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Abstract

A plasma current profile control system has been designed and tested at Joint European Torus (JET). The system
uses the one turn loop voltage for lower hybrid current drive (LHCD) control, and the normalised second current
moment of the plasma current distribution for off-axis current control. These provide relatively simple measurements
and calculations suitable for real time operation. Models for the response of the loop voltage and second current
moment to Lower Hybrid power input are derived and validated against JET data. Based on these models, the
components of the second current moment and loop voltage control systems are designed to suit prescribed
performance. Loop voltage has been controlled in 2.5 MA discharges at 66% reduction, providing the means for
LHCD regulation. Second current moment control during the current rise phase has contributed to 60% improvement
of the neutron yield performance of shear optimisation discharges at JET. © 1998 Elsevier Science S.A. All rights
reserved.
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1. Introduction

The shape of the plasma current profile is one
of the most important factors determining the
plasma magneto hydro dynamic (MHD) stability
and confinement in Tokamaks. For this reason,
plasma current profile control has received con-
siderable attention in recent years.

One of the tools for plasma current profile
control at Joint European Torus (JET) [1] is the
lower hybrid current drive system (LHCD) [2,3].

* Corresponding author.

Current profile control experiments with lower
hybrid waves at JET are usually conducted in
open loop, by careful pre-programming of the
LHCD heating power waveforms. However, this
type of operation is affected considerably by
changing properties of the plasma, and the desired
target current profiles are not always obtained.
Feedback control tools and techniques provide
a solution to this problem [4]. This paper de-
scribes a current profile feedback control system
that has been developed for the LHCD system at
JET which provides the capability for steady state
scenarios, and eliminates the need for re-adjust-
ments on the power waveforms. With this control
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Fig. 1. Schematics of the current profile control system for the LHCD system at JET. The diagnostics for feedback are currently

the loop voltage and the normalised second current moment.

system, it is now possible to control the non-in-
ductive current generated by the LHCD system
and the relative peaking of the current profile.

The control system uses the loop voltage for
non-inductive control, and a dimensionless quan-
tity derived from the second moment of the cur-
rent profile for off-axis current control.

The philosophy of the control system design
has been to develop the simplest possible mathe-
matical model for the plasma response, namely a
non-linear state space model [5] for the loop
voltage, and a transfer function [5] model for the
second current moment. These models will be
presented and validated against data from JET
discharges.

This initial development has improved the oper-
ation of current profile control experiments with
lower hybrid, and it has contributed to an im-
provement on fusion yield performance in shear
optimization experiments at JET. This illustrates
the potential benefits of current profile feedback
control systems for future devices such as ITER,
where confinement and stability are crucial.

2. General description of the system

The control system has been implemented in a
front end computer working with sample data
known at JET as the real time power control
system (RTPC) [6]. The control system consists of
three main parts (Fig. 1):

(1) The real time signal server (RTSS) collects a
signal from numerous plasma diagnostics and per-
forms simple processing such as calibration and
filtering.

(2) The real time central controller (RTCC)
reads from a common memory area, shared with
RTSS, the relevant diagnostics selected for feed-
back. It then executes a network of interconnected
algorithms prescribed by the user. These are typi-
cally waveform generation of requested feedfor-
ward powers, references for feedback, feedback
timing, filtering and proportional integral deriva-
tive (PID) control algorithms. The network out-
put is calculated every 10 ms. The profile control
algorithm is implemented in this area. The result
of the processing is a power or phase demand sent
through an Ethernet connection to the lower hy-
brid local manager (LHLM).

(3) The LHLM reads the power and phase re-
quested by the RTCC and performs local feed-
back control of the power generated by the LH
plant. Independent control of power and phase is
possible for the 6 power modules that constitute
the plant [3].

Initially, while establishing the engineering ba-
sis of this new control concept, loop voltage and
second current moment feedback loops have been
implemented. Future current profile diagnostic
developments at JET may allow control of the
current profile in the central region of the plasma,
such as the central value of the safety factor (g,)
[7.8].
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Fig. 2. Simplified schematic of a Tokamak and the loop voltage measurement.

3. Lower hybrid current drive control

Tokamak operation is limited by the amount of
magnetic flux available in the transformer pri-
mary. To allow continuous operation, there are
several non inductive current drive methods. One
of the most interesting ones is the LHCD. The
LHCD system at JET generates microwave power
at 3.7 GHz. This system has achieved full current
drive in X-point configurations in the range 0.7-3
MA and line average electron density, 7., in the
range 0.7-2.0 x 10" m —3, with current drive effi-
ciency, 7cp, increasing with electron temperature
up to 0.3 x 10> AW ' m~2 However, in some
cases, variations in the plasma conditions may
lead to uncontrolled excursions of the non-induc-
tive current generated by the LH system. In order
to obtain steady state scenarios, a non-inductive
current control system with LH waves has been
developed and tested. This section presents the
design of the LHCD control system and the ex-
perimental results.

3.1. Loop voltage

The loop voltage is the voltage created in a
circular loop concentric with the plasma column
as a result of the variation of the poloidal mag-
netic flux linked through it (Fig. 2). By extension
of this concept, the loop voltage in an arbitrary

flux surface is minus the time derivative of the
poloidal magnetic flux relative to that surface. At
JET, a real time system [9] computes the poloidal
flux function outside the plasma every 2 ms. This
gives the loop voltage at the plasma boundary,
where it is otherwise impossible to obtain a direct
measurement. There are two more loops taking
direct measurements of the loop voltage in real
time; one placed slightly above the mid-plane of
the plasma and inside the vacuum vessel, and
another placed below the plasma and outside the
vacuum vessel. By simple inspection of Fig. 2, it is
clear that any change in the magnetic flux through
the loop will generate a voltage, according to
Lenz’s law. The change in the flux can be pro-
duced by a variation in the plasma current or
primary transformer flux. Plasma and transformer
circuits are inductively coupled, and for this rea-
son the loop voltage measurement contains mixed
information regarding non-inductive current
drive, plasma resistance and plasma inductance
changes. In order to obtain exact expressions for
the Tokamak equivalent parameters and its rela-
tionship with the loop voltage, the Tokamak
equivalent circuit is presented in the Section 3.2.

3.2. Tokamak equivalent circuit

A Tokamak can be described as a distributed-
parameter electric network (Fig. 3). Energy stor-
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age in the poloidal magnetic field is accounted for
by a series inductance L. Ohmic power loss in the
plasma is taken into account by a series resistance
R. Total plasma current is represented by /. Non
inductive current drive can be described by a
parallel current source 7 or a series voltage supply
V = RI. The coupling between the plasma and the
loop voltage is accounted for by a mutual induc-
tance M. The primary circuit of the transformer is
described by a voltage V,, a resistance R, and an
inductance L,. The mutual inductance M, de-
scribes the coupling between transformer primary
and plasma, and is considered the same as the
mutual inductance between transformer and loop
voltage. It is assumed that the loop voltage V is
measured along a poloidal flux surface, and its
relationship with the distributed parameters of
Fig. 3(a) can be described by
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Fig. 3. Tokamak equivalent circuit with non-inductive current
drive. The plasma is represented by a resistance R and an
inductance L. The mutual inductance between the plasma and
measuring loop is M. The mutual inductance between the
transformer primary and the plasma or the loop is M,. The
primary circuit of the transformer is described by a voltage V.,
a resistance R, and an inductance L,. The non-inductive cur-
rent effect is represented by: (a) an ideal voltage power supply
V; and (b) an ideal current source I

On the other hand, a Poynting’s theorem analysis
for the poloidal magnetic field B, in toroidal
geometry leads to the energy balance equation

1 d ~
—_— — BZdV i2dV — i, dV =TI
2 1 dr L} 0 +Lz s J;z Nl p

2)

where L, is the vacuum magnetic permeability, j,
and j, are the total and non-inductive plasma
current profiles in the toroidal direction and # is
the plasma parallel resistivity profile. In obtaining
this expression, the toroidal electric field E, was
written as a function of the non inductive current
profile j;, using Ohm’s law

Ey=n(s—Js) (3)

Comparing Eqgs. (1) and (2), we obtain
J njsdV

R= QT 4)
J 77j¢,]';dV

> JQ

V="t )

d 1 d )
Ia ((L—M)I)—E Ho 4 fg B;dV (6)

where the integration volume Q is limited by the
flux surface that intersects with the voltage loop.
The volume Q can be split into two regions ; and
Q. which are internal and external to the plasma.
The internal region €, is limited by the last closed
flux surface (LCFS). The external region Q. is
limited externally by the flux surface that inter-
sects the measuring loop and internally by the
LCFS.

When Eq. (6) is integrated in the interval (0, 2),
the inductive element L—M can be written explic-
itly as a function of the internal /, and external /,
inductances,

L—M=uo%(li+le+lo),

1
[ = BZdV
bouglrg in ‘

1
l,=——— B2dV
¢ ﬂ(2>12”0 JQC ‘
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Fig. 4. Loop voltage model internal states vs. experimental data. Top: Lower hybrid power. Middle: First state simulation (solid)
compared with actual values (dot-dash). Bottom: Internal inductance simulation (solid) compared with actual values (dot-dash).
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! dr
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where the major plasma radius is represented by
ro to avoid confusion with the plasma resistance
R. The time integrated inductance /, is constant
after the initial current rise phase (0, ¢,), since the
plasma current is usually kept constant during the
steady state phase of the discharge.

It must be emphasized that Egs. (4) and (5) and
Eq. (7) are the only definitions for the Tokamak
parameters that are consistent with loop voltage
measurements.

The internal inductance can also be written as a
function of the fluxes at the plasma boundary ¥
and plasma centre i,

»d
_ 20— ) 1_Li Vodudd

/
Holol 1

i

) ®)

where

_ W)
o — o)
is the normalised flux function and d4 is a differ-

ential element of plasma cross-section. In obtain-
ing Eq. (8), we have made use of the identity

¥y ©)

JB%,dV:ﬂg (Ay x By) - dS+ g qus Cj,dV

(10)
together with the choice for the potential vector
A=, (11)

where wu, is a unitary vector in the toroidal
direction.

Similarly, the external inductance can be writ-
ten as a function of the flux at the loop location
Y, and at the plasma boundary v,

_ 25— )

I
HoTol

(12)
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Fig. 5. Comparison of the boundary loop voltage (dot-dash) and the loop voltage model output (solid).

Using the new definitions given by Eq. (7), Eq. (1)
can be written as

_ % o d dr
V=RI—V+ uy 5 dr (Zi+le)+/u0r0(li+le)d[
(13)

When the loop voltage measurement in Eq. (1) is
calculated at the LCFS, /,=0, and Eq. (1) is
written as

N ro . dl
Vo=RI—V+ 5 I a"‘#o”oli

dr
T (14)
where in this case, V, is the loop voltage at the
plasma boundary. Due to there being no currents
in the region external to the plasma, the parame-
ters R and ¥ are still given by the Eqs. (4) and (5).

If the measuring loop is placed just below the
plasma, the external inductance depends solely on
geometrical factors and is given by

b

l,=1In -
a

(15)

where a is a characteristic dimension for the mi-
nor plasma radius and b is the distance between
the plasma current center (r,, z,) and the measur-
ing loop. For the JET parameters a = 1.2, b =2.3,
we obtain /, >~ 0.65. As long as the plasma shape
and the position are kept constant, the external
inductance can be considered constant, and the
loop measurement Eq. (1) is reduced again to Eq.
(14).

Alternatively, as shown in Fig. 3(b), the effect
of the non-inductive current can be introduced as
an ideal current source not subject to resistive
losses 1. In this case, the circuit equation is
rol di; . d7
2 @ T

where the equivalent non inductive current I is
defined as

Vo=RUI—1)+ p, (16)

)
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For most Tokamaks, the total plasma current /
is kept constant by an external feedback mecha-
nism that links the plasma current / to the
transformer voltage V,. If the total plasma cur-
rent is kept constant, the ratio of the loop
voltage before and after a non-inductive current
is driven in the plasma (once stationary condi-
tions are reached) is given by

AV AR I

JAr 1 18
AV, R, 1 (18)

The relative reduction of the loop voltage there-
fore gives an indication of the relative change in
the plasma resistance and non-inductive current
drive [2].

In stationary conditions V= R(/ —f), a re-
duction of the plasma resistance alone cannot
lead to zero loop voltage, as this would imply
zero plasma resistance. Only a non-inductive
current can reduce the loop voltage to zero
when all the current is driven non-inductively,
I=1 In a intermediate situation, the reduction
of the loop voltage is due to both effects, non-
inductive current drive and plasma resistance re-
duction.

In an overdrive situation, the non-inductive
current can exceed the set value for the total
plasma current, in which case the transformer
will counteract it. This situation is referred as
transformer recharging. During recharging the
loop voltage can be negative.

The loop voltage is most suitable for non-in-
ductive current control when full current drive
without transformer recharging is desired. In
any other case the effects of both plasma heat-
ing and current drive can produce a reduction
of the loop voltage, and they cannot be distin-
guished.

3.3. Loop voltage state space model

The relationship between the loop voltage
output and the lower hybrid power input is best
described by a system of first-order differential
equations using an auxiliary vector X = (x;, x,,
x;)T, where the variables x,, x,, x; are chosen
to correspond with physical meaningful quanti-

ties such as plasma resistance, internal induc-
tance and ohmic current.

x, =(T,~ )
X2 == li
xs=1—1 (19)

The first state is assumed to be proportional to
the plasma resistance (Eq. 4), and is defined as

) f T, *P3dV

27r, I?

<Tc — 3/2> _

where A4 is the area of the plasma cross-section.

This type of description is known as state
space description, and the auxiliary variables Xx;
are known as internal states. This description is
particularly useful for our purpose, as it allows
physical mechanisms in the plasma to be incor-
porated in the model.

Using the state space description, the loop
voltage measurement equation for constant
plasma current V=R(I—1I)+I(dL/dr) can be
written as a non-linear output equation depend-
ing on the internal states x;, x,, X;

(20)

Y =c1xX3+ 0% (21)
The physical parameters are summarized in the
model parameters through the expressions

(31:277: . 1074 % “In A X(Zeff)s

To

€= Ho ) I (22)

where the dependence with the effective ionic

charge is given by
0.457
—_—— 23
1.077 + Zeff> 23)

and the Coulomb logarithm In Ais obtained
from

1 Zei) = Zeff<0~29 +

L. (24)

Zeff\/’?e
The numerical factors in ¢, are valid for an
Spitzer resistivity model [10], with 7, in eV, #
in ohms per metre, and n, in electrons per cubic

A=1.09-10"
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metre. A proportionality factor ¢, can still be
assumed when neoclassical [11] and/or Fisch [12]
corrections are introduced.

Physically,
ro - d

CXo = Uy

exix;=R(I—1) and 7 1 T

(%),
therefore, the output equation is simply the rela-
tionship (Eq. 16) for constant plasma current.

Using the Akaike’s information criterion [13], a
first order lag is found to be the best approxima-
tion for the internal states x; dynamics at JET
[14]. Based on this, a first order model will be
parametrized using system identification tech-
niques. The system equations describing the dy-
namics of the plasma resistance ~ X)),
inductance (x,) and ohmic current (x;) can be
written as

R L 3)
T T
where first order linear approximations for the
internal state’s (x;) dynamics around a certain
operating point X; have been made. k; and 7; are
gains and time constants corresponding to Xx;

The internal states x; must be coupled to some
extent, as they all depend on the current profile
(Egs. 4, 17 and 8). As a first approximation, this
coupling will be ignored.

The input vector to the system is the lower
hybrid power delayed by ¢,

u(t) = Pru(t —t9) (26)

The gains k; can be estimated from the change in
the states x; once stationary conditions are
reached

o= Bxi ol =il

i 27
PLH PLH

The gain k, at JET is always negative, as the
lower hybrid power input always raises the elec-
tron temperature, and as a result, lowers T, %2
The time constant 7, depends on combined heat
transport and current diffusion mechanisms in the
plasma, and can range from a tenth of a second to
a few seconds.

The gain k, depends on the difference between
the power deposition profile and the plasma cur-

rent profile. When these profiles are different, the
plasma current will diffuse in order to achieve a
constant electric field across the plasma [15]. For
instance, an initially peaked plasma current
profile will be broadened by off-axis lower hybrid
power deposition. Current profile broadening
causes a reduction in the internal inductance (x,),
and corresponds with &, being negative. The time
constant 7, is basically the skin time t,, and
depends strongly on the plasma temperature. For
a cylindrical plasma of minor radius ¢ and con-
stant plasma resistivity #

_ toa®

nii
where /; =~ 3.831 is the first zero of the J, Bessel
function. For JET plasmas with typical electron
temperatures between 1 and 10 KeV, the skin time
varies between 0.5 and 5 s. The skin time depends
on the plasma resistivity, and must therefore be
correlated with the plasma resistance ( = x;). This
has not been considered in the model, and an
effective time constant 7, is adopted to encompass
these effects.

The amount of non-inductive current drive I} 4
produced when lower hybrid power P is in-
jected into the plasma can be characterized by
means of the current drive efficiency #p, defined
as

(28)

Ts

Nep = <’7e>ro ;LH (29)
LH

where (#.yis the volume-averaged electron den-
sity. Due to the total plasma current being kept
constant by a feedback mechanism, the ohmic
current gain k; is the same (in absolute value) as
the non-inductive current drive gain, and can be
expressed as a function of the non-inductive cur-
rent drive efficiency #¢p,

fey= — o (30)
Folle

The time constant 7; describes how quickly the
ohmic part of the plasma current (x;) decays
when a non inductive current is created in the
plasma. This should occur as a result of the
plasma current feedback mechanism. For con-
stant plasma current, inductance and resistance,
the following relationship must hold
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[—[=——-—V; (3D

Since Ly ~ 180 x 1073 H, R ~30 x 10~¢ Q, the
time constant of the transformer current in the
primary winding is extremely slow, Lp/Rp=~
6000 s, and Eq. (31) can be simplified to

I—I~-——"LTy, (32)

Therefore, for constant plasma current, induc-
tance and resistance, the time constant involved in
the ohmic current decay is the same as the
flywheel generator output voltage V7, response
time. For the flywheel generator at JET, this is
~0.15 s [16].

There are many discharges in which stationary
conditions are not attained, and it is therefore
difficult to obtain the model parameters using Eq.
(27). In these cases, the model parameters k;, t;
can be estimated from the measured time traces
X,, X,, ¥ by minimizing the loss function

bl

g(kia Ti) = g(kia Ti) = |y - )7’ + ~,ZI: 5 |Xi — )Z'i
’ (33)

with respect to k;, 7, The model output y and
internal states x; are calculated from Eq. (21) and
Eq. (25). This parameter estimation technique is
known in the literature as the output error
method (OE) [5].

Figs. 4 and 5 demonstrate a fitting example for
the states x; and the resulting loop voltage com-
pared with the actual data. The third state (ohmic
current) is not shown due to it being directly
related to the lower hybrid power input, with a
fixed time constant 7, =0.15 s. The parameters
obtained were

k= —32x10"12 eV=32 W-1,

o= —0.024 x 106 W1,

Nep =118 x 10" m—2 A W1,

1, =0.04 s,

7, =0.05 s. (34)

The physical parameters of the discharge were

ro=2.96 m,
[=25-10° A,

Zor=2.5,

ne=2-10" m~3 (35)

One of the most important parameters in this
model is the current drive efficiency. The experi-
mentally determined current drive efficiency at JET
increases with the electron temperature [17], there-
fore, in principle, the gain k; must also be corre-
lated with x,. This has not been taken into account
in the state space model, and the effective steady
state gain k5 is assumed to combine these effects.

3.3.1. Noise and perturbations

The output equation (Eq. 21) was obtained
from the loop voltage measurement equation as-
suming constant plasma current. However, ac-
cording to Eq. (13), small oscillations of the
plasma current around its equilibrium value intro-
duce an additive perturbation w in the loop
voltage given by

d/
W= Horolh + L) (36)

This perturbation can be seen in Fig. 5 as a small
oscillation of the loop voltage signal that is not
reproduced in the simulation.

The loop voltage also has a component due to
the plasma movement. If i is the flux relative to
the flux surface corresponding with the measuring
loop, and u is the velocity of this flux surface
relative to the location of the measuring loop,
then the convective time derivative gives the mea-
sured loop voltage as:

dt ot

To distribute the power load in the divertor tiles,
the x-point is sometimes made to oscillate. This is
achieved by modulating the current in the divertor
coils with a frequency of 4 Hz. This produces a
movement of the flux surfaces relative to the
measuring loop. As a consequence of this move-
ment, a low frequency noise appears in the loop
voltage and indeed in almost all magnetic diag-

V= —2n v _ —2n<a‘/’+(u : V)¢> (37)
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nostics. The solution to this consists of strong
filtering of the loop voltage signal with a 1 Hz
cutoff low pass filter, whose equivalent transfer
function is

38

Fls)= s2+9s+ 38

(3%)
where s is the Laplace operator. The divertor has
been replaced recently by the Mark II divertor
[18], with better power handling that makes the
divertor sweep unnecessary.

1.4r

1.2p
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0.6
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3.4. Loop voltage transfer function

The former non-linear state space model can be
approximated by a linear transfer function with
the same frequency response at low frequencies, in
the form

V(s)
Pry(s)

where it has been considered that t, ~7,~71,
73~ 0. The resistive loop voltage gain k. is

G(s) =

kres + Skder>e — 145 (39)

T

:F(S)(

S

Fig. 7. Simulation of the loop voltage control system step response for three proportional gain values.
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Kres = Cl()e3|1 —ofc; + f1|1 —oks)
Tes A<Tei3/2> Nep
=V |ZO<<Te_3/2>t—OAPLH B Folled (40)

where the resistive loop voltage initial value
Vres’[:() is calculated just before lower hybrid
power is applied,

0
Vrcst:OZ V|z:0_a(LI)|t:0a (41)

and the gain kg, accounts for the derivative con-
tribution to the loop voltage,

kger = ok + €175 |, — ok
o Al; : Nep
— L __ J/res 42
Ho 2 APy r—o Tolled o “2)

The term A{T,3?)/{T,~*?),_ AP,y represents
the relative reduction in the plasma resistance per
unit of lower hybrid power, and A/, is the internal
inductance reduction when AP, lower hybrid
power is applied.

3.5. Loop voltage control

The objective of loop voltage control is to
regulate the non-inductive current drive in the
plasma. The experimental conditions for the first
control experiments are chosen to generate
enough non-inductive current in the plasma to
obtain a substantial loop voltage reduction. The
maximum lower hybrid power to be used in the
experiments is limited to 5 MW. Considering an
average electron temperature (7.)=1.5x
103 eV, the current drive efficiency is ncp = 1.6 X
10 A m—2 W~ ! [17]. In order to obtain 50% of
the plasma current driven non-inductively in a
discharge with 7=2.5 - 10° 4 and P,,,=5 MW,
a density lower than 57, <2 - 10" m 3 is neces-
sary (Eq. 29). The averaged plasma density vol-
ume is therefore chosen as

(ney=2-10" m~3

When a residual (ohmic) electric field is present
in the plasma, the fast electrons can be accelerated
towards higher energies by the slide-away effect.
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In contrast with the runaway situation, the elec-
trons are not accelerated indefinitely, however, an
upper energy limit exists determined by the Parail-
Pogutse instability [19]. This effect can alter the
dynamics of the fast electrons and potentially
perturb the experimental conditions. To avoid the
slide-away effect, the residual electric field respon-
sible for the acceleration of the fast electrons must
be reduced. This can be achieved by choosing a
significant reduction of the loop voltage, ideally
V=0, which guarantees full non inductive current
drive and avoids transformer recharging.

The loop voltage controller design will be based
on the following experimental conditions

1=25-10° 4
ne=2-10" m—?

(T.)~15"10° eV 43)

3.5.1. Controller design

In this section, the design for the loop voltage V,
controller is presented. As seen in the previous
section, the model for V; does not have a pure
integrator. Therefore, a proportional integral (PI)
controller is the minimum requirement in order to
achieve control without steady state error. The PI
controller designed in this section will serve as a
starting point for the first control experiments.

The transfer function between the loop voltage
and the lower hybrid power demand is obtained
from Eq. (39)

kres + Skder>e — 148 (44)

G(s)=(1— RC)F(S)< ——

where R, is the reflection coefficient, e.g. the
fraction of lower hybrid power reflected back from
the plasma. R, is an exponential function of the
distance between the LH antenna and the plasma
boundary, and is subject to uncertainties and
perturbations. For this reason, R, is usually feed-
back controlled at 3% (R, = 0.03) by movement of
the LH launcher around an equilibrium distance
from the plasma [20].

The controller is to be used in a semi-stationary
situation where the plasma current is kept con-
stant and the plasma current profile is not chang-
ing. At the initial state before the feedback loop is

closed, the derivative contribution is negligible and
the initial value of the loop voltage is only resis-
tive. Taking V,** = V,=0.2 V, and evaluating the
parameters K., kg4 (Eqs. 40 and 42) with the
experimental conditions (Eq. 43), the transfer
function parameters (Eq. 39) are obtained as

kes= —0.05x10"°V W1,

k= —0.04x 107V W—!

7,=1 s,

t4=0.12 s (45)

and the transfer function used for the design is

04 5 +0.
0.0 s+005>eo4125 6

G(s)~ — 106F(s)< 1

The control system structure is shown in Fig. 6.
The loop voltage is obtained from the loop placed
on the bottom of the machine and outside the
vessel.

A PI (proportional integral) controller is used
for the design. The equivalent transfer function of
the PI controller in the continuous time domain is

1
C(s) = kp<1 +- Ti> 47

The proportional gain k, and integral term 7} are
selected to obtain the maximum phase and gain
margins for the closed loop system without mak-
ing it too slow [21]. The integral term set to
T;=0.2 s. Using the discrete equivalent system
with 7=50 ms, a critical gain of k.= —24 is
calculated. If k, <k, the closed system will be
unstable. Fig. 7 shows the step response of the
closed loop system for several values of the pro-
portional gain k, > k.. The response correspond-
ing with k, = — 8 lies within 5% of the reference
value in ~ 1.5 s. The phase P,, and amplitude G,
margins of the closed loop system corresponding
with k, = —8 are

G,=9.5 dB
P, =62° (48)
3.5.2. Experimental results

In order to adjust the gain in the feedback loop,
three control experiments were performed. To
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Fig. 9. Loop voltage control with a gain very close to the critical one, k,= —14.

obtain the same conditions for the three experi-
ments, the reference for the loop voltage was set
as a percentage reduction of the loop voltage just
before feedback (V|,_,=0.2 V). This percentage
was fixed at 66%.

The critical gain, k.= — 24, calculated in the
previous section gives a starting point for the first
control experiments. The first experiment was per-
formed with a loop gain, k, = — 3, well below the
critical gain. Accordingly, the closed loop shows a
very slow response (Fig. 8).

The second experiment (Fig. 9) was performed
setting the loop gain at the expected critical value,
k,= —14. The system shows oscillatory be-
haviour with an almost constant amplitude corre-
sponding to the loop gain being very close to the
critical one.

For the third experiment (Fig. 10), an interme-
diate value of the loop gain was chosen, k,= —7.
The loop voltage approaches the reference (66%
reduction) with an underdamped behaviour (33%
overshoot).

4. Off-axis current control

Recently, off-axis current control has become
an important issue for shear optimization experi-
ments. To improve the performance of shear-re-
versed discharges, a very broad hollow plasma
current profile is needed [22]. This is usually
achieved by ramping up the plasma current at a
faster rate than the skin time, which creates an
off-axis current distribution. By subsequent heat-
ing of the plasma core, the off-axis current is
prevented from diffusing inwards, due to the
lower skin time associated with a hotter plasma
[23]. This may result in a low or even negative
shear over a central region of the plasma, which
can reduce the plasma turbulence, and therefore
increase the confinement [24].

However, there are many uncertainties and per-
turbations that may lead to an off-axis current
over /under drive, and failure to achieve the target
current profile configurations. As the off-axis cur-
rent over/under-drive is not easily predicted, pre-
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Fig. 10. Loop voltage control with k,= —7.

programming of the ramp rate to control the
off-axis current is cumbersome, and numerous
discharges are required for commissioning.

An improved approach is to control the off-axis
plasma current being generated directly, so that
instead of imposing waveforms for the current
ramps, reference waveforms are imposed in the
desired off-axis current.

The second moment of the plasma current dis-
tribution contains information about the off-axis
current profile distribution, and feedback control
of the second current moment can be used for
off-axis current regulation.

Lower hybrid waves can also be used to help
broaden the profile during the current raise phase.
In this section, the design stages and experimental
results of the second current moment Y, control
using lower hybrid waves are presented.

4.1. Second current moment definition

Traditionally, low order current moments of
the plasma current distribution have been used to

obtain global plasma parameters such as the total
plasma current I (zero order moment) or the
coordinates (r,, z,) of the plasma current centroid
(first current moment).

The second current moment of a current distri-
bution is defined as

L jofd4

V2= 7

(49)
In our case, the integration region Q is the
plasma section bounded by the LCFS. [ is the
total plasma current, and f, is a weighting on
the current density profile. The weighting f, is
chosen to satisfy the homogeneous Shafranov
equation

A¥,=0
and is given by

f2 _ <r— Vo_|_ 1>2(V— "0)2 N <V_ ro_|_ 1>2(Z—ZO)2
2r, To
(50)
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The weighting function f, increases in value with
the distance from the plasma current centroid,
resulting in a higher weighting for the off-axis
region of the current distribution. If the integra-
tion region is bounded by the plasma boundary,
the integral (Eq. 49) can be expressed as a line
integral of the poloidal magnetic field B, along
the plasma boundary I

ﬂgr 12Bydl

ol

Due to the asymmetry in the z and » components
in the weighting f,, (Fig. 11), the integral in Eq.
(49) is sensitive to the plasma elongation. This
was first realized by Zakharov and Shafranov
[25], who proposed the second current moment
for plasma elongation determination. However,
since the weighting f, increases with the distance
to the plasma current centroid, the plasma current
density profile j, has a higher weighting in the
off-axis region, and the integral (Eq. 49) also
contains information regarding the off-axis cur-

V2= ()

1.5

1.0

0.5

Z (m)
(=)

1.5
£

s

15

1.5 DA 3
20 25 30 35 40

R (m)

Fig. 11. Contour plot for the weighting function f, with r, =3
m, z,=0.

rent profile distribution. The integral (Eq. 49) is
sensitive to both plasma clongation and off axis
current, and the relative influence of each contri-
bution is left undetermined. A straightforward
solution to this problem is to normalize Eq. (49).
The normalized second current moment is then
defined as

J Jy frdd J da
! f fudA

The normalization factor

J Jufudd f dA
! f fdd

is introduced to obtain a dimensionless quantity
that is independent of the plasma shape. This type
of calculation is only possible in equilibrium re-
construction codes, as direct magnetic field mea-
surements are not possible at the plasma
boundary. In the following text, the second cur-
rent moment refers to the normalized second cur-
rent moment Y,.

At JET, the second current moment is available
in real time from a fast equilibrium reconstruction
system [26]. This allows use of the second current
moment for real time off-axis current control. Fig.
12 shows the typical evolution of the second
current moment and internal inductance. When
the off-axis current increases the internal induc-
tance decreases and the second current moment
increases. During the flat top of the discharge,
second current moment and internal inductance
contain similar information about the off-axis
current profile.

However, the real time determination of the
internal inductance at JET is very sensitive to
errors on the plasma boundary reconstruction
during the initial current rise phase of the dis-
charge. Plasma pressure anisotropy can also lead
to errors on the diamagnetic beta, f calculation
during the high power heating phase [27]. These
errors in f are additive to the /; calculation [28]

In contrast, the second current moment calcula-
tion is very reliable both in the plasma current rise

Y,= (52)

Y,=
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Fig. 12. Typical second current moment and internal inductance evolution during the flat top of the discharge (pulse 36918).

phase and plasma heating phase. For this reason
the second current moment provides a more ro-
bust real time solution to off-axis current determi-
nation, being suitable for both current rise and
plasma heating phases of the discharge.

4.2. Second current moment model

In order to design a control system for Y, it is
necessary to obtain a model relating the power
input to the control variable Y,. To be able to use
existing feedback control design methods, a model
must be obtained in which the second current
moment Y, is related to the power input through
low order linear differential equations. A model
described in this form must be able to reproduce
the experimental time traces of Y, when the actual
power input used in the experiment is used in the
simulations. A model that fulfills all of these
requirements will be derived in this section.

The simplest approximation for the dynamic
relationship between lower hybrid power input
and second current moment Y, is a first order
differential equation in the form

T (1) + yo(t) = kpy - Pru(?)

The gain k, 4 depends on the difference between
the power deposition profile and the plasma cur-
rent profile, and can be estimated from the differ-
ence between the Y, value just before applying the
power and the Y, value once stationary condi-
tions are reached:

Y2|t—>ao - Y2|r:0
kLH =
P
LH

(33)

(54)

The time constant is simply the skin time of the
discharge ..

The differential Eq. (53) can also be written as
a first order transfer function between P, ; and Y,

k
Yy(s) = Lo

o1 Pru(s)

(55)
where s is the Laplace operator.

The model parameters k; 4, 7, can be estimated
from the measured time traces Y, and the model
output Y, by minimizing the loss function

ek, ©) =Y, — 1) (56)



J.A. Romero et al. / Fusion Engineering and Design 43 (1998) 37-58

53

# 33151

0.4

Simulation

----- —Actual
Q
>0.35

0.3

16 17 18 19

t(s)

Fig. 13. Second current moment simulation with a first order differential equation. Time constant is 1.15 s.

with respect to k;y, 7. The model output Y, is
calculated from
1

= _*(Yz_ Y2|t:0)+7
T T

1, bt p, (57
where the operation point 172|,:0 is chosen as the
initial value of the second current moment just
before lower hybrid power is applied. Fig. 13
shows a fitting example for shot 33151. The
parameters obtained were k;,;=0.034 MW !
and 7,=1.15 s. As seen from this example, the
second current moment evolution due to the

lower hybrid power is easily modelled by a first

yo ref
Power Plasma
Pl M LHLM [+ plant
S/H = 10ms Y2

JG96.566/3¢

Fig. 14. Overview of the second current moment control
system using lower hybrid waves.

order differential equation with just two parame-
ters, a gain k;; and a time constant 7.

The model parameters have been found for two
sets of experimental conditions of interest. These
include:

(1) The initial plasma current raise phase just
after the x-point formation of shear optimization
experiments.

(2) The steady state phase of 3 MA discharges
with volume averaged density {7,y =(2 x 10")
and temperature (7.)= (1 —2.5) KeV.

The parameters k;, 7, obtained for these two
scenarios are summarised in the table below:

! (MA) <ne> <Te> kLH Ts (S)
(KeV) (W™
3 2x10"” 1-2.5 0.035 0.5-3
x10~¢
0.5-2 1x10" 1 0.060 0.5
x 1076
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Fig. 15. Second current moment control with lower hybrid waves. Top: Power demanded by the PI controller (dot-dashed) and
actual lower hybrid power (solid line). Bottom: Second current moment (solid line) and set point for feedback (dot-dashed).

The gain k;y varies by 15% across all the pulses
studied.

In the Section 4.3, a second current moment
control system using lower hybrid will be designed
based on the model parameters k;,; =0.06 x
10-°W~1 7,=0.5. This corresponds with the
plasma current raise phase during shear optimiza-
tion experiments at JET.

4.3. Controller design

In this section, the components of a second
current moment control system will be designed
for the plasma current rise phase of a shear
reversal scenario. The control system is shown in
Fig. 14. The LH plant has been upgraded recently
and it is now interrupt-controlled with a fixed
sampling time of 10 ms.

The transfer function between Y, and the lower
hybrid power demand is obtained from Eq. (55)

kiu
Yos) == R—= Pruls) (38)

78+ 1

The plant parameters R., k,y, 7, for the chosen
scenario are

kLH:O.O6><1076 Wil
R,=0.03
7, =05 s (59)

The design specifications are the following:

(1) A response time of 7, =0.25 s is desired for
the closed loop system, corresponding to a settling
time of approximately 1 s; (2) no steady state
error to a step-wise reference input is allowed; and
(3) the second current moment overshoot must
not exceed 5% of the requested value.

As the Y, model is a first order system, a PI
controller is the minimum requirement to elimi-
nate steady state error to a step wise input. Using
the internal model control (IMC) design method-
ology [29], the parameters of a PI controller can
be obtained as a function of the plant parameters
ki n, 75 and the desired response time of the closed
loop system 7
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Fig. 16. Current rise phase of three consecutive shear optimisation discharges. Top: Lower hybrid power. Bottom: Second current
moment Y,. Increasingly higher values of Y, correspond with a progressive broadening of the plasma current profile.

1 T
ky=—-—+— —= 60
P =0 = Rokeom 7 ©0
For the plant parameters (Eq. 59) and 7, =0.5 s,
this gives

T,=05 s,
ko =33 x 10° W (61)

4.4. Second current moment control experiments

As discussed earlier, the second moment of the
plasma current distribution contains information
regarding the off-axis current profile distribution,
and feedback control of the second current mo-
ment can be used for off-axis current regulation in
shear optimization experiments.

The second current moment feedback control
experiment is shown in Fig. 15. The aim of the
experiment was to broaden the current profile at
an early stage of the discharge. To achieve this, 1
MW of lower hybrid power was used in the initial

phase to provide central heating and to slow
down the current diffusion during the ramp-up.
The feedback starts at 1=1.2 s, ~ 100 ms before
the x-point formation. After the x-point forma-
tion at ¢~ 1.3 s, the lower hybrid deposition shifts
off-axis, providing off-axis current drive/heating.
This helps to broaden the profile further, and at
t =2 s the second current moment set point for
feedback (0.7) is reached. The end of the LH pulse
was also scheduled at t =2 s to avoid a possible
plasma disruption triggered by an excess of LH
current drive in the off-axis region.

Three consecutive discharges with increasingly
higher values of the second current moment are
shown in Fig. 16. These correspond with a pro-
gressive broadening of the plasma current profile
during the current rise phase. The corresponding
deuterium—deuterium nuclear reaction rates (Ryq)
achieved during the neutral beam (NB) heating
phase are shown in Fig. 17. These experiments
have shown that there is a strong correlation
between the second current moment values just
after the LH pulse and the maximum reaction
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Fig. 17. High power heating phase of three shear optimisation discharges. Top: Neutral beam power. Bottom: Neutron yield Rg.
The maximum Ry, values during the NB heating phase are correlated with the Y, values just after the LH pulse (Fig. 16).

rates R,y achieved during the high power NB
heating phase. The discharge (40216) has a reac-
tion rate Ryy that is 60% higher than the preced-
ing one (40214), as shown in Fig. 17. This
increment can not be explained by a higher level
of NB power as the NB power for both shots is
roughly the same. The increment in Ry is the
result of an improvement of the energy confi-
nement in the plasma induced by the broadening
of the current profile during the current rise
phase. This is a general result observed during
shear optimization discharges with lower hybrid
at JET.

5. Conclusions

A current profile control system has been devel-
oped and tested at JET. Two separate control
loops have been implemented for the LHCD sys-
tem, non-inductive current control and off-axis
current control.

For current profile control at JET, only mag-
netic diagnostics are available. From these, the
loop voltage has been selected for non-inductive
current control and the normalised second current
moment has been selected for off-axis current
control. These provide relatively simple measure-
ments and calculations suitable for real time
operation.

A Poynting’s theorem energy balance of the
Tokamak has been performed and exact expres-
sions for the Tokamak circuit elements R, L —
M, I have been obtained in a way that is
consistent with loop voltage measurements.

When the evolution of R, L — M, [ in time is
related to lower hybrid power input, the loop
voltage is best described by a state space model in
which the internal states are related to these cir-
cuit elements. Based on this, a state space model
of a Tokamak for loop voltage control purposes
has been presented and validated against JET
data. Similarly, a transfer function model between
the lower hybrid coupled power and the nor-
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malised second current moment has been ob-
tained. These models have proved to be very
useful for the design of the loop voltage and
second current moment control systems.

The first experimental results with the system
have been presented. Loop voltage has been con-
trolled at 66% reduction in 2.5 MA discharges.
Second current moment control has been used in
the initial current raise phase of shear optimiza-
tion experiments to broaden the current profile,
and has contributed to a 60% improvement of the
fusion yield performance. This illustrates the po-
tential benefits of current profile feedback control
systems for future devices such as ITER [30]
where confinement and stability are crucial.
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