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HIGHLIGHTS

® Scenario planning in EAST is formulated as a constrained nonlinear optimization problem.

® The magnetic diffusion equation is combined with physics-based correlations to obtain a control-oriented response model.

® The optimization objective is to design feedforward actuator trajectories to reach a desired plasma state.

® The desired plasma state is defined in terms of the g profile, By, and a stationary condition.

e The model-based optimization problem under input and state constraints is solved by employing sequential quadratic programming.
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Ongoing work in the fusion community focuses on developing advanced plasma scenarios characterized
by high plasma confinement, magnetohydrodynamic (MHD) stability, and noninductively driven plasma
current. The toroidal current density profile, or alternatively the q profile, together with the normalized
beta, are often used to characterize these advanced scenarios. The development of these advanced sce-
narios is experimentally carried out by specifying the devices’ actuator trajectory waveforms, such as
the total plasma current, the plasma density, and the auxiliary heating and current-drive (H&CD) sources
based on trial-and-error basis. In this work, a model-based numerical optimization approach is followed
to complement the experimental effort on actuator trajectory planning in the EAST tokamak. The evo-
lution of the q profile is closely related to the evolution of the poloidal magnetic flux profile, whose
dynamics is modeled by a nonlinear partial differential equation (PDE) referred to as the magnetic-flux
diffusion equation (MDE). In this work, the MDE is combined with physics-based correlations obtained
from EAST experimental data for the plasma density, temperature, resistivity and non-inductive current
drives to develop a control-oriented nonlinear PDE model. The optimization objective is to design feed-
forward trajectories for the plasma current, plasma density, electron cyclotron heating power, neutral
beam injection power and lower hybrid current drive power that steer the plasma to desired g profile and
Bn such that the achieved state is stationary in time. The optimization is subject to the plasma dynamics
(described by the physics-based PDE model) and plasma state and actuator constraints, such as the max-
imum available amount of H&CD power and MHD stability limits. This defines a nonlinear, constrained
optimization problem that is solved by employing sequential quadratic programming. The optimized
actuator trajectories are assessed in nonlinear transport simulations in preparation for experimental
tests in EAST.
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1. Introduction

Extensive research has been conducted to find operating sce-
narios that provides high plasma performance in tokamak devices.
These scenarios are characterized by high fusion gain, good plasma
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confinement, magnetohydrodynamic (MHD) stability and nonin-
ductively driven plasma current. Traditionally, these advanced
scenarios are developed through a trial-and-error process by
inputting specific actuator waveforms experimentally, such as the
total plasma current and the auxiliary heating and current-drive
(H&CD) powers, and analyzing the resulting plasma evolution. Two
quantities often used to evaluate the operating scenario are the
current density profile, or alternatively the safety factor profile (g-
profile), which is related to plasma stability and performance, and


dx.doi.org/10.1016/j.fusengdes.2017.03.143
http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fusengdes.2017.03.143&domain=pdf
mailto:hexiang@lehigh.edu
dx.doi.org/10.1016/j.fusengdes.2017.03.143

570 H. Wang et al. / Fusion Engineering and Design 123 (2017) 569-573

the normalized plasma beta (fy), which is a measure of plasma
confinement [1].

One possible approach to developing an advanced operating
scenario is to create a desired g-profile during the plasma cur-
rent ramp-up and early flattop stages and to maintain the desired
profile during the subsequent stages of the discharge. However,
the desired profile may not be achievable due to physical con-
straints, such as the auxiliary H&CD power limit, the total plasma
current ramp rate and the minimum value of the g-profile (to pre-
vent MHD instabilities from happening and degrading the plasma
performance). In practice, the goal is to achieve the best possible
matching at a prespecified time during the early flattop phase of
the total plasma current pulse, which defines a finite-time opti-
mal control problem. The idea of combining predictive simulation
with optimization techniques for model-based scenario planning
was originally proposedin [2-5] by employing different approaches
such as extremum seeking, iterative learning control, minimal sur-
face theory and nonlinear programming. These ideas were further
developed in subsequent work [6,7], where slightly different mod-
els and modified cost functions were employed. In this work, this
model-based numerical optimization approach is extended to the
EAST tokamak.

This paper is organized as follows. In Section 2, the poloidal
magnetic flux profile and stored energy evolution models are
introduced, together with a model reduction strategy. Formulation
of the actuator trajectory optimization problem and its solution is
given in Section 3. Test result showing the effectiveness of the opti-
mized trajectory is presented in Section 4. In Section 5 conclusions
and future work are presented.

2. Poloidal flux and stored energy evolution models

Any quantity constant on each magnetic surface could be chosen
as an indexing coordinate p. We choose the mean effective minor
radius of the magnetic surface as the variable p, i.e., 7TB¢'0,02 =,
where @ is the toroidal magnetic flux and By g is the toroidal mag-
netic field at the major radius of the device, Ry. The normalized
effective minor radius p is defined as p = p/pp, where p;, is the
mean effective minor radius of the uttermost closed magnetic flux
surface. The evolution of the poloidal magnetic flux is given by the
magnetic diffusion equation (MDE) [8]
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where 1 is the poloidal flux per radian, which is closely related
to the poloidal flux W, i.e. W=2m, t is the time, 7 is the plasma
resistivity, T, is the electron temperature, iq is the vacuum per-
meability, jy; is any source of noninductive current density, B is
the magnetic field, () denotes a flux-surface average, and D, (p) =
E(p)G(p)H(P). The parameters F(p), G(p), H(p) are geometric fac-
tors pertaining to the magnetic configuration of a particular fixed
plasma equilibrium. The boundary conditions are given by
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where I,(t) is the total plasma current.
The volume-averaged plasma energy balance can be described
as

dE E

Ezfm +Pt0t(t)a (3)

where t¢ is the global energy confinement time and P
is the total power injected into the plasma, which can be

represented  as  Prot(t) = Popm(t) + Pppi, (t) + Pnpi, (t) + P (8) +
Picp(t) = Prag(t). Popm(t) is the ohmic power, Pyp;, (t) and Py, (t)
are the powers of the two neutral beam injectors, Pj,(t) is the
power of the lower hybrid wave launcher, P;(t) is the powers of
the ion cyclotron, and P,44(t) is the radiated power. The energy
confinement time tf is modeled as [9]

Te(t) = 0.0231)- %P2 P Ry8%a 00070 408G O3 A0.20,c0-64, (4)

where a is the minor radius, fie is the line average density, A is the
average ion mass and « is the elongation.

2.1. Plasma parameters

Some plasma parameters that are of interest in determining the
stability and performance of a tokamak are taken into consideration
for actuator trajectory planning, such as the g-profile, the plasma
By and the plasma loop-voltage profile U,. The g-profile is related
to the spatial gradient of the poloidal magnetic flux and is defined
as

. do By.005 0

)= =2 ) 5
ap. ) =~ 5y 3/0p (5)
The plasma Py is related to the volume-averaged plasma stored
energy E and is defined as

(6)
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where B; is the plasma toroidal beta, p is the plasma kinetic pres-
sure, and V), is the total plasma volume. The loop-voltage profile is
related to the temporal derivative of the poloidal magnetic flux and
is defined as

Y
ot ’

2.2. Model reduction via finite difference

Up(p,t) = 27 (7)

To simulate the infinite dimensional PDE (1)-(2), the spatial
domain is discretized via a finite-difference method. By defining
the vector state Z = [{/(p;, t), E(t)], fori=[1, 2, ...,n—1, n], where
n is the number of points in the spatial grid, an augmented system
which combines (1)-(2) and (3) is written as

Z=F(Z,u), (8)

where u are the system inputs (defined in next section).
3. Actuator trajectory optimization problem

The goal of the actuator trajectory optimization problem is to
determine feedforward actuator waveforms that drive the plasma
to a target state (defined in terms of the g-profile (¢"®"()) and nor-
malized plasma beta (8%")) at some time t; during the early flattop
stage of plasma discharge in such a way that the achieved state is
as stationary in time as possible.

3.1. Cost function definition

As the poloidal flux profile evolves with the slowest time
constant in the plasma, if it reaches a stationary condition, i.e.,
Up(p, t)=constant, all of the other plasma profiles have alsoreached
a stationary condition. Therefore, the stationarity of the plasma
state can be defined by the profile gs(0, t) = 0, where g«(p, t) =
dUp/0dp. The proximity of the achieved plasma state to the target
state at the time t; can be described by the cost function

J(ty) = ksoJss(ty) + kaJq(tr) + kg J gy, (8 9
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where kss, kq, k/gN are used to weight the relative importance of the
plasma state characteristics, and ]ss,jq,]ﬁN are defined as

Jss(tr) = / Wes(0)I8ss(P tf)] ap, (10)

1
]q(tf)=/ Wo(P)a"" (p) - a(p. tr)I” dp. (11)
0

Ty (6) =[BT — Bultp)T, (12)

where Wy(p) and Wis(p) are positive functions used to weight
which portions of the respective profiles are more important rela-
tive to the others.

3.2. Actuator constraints and parameterization

The actuators are two neutral beam injectors (NBI), one lower
hybrid (LH) wave launcher, one ion cyclotron (IC) wave launcher,
the total plasma current I, and the line average electron density up,.
In this work, the line average electron density is considered as a
measurable quantity instead of as an actuator due to its associated
control challenges. The actuator magnitude and rate constraints are
given by

I < o(t) < Iax, (13)
PR < Pani < PR, (14)
PR < Pabiz < Popis, (15)
PN < py, < PIaX (16)
PRI < Pie < PR, (17)

—Id pax < dlp/dt < I o (18)

where (-)™" and (-)™® are the minimum and maximum limits,
respectively, and Ig max and Iy 5., are the maximum total plasma
current ramp-down and ramp-up rates, respectively. P;, where
i € {nbil, nbi2, Ih, ic}, is the individual power input from different
actuators. By defining the control input vector u=[Pypi1, Pupiz» Pins
Py, Ip], we could parameterize the trajectory of the ith control actu-
ator (u;) by a finite number of parameters (ny,) at discrete points in
time (ty,), e, ty, = [, ¢], .. ek, e =2) 1) = g ] fori e [1,
5], k € {0,1,2,...,ny, — 1}. By combining all of the parameters
into a vector 9: [u},..., uivn, ol Lk uls ],
the actuator trajectories can be obtained by interpolation of 6, i.e.,
ui(t) = ui(th) + (Ui —uk) (e — t6)/(efT — tk) for t € [tk, t51]. The
actuator constraints (13)-(18) can be written in matrix form as

AMO < by™. (19)
3.3. Magnetohydrodynamic (MHD) stability constraints

The first MHD-related stability limit considered in this work is
expressed as

qmm’

qmin( )

where gy (t) = min(q(p, t)) and q‘rinfi“n is a constant chosen to be
slightly greater than one to avoid the onset of sawtooth oscilla-
tions. The next MHD-related stability limit considered in this work
is given by

Neo(t) < ng(t), (21)

where fgo(t) is the line-averaged electron density evaluated in
units of 102°m~=3 and ng(t)=1,(t)[MA]/ma? is referred to as the

Greenwald density limit. The last MHD-related constraint consid-
ered in this work is given by

Bn(t) < B™. (22)

To reduce the computational burden, these three MHD con-
straints are then formulated into one integral constraint,

mnp(2) <0, (23)

where

b
C;\l/lrll-llD(Z)_/ [max{O qlr}ﬂ]n Qmin(t)}
to

+max{0, figz(t) — ng(t)} + max{0, n(t) — By™}] dt. (24)

3.4. Optimization problem statement and solution method

By following the steps in previous section, the actuator trajec-
tory planning can be formulated as an optimization problem,

mingJ(tr) = J(Z(tf), Z(tr)), (25)

subject to equality (8) and inequalities (19) and (23).

We apply sequential quadratic programming (SQP) to solve this
optimization problem. The idea of SQP is to approximate the cost
function by a second order Taylor expansion and the constraints
by a first order Taylor expansion at the current iteration’s solution.
This defines a quadratic optimization problem that can be solved
by quadratic programming to obtain a new solution. This iterative
process continues until certain criteria are met.

4. Simulation tests of optimized actuator trajectories

The optimization is carried out over the time interval top =([to,
te]=[1, 2.9] for four different cost functions characterized by the
following weights:

kss =1, kq = 100, kﬂN =1;
Case2 : kss=1,kg = 1,k/3N =100;

Casel :

Case3 : kss =100, kg =1, kﬂN =1;
Case4 : kss = 50, kg = 10, kﬁN =5.

All the actuator values at the initial time ty are fixed. The ion
cyclotron in this work is not optimized. Instead, a suitable ion
cyclotron power evolution is extracted from experiments relevant
to the scenario of interest. The vector of to-be-optimized parame-
ters is then given by

0= [Pupi1(1.5), Prpi1(2), Papi1(2.5), Pnpi1(2.9), Pppin(1.5),
Prpin(2), Prpin(2.5), Pppin(2.9), Pir(1.5), Pip(2), (26)
P(2.5), Pin(2.9), I(1.5), 1,(2.9)].

The optimized actuator trajectories and constraints are shown
in Fig. 1. It can be seen that no constraint is violated. The opti-
mized actuator trajectories are tested through simulations using
the model proposed in Section 2. The comparisons between the tar-
get profiles and model-predicted profiles based on the optimized
actuator trajectories are shown in Fig. 2. It can be seen from the fig-
ure that By is well below /31““ which is set to 2 in this optimization.
Also, it can be seen that under the same actuator constraints, the q
and By evolutions are sensitive to the selected weights in the cost
function. Besides weight selection, the outcome of the optimization
procedure depends heavily on the quality of the prediction model
and the chosen actuator parameterization.
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Fig. 1. Optimized actuator trajectories and physical constraints: (a) total plasma current, (b) first NBI power, (c) second NBI power, (d) lower hybrid wave power, (€) qmin Vs.
qgl"i’n, and (f) Greenwald density constraints vs. il (note that the same i, is prescribed for all cases).
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Fig. 2. Simulation-based testing of optimized actuator trajectories: (a and b) time evolution of g in the plasma core (» = 0.1 and p = 0.2), (c) evolution of Sy, and (d-f)

difference between actual and target g-profiles at different times.

5. Conclusions and future work

In this paper, a model-based actuator trajectory optimization
problem has been formulated and solved by applying sequential
quadratic programming. The optimized actuator trajectories have
been successfully tested in simulations. Our future work includes
experimental testing of the optimized actuator trajectories in EAST,
followed by an assessment on the need of refining the prediction

model. The use of a heat transport equation could be evaluated as
a means of improving the model accuracy. However, the design
of optimized feedforward trajectories does not take into account
mismatches between the plasma system and the model, which is
never perfect. Moreover, unpredictable disturbances can affect the
plasma in real time. Therefore, in practice the feedforward control
solution always need to be complemented by a feedback controller

[7].
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