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A NOTE ON OPTIMAL TOKAMAK CONTROL
FOR FUSION POWER SIMULATION

MICHAEL HOLST, VYACHESLAV KUNGURTSEV, AND SATWIK MUKHERJEE

ABSTRACT. The Tokamak device is the most promising candidate for producing sus-
tainable electric power by nuclear fusion. It is a torus-shaped device that confines plasma
by a strong magnetic field. The development, design and control of the design has been
an important area of research, and a significant target is to effectively confine the ex-
tremely hot plasma inside its hollow torus-shaped body without touching its boundary
for a prolonged period of time. In an attempt to control a Tokamak device, this paper
investigates an optimal control problem for an incompressible, viscous, electrically con-
ducting MHD fluid confined in a closed toroidal region in the presence of an applied
current. The objective functional for the optimal control problem are subject to set of
constraint equations, Navier-Stokes and Maxwell equations. We target the transient con-
trol of guiding the plasma to a desired flow at a particular short time instant, where it is
expected that the flow had been designed offline to be the desired one from the point of
view of steady state operation.
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1. INTRODUCTION

1.1. Tokamak Modeling and Simulation. The Tokamak device is the most promising
candidate for producing sustainable electric power by nuclear fusion. It is a torus-shaped
device that confines plasma by a strong magnetic field. The development, design and
control of the design has been an important area of research, and a significant target
is to effectively confine the extremely hot plasma inside its hollow torus-shaped body
without touching its boundary for a prolonged period of time. In order to attain a steady
state equilibrium flow, magnetic fields are needed in two directions to balance the plasma
pressure [1]. There are three kinds of coils: Central Solenoid (CS), D-shaped Toroidal
Field Coils (TFCs) and Poloidal Field Coils (PFCs) that are used to generate magnetic
fields inside the Tokamak. The alternating current density through central solenoid coil
(which works as a primary transformer) along with several D-shaped coils create an
alternating magnetic field in plasma inside the Tokamak, thus producing a high electric
current in the plasma. To maintain the stability of the plasma, robust feedback control
is necessary to manipulate the magnetic field to target a desired steady state position,
shape and current of the plasma. This applied current density parameter is one of such
important feedback control parameter which can regulate magnetic field, shape, various
uncertainties and disturbances arising in plasma flow.

In an attempt to control a Tokamak device, this paper investigates an optimal control
problem for an incompressible, viscous, electrically conducting MHD fluid confined in
a closed toroidal region in the presence of an applied current. The objective functional
for the optimal control problem are subject to set of constraint equations, Navier-Stokes
[2] and Maxwell equations [3]. We target the transient control of guiding the plasma to a
desired flow at a particular short time instant, where it is expected that the flow had been
designed offline to be the desired one from the point of view of steady state operation.

In addition, we will study the effect of physical uncertainty in the control model in the
form of stochastic partial differential equation (PDE) systems with parameters defined to
be noisy and unknown. In this paper, electrical resistivity in plasma is considered as a
stochastic uncertain parameter. In most of the previous work, the electrical conductivity
parameter in plasma was assumed a fixed parameter; however, according to Marco and
Pironti [1], the assumption of known electrical conductivity o, in plasma is not rigorously
correct, thereby demanding to its more general treatment in a Tokamak model. In this
context, we would like to add that, an optimization problem with such stochastic PDE
constraints are also related to the inverse problems as addressed by several researchers
in the literature [4, 5]. Additionally, we have also considered kinematic viscosity of
plasma as an uncertain parameter, as described in the work of [6]. For a methodical
pedagogy, the use of stochastic finite element methods to solve such stochastic PDE
systems have been found to be very useful, and research papers with such a methodology
are extensively available in the literature [7]; however, the study of stochastic control
problems constrained by stochastic PDE systems are less common [8, 9, 10], hence its
application in magnetic Tokamak control problem is a novelty of this work.

1.2. Related Work. The Tokamak device has been modeled by exploiting its axis sym-
metry along the toroidal angular direction, as can be found in [6, 11, 12]. This works
introduced a new set of coordinate axis-symmetric transformations that turned out to be
very useful to describe the cross-sectional part of a Tokamak. However, their study was
limited to analyze the steady state behavior of plasma inside a Tokamak. A similar ana-
lytical approach was also mentioned in the book [1]. Apart from the analytical studies,
experimentally motivated papers on Tokamak and Stellarator that are very important for
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Modelling a Tokamak are well existed in the literature [13, 14, 15, 16, 17, 18, 19, 20, 21].
The existence of turbulence on the outer part of Tokamak plasma brings hindrance against
achieving the steady stable plasma state, thereby attracting a significant number of re-
searchers to address this issue in their relevant papers [21, 17, 14]. As the Tokamak
plasma is kept at an extremely high temperature, several uncertainty regarding intrinsic
plasma properties such as its thermal conductivity, electrical conductivity starts to change
in an unpredictable manner, thereby generating scope for analyzing such a phenomena
borrowing the tools and techniques from uncertainty quantification and reinforcement
learning as can be found in [22, 23, 24, 25]. The techniques of uncertainty quantification
is prevalent in exploring the underlying irregularities and hidden nature of its intrinsic
physical dynamical features, thereby employing such tools in optimally control a very
complex engineering device such as a Tokamak is also a very engaging field of research
as can be found in the literature [26, 27, 28, 29, 30, 31, 32].

Suitable normed linear spaces are formulated to accommodate the solutions of the
optimal control minimizing problem. We use a non-recursive one-shot approach to the
formulated control problem and utilize the stochastic collocation method to solve the
resulting set of equations. The remaining part of the paper is organized in the following
manner. Section 1.3 describes and defines the required normed linear space where the
weak solutions of the control problem lies. The mathematical modeling of a Tokamak is
carried out in Section 2. Moreover, we demonstrate the existence of weak solutions for
the chosen set of equations describing the Tokamak model, applying classical results in
the literature. In Section 4, we delve into the formulation of the stochastic version of the
problem by introducing the electrical conductivity of plasma as a stochastic parameter.

1.3. Mathematical Notation and Definitions. We will use standard mathematical no-
tation for the Navier-Stokes, Maxwell, and MHD equations, as well as for the relevant
spaces of functions and vector fields involved, as used for example in [33, 34, 35, 36].
To begm for any coordinate basis such as (a,b,c) of R? we denote the unit basis
vectors by 7., 45, i, respectively. A scalar time-dependent function u: R — R? is denoted
using normal font as u(¢), with bold font u(¢) indicating a generically time dependent
vector field u(t) = uq(t)iq + us(t)ip + ue(t)i.. The Poisson bracket will be denoted as
{u,v} = dudv _ 9udv 76t () C R be an open subset of R™. The Lebesgue integrable

da b~ 9bda
spaces of scalar functions over ) are defined as

L) ={u: Q=R |ullpa <oo},

where the LP norms are defined as:

1/p
o= ([l dr) . 1<p<oo o =supl
Q €S
The case p = 2 allows also for an inner-product:
(6002 = (6. 0)120) = [ o0 d (1.0
The Sobolev spaces W*?(Q) are a family of Banach spaces characterized by
WHP(Q) = {uwe L*(Q) : ||lullppo <o}, (1.2)
where the Sobolev norms are defined as
1/p
lullipe = lulwes@ = (3 1D%ulz) ", (1.3)

0<|al<k
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with
olely "
D% = ol = o 1.4
a:l’,'(fl axSQ L. ax%n 9 | | ]2:; VR ( )
where o = (a1, g, . . ., @) is @ multi-index with each o, € W (non-negative integers).

Note that the case of k¥ = 0 reduces to LP(Q) = W%(Q2). The case of p = 2 are a
family of Hilbert spaces with appropriately defined inner-products that induce the norms
above. The singular case of p = 2 and k = 1 is particularly important for second order
PDE systems, and is often denoted more simply as H'(2) = W'2(Q2). The important
subspace of W'?()) that vanishes on the boundary is denoted

WyP(Q) = {ue W' (Q) : u=0on 0 (in trace sense) }, (1.5)

with again the special case of p = 2 denoted H}(Q) = W,*(Q). Extensions of these
normed and inner-product spaces of scalar functions to vector (and more generally,
tensor) fields come naturally through composition with the discrete p-norms of finite-
dimensional vectors. A common notation is the use of bold font to denote the spaces
of vector and tensor fields, e.g., LP(2) and W*?(Q). Note that f = (f1, fa, -+, fx) €
L?(Q) if and only if each of the component functions satisfy f; € LP((2).

The set of all infinitely differentiable scalar, vector, and tensor functions with compact
support in §2 is denoted by D(€2). The divergence-free smooth functions are denoted as,

Q) = {veD) : V-v=0}, (1.6)

The following sub-spaces are introduced for weakly divergence-free functions in the
distributional sense,

Q) = {vel* Q) :V-v=0}, (1.7)

where V- v = 0 in the weak sense, meaning that [, v- V¢ = 0,V¢ € D(Q). The closure
of 7°°(€Q) in L*(Q) is denoted by 7(£2). We have 7(Q2) C 7(Q) C L*(Q2). Similarly, for
the Sobolev spaces, we define, 7(Q) = W*?(Q) N 7(Q) and 7'_pl denotes the closure of
7°(£2) in the W'P(Q)). As we will see below, solutions of the optimization problem will
be sought in the spaces

3(Q) = {vern(Q) : (v-n)|o=0, (Vx0)|rlaa=07}, (1.8)
where T denotes the tangent plane at Tokamak surface (see below). The closure of
72(Q2) inside W12(Q) is denoted by 7.

2. SYSTEM FORMULATION

The mathematical description of the optimal control problem for a Tokamak is pre-
sented in this section. The Tokamak is denoted by a torus shaped bounded region
Q1 C R3, which contains plasma. The boundary wall of Tokamak is denoted by 0%,
which is the outer surface of a torus. A physical sketch of Tokamak is presented in Fig-
ure 1. The plasma is modeled as a magnetohydrodynamic (MHD) fluid [6, 11, 12]. Let
v denotes the velocity field of plasma and B the induced magnetic field. The magnetic
field B is induced due to the high current density in external Tokamak coils. The current
density in plasma is denoted by J,. Plasma experiences a strong Lorentz force due to
migration of electric charges in the presence of a strong magnetic field, which acts on the
current as E + v x B where E is the electric field in plasma. We now present the ideal
MHD equations governing the plasma flow inside the Tokamak.
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FIGURE 1. Physical sketch of an inner cross-section of TOKAMAK. Here,
—zoro, zorg denote its height. r;ry denotes its left most part and r,,79 denotes
its right most part. The empty middle space contains a central solenoid magnet
which is responsible for Ohmic heat generation in plasma.

2.1. Classical Formulation. To begin, we divide the electric E and magnetic B fields
inside the plasma into endogenous and induced components:

E = E, +EJ,
B =B, + B},

The induced component is taken to be controlled with precision by the engineer operat-
ind

ing the current in the coils surrounding the Tokamak; we denote as En( h the externally

controlled induced electric field and BZZ?) the induced magnetic field, with Ey and By

the endogenous electric and magnetic fields, respectively.

We assume that the dynamical time scale of the energy and current diffusion is much
smaller than the duration of a discharge, so it is reasonable to discard the time derivative
of the electric field E; in Maxwell’s equations as trivially small. We write the electrohy-
dromagnetic field laws to describe plasma inside the Tokamak on €2 x [0, 7' as follows:

vi+ (v -V)v—uvViv— J, xB+Vp=0, (Force Balance) (2.1)
V-v=0, (Incompressibility) (2.2)

V-B =0, (Transversality) (2.3)

VxB=J, (Ampere’s Law) (2.4)

VXE+B;=0, (Faraday’s Law) (2.5)

E+v xB=nJ,, (Ohm’s Law) (2.6)

for some finite time 1" > 0, where J, denotes the current density, p denotes plasma pres-
sure, v denotes kinematic viscosity, and 7 denotes the electrical resistivity. In more gen-
eral formulations of MHD, there are two additional physical parameters: the magnetic
permeability (typically denoted y) and the electronic conductivity (typically denoted o).
In this work, as is done in much of the Tokamak literature, we simplify the presentation
by considering them to be both one.
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The set of initial and boundary conditions completing the system is given below:

v(0) = vy, on (2
B(0) = By, on §)
v(t) =0, on 02 x [0, 7] (2.7)
B(t) -n =0, on 982 x [0, 7]
VxB=0, on 092 x [0, T

indicating initial conditions and, for safe operation, no active fields transverse to the
Tokamak boundary.

2.2. Weak Formulation. We note that Ampere’s Law and Ohm’s Law together imply

nVxB=E+vxB. (2.8)
Taking the curl of both sides gives
nVxVxB=VxE+Vx(vxB). (2.9)
Using the simple product formula
Vx(vxB)=B:-Vv—-v:VB, (2.10)
we then have
nVxVxB=VxE+B-Vv-v-VB. (2.11)
Using now Faraday’s law we have produced the reduced Maxwell equation
B, +nVxVxB+v-VB-B:-Vv=0. (2.12)

This leads to the following reformulation of (2.1)—(2.6) as the MHD system: Find v € V
and B € B, such that

vi+(v-V)v—vVv+B x (VxB)+Vp=0, (2.13)
V-v=0, (2.14)

B +nV x(VxB)+v:-VB—-—B:Vv=0, (2.15)
V-B=0, (2.16)

subject to the initial and boundary conditions (2.7), where the solution spaces ) and B

containing v and B are the (possibly different) divergence-free subspaces of the suitably
chose time-parameterized (Bochner) Sobolev spaces:

V={v:Qx[0,T]| >R |V-v=0}cL([0,T], W), (2.17)

B={B: Qx[0,T]>R*|V-B=0}c L[0,T], W™ (Q)). (2.18)

A weak formulation of (2.13) arises through requiring orthogonality of the residual

with respect to a test function w € YV in the sense of the extended L>2-inner-product, for
suitable test space V. lL.e., we seek v € V, such that

(vi+ (v-V)v,w)y —v(V?v, W)y + (B x (VX B),w)s + (Vp,w)s =0, (2.19)

Yw € W. A weak formulation of (2.15) arises similarly, for a test function z € Z for
suitable test space Z. L.e., we seek B € B, such that

(Bi,z)s + (nV x (V xB),z)s + (v-VB,z); — (B-Vv,z), =0, (2.20)
Vz € Z. The function spaces W C L?*(Q) and Z C L?(Q) are Banach spaces that must

be chosen so that each term in (2.19)—(2.20) is finite for all possible arguments from W
and Z. Sufficient conditions on ¥V and Z that will guarantee this behavior are easily
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determined through use of Holder inequalities in L” spaces and other standard norm
inequalities in Sobolev spaces (cf. [36, 37]). This choice for VW and Z then produces
a well-defined weak formulation: Find (v,B) € V x B such that (2.19)—(2.20) hold
for all (w,z) € W x Z. After a well-defined weak formulation is produced through
the careful choice of the four Banach spaces V, B, W, Z, it remains to prove that there
actually exists a weak solution (v, B) € V x B, and hopefully that this solution is unique
in V x B. In other words, one hopes that the four spaces have been chosen together so
that the solution spaces ) and B are large enough to contain a (weak) solution (v, B),
but not so large that there is more than one solution.

2.3. A Priori Estimates and Well-Posedness. The system (2.13)—(2.16) is a special
case of a more general MHD system studied in [33] (see also [2, 34, 35]). The analysis
in [33] is centered on a generalization of the weak formulation (2.19)—(2.20) above,
allowing for general magnetic permeability and electric conductivity, and working with
variables E (the electric field) and H (the magnetizing field) rather than E and B (the
magnetic field), with H and B related through the (possibly non-constant) magnetic
permeability:
B = uH.

The analysis in [33] proceeds by first establishing some standard energy estimates for
the L?-norms of the plasma velocity v and the magnetizing field H, based on a com-
bination of norm estimates and use of a Grownwall lemma for differential inequalities.
Subsequently, L?-estimates for v;, of some spatial derivatives of v, and of the pressure
gradient Vp are obtained using similar arguments. This then leads to a uniqueness result
(Theorem 3.1 in [33]) for a generalization of (2.13)—(2.16), under initial and boundary
conditions that include (2.7).

Finally, an existence result (Theorem 4.1 in [33]) for a generalization of (2.13)—(2.16)
are established in [33], under initial and boundary conditions that include (2.7). The
proof is based on the use of the Galerkin method, whereby a sequence of Galerkin ap-
proximations to solutions of (2.19)—(2.20) (or rather, to a more general version of our
system) is generated, and the a priori estimates established earlier are shown to hold for
each Galerkin approximation. The sequence is then shown to converge in the limit, and
this limit is subsequently shown to satisfy (the generalization of) (2.19)—(2.20). There-
fore, thanks to the analysis in [33] of a generalization of our weak formulation (2.19)—
(2.20), there exists a unique weak solution to (2.19)—(2.20), and under suitable regularity
assumptions, to the strong formulation (2.13)—(2.16) as well as to the original classical
formulation (2.1)—(2.6).

3. OPTIMAL CONTROL PROBLEM

3.1. Cylindrical Coordinate Formulation. The complex structure of Tokamak is often
modeled in the axis symmetric cylindrical coordinates system (7, ¢, z), where  denotes
the radial direction, z the Tokamak height and ¢ the toroidal angle direction. With respect
to the standard coordinate basis, we can write a substitution as by,

r=rcosp, y=rsing, z=z.

The velocity v = (v,, vs, v,) and magnetic fields B = (B,, B, B.) inside the Tokamak
. . . OB+Bind .
are assumed to be symmetric with respect to the angle ¢, i.e. — ¢"(t> = g_; = 0. Itis

standard to exploit this symmetry appearing in the form and dynamics of the Tokamak by
performing a coordinate transformation of the system of equations above into cylindrical
coordinates.
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To present the transformation we first define two flux quantities as follows:

1 1 ‘
_ dS. wira) = L B+ B™) . ds
1/1(7“7 Z) 9 /5(7«) v ) X<T7 Z) or /S(r) ( + /{(t)) )

™

X=x+k(t), kx: R=>R X(r,z):iﬂ/ B-ds. (3.1)
S(r)
Here, S(r) denotes the surface of a sphere with radius 7, with the center at the origin
in the torus interior of the Tokamak, and radius typically confined to correspond to the
inside of the toroidal device. These quantities captures the amount of velocity flux in the
z-direction through this cross-section.
We denote the electric field inside a Tokamak by E + Efjéf) = (E,, Ey, E.). Now, it

follows from (2.5) that, r B, = — [ 1222 dr, where B+BI = BXi, + B+ BYi.. Let
k be regulated by the time-dependent current strength in the outer Tokamak coils, thus,

we call it an internal control parameter. It is assumed that the magnetic flux |, S(r) B-dSin
the height 2 direction is increasing with time ¢. This assumption suggests the presence of
a strong time-dependent electric field along the toroidal direction ¢ inside the Tokamak.
Similarly, by increasing the current flow rate through the toroidal coils, we will get a
strong time-dependent electric field along the ¢ direction. We denote this electric field

as E + Efjéf), following the discussion in [6], where the authors explained the existence

of an induced electric field E.,; = Q’Tﬂ%, with 7y being a reference point. In [6],
however, given that steady state operation was the topic of consideration, it was also
assumed that a strong curl-free DC magnetic field exists in the toroidal direction due
to the current flow through external poloidal coils. This magnetic field was denoted
by Beyr = @gd). In the present paper, we have assumed that Yy depends on time,
thereby allowing the operating engineer broad flexibility in selecting a more general
consideration of the induced fields, where the z-directional magnetic flux is not linearly
proportional to time, thereby allowing a time-dependent electric field along the toroidal
angular direction %¢ with non-zero curl. Moreover, we have kept By(t) to be a strong DC
magnetic field, but also dependent on time. This induced control parameter also controls
the velocity of plasma, thereby influencing its shape.

An important consideration for controlling the Tokamak is that £y increases with in-
creasing time in the ¢-direction with the charging of current through external coils in
Tokamak. We have incorporated the generality regarding the time dependent magnetic
field inside the Tokamak with the control of time dependent current flow through ex-
ternal Tokamak coils by incorporating a new control parameter (¢). In the cylindrical
coordinates, we can express the external magnetic field as,

i To\» _
B+ Bl = VX x Vo + (Byt+ Bo()) i, X =x+(t),  (2)

where Y, x are two scalar functions (ref. (3.1) for the details of these expressions). The
above definition illustrates the fact that, (), called internal control parameter, is added
in the magnetic flux term y = % /| B - ds to incorporate the enhancement in magnetic
field due to a rise in external time dependent current intensity, considered as an external
control parameter. By doing further calculations, we can derive that the ¢ component of
the electric field

E+Elf]s=- (= t)) . 33
B+l =1 (544 0) 63)
As evident from these equations, the reason for calling the term ~ an “intrinsic control

parameter” lies with the fact the effects of x are visible in the electric field E + Efﬁf)
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without altering the behavior of B + Bf{’ff) in the sense that Vy = V (ref. (3.1)). The
equations (2.1), (2.2) represent the plasma flow equations in the presence of an external
body force, namely the Lorentz force. The equations (2.5)-(2.4) represent the Faraday’s
law, Ohm’ law and Ampere’s law respectively.

In the initial discharge phase, the current density through toroidal coils are gradu-
ally increased to achieve a steady-state magnetic field that would contain plasma inside
a Tokamak without touching its boundary. Subsequently, the applied current density
through external coils can act as a feedback control parameter that would send a signal
to control the intensity of applied current density in plasma and the magnetic field inside
the Tokamak, thereby maintaining a steady and stable plasma inside the device. Thus,
we have introduced two control parameters «(¢) and By(t) to incorporate the effects of
both toroidal and poloidal currents through external coils on the magnetic field inside the
Tokamak. Another way of controlling the current is by neutral beam injection [38, 39];
however, the symmetric cylindrical conditions for modeling a Tokamak would have to
be dropped to consider such a process. However, one approach towards mathematically
modeling this operation is presented in [33], where the modified Navier-Stokes equa-
tions, due to Olga Ladyzhenskaya [40, 41], are used.

We denote the canonical definition of a vector field in the cylindrical coordinate system
as well as a differential operator we shall use in the sequel:

of~ 10f.  Of-
Vf(r o, z) = 3 + ;%% + 5,0
. 9 20A 0*A 10A  0*A
AA=VA ror  Or: ror 022’
In addition, we introduce two intermediate quantities, the plasma current and the vorticity
as,

J,=Vx(B+Blf), w:=Vxwv.

We use the following substitutions (appearing in [6, 11, 12, 1]) to express the model of
the unsteady electromagnetic plasma inside the Tokamak in cylindrical coordinates,

v(r,z) =V x Vo + U¢’Z¢, Vo = 7“_15(75, (3.4)

B(r,z) + B = VY x Vé + <B¢ + Bo(t)7;—0> s, (3.5)
1 A

J,(r,2) =V (rBy) x Vo — ;(A*)’()i(z,, (3.6)

w(r,z) = V(rvy) x Vo — %(A*w)i(b, (3.7)

The calculations deriving these expressions are given in Appendix A.

While these equations represent a geometrically transparent picture of the MHD dy-
namics, we shall introduce a set of new coordinates and variable components to facilitate
amenable computation. This appears in the literature and incorporates Tokamak specific
symmetries and presents the system in a manner suitable for engineering considerations.

T z

a:=—, bi=—, u = —, ug 1= rorwy, uz :=rby,
To To To
X X0
Uy 1= TVg, Us i= —, Ug := rOTJ%, A== (3.8)
To To

where Y is a constant scalar function and n := é, where o, denotes the electrical

conductivity of plasma. Here, the maximum height of the Tokamak is denoted by zyrg



10 M. HOLST, V. KUNGURTSEV, AND S. MUKHERIJEE

and maximum radial length is denoted by 7,,,79. By assuming r( to be the middle point in
the radial direction, ;7 the left most point of Tokamak in the radial direction, for the rest
of this paper, we denote the cross-sectional region [r;ro, 7,,,70] X [0, 27| X [—2¢70, 2070]
by the symbol KC. See Figure 1 for an illustration. In the sequel we shall denote the set
of spatial coordinates as = = (a, b, ¢)

With these new set of variables, we write the set of PDEs governing the plasma flow
as follows,

Eul = —Ua2, (39)
— Ousy 2 ou 1 2 Ou
VA*UQ = Tg ot + - {Ul, UQ} + 8()1 + E{U& U5} — _U6a_b5 (310)
2 0u3 8U4
+—2[(U3+T030(75)) ], a1
A*ug = 7”08 + ?’B o(t) + = {U4,U5} + {u1, us}
g ot a
2 8u1 8u5
+ a2 ( (us +roBo(t)) T Uy~ b ) (3.12)
_ ou 1
I/A*U4 = 7“(2)8—; + a <{U3, U5} + {ul, U4}>, (313)
A*us = —ug, (3.14)
nu :7’2%—1—7’ /ﬁl(t)—i-l{u Uy} (3.15)
6 0 ot 0 a 5, W1y, .
where A* in terms of a, b takes the form A* = % -+ g—; - < aa all of the equations

are defined to be on the domain K x [0, 7"]. See Appendix A.4 for the derivation of this
system.

These equations are completed with the set of boundary conditions which are taken
from (2.7), transformed into cylindrical coordinates (see Appendix Section A.3) and fi-
nally expressed below in the new set of coordinates {uy, us, us, uy, us, ug} in equations
(3.16)-(3.24), the calculations for which are derived in Section A.5,

Ous

=0, On 9K x [0,T] (3.16)
% =0, On 9K x [0,7] (3.17)
2
% - %% =0, On 9K x [0, 7] (3.18)
u =0, On 9K x [0, ] (3.19)
g =0, On 9K x [0, T (3.20)
u1(0) = 0, on (3.21)
uy(0) =0, on K (3.22)
us(0) = A, on K (3.23)
u3(0) = argBy — roBy(0), on (3.24)

where B; € R is a real number. The boundary conditions indicate that there is no
current at the outer surface of the Tokamak, which is necessary for its safe operation and
durability. The initial conditions indicate the operation is at an initial static start up.
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3.2. Objective Function. In this paper, we are interested in controlling the shape of
plasma and induced magnetic field lines inside the Tokamak as expressed by its velocity
field and induced magnetic field, respectively. We have two target functions By(-, T")
and v, (-, T") that correspond at time 7 to a desired, predetermined steady state velocity
and magnetic fields respectively. We assume these have been determined a priori as the
dynamic of a steady state optimal system. The control parameter for our problem is an
internal control parameter in plasma r(t) and an external control parameter By(t).

Now we are ready to present our optimal control problem in the cylindrical coordinate
system. For a fixed time parameter 7' > 0, we are interested to minimize the following
cost functional,

J(v, B, k(t), Bo(t)) = %HV(-’T) —va(-, T)|I*

HB +B (- T) = Bo(T) — Ba(-, T)|

+/0 <621 2()+B2Bo()>dt,

2

Ouys  Ouys
= ;—;2 —%ir + é:; i, + u41¢( T) —areva(-,T)
o Ous » Ous » » 2
_2;2 __ab5“+ o 24, + ugig(, T) — aroBa(-, T)

+/ (@ 0 + B0 ) it

T'm 8u1 2 aul 2
2a2 — +argug, | + a0 argVq,

+ (ug — arovdd,)Q] b2 [ (8525 + aro|Ba), >2

da
+/0 @1 K2 (t )+6QBO ()) redt (3.25)

where vy = vli, + v, + vy, Bg = Bli, + B2, + Bdiy, Bo(T) = BO(T)%O%,
subject to (3.4), (3.5), (3.9) and (3.16)-(3.22), for target desired steady state flow v; and
magnetic field By and we regularize the controls to ensure a well defined solution. The
constants a, as, 1, B2 > 0 denote the non negative weights on the quantities of our
interest. «; > 0 indicates a desired velocity field, oy > 0 a desired magnetic field, and
typically S, B2 > 0 but small, serving as a regularization to encourage unique solutions.

N (% _ aro[Bl. )2 - (us — aro[Bd]¢)2]] da db

4. ROBUST OPTIMAL CONTROL PROBLEM

It is found in the literature [13] that the electrical conductivity of plasma changes with
plasma temperature. As plasma is kept at a very high temperature inside a Tokamak,
which can then moderately vary in an unpredictable manner, it is naturally concerning
to assume the electrical conductivity of plasma o, to be a fixed and known quantity.
Moreover, the uncertainty of o, is an important determining factor in heat generation
inside the Tokamak by Ohmic heating, thereby disregarding its uncertainty could yield
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improper operation (see, e.g. [1]). In this paper, the electrical conductivity of plasma
o, and kinematic viscosity of plasma v are considered to be two stochastic coefficients.
We amend the optimal control problem to be robust with respect to the uncertainty, by
targeting that the expected deviation from the target is minimized. For a background on
stochastic PDE constrained optimization, see [42]. We note that in lieu of the expectation,
we could use risk measures as a means of particularly penalizing, e.g., far from steady
state, or in some sense physically hazardous velocity and magnetic fields, however, we
stick to the expectation as a simpler first presentation in the literature of the consideration
of uncertainty in the operation of a Tokamak.

4.1. Stochastic PDE Systems. We assume o, v to be two second order random fields
such that o, v € L*(K) ® L*(E), where (=, F, P) denotes a complete probability space
with = representing a sample space, F a o-algebra with a probability measure P. This
consideration of 0,,(£), () as two random fields automatically makes the state variables
v and B random quantities as well. These two second-order random fields v and B again
belong to a tensor product Hilbert space L?*(K) ® L*(=Z), which is defined below,

I2(K) @ I2(Z) = {w(x,6): K& E — R: // wlPds dP < oo,
=ZJK
with the norm,

1
|wllL200)0L22) = (/C/H\w\st d77> )

With the above notations at our hand, we modity the PDE systems (3.9)-(3.15) along
with the constraint boundary conditions (3.16)-(3.24) into a minimization problem with
stochastic PDE constraint equations as described below,

0,50 Bot) 0 Eel (v, B.s(t). Bolt))] @D
subject to:
A*ul (6) - _u2(§)7
() = 13228 4 L a6+ 2 0 L e
2 0 2 0 0
225 1 2y (6) o) 20 (2]
0us©)

87 us(€) = B ) + = (s, ushE) + fun,ush©))

+ 2 (sl +roBo(0) 20 ) 251E))
€)= 320 |2 (g g €) + i 6))
Atus(€) = —u(€),

€)= 220 (1) + a0
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and boundary conditions:

%(I,t,g) = 0, on (9IC X [O,T]
6U3
%<I’,t,f) = O, on 8IC X [O,T]
82U5 1 811,5
aa2 — a% (Z’,t,f) = O, on (7IC X [O,T]
ui(x,t,€) =0, on OIC x [0, 7]
ug(z,t,&) =0, on 0K x [0,T]
uy(2,0,€) =0, on K
us(,0,8) =0, on K
us(z,0,€) = A, on KC
U3(5F7Oa§) = aroB; — TOBO(O)a on K

and with cost functional:
aq %)
Ji = 7||V('7T) —va(-, D7 2p00er2@) + 7||B('>T) — Bo(T) = Ba(-, T) 122 0)s12(2)

T 51 2 52 2
0
Here, the newly defined cost function 7 in equation (4.2) is the expectation value of the

stochastic functional .J, thereby producing a deterministic outcome.

4.2. Finite dimensional representation of random fields. We will employ the finite-
dimensional noise assumption to describe o, which states that o, can be approximated
by a finite number of random variables £ = {&;} £, for a natural number L and &;: = —
I'; € R. Additionally, we assume that &; are independent random variables having a

probability density function p;: I'; — [0,1]. The joint probability distribution of ¢ is
expressed as p = I, p;(y;) where (y1,--- ,yz) € I = IT,T; € RE. The truncated
Karhunen-Loeve expansion (see, e.g., [43]) of 0, and v is expressed as,

L+1

op(,y) =Y 0p(2)G(Y), Onz ek, yerl,
=1

L+1

v(z,y) =Y vi(x)G(y) Onzek,yer,
=1

where 0,,v;: K — R and ¢; = y;—, with yo = 1. For the two separable functions
u,ug: KK x I' — R, we define an inner product between them using the individual
components vy, v, € H'(K) and wy,w, € L2(T') of their separable representations:

ur(r,y) = vi(r)wi(y), uz(r,y) = va(w)wa(y),
through the following inner-product definition:
(w1, u9) i (ywmy(r) = (U1, v2) 1oy (W1, Wa) iy,

where

(v, w) 2wy = /Fvady forv,w € Li(F).
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Finally, using the Doob-Dynkin Lemma, the random vectors v, B, o, can be expressed
as a function of L random variables, thereby allowing us to reformulate the stochastic
optimal control problem, defined earlier in (4.2), in the following manner,

where:

min T
v,B, By (t),x(t)

(05} Q2
Ti =GV =Vallzzpsrzm + 5 1B = Bo(T) = Balliaoersm

+ [ (5 B0 + Fostor] @3

4.3. Lagrangian. Introduce the set of adjoint multipliers,

)\17 )\27 )\37 )\47 )\57/’“7“27#’37”47”57”6 € H&(K) ® Li(r>

to construct a Lagrangian £, associated with the stochastic cost function as follows,

Ly =

/ / [2“2 (8U1 + aroloal )2 - (% - aro[vd}zy

4 (g — aro[vd]¢)2] + —{ (% + aro[ B, )2 n (% — aro[Bi). )2

pdadbdy+/ (51 K2 (t) + 52 ()>r§dt

T
/ / / AM—— pdadbdydt— / % / Ag— pdadbdydt
o JoxJr =~ Ob ac da
T 82u5 18U5
T
—/ / /()\4u1 + Asuy) pdadbdydt—/ //,ul(mul + us) pdydadbdt
0o JokJr o JrJr

r oug 1 2 Ou; 1
—/0 /K/FILLQ[—I/A*UQ—FTO 3152 a{ul,UQ}—F?UQa—Z;—Fa{Ug,Ug)}

2 Jus 2 Ous Ouy
- — 6— + — [(Ug + 10Bo(t)) = o mﬁﬂ pdadbdydt

//K/“‘”’ ?7A*u3+roaa Bi(t) + 2<{U4,u5}+{u1,u3})

r

+ (ug — aro[Bale )2}

2 8U1 8U5
+ 55 (s + 0B (1) S — w5 )} pdadbdydt
s 1
- / | ] B g5 2 (fusus) + fur,us}) | pdadbdys
o JkJr ot a

T
- / / ps(A*us + ug) pdadbdydt
o JrJr

aU5

T

/ 1

— / / e (nue — rg— — 1ok (t) — —{us,u1 }) pdadbdydt, 4.4)
o JrJr t a
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where the boundary conditions u; 4(-,0) = 0, us(-,0) = A, us(-,0) = arqB; — r¢By(0)
must be imposed by construction via the definition of the function spaces wherein v, B
lie.

4.4. Necessary Optimality Conditions. We are interested in finding the stationary points
of the Lagrangian (4.4), with respect to the adjoint, state and control variables in the sense
of variations. By taking the directional derivatives of £, with respect to A;, ;; and set-
ting it equal to zero for all possible directions, we obtain the constraint conditions (3.9),
(3.16)-(3.24). The rest of the optimality conditions characterizing a stationary solution
to the optimal control problem are derived by taking variational derivatives with respect
to the states {u; } and controls x(t) and By(t).

It holds that D,y L1 f = 0 if and only if for all f € L*([0, T7),

T T
/0 Birdk(t)f fdt — /0 /Clu%(t)ropdydadbffdt =0
<

Buror(t) — E [/K ug<.,t)pdadb1 —0on[0,T]

Note that this implies that the reduced gradient is,

dJ /
Wlt) = Prrons(t) — E [/’C ,uﬁ(-,t)pdadb} . 4.5)

It holds that D, £1B = 0 if and only if for all B € L*([0,T]),
2 0
/ Bor2Bo(t) BBdt — / / / "o MgﬂpdydadeBdt

2 , 3
/ / / 7"0“3% pdydadbBBdt + / / / rots(t) pdydadbB Bdt
KJr

27’0 8u3

Bar2Bo(t) + E [ / ré’u;«,t)pdadb} —E [ / i t) S pdadb]
K K a 3()
23 Ouy
—E ——pdadb| = T
[/K LLLCW ] 0 on [0, 7]
Note that this implies that the reduced gradient is,

dJ / 27 Ju
B ﬁwﬁ&()w{ /K TSug(-,t)pdadb] —E[ /K —ta( 1) a;pdadb}

_E /2”’“3% dadb
K CL2 ab

The variational derivative of £, with respect to the state variable ug in the direction
u e L([0,T], L*(K)) ® L2(T') reads:

ou 1
Dy Liu = / / / LLQ pa— = e + —{pz2, U5}} updydadbdt
r
Now it holds that D, £,u = 0 if and only if for all w € L*([0,T], L*(K)) ® L2(T),
2 0Ou 1
@/@a—; — M5 — it + 5{#27“5} =0. (4.6)
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We now calculate the following,

1
D, Liu = / / / |:,Ul 7“0— + VA* 1y — —{Uhﬂz}] updydadbdt
a
Now it holds that D.,,£,@ = 0 if and only if for all w € H'([0,T], H'(K)) ® L2(T),

0 — 1
[y — 7“(2) ;2 + vA* g — E{UI,MQ} = 0. 4.7

The next calculation is shown below,

T T
Dy, L1 = — / f / \uptidadbdydt + / / / A*py ipdatidbdydt
oK r
/ //( {p2, us} + 2uzau2)pﬂdadbdydt
+/ // —{u3 U3}+—(U3+ToBo(t))% pudadbdydt
o JeJr\a"” a? Ob
r 1
+/ //—{m,w;}pﬁdadbdydt
o JxJr @
r 1
—/ //—{ug,,,uﬁ}p’adadbdydt
/ / 8“1 2+ arovd), OU  tadbdy
ob
/ / <a“1 aro[vd]z) 08 adbdy,
da

Now it holds that D.,, £,@ = 0 if and only if for all w € H'([0,T], H'(K)) ® L2(T),

—E[\] on 9K x [0,
0=F [Z*m} 4 E { (112, us} + = uz%}

E E{Mg,u?,} + s+ roBoft ))88’23}

E F{M,M}} E E{%,MG}} on K x [0,7]
0=E {— (% + arofvds ) 4 (% - aro[vd]z)] on K

The rest of the calculations are done in a similar manner and skipped for brevity.

APPENDIX A. CALCULATIONS FOR TRANSFORMATIONS INTO CYLINDRICAL
COORDINATES

A.1. Derivations of EM fields. In this part of the Appendix we derive the equations
describing the substitutions (3.4)-(3.7).
Construction of ¢: Recall that the PDE system includes (2.5), or V - v .= 0. In the
cylindrical coordinates system, this condition becomes,
10v, 10vs Ov,
r Or + r 0¢ N
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= 0. So, the above equation becomes,

10rv, Ov,
r or 0z
Recalling the form of v and writing the surface integration d.S = r dr d¢ , we get,

=5 // 2(p, 2)pdp dp = / 2(p, 2)p dp. (A.1)
m

The above expression holds as v, (r, z) is independent of ¢, which is true because of ¢
invariant assumption. Now, we get,

But, due to ¢ invariance, a ¢

=0.

0 10
Ew =ru,(r,z). = v, = . at/j. (A.2)
Now, differentiating (A.1) with respect to z we obtain,
8_1/1 " Ov, d
o J, 8"

After substituting the expression of (A.2) in the above equation, we get,

Ob _ [TLOv
5 /O,Oapp p = —TV,.
from which we obtain the expression
10y
i

We observe that V¢ = %%. The poloidal part of the velocity component becomes,
vy = UTET + vziz = V¢ x Vo.

Now, let us compute the expression of the toroidal directional component of the velocity
ve. With the help of the property V - V x v = 0 we can write the vorticity w = V X v
as follows,

1 ) f 10f

roz T roar

for some scalar function f. Now, from the condition of V x v = w, we get,

Wy = —

8U¢
——2 =, A3
5, ~ Y (A.3)
10
—T (A4)
r or
ov,  Ov,
— = Wg.
dz  Or ¢
Equations (A.3) and (A.4) together imply
Lorvg  10f
r or  ror
suggesting vy = % to be a solution. The velocity field has the following expression,
v(r,z) = Vi x Vo + v¢§¢. (A.5)
Similarly, we get the following expression for the magnetic field as,
B(r, z) = Vx x Vo + Byig, (A.6)

for some scalar function Y.
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A.2. Derivations for current and vorticity. Recall the following expressions for the
plasma current and vorticity,

VxB=1Jp,
VXv=uw.
Incorporating (A.5) and (A.6) into these expressions yields
w =V x (Vi) x Vo + v4i4),
Jp =V x (Vx x Vé + Byiy).
Rearranging terms,
V x (VX x Vo4 Byig) = V x (Byiy) +V x (Vx x V).
Now, V X (Byiy) = —1 a(TBQ’) i+ 2 8(TB¢ = V(rBy) x V¢. For the second term,

T 0z

Vx(Vxngb):Vx(Vxx%‘b).

Now,

’ 19y, 10y
Vx x . ——a—X r+ = aX (A7)
r 82 r 87"

which implies

18XA 18)( - 2 2
VX(—;% + 87“ ) = O'ZT+0'ZZ

rdz2  or\ror
_ [_132_X la_X_lf?Q_X]g
N ro22 ' r2or ror2l®

where, A*f = f + W — %%. Therefore, we get,

J, = [V(rB¢) X Vo — A*Xng].
Pursuing the same line of argument for w yields the analogous expression

W= [V(T%) X Ve — A*quﬁ].

A.3. Derivations for cylindrical boundary conditions. Now, (2.7) are transformed
into cylindrical coordinates to get the boundary conditions in cylindrical coordinates.
These sets of equations do not appear in the main text, as they are an intermediate step
between the rectangular and final coordinate bases.

Vim0 = Vb X Vo + vty — V|imo X Vo +14(0)ig = Vihy X Vo + vgig.
Take, v, = vo and |9 = 10o. Similarly, B|;—o = Vxo x V¢ + Blg¢ yields, B4(0) +
By(0)™ = By and x|;—o = Xxo. The condition, v = 0 yields 1) = 0,v4 = 0. For the
last two conditions, we note that 02 is spanned by %(b, i. and n is spanned by ir. Thus,
B-n=DB =— 1g><andB n=0-— 2% =0.Now, (V x B)log =0 = Jyloo =0 —
Jpy =0& J,, = 0. So,weget,agf¢zoandA* % =0

Px _ 19x _
andW rar_o'
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A.4. Derivations of the plasma equations transformed by (3.8). After equating the
toroidal components, i.e. the ¢4 directional parts of the (3.7) and applying (3.4), we get,

A" = —rwy. (A.8)
We have the following coordinate transformations,

e P =Yy gy, A p = EL 1O O
ro’ 7o 1_7“07 20T C 9a2  ada O’

The Laplacian operator becomes
A= reA*,
Thus, after multiplying (A.8) by 7, we finally get,

Y

—%
= —rrowy — A up = —ug.
To

Considering the ¢ component of (3.6), we obtain

A*y = —TJ%, (A.9)
where J), é is obtained from (2.6), substituting (3.2) and (3.3) to obtain
1 (9)( ’
77‘]p¢:; E"’"’{(t) + (VY x Vo) x (Vx x V),
1/0 /
_! (_X e (t)) _ VXX VY g, (A.10)
r \ Ot r

With the following coordinate transformations,

] e X
Ue = ToT P Us = —,
To

we get the following transformed version of the equation (A.9) with A*y = A*y,

Eu5 = —Ug.
From expression (A.10) we get,
0 / 1
nug = 7’8% + rok (t) + a{ug,, uy},

where recall that the Poisson bracket is denoted { f, g} = %% — %%. Taking curl of
(2.1) and applying the angular symmetry, we get,

yv2w=%—°:+V>< (wxv—J,x (B+BM). (A.11)
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Now, taking the toroidal component of (A.11), we get,

<8w>¢ _ a(rw¢)v¢7

ot ot
2) = (LO[,0%] | Twe  woys
<V w>¢— (7"87" [T 67’]+ 0722 7“2)%’
. D*(rwy)  10(rwy)  0*(rwy)
Allrws) = oz r or + 022

— A*(rwy)Vo = <V2w>¢,
(¥ (wx v)>¢ =V x [(V(ru) x Vo + woiy) x (Vi x Vo + v¢%¢)}¢,

=V x [(V(rog) X V6) X vgig + woiy X (V46 X v¢)]¢. (A.12)

We use the following derivations to get the final equality,

V x ((V(rv¢) X V) x v¢>i¢> =-Vx <% [8(rv¢)%T + 8(TU¢>%Z]>,

rlL Or 0z
(9 [vg0(rvg) N 0 [vg0(rvg) |\ »
=l | Ta e )
= V(rvg) x V (%) . (A.13)

With (A.13) we get the following expression,

(V * (w X v)) = V(rvg) x V (%) +V (%) X V. (A.14)

¢

And similarly, we get,

72

(v x (J, x (B + BI™)) )¢ = V(rBy) x V (% + B‘“)
J
+V (%) x V. (A.15)

After arranging the equation (2.1), with the following identity,

1
§VU-U=(U'V>U—|—UXW,

and taking the toroidal component of (2.1), we get,

V<V2v>¢ - (%>¢ +V(p+ %v . U)¢+ (wxv—dpx (B +B,i”d))¢. (A.16)
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Performing the appropriate coordinate transformations,

<8v> B 8(rv¢)v¢’

Eqs_ ot

1071 ov 0% v

2 _ ¢ Yo Vg
(V U>¢> (r(‘?r[ 87’} + 022 ) b
. D*(rvg)  10(rvy) 82(7’%)
A%(rvg) = oz r or + 0z2

— A*(rvy)Vo = <V2v>¢,

1
V(p+—v-v) =0,
2 $

(w X U>¢ = T%[V(r%) X V@D} ig, (see(A.7))

(Jp x (B + B,i"d)>¢ _ 1 [V(rB¢) X Vx] ig. (see(A.7))

72

21

(A.17)

Finally, we take the curl on both sides of the equation (2.4) and then take its toroidal part
along with the identities (A.17), (A.14), (A.15) and V x (Vf x V¢) = —A*fV ¢,

R OR

We use the following coordinate transformations,
uz = 1By, us = 104
to transform the equations (A.16), (A.18) and (A.11), respectively, as follows,

ou 1
= 7”38—; + 5({7137 Uus } + {U1,U4}>

, Ous 1
N Uy = re—> > 5+ e By(t) + _({u4,U5}+{u1,u3}>

vA*uy

2 ou ou
ta <(“3+r°B°( ) 55 azf)
— 5, OUs 2 Ou 2 Ou
vA*uy = ro—= T 24 {ul,uQ} + ol (%1 + a{ue,u5} u68_b5
2 8u3 8U4
ta [(USJFTOBO( Ny ~ (%}

) x w} = A (rBy)V.

(A.18)

A.5. Boundary Conditions. Following Section A.3, the boundary conditions in the

cylindrical coordinates system are described as,

Yli=o = Y0, Ve|t=0 = Vo, X|t=0 = X0, Bglt=o + Bo(o) . = Byon K, (A.19)

Qﬁlalc = 0, U¢|6IC =01in K X [O,T],

0By . O°x 10x _
By+r > — 0, aTQ_;E_OonﬁlCX[O,T]a
0

ox
5 = 0on 0K x [0,T].

(A.20)

(A.21)

(A.22)
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Under the assumption that initial plasma velocity is zero, the reduced form of the bound-
ary conditions (3.16)-(3.22) are described as,

%:0, On 0K x [0, T
Ous O*us 1 0us
S _ 12| = T
5 0, 52 a4 Ba 0, On 0K x [0, T
uy, uy =0, On 0K x [0,T]
(1o = 0,09 = 0) — u1(0), u4(0) =0, On K
us = A= % uz = 1By — 19Bo(0). On K
0
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