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Ramp-Up-Phase Current-Profile Control of Tokamak
Plasmas via Nonlinear Programming

C. Xu, Y. Ou, J. Dalessio, E. Schuster, T. C. Luce, J. R. Ferron, M. L. Walker, and D. A. Humphreys

Abstract—The achievement of suitable toroidal-current-density
profiles in tokamak plasmas plays an important role in enabling
high fusion gain and noninductive sustainment of the plasma
current for steady-state operation with improved magnetohydro-
dynamic stability. The evolution in time of the current profile
is related to the evolution of the poloidal magnetic flux, which
is modeled in normalized cylindrical coordinates using a partial
differential equation (PDE) usually referred to as the magnetic flux
diffusion equation. The dynamics of the plasma current density
profile can be modified by the total plasma current and the power
of the noninductive current drive. These two actuators, which are
constrained not only in value and rate but also in their initial and
final values, are used to drive the current profile as close as possible
to a desired target profile at a specific final time. To solve this
constrained finite-time open-loop PDE optimal control problem,
model reduction based on proper orthogonal decomposition is
combined with sequential quadratic programming in an iterative
fashion. The use of a low-dimensional dynamical model dramat-
ically reduces the computational effort and, therefore, the time
required to solve the optimization problem, which is critical for a
potential implementation of a real-time receding-horizon control
strategy.

Index Terms—Distributed parameter systems, nonlinear
programming (NLP), proper orthogonal decomposition (POD),
tokamak plasma control.

I. INTRODUCTION

HE CONTROL of the current profile in tokamak plasmas

has been proved to be the enabler of advanced scenarios
characterized by improved confinement, enhanced magnetohy-
drodynamic stability, and possible steady-state operation [1],
[2]. The evolution in time of the current profile is related to the
evolution of the spatial derivative of the poloidal flux profile,
which is modeled in normalized cylindrical coordinates using
a partial differential equation (PDE) usually referred to as the
magnetic flux diffusion equation [3]. The total plasma current
and the power of the noninductive current drive can be used
to modify the dynamics of the poloidal-magnetic-flux profile.
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Fig. 1. Total plasma current evolution defines the ramp-up and flattop phases

of the discharge. The control problem focuses on Phase I, which includes the
ramp-up phase and the first part of the flattop phase. The control goal is to drive
the current profile from some initial arbitrary condition to a predefined target
profile at some time 7" within the time window [T}, T%] in the flattop phase.

These two physical actuators enter the magnetic flux diffusion
equation as interior, boundary, and diffusivity control terms.

Recent experiments in different devices around the world
(JET [4], [5], [6], DII-D [7], JT-60U [8], and Tore Supra
[9], [10]) have demonstrated significant progress in achieving
profile control. One possible approach to current-profile con-
trol focuses on creating the desired current profile during the
plasma current ramp-up and early flattop phases with the aim
of maintaining this target profile during the subsequent phases
of the discharge. Since the actuators that are used to achieve
the desired target profile are constrained, experiments have
shown that some of the desirable target profiles may not be
achieved for all arbitrary initial conditions. Therefore, a perfect
matching of the desirable target profile may not be physically
possible. In practice, the objective is to achieve the best possible
approximate matching at a prespecified time during the early
flattop phase of the total plasma current pulse, as shown in
Fig. 1. Thus, such matching problem can be formulated as
a finite-time optimal control problem for the magnetic flux
diffusion PDE [11].

In general, it is very difficult, if not impossible, to provide
analytic solutions for optimal control problems defined for
PDE systems (see, e.g., [12]-[14] and the references therein).
Numerical approaches for the solution of these PDE problems
arise as an effective alternative. State-of-the-art numerical al-
gorithms for PDE optimal control synthesis can be categorized
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into indirect and direct methods, based on calculus of variations
and nonlinear programming (NLP), respectively. The calculus
of variations can be used in indirect methods to derive the
optimality conditions for a given optimal control problem.
These optimality conditions result in a two-boundary-value
problem, which usually requires numerical computations for
its solution. However, it is often technically challenging to
compute the variations for systems described by PDEs. As an
alternative approach, system states and controls can be treated
as independent variables in direct methods to reformulate the
original optimal control problem as a constrained PDE-based
optimization problem, which can be solved using NLP tech-
niques. The sequential quadratic programming (QP) (SQP)
method [15] is one of the most robust algorithms for the nu-
merical solution of NLP problems. A quadratic approximation
of the objective functional and a linear approximation of the
constraint equation are carried out around a current estimate
of the solution of the optimal control problem to convert the
original NLP problem into a QP problem. Newton’s method
can be used to solve the optimality conditions associated with
the obtained QP problem. The solution is then used to update
the estimate of the solution of the optimal control problem,
which is used for a new approximation of the original NLP
problem into a QP problem. The SQP procedure generates
then a sequence of QP problems and a series of estimates
that converge to the solution of the original optimal control
problem.

To overcome the high dimensionality of the problem, re-
duced order modeling (ROM) techniques play a very important
role in dealing with the control of infinite-dimensional dy-
namical systems. The proper orthogonal decomposition (POD)
method is an efficient ROM technique used to obtain low-
dimensional dynamical systems (LDDSs) from data ensembles
that arise from numerical simulation or experimental observa-
tion. The POD method has been widely used and proved suc-
cessful to discover coherent structures from complex physical
processes (e.g., [16]) and to control PDE systems (e.g., [17]).

We combine POD and SQP to solve a “motion planning”
problem where the open-loop optimal control sequences must
be computed over time to minimize the quadratic error between
the actual output profile (spatial derivative of the poloidal-
magnetic-flux profile) at a prescribed final time and a desired
target profile. This work is aimed at saving long trial-and-
error periods of time currently spent by fusion experimentalists
trying to manually adjust the time evolutions of the actua-
tors to achieve the desired current profile at some prespec-
ified time. Simulation results show the effectiveness of this
approach.

This paper is organized as follows. The optimal con-
trol problem for the current-profile system is introduced in
Section II. The POD method to obtain a reduced order model is
discussed in Section III. In Section IV, the Galerkin projection
method based on a test function set composed by dominant
POD modes is also discussed. In Section V, the procedure for
the POD-based optimization is stated, and a brief introduction
to SQP optimization theory is presented. Simulation studies are
presented in Section V1. This paper is closed in Section VII by
stating conclusions and future research remarks.
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II. FORMULATIONS OF THE OPTIMAL CONTROL PROBLEM
A. Control-Oriented Model

To enable the model-based control of the current profile at
DIII-D, a control-oriented model for the dynamic evolution of
the poloidal flux profile during and just following the ramp-
up of the plasma current has been recently proposed [18]. The
magnetic diffusion equation is combined with empirical corre-
lations obtained at DIII-D for the temperature and noninductive
current to introduce a simplified dynamic model describing
the evolution of the poloidal flux during the inductive phase
of the discharge. In this paper, we make use of the model
introduced in [18] to illustrate the proposed open-loop opti-
mal control technique, but full predictive codes (CORSICA,
CRONOS, PTRANSP, etc.) could be used with the potential of
a more accurate prediction than that provided by this simplified
control-oriented model.

The current density j, which flows toroidally around
the tokamak and whose profile must be controlled, is related
to the derivatives of the poloidal magnetic flux v with respect to
the toroidal magnetic flux ®. We let p be an arbitrary coordinate
indexing the magnetic surface. Any quantity constant on each
magnetic surface could be chosen as the variable p. We choose
the mean geometric radius of the magnetic surface as the vari-
able p, i.e., 7rB¢70p2 = ®, where By , is the reference toroidal
magnetic field at the geometric plasma center R,. The variable
p denotes the normalized radius p/py, and py is the radius of
the last closed flux surface. The evolution of the poloidal flux
in normalized cylindrical coordinates is given by the magnetic
diffusion equation

o n(Te) 10
ot uopgﬁ’Qﬁaﬁ

oy

o {ni - B)
dp

By,
ey

where ¢ is the time, v is the poloidal magnetic flux, 7 is the
plasma resistivity, 7, is the plasma electron temperature, (i,
is the vacuum permeability, jn7 is the noninductive source of
current density (neutral beam, electron cyclotron, etc.), Bis the
toroidal magnetic field, and <> denotes flux-surface average.
F.G, H are geometric factors, which are functions of p. The
boundary conditions of (1) are given by

o oy
ap 9p

(ﬁﬁéﬁ )—Roﬁn(m

_ Ho R,

p=1 27 G“ H
p=1  lp=1

I(t) @

=0

where I(t) denotes the total plasma current.

During “Phase I”” (see Fig. 1), mainly governed by the ramp-
up phase, the plasma current is mostly driven by induction. In
this case, it is possible to decouple the equation for the evolution
of the poloidal flux from the equation for the evolution of the
temperature 7 (p, t). Highly simplified models for the temper-
ature and noninductive toroidal current density are chosen for
this phase.

The temperature 7% is assumed to follow

I(t)VP
t)

T(p.1) = kT2 (5) =

3)
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where the reference profile 721 is identified from DIII-D
through Thomson scattering and kr, = 1.7295-10'9 m=3 -
A1 W~1/2 The average density 7 is defined as

1
~ [ ntp.t)ap @
0

where n denotes the plasma density. -
The noninductive toroidal current density (jni - B)/Bg,, is
assumed to follow

S 1/2 5/4
BB ppsigie (o) O )
$.0 n(t)
where the reference profile jﬁ?;iie is identified from DIII-D
through a combination of MSE diagnostics and the
EFIT equilibrium reconstruction code and KAnipar =
1.2139-10'® m=9/2. A~1/2. W54 The model for T.
and (jni- B)/By,, previously presented considers neutral

beams as the only source of current and heating. In the case
where more heating and current sources are considered, (3) and
(5) should include the weighted contributions of the different
sources, and reference profiles need to be identified for each
heating and current source.

The resistivity 1 scales with the temperature 7, as

keff Zeff

(©6)
T2 (p, 1)

n(p,t) =

where Zog = 1.5 and ke = 4.27.2- 1078 Q - m (keV)3/2.
By introducing

A keﬁZeﬂ” 1
V1(p) = — = (7
K32 11,p2 F2(p) (TE0° (5))3/2
02(p) = RoH o} (p)kntpariRiois () ®)
D(p) = PGHT =t T ©)
Al
p=1 p=1

the normalized poloidal magnetic flux can be rewritten as

1 oy 1o [, . . 0P
np o 055 [p D@)g;

The control inputs u; and wy are functions of physical
actuators such as the total power P of the noninductive current
drive, the total plasma current /, and the average density n, i.e.,

us(t) (1)

In this paper, we consider the average density 7 as an uncon-
trolled but measurable input. This decision is motivated by the
fact that the tight control of n in experiments can be chal-
lenging. The poloidal magnetic flux at the spatial boundaries
is determined by the Neumann conditions

o) oY
0p p

} L 0x(p)us(t).  (10)

wi(t) = @l B[~15 p=0T5 _ po5y-1

—=(0,1) =0 —=(1,1) = kus(t) (12)

where k is a constant and u3(t) = I. The initial condition for
the magnetic flux profile is given by

¥(p,0) = o(p). (13)

B. Cost Functional and Constraints

In practice, the toroidal current density is usually specified
indirectly by the rotational transform ¢ (or the safety factor ¢ =
7~1), which is defined as

) 9 (p,t)
o(p,t) = 2% (14)
The constant relationship between ® and p, namely, p =
P/ m B4, 0, and the definition of the normalized radius p allow
us to rewrite (14) as 7(p, t) = (01 /0p)(1/By,op3p). Since 7 is
uniquely defined by the spatial derivative of the magnetic flux
1), in this paper, we define the system output as

0
.t) = 5.

15)

The three control inputs w1 (t), us(t), and us(t) are indeed
functions of only two independent variables, namely, the total
noninductive power P(t) and the total plasma current 7 (t). The
control objective is therefore to find control inputs P(t) and
I(t) that minimize the cost functional

1 ty
1 w2 .1
:§/|L pits) —(p)| dﬂ+§/(7112+7PP2)dt,
0 to

(16)

where ¢4(p) is the desired target profile at time ¢; and the
positive constants 7 and yp are control weighting factors. The
control actuators must satisfy the following constraints:

Magnitude saturation : [, Z(O) <I< LSO)

P <P<P, (17)
Rate saturation : dilz(ft)‘ < L(ll) (18)
Initial and final values : I(to) =1Io I(ty) =1Iy. (19)

We introduce two admissible control sets P and Z for all ¢t €
[to, tf] to denote the constraints (17)—(19):

P ={P(t)|P < P(t) < P,} (20)
dI(t
7= {1@)‘1{0) <I(t) <1V, i)‘ <10,
I(to) = Lo, I(tf) = If} 1)
III. POD METHOD
Given a collection of snapshots ¥ = {v (p, tj)} =

{Y;(p)}, 7=1,2,...,n, on the domain 0 <p <1, the
goal of the POD method (see, e.g., [16]) is to produce a set
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of basis functions V' = {v1(p),v2(p),...,v1(p)} (I <n) to
optimally approximate any snapshot ¢ (p ) inV¥,ie.,

!
Yy~ Z ZiVi
i=1

where z;, i =1,2,...,1, are constants. We refer to ¥ as the
data collection set and to V' as the POD basis set.
For any two functions f;(p) and f;(p) in either ¥ or V,
1

= [ fifipdp and
0
the induced norm of any function f;(p) as ||fi|| = (fi, fi) =

(22)

we define their inner product as (f;, f;)

1
| f?pdp. We multiply (22) on both sides by pvy, and integrate
0

over p € [0, 1] to obtain

1 1 1
[ wsunpap~ > i [ vonpdp
0 i=1 0

(23)

If the basis functions in V satisfy the orthonormal condition

1

(1, i=k
Uivkpdp: 0 Z#k

0

(24)

1
we can obtain z; = [ 9;uppdp = (1, 1))) and write the snap-

0
shot approximation (22) as

1
by~ Y (i) v; 25)
=1

The objective of the POD method is to find a set V' that
minimizes the error of the approximation (25), i.e.,

n l 2
lfnél‘} Jp(v1,.. . 0) = Z; (e ; (¥, vi) vi
= b (26)
e L i=g
S.t. <’U,L',’Uj> —51_7 = {07 175 j
We first rewrite the cost functional (26) as
Jb (’Uh...,’l}l)
n l l
:Z<¢j_z<w]7%>vza¢ - Z<¢37U1> z>
j=1 i=1 i=1

[
NE

l
=1

I
> W, Ui>2]

i=1

<.
Il
—

27)

I

l
7;[)3,7/}3 Z 1/)]7”7 ‘|
=1

<
Il
—
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Therefore, solving the minimization problem (26) is equivalent
to solving the maximization problem

max Jg (v, ...
v, €V

By introducing

Z% Y (7)) Rv = / K (p. 7)o (%) i

0

we can obtain

(Ros, vs) = / Rui () vi (9) pdp

2
n

= Z <¢j7 vi>2
j=1
(28)

and rewrite Jp as Jg(v1,...,v;) = Zézl (Ruj, vy).
Therefore, for any POD basis function v € V, we formulate
the following optimization problem:

max Jpop = (Rv,v) s.t. (v,v) = 1. (29)
We define the Lagrange functional
Lpop = (Ru,v) — A({v,v) — 1) (30)

where ) is a Lagrange multiplier and assume that v = v* + nv'.
Then, we can obtain

= (R +n'), (" +nv'))
— X" + ), (v + ') + A
= (Rv*,v") + n(Rv*,v")
+ n(RY,v*) 4+ n* (R, v')
= A (0", 0") + (ot o) + 0"+ (0]
A 31)

Lpop (1)

where 7 is an arbitrary real number and v’ is an arbitrary
variation with respect to the optimal solution v* € V. The
optimality condition then becomes

dLpop (1)

a =2(Rv*,v") — 2(\v*,v)

n=0

=2(Rv* — X", v') = 0. (32)
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Since v’ is arbitrary, the optimality condition is reduced to the
following eigenvalue problem:

1
Rv=MAv or /IC h P pldp = v(p). (33)
0

The integral equation (33) can be discretized in space to obtain
a finite-dimensional eigenvalue problem. When the number of
discrete points (m) is much larger than the number of snapshots
(n), i.e., m > n, the discrete version of (33) generates a large-
scale eigenvalue problem of dimension m. We follow instead
an approach based on Sirovich’s method [19], [16], which
allows for the solution of the integral equation (33) based on
an eigenvalue problem of dimension n. We assume that each
POD basis function v can be expressed as a linear combination
of the snapshots ©;, j =1,2,...,n,ie.,

n
v Z ark
k=1
which means that it is possible to find a combination of obser-
vation data (i.e., to determine the coefficients a;) from which

dominant characteristics can be extracted. We substitute now
the snapshot expansion (34) into (33) to obtain

/ Z% ys(p [Zwk P = XY aji5(7)
j=1

(34)

or

n n 1 ) n
3 / 0 ) P4 | 05(5) =3 S
j=1 |k=1} j=1

By introducing the following matrix notation:
Ci = [0, )9t a = laraz,...n]” GO
0

we can rewrite (35) as

n

D

j=1

, e, Ca=Xa (37

> Cirar — Aaj] ¥;(p) =0

k=1

where C = [C}] € R™*". Since C is a nonnegative Hermitian
matrix, i.e., C = CT, it has a complete set of orthogonal
eigenvectors (aj,...,a,). Each POD basis function can be
expressed then as

vzz[wl,...,wn]ai, 221,2,,l (38)

IV. POD/GALERKIN METHOD

We let v(p) be a testing function (or trial function) which
has at least first-order derivative with respect to the spatial
coordinate p. We multiply both sides of (10) by pv(p) and

integrate over p € [0, 1] to obtain the weak form of the magnetic
flux diffusion equation

1
1
0/ ﬂl(ﬁ)w(mv(p)pdp
o Nk [ oo,
(DD G000~ ) / D) G g5
+us(t) [ d2(p)v(p)pdp

0
( )U(l) 1. 5[—0 5P—O 75

Bw (%
ap 8,0

1
o ﬁ1.51—1.5P—0.75 / D
0

1
#2210 [ aa(ppoip)pa
0

(39)

We assume that the magnetic flux can be spanned by the POD
basis functions v; (j =1,2,...,10),i.e.,

D(pot) = > z(t)v(p)

=1

(40)

We substitute (40) into the weak form (39) and adopt the POD
basis functions as testing functions, i.e.,v = v;, it = 1,2,...,1,
to write

Z /qgll(ﬁ)vj(ﬁ)vz(ﬁ)ﬁdﬁ zj(t)

kD(1)v;(1)n'>17%° p~07

1

l
i _ 81} ov; . ..
,nl.SI 1‘5P 0.75 Z /D a] aA d Zj(t)
Jj=1 0
+ posrt / 9o (p)vi(p)pdp. 41)
By introducing the matrix notation
/ 1
M; :/ —v;(p)v;(p)pdp (42)
j 70 (P)vj (p)pdp
0
/ Ov; 0
Kii = —a'® | D(p Uj OUi 4
0

0
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we can rewrite (41) as an [-dimensional matrix system

dz(t)

M o =F(z, P,I)
:I’1'5P’0‘75K(t)z(t) 45)
4 b(t)lf().5P7(].75 4 CPO'5171
where z = [Zl] € RlX:l, M = [MU] S Rle, K= [Kz] €

R b=[]ecR*, c=[] e R*, and F: R @ P ®
T — R™! (® denotes the Cartesian product). P and I repre-
sent the admissible sets of control inputs P and [ defined in
(20) and (21), respectively.

By noting that the initial condition (13) can be rewritten as

!
bo(p) = Z 2;(0)v;(p) (46)

we multiply both sides of (46) by pv;(5) and integrate over 0 <
p < 1 to obtain

1 . 1
[onrestirpds =32 20) [ v@rppp. @
0 J=1 0
We introduce the matrix notation
1
fi= [ oolpeitp)pds (48)
0
1
G = [w@us@pd 20;=20) @9
0
to rewrite (47) as a matrix formulation
f= GZO (50)

where f = [fi] € R™!, G = [G;;] € R, and zg = [2,] €
R/ Therefore, the Galerkin projection coefficients
zj(0), j=1,2,...,1, in (46) can be obtained by solving
the linear algebraic equation (50)

zo = G f. (51)

We rewrite now the output variable ¢ defined in (15) in terms
of the Galerkin expansion (40), i.e., ¢(p,t) = Z;’:l Zj(t)%_
Similarly, the desired output variable % can also be rewritten as

I
. v
o) =) (52)
— 0
J
where zf, 7 =1,2,...,1, are the desired Galerkin projection

coefficients in terms of the POD basis functions v;(p), j =
1,2, ..., 1. To obtain the specific values of z}i, j=12...1,

we can multiply both sides of (52) by ﬁ%ﬁ
0 < p <1 to obtain

1 1
ov; v,
d(a Loaga § d
0 0

and integrate over

3% PN
pdp.

53
5 op 69
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By introducing the matrix notation

1 1
v; v, Ov;
d/ A T oA gaA 7 PN BN
;= —pdp H;; = | ———pd 54
g /L(p)aﬁpp ap ap " (54)
0 0

we can rewrite (53) as

g = Hz? (55)

where g = [g;] € R”!, H = [H;;] € R, and 29 = [2] €
R/*1. Therefore, the Galerkin projection coefficients of the
desired profile can be obtained by solving the algebraic
equation (55)

z' =H'g. (56)

Finally, we can rewrite the optimization problem (16)—(21)
subject to (10) in an [-dimensional POD subspace V =
span{vy, va,... v}

min _Jg =[z(ty) — zd]T[z(tf) — zd]

PeP,IcT
ty
1
+3 / (y1I? +ypP?) dt, (57)
to
dz(t
S.t. Zi) =M 'F(z, P,I), z(0) = z. (58)

V. NUMERICAL OPTIMIZATION
A. Control Parameterization

We use function values P(t;) and I (¢ ) at each time point ¢,
over the time grid

to=t1 <ty < <t <--<tp=t; (59

to parameterize the control inputs P(¢) and I(t) for all ¢ €
[to,ts]. For t € (tg,tr+1), k=1,2,...,T — 1, we use linear
interpolations to approximate P(t) and I(¢) as

P(tii1) — P(ty)

P (t) = P(ty) + (t—tr)  (60)
tk+1 — Tk
: I(t —I(t
I (¢) :Itk)+w(t7tk). (61)
let1 — i
We denote P(ty) =P, and I(tx)=1; for all k=
1,2,...,T — 1. Then, the constraints (20)—(21) become
Pp1—P
P <Pt =Xt — 1))
U1 —tk
Ip1—1
1O <+ MR-t
U1 —tk
<IO =19 <1, <1© (63)
Ter =) joy o )
ter1 — T
< Lyt1 — Ik < [781) (64)
ter1 — Uk
no=1Iy Ir=1I,. (65)
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To take into account the control parameterization, the admissi-
ble sets P and 7 are redefined as

P —(P, (k=0,1,...,T)satisfies (62)}
T = {1, (k= 0,1,...,T) satisfies (63)—(65)}.

(66)
(67)

B. Nonlinear Optimization

After the parameterization, the control inputs can be repre-
sented as functions of time and the to-be-optimized parameters
Ppand Iy, fork=1,2,...,T,1ie.,

Pin(t) = P (Py, ..., Pp,t) T'™(t) = I'"™(Ih, ..., Ip,t).

We define a parameterization vector containing all the to-be-
optimized parameters U = (Py,..., Pr,I1,...,I7)Y €U €
R2T><1 where U = plin U Ilin

With U denoting the to-be-optimized parameters and U
denoting the admissible parameter set, we can rewrite the
optimization problem (57)—(58) into a general nonlinear opti-
mization formulation

min Jo (2, U) (68)
dzgf) =M F(z,U), z(0)=z. (69

C. SOP

The SQP algorithm is an effective approach to find the local
minima of the NLP problem formulated by (68)—(69). SQP
is an iterative method which solves, at each iteration, a QP
problem and is an effective approach to obtain local minimal
solutions with superlinear convergence. The basic idea of SQP
is to generate a quadratic subproblem whose solution yields a
step toward the solution of the original nonlinear problem. We
summarize below the SQP iterative method for a general NLP
problem

min F (X)
NLP: { b'e (70)

st. e(X)=0

where F and e have continuous second derivatives with respect
to X. We note that inequality constraints (e.g., e(X) < 0) can
be converted into equalities by introducing a slack variable
(vector) e such that e(X) 4+ € = 0. Then, in order to simplify

the explanation of the SQP method, we only consider NLP
with equality constraints in this section. If \* is the Lagrange
multiplier corresponding to a local minimizer X* of (70), the
Lagrangian £(X,\) = F (X) — ATe (X) satisfies £(X, \*) =
F(X) for all admissible X’s. Then, we can equivalently
rewrite the constrained NLP problem (70) as

NLP {n%énﬁ(X, ) = F(X) = (M) Te(X)

71
st. e(X)=0. 7y

The first-order optimality condition for (71) is given by the
following nonlinear equations:

{ VxL(X*\) = VF(X*) — Ve(X)\* =0

VAL(X A7) = e (X*) = 0. (72)

One possible approach to the solution of this nonlinear problem
is to assume that we have an iteration

(X(k“),)\(k“)) _ (X(k),)\(k)) n (pae),w(k)) (73)
converging to (X*, \*) defined by (72), where (X *) A(*¥)) is
the current estimate of (X*, \*). Assuming that (X *), \(¥)) is
close enough to (X, \*), the optimality condition (72) can be
linearized around the current estimate (X *), \(¥)) j.e., (74), as
shown at the bottom of the page. By noting from (72) that

{ VL (XBAR) k) = —ve (XR)

V2L (X0, AB)) = —¢ (xB) (75)

it is possible to rewrite (74) into a compact matrix form, from
which (p'®), w(¥)) can be obtained (V = V)

(R ) )

o <VL (X<k>,A<k>)> .

. T () (76)

It is interesting to note that (76) is the first-order optimality
condition of the QP problem which represents a quadratic
approximation of £ and a linear approximation of e in (71)
around the current solution (X *), \()). Therefore, from the
sequence of QP subproblems (77), shown at the bottom of the
page, it is possible to obtain search directions for the general
NLP problem (71), where each QP subproblem (77) minimizes
a quadratic approximation of the original Lagrangian subject to
a linear approximation of the constraints.

Vx L (XHF AR + 93 L (XHE AR) p*) 4+ 9% £ (XHFAF) k) =0 24
VAL (X0 AR 4 T2 £ (X0 AE) pb) 4 T2 (X0, AE)) k) = g (74)
~ (k) \(k) k) \NENT pk) 1 [)]7T g2 (k) \(B)Y (k)
opto) ; | L(XHE X0 4L (XE NE)TpE) 4 2 [pW] 7 v2L (X AR p -

st. e (X(k)) + VeT (X(k)) p*)

=0

Authorized licensed use limited to: LEHIGH UNIVERSITY. Downloaded on March 09,2010 at 10:37:34 EST from IEEE Xplore. Restrictions apply.



170

D. Iteration of POD and SQP Methods

The POD model reduction technique captures the most dom-
inant modes of the system, which usually depend on the input
excitation. Since, during the numerical optimization procedure,
the control inputs are changed as the parameters are optimized,
itis a natural idea to combine the POD model reduction method
and the SQP optimization procedure. We use the control inputs
obtained during the last stage of the optimization procedure to
generate the data ensemble employed for the extraction of the
POD modes. These POD modes are then used to implement
a Galerkin projection that provides a low-dimensional model
approximating the original high-dimensional PDE system. The
low-dimensional model, which can dramatically reduce com-
putational effort, is used for a new stage of the optimization
procedure that provides updated control inputs. The overall al-
gorithm blends the POD model reduction method and the SQP
optimization procedure in an iterative fashion. Such algorithm
can be summarized as follows.

1) Set £ =0 to give the initial guess for the control se-

quences I*) and P(¥).

2) Simulate the PDE

ensemble UF,

3) Generate the POD modes VF%)D and the LDDS (45) from

the data ensemble.

4) Solve the optimization problem (68)—(69) using the SQP

approach.

5) Go back to Step 2) and stop the iteration if the data

ensemble satisfies

Hqﬂkﬂ) —g®) H <e.

system (10) to obtain data

(78)

Otherwise, continue the iteration until the error
criterion is satisfied.
Although a formal proof of convergence is out of the scope
of this paper, this algorithm has proven, in practice, to be al-
ways convergent for the considered number of parameterization
points.

VI. NUMERICAL ILLUSTRATIONS

The geometrical parameters D(p), J1(p), and Y2(p) in
model (10) are shown in Figs. 2—4, respectively. The time
evolutions of the average density 7(t), total power P(t), and
total current I(t) for DIII-D shot #129412 are shown in Fig. 5.
These experimental time evolutions for the total power P(t)
and the total current I(¢) are used as the initial guesses for
the optimization procedure. Since the evolution for the average
density n(t) extracted from DIII-D shot #129412 has been
proved to be feasible for the considered scenario, we assume
in this paper that such time evolution can be reproduced by a
dedicated controller in any shot under the considered scenario,
and therefore, we consider it as the measurable input required
in our model. The integration of a more sophisticated predictive
code within the optimization procedure proposed in this paper
could provide a prediction of the (average) density and relax
the requirement of regulating it around a predefined trajectory.
In addition, it is also possible to include the average density
as one of the to-be-optimized actuator trajectories in the opti-
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Fig. 4. Shape of the coefficient 11 versus the normalized radius p.

mization procedure proposed in this paper (with the risk of not
being able to accurately reproduce the optimized trajectory in
experiments). The initial magnetic flux profile in shot #129412
shown in Fig. 6 is used as the initial condition for the numerical
simulations carried out as part of the optimization procedure.
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Fig. 5. Evolution of variables 72 (10 m~3) and I (in megaamperes) versus
time ¢ (shot #129412).
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We parameterize the control input functions by their values
at eight equidistant time points (¢1, t2, ..., tg), i.e.,

P(tgy) = Pe  I(tw)) = Iy, k=1,2,...,8. (79
The computational grid used for solving the magnetic flux
diffusion PDE has M = 25 spatial and N = 25 temporal points
for the domains defined by 0 < p <1 and 0 <t < 1.2 s,
respectively. The following constraints are considered: P, =
0.2 MW, P, =10 MW, Il(o) =0.15 MA, 1,0 =1.19 MA,
1Y =5 MA/s, Iy = 0.709 MA, and I; = 1.187 MA. The
error tolerance in the termination condition (78) is chosen as
e=10"%

We first generate through simulations the data ensemble
required to obtain the POD modes. Let Ay > -+ > X\ > -+ >
Aa > 0 denote the positive eigenvalues of the correlation matrix
C, where d = rank(C). The error (energy ratio) associated with
the approximation with the first  POD modes is

2 d
= > A (80

k=l+1

n l
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In this case, the eigenvalues of the first four POD modes
obtained from the simulated data are \; = 9.96790964 x 1071,
Ao =3.121034 x 1073, A3 =7.89143 x 107°, and A4 =
8.63946 x 1076, This implies that just four POD modes
capture more than 99% of the system energy, or equivalently,
that by using just four POD modes, we can approximate the
original PDE system with less than 1% error. Fig. 7 shows
how the first four POD modes evolve as the iterations of the
proposed optimization procedure take place.

The four POD modes are employed to obtain an [ = 4 dimen-
sional model which is, in turn, used to carry out the numerical
optimization. The proposed algorithm satisfies the termination
condition after five iterations. The optimized actuator trajecto-
ries are shown in Figs. 8 and 9 as a function of the iteration
number. As the iterations take place, we note that the sequence
of actuator trajectories converge (compare optimizations 4
and 5). From Fig. 8, we can conclude that the initial guess for
the total power (labeled “shot data” in the figure) seems to be
very close to a converged optimal solution. On the contrary,
Fig. 9 shows that the initial guess for the total current is far from
optimal and that the iterative optimization procedure converges
to such optimum. From Fig. 10, the matching-error reduction
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can be appreciated as the optimization procedure progresses.
The monotonic decrease of the cost function value is shown in
Fig. 11 as a function of the iteration number. As new optimized
trajectories are obtained, iteration after iteration, new POD
models are generated to carry out a new SQP optimization
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until acceptable convergence is achieved. The combination of
POD model reduction and SQP-based NLP is what we call
an optimization iteration in the figures. Fig. 12 shows the
spatial-temporal evolutions of the PDE system as a function
of the optimization iteration.

For the simulation study presented in this section, the pro-
posed algorithm was implemented in MATLAB and run in a
personal computer with the following configuration: Pentium
T4200 Dual-Core 2.00-GHz CPU, 3.00-GB RAM, and 32-b
Windows XP Operating System. The computation time depends
on the number of POD modes used for the model reduction,
the spatiotemporal discretization used for the numerical data
generation, the control parameterization, the settings of the SQP
algorithm, and the error tolerance of the proposed iterative
algorithm. Based on an energy analysis, we have found that
using four POD modes is accurate enough to approximate
the original PDE system. Our numerical studies show that the
use of a higher dimensional model for the SQP optimization
increases the computational complexity without a comparable
increase of accuracy. The choice of the grid size for a nu-
merical simulation is always a tradeoff between accuracy and
computational burden. In this case, the numerical simulation
over the M x N discretization grid is carried out with the only
purpose of generating the data from which the  POD modes are
extracted. Once the [ number of POD modes is defined based
on an energy analysis, we increase the size of the M x N dis-
cretization grid until the first / number of POD modes no longer
change. In our simulation study, increasing the grid beyond
25 x 25 will not produce any significant change in the first four
POD modes. The only effect will indeed be the increase of the
overall computational time. The number of control parameters
is a design choice. As we increase this number, the algorithm
has more degrees of freedom to minimize the cost function.
However, a higher price in terms of computational burden must
be paid. For instance, it takes around 150 s to optimize sixteen
parameters (eight for each control input), while it takes less
than 60 s to complete the optimization based on 12 parameters
(six for each control input) without a significant change in the
achieved value of the cost function.

The POD-SQP iterative optimization procedure can dramati-
cally accelerate the numerical computations. A relatively large-
scale discretization on an M x NN grid is only used to generate
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the data from which the POD modes are obtained. The SQP
optimization is carried out instead based on a low-dimensional
model of order . The achieved computation time based on the
configuration and settings described previously is already small
enough to enable the solution of the numerical optimization
problem between two plasma discharges. However, there is
extensive room for improvement. For instance, the computation
time could be drastically reduced by implementing the algo-
rithm in C++, by running the algorithm in a multiprocessor
machine, and by choosing the appropriate optimization set-
tings. A study on the feasibility of implementing a receding
horizon control strategy based on the proposed optimization
algorithm is underway. The term receding-horizon control, or
model predictive control, describes a class of algorithms that,
at each control interval, computes an open-loop sequence of
manipulated input variables in order to optimize the future
behavior of the plant over a specific time horizon [20]-[22]. The
feedback feature of the receding horizon controller may reduce
the accuracy requirements on the optimization, relaxing, in this
way, the computation-time needs. Even a control interval of
several seconds may enable the implementation of a receding-
horizon controller in long-discharge tokamaks like ITER.

VII. CONCLUSION AND FUTURE WORK

The open-loop finite-time optimal current-profile-control
problem arising in tokamak plasmas during the ramp-up phase
of the discharge is solved by using POD model reduction and
NLP. The proposed numerical optimization procedure alter-
nates POD model reduction and SQP in an iterative scheme.
The SQP technique is an effective approach for the solution of
the NLP problem derived from the original optimal current-
profile-control problem. Numerical studies demonstrate that
the iterative POD-SQP optimization procedure is efficient and
reduces computational effort. Simulation results show that the
numerical optimization procedure can generate control trajec-
tories driving the final ¢-profile within the proximity of a pre-
defined desired profile. The POD-SQP optimization procedure
is characterized by high-speed computation and shows poten-
tial for real-time implementation in a closed-loop receding-
horizon scheme, particularly for long-discharge tokamaks such
as ITER.
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