tk) = [Pec,l(tk)’ AR Pec,ne‘.(lk)]T7 (26)
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pec,k = [pea] (tk)’ e pec,nec (tk)]T' (27)

The above model is further simplified by fixing the EC H&CD deposition
locations at p,. and linearizing the nonlinear function f around a
reference trajectory (z,.s,U,.7). The resulting linear equation has the
form

0Zpyy = Arozy + By 5 ouy, (28)
where 62 = 2y — Z,, 7 4, SUy = Uy —Upop g

- o -9

A= =
0z ouy,

29

’ kPec

(Zref koMref k) Zyef kobref k)

The above linear equation is imposed as a linear constraint in the
MPC problem formulation. Note that the above linear equation assumes
that the EC H&CD deposition location is fixed at p,.. This assumption
simplifies the model derivation and MPC problem formulation. The
EC H&CD deposition locations are updated by the controller using an
iterative approach as discussed in Section 3. The controller must also
account for the constraint on total power that is given by (11). This
constraint can be written as a nonlinear equation of the form

Ptot,k =& (k, L Pmt,k) > (30)

where P, , = P,,(t;). For easier MPC implementation, this nonlinear
equation is also linearized around a reference trajectory (u,,, Py res)-
The resulting linear equation has the form

e8Py + S5 6w, =0 31

with r, €R, s, € Rttt 5P =P\ — Pt kres
3. Control problem-formulation and design

The model predictive controller solves a finite horizon optimal
control problem (FHOCP) at each time step. Traditional MPC algo-
rithms may not achieve perfect tracking in the presence of plant/model
mismatch. To overcome this limitation, the MPC problem is formulated
in velocity form [22] in this work, i.e., the cost function and constraints
are defined in terms of state and input increments.

The variations of the EC H&CD deposition locations also introduce
another layer of complexity into the MPC problem. To simplify the
problem, the MPC problem is first formulated for fixed EC H&CD
deposition locations based on the linear model (28). Then an itera-
tive algorithm is wrapped around the MPC algorithm to compute the
optimal EC H&CD deposition locations at each time step. Suppose a
target z,,,, is given. Define 6z, ; = Z,4 4 — Zesx- The MPC problem
is formulated as follows: at any given time step 7,

k+L
Jmin. ;(5z = 6Z1ar)) Q82 — 824,)) + 6u] Rou;

such that (28) and (31) hold. In the above formulation, L represents
the horizon length over which the FHOCP is solved, U, is the input
trajectory matrix defined as U, := [duy, ... Suy, L]T, U, is set of feasible
input trajectories. The set U} incorporates only the inputs that are
within the physical bounds (such as saturation limits and rates) of the
actuators. To formulate the same problem in the velocity form, the
increment terms are defined as

Az =6z — 6z, (32)
Aztar,k = éztar,k - 6ztar.k—l > (33)
Auy = duy — Suy_y, (€D))
AU =U; - Uy, (35)
APy 1= 6P — 6Pg i1 (36)

Furthermore, the difference in the linearized model terms between
any two consecutive time steps, namely A,_;, B;_;, ry_;, and s,_; at
time 7,_;, and A, By, ry, and s, at time 7, respectively, is assumed
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to be negligible. The velocity form of the MPC problem can now be
formulated as follows: at each time step 7,

k+L
i ;((Az j = Az, )" O(4z; — Az, ) + Au) Rduy,
such that
Az = A;Az; + B;; Au;, (37)
APy + sl Au; =0 (38)

hold for i = k,...,k + L — 1. Note that the set AV}, now consists of
feasible input increments rather than feasible input trajectories. This
MPC problem can be solved using quadratic programming algorithms
like sequential quadratic programming and active-set methods [23].
To incorporate the EC H&CD deposition locations’ variation into the
control algorithm, the above MPC problem is solved multiple times
with varying EC H&CD deposition location combinations. Suppose
the EC H&CD deposition locations at time step k — 1 are given by
Pec,s -+ > Pecan,,- L€t £2 be the set of possible positions that EC H&CDs
can take at the next time step. For instance, if there are 2 EC H&CDs
both at 5,. and if the EC H&CDs can take 3 positions at the next time
step (SaY foe — 6, Poc» Poc +6 for some constant ), then the set 2 consists
of 9 possible combinations of the EC H&CD deposition locations. Note
that the MPC problems corresponding to different EC H&CD deposition
location combinations differ only in the value of B; . To determine the
optimal EC H&CD deposition location, the MPC problem corresponding

to each element in 2 (each combination of potential EC H&CD depo-
sition locations) is solved and the EC H&CD deposition locations and
inputs corresponding to the least cost function value are selected. Note
that the assumption is that the EC H&CD deposition locations across the
horizon length of the MPC problem are fixed. The proposed algorithm
provides a straightforward method for incorporating EC positions as
a controllable variable into existing MPC algorithms. Furthermore, by
selecting a feasible set of EC positions 2 at each time step, the proposed
method inherently accounts for constraints on the rate of change of EC
mirror angles. In addition, since the MPC problems corresponding to
different elements of the set Q2 are independent, the algorithm allows
for implementing parallel computing techniques to reduce computation
time. Alternative approaches can rely on incorporating EC positions as
controllable variables and optimizing both the EC powers and the EC
positions simultaneously. However, treating EC positions as continuous
variables would demand the incorporation of the mirror angle bounds
and rate-of-change limits into the problem. On the other hand, if EC
deposition locations are treated as discrete variables, such as in this
work, simultaneous EC power and position optimization would require
the implementation of a hybrid MPC. Furthermore, it might not be
possible to exploit parallel computing in a simultaneous optimization
approach since the deposition locations are coupled with the dynamics.
Despite the above-mentioned points, simultaneous optimization might
be more computationally efficient than the proposed algorithm in
scenarios with many EC H&CDs.



S.T. Paruchuri et al.

257

;u
o
i T o T = ¥

1.5

Power (MW)

[

.
.
—
o

25 L ec,1 ||

= =lec2

0 2 4 6

Time (s)

Power (MW)

Fusion Engineering and Design 192 (2023) 113796

25 L nb,5 E d

15] : |

Time (s)

0 I I
0 2 4 6
Time (s)

Fig. 3. Inputs of fixed EC H&CD deposition locations case — top right: P,,;,i € {1,2,3,4}, top left: P,,;,i € {5,6,7,8}, bottom right: P,.;,i € {1,2}, bottom left: I,.

4. Performance assessment via nonlinear numerical simulations

The proposed control algorithm was tested for a DIII-D tokamak
scenario in the Control-Oriented Transport Simulator (COTSIM) [24].
The simulator used the 1D magnetic diffusion equation and the heat
transport equation based on the Bohm/Gyro-Bohm transport model to
simulate the plasma dynamics. The DIII-D configuration of shot 147634
was used in the simulations. A total of 8 NBIs and 2 EC H&CD clusters
were utilized during the simulations. Of the 8 NBIs, NBI,;, NBI,, NBI;,
NBI; were on-axis co-current NBIs, NBI;, NBI, were off-axis co-current
NBIs, and NBIs, NBIg were counter-current NBIs. The saturation limits
of the NBIs and EC H&CDs were 3 MW and 3.5 MW, respectively. The
horizon length of the MPC was selected as 3 time steps. The safety
factor values at three locations (5 = 0.15,0.3,1) were regulated by
the controller. The controller was active between 2 and 5.8 s. Two
different test cases were simulated. In the first case, the EC H&CD
deposition locations were assumed to be fixed at p = 0.5. This test
case was considered to contrast the simulation results with the second
case, where the EC H&CD deposition locations were allowed to vary
when the controller was active. In the second case, the ith EC H&CD
was allowed to take one of the three possible positions p,.,_;; —0.01,
Peck-1is Peck—1; + 0.01 at each time step, where p,.,_;; is the ith
EC H&CD deposition location at the previous time-step (i = 1,2). In
the simulations, the time-step increments were fixed at 0.02 s, i.e., t;, —
f_y =0.02s.

Fig. 2 shows the safety factor values achieved during the closed-loop
(feedforward + feedback) simulations of the two test cases. The figure

indicates that the controller was not able to achieve the desired target
in the first case. The controller drives the closed-loop trajectory towards
the target at p = 0.15,0.3, 1. However, perfect tracking is never achieved
at p = 0.15,0.3. In fact, a steady-state error can be observed after 2.5 s
at these two control points. On the other hand, the figure indicates that
the controller is able to track the target without any steady-state error
in the second test case, thus demonstrating the benefits of incorporating
moving sources in certain scenarios. Fig. 2 also shows that the entire
safety-factor profile at 1+ = 4 s. A significant difference in the safety-
factor profile between the two test cases can be observed in the core.
In the first case, the safety-factor profile at + = 4 s is monotonically
increasing. On the other hand, the safety-factor profile in the second
case has a reversed magnetic shear shape that is much closer to the
target.

The input trajectories generated by the controller in the first and
second cases, shown in Figs. 3 and 4, respectively, indicate the potential
reasons for the difference in the controller performance. For instance,
as shown in Fig. 3, the controller almost completely saturates the
current drives when the controller is active in the first case. Thus, the
upper and lower bounds on the actuators’ powers prevent the controller
from attaining the safety-factor target values shown in Fig. 2 when
the EC H&CD deposition locations are fixed. On the contrary, such
extensive saturation of all the current drives does not occur when the
controller determines the EC H&CD deposition locations in real-time
(Fig. 4). The two figures also indicate that the plasma current in both
cases follows a similar trajectory. Additionally, in both cases, a spike
in the NBI and EC H&CD powers can be observed immediately after



S.T. Paruchuri et al.

3 %
2 5+ = 1L"nb,1 E K
' = =1inph2
— Pnb,3 q
= 2| Py
” 157
= ;
a1y i
05 £ == -""I
0
0 2
3.5
= lec,1

3’_' ec,2

0 2 4
Time (s)

Fig. 4. Inputs of moving EC H&CD deposition locations case — top right: P, ;. i

pec

2 3 4 5 6
Time (s)

Fig. 5. The EC H&CD deposition locations (p,, ;, p..,) determined by the controller in
the second case.

controller activation. This sudden increase in power is because the
error between the target and actual states at the interior control points
(p = 0.15,0.3) is maximum at the instance of controller activation, and
the controller is saturating the inputs to attain the target. However,
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once the target is reached in the second case, the controller is able
to modulate the auxiliary drive powers to maintain the target. On the
other hand, the target is never achieved in the first case, as emphasized
earlier.

Fig. 5 illustrates the EC H&CD deposition locations determined by
the controller in the second case. Once the controller is activated,
the EC H&CD deposition locations are adapted to achieve the desired
safety-factor target. For this particular scenario, the deposition loca-
tions of both the EC H&CDs p,.; and p,., follow a similar trajectory.
Another important aspect to note here is that the inputs shown in Fig. 4
are smooth without high-frequency chatter even when the EC H&CD
deposition locations shown in Fig. 5 are varying.

5. Conclusion

This work presents an MPC-based algorithm for safety-factor con-
trol that prescribes the auxiliary drive powers, plasma current, and
EC H&CD deposition locations simultaneously. A control-oriented lin-
ear model that incorporates EC H&CD deposition location dynamics is
derived. Then, the MPC problem is formulated for the case when the EC
deposition locations are fixed. An iterative algorithm is then wrapped
around the traditional (fixed deposition location) MPC algorithm to
determine the optimal EC H&CD deposition locations. Simulations
based on response models more complex than those used for con-
trol synthesis illustrate that the control algorithm is able to robustly
achieve the desired target while simultaneously allocating auxiliary
drive powers, plasma current, and the EC H&CD deposition locations.
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Furthermore, the input trajectories are smooth even when the EC H&CD
deposition locations are varied. Future work can involve incorporating
more sophisticated models for EC H&CD dynamics, optimizing the
proposed algorithm for computational efficiency using parallel comput-
ing techniques, and exploring other MPC techniques for simultaneous
optimization of both the current drive powers and EC positions.
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