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1. Introduction

The Tokamak a configuration variable (TCV) [1B+( <
15T, R/a = 0.88m/0.25m, I, < 1MA) is located at the
Swiss Federal Institute of Technology (EPFL) in Lau-
sanne. It has been conceived primarily as a platform for
investigating the #ects of diferent plasma shapes, which
can be obtained thanks to a set of 16 independently pow-
ered poloidal field coils and an elongated vacuum vessel.
This has allowed the study of greatly varying elongation
0.9 < k < 2.8 and triangularity-0.6 < 6 < 0.9.

The auxiliary heating system of TCV is comprised of
a 45MW EC system [2]. TCV is equipped with 6 gy-
rotrons providing low-field side launched second harmonic
X mode (X2) each 500kW, 88GHz and another 3 gy-
rotrons (500kW118GHz each) for top-launched third har-
monic X mode heating (X3). The power from each of the
X2 gyrotrons is transmitted through windowless transmis-
sion lines to a set of six independently steerable launchers
Each launcher has a series of focusing mirrors, of which
the final one can move in real-time, adjusting the deposi-
tion location in the plasma during a shot. Additionally, the
entire launcher assembly can be rotated around the longi
tudinal axis between shots to change the toroidal injection
angle and allow a combination of ECH and/@munter-
ECCD to be simultaneously injected in the plasma, both
on- and df-axis. By injecting co-ECCD, the plasma cur-
rent can be sustained non-inductively, using the ohmic
transformer only for breakdown and plasma current ramp-
up.

The flexibility provided by the X2 EC system is ex-
ploited in experiments on subjects such as transport bar-
rier formation [3], [4], [5], current density profile mod-
ulation [6], fast electron physics [7], electron transport
studies[8], and fully non-inductive, steady-state scienar
development [9], [10], [11]. These experiments have con-
tributed to progress in the understanding of physics aspect
of EC heated plasmas. A recent, ongoing development is
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the integration of the ECRIECCD system into a digital
real-time control system for TCV [12]. This has opened
up the possibility for advanced real-time feedback control
experiments and will fer increasing opportunities in the
future. As ITER will rely on steerable EC launchers for
suppression of MHD activity, this is an important line of
research.

This paper will focus on several recent results of
ECRHECCD experiments on TCV. A more complete
overview of recent TCV results not specifically related to
ECRHECCD is provided in [13]. In Section 2, results
from real-time control experiments are presented which
demonstrate feedback control of the sawtooth period and
of the x-ray emission profile peak. Then, an overview is
given of results from TCV plasmas featuring electron In-
ternal Transport Barriers (el TBs) (Section 3). Particalar
tention will be devoted to plasmas with global oscillations
Finally, Section 4 will discuss how tearing modes have
been created duringfieaxis current density profile mod-
ulation experiments, suggesting that TCV provides oppor-
tunity for studies of classical tearing mode stability and
current density profile control .

2. Real-time plasma control
ECRH/ECCD

As mentioned, the angle of the final mirrors of the X2
launchers can be either driven by a feedforward reference
or controlled in real-time feedback by the control system.
Also the gyrotron power can be controlled in real-time.
Previously, the gyrotron power has been controlled in
experiments demonstrating the feedback control of ECCD
current and global plasma elongation [14]. Recently,
an upgraded system has been installed which allows
fast (~ 10kHz) real-time analysis of diagnostic signals
and subsequent control actions on local parameters such
as magnetic shear[12]. The system is based on dTacq
acquisition cards sharing a PCI bus with an embed-
ded computer. Algorithms are designed and tested in

using
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Simulink® from which C code is automatically generated
and compiled on the target computer. This computer
executes analygiontrol algorithms and sends command
signals to the DACs which control the EC system. The
first applications, using the system to control the launcher
injection angles, are discussed below.

2.1 Feedback control of the sawtooth period

The sawtooth instability manifests itself in Tokamaks as a

periodic sudden decrease in the plasma pressure and tem-

perature inside thg@= 1 surface. Itis clearly visible in time
traces of central soft X-ray chords and ECE channels as a

sawtooth shaped trace. Besides causing a loss of confine-

ment, sawteeth are also known to be possible triggers for
Neoclassical Tearing Modes (NTMs) [4] and other MHD
activity which may cause disruptions. On the other hand, it
is likely that sawteeth will be required in burning plasmas
as a mechanism for removing helium from the core [15].
For this reason, it is useful to be able to tailor the sawtooth
period, either to stabilize the sawtooth — perhaps to such

an extent that the sawtooth period becomes longer than the

plasma lifetime— or to destabilize sawteeth, creating more
frequent but less perturbing crashes.

Itis well known [16] that one of the conditions for the

sis dfect can be observed due to the global current den-
sity andg-profile modifications as the EC absorption lo-
cation moves radially. Attention is focused on controlling
the sawtooth period while moving the deposition location
on the outside of thg = 1 surface, thus staying on one
side of the peak. However, in this region the response is
the most nonlinear as can be observed from the increasing
slope of the response. This results in an increased gain of
the system to be controlled. As is well known from linear
control theory [21], using a simple linear controller sush a

a PID controller may lead to instability if the system gain
increases. Reducing the controller gain will however lead
to a slow response of the closed-loop system.

In order to be able to obtain fiierent sawtooth peri-
ods with the same controller, a nonlinear gain-scheduling
controller was designed which moves the mirror at two
different speeds depending on the requested sawtooth pe-
riod. Figure 2 shows the performance atigetiveness of
this controller. In the initial phase of the discharge, ECH
is turned on with the controllerfb The heating location
was chosen such that the sawtooth period would increase
and exceed the requested period. Then, the controller is
switched on and moves the mirror away from the: 1
surface to obtain a smaller sawtooth period as requested.
After some time, the target period is increased. The mirror

occurence of a sawtooth crash is that the magnetic shear atqp, rapidly moves closer to the= 1 surface to increase

theq=1 surface exceeds a critical limgt > s;it. As the
core temperature builds up, the current carried in the core
increases until the shear exceeds this limit, and the crash
is triggered. The shear at tlie= 1 surface can be influ-
enced by localized current injection, either directly by EC
current drive or indirectly by local resistivity reductioms-

ing EC heating. In past TCV experiments, sweeps of the
EC beams across tlie= 1 surface were used to investigate
the variation of the sawtooth period, demonstrating that a
maximum of the period is found as the beam is close to
theq=1 rational surface [17]. It should be noted that an-
other important factor determining the sawtooth period is
the presence of fast particles, particularly in ICRH heated
or burning plasmas [18] but also in NBI heated discharges
[19]. However, since TCV does not have a neutral beam
injector nor a dedicated ion heating system, fast particles
play no role in TCV sawtooth stabilization

In a recent set of experiments, [20] this fact was ex-
ploited to control the sawtooth period in feedback. The
sawtooth period is determined by analyzing a set of cen-
tral soft x-ray channels. The period is compared to a re-
guested reference period to generate an error signal which
is fed to a controller. This controller moves the mirror of
one launcher, which injects 500kW of EC power into the
plasma with a combined heating and co-current drive ef-
fect. From feedforward sweeps of the mirror position, the
response of the sawtooth period to the mirror angle was
determined. This dependence, shown in Figure 1, is non-
linear with a clear peak as the deposition location moves
from outside to inside thg= 1 surface. Also, an hystere-
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the period. Initially, no change in period is observed due to
the mentioned hysteresiffect, however after a while the
requested period is obtained and maintained. This provides
a demonstration of the possibility to control the sawtooth
period in real-time feedback using EC deposition.

2.2 Feedback control of emission profiles

Another application of the real-time feedback of the EC
injection angle is the control of profiles in TCV. As the
deposition can be steered on- affiaxis simply by point-

ing the mirror angle towards or away from the plasma cen-
ter, broader or more peaked profiles can be realised. As
TCV lacks a real-time current density profile measurement
and the ECE profile is not always straightforward to inter-
pret due to insfiicient optical thickness of the plasma, the
most readily available diagnostic is the DMPX soft X-ray
diagnostic situated at the bottom of the vacuum chamber.
It provides good spatial and temporal resolution with 64
lines-of-sight atc 200kHz [22]. All the DMPX channels
are read by the real-time algorithm which filters the signals
and performs a spline fit to obtain a profile. From the re-
sult of the spline fitting, one can derive other quantities —
such as the total emission, the peak emission or the rela-
tive profile width — any of which can be chosen as control
variables.

In a first experiment, the value of the peak emission
(defined as the maximum value of the spline fitted profile)
was controlled using a single gyrotron and launcher, set
to ® toroidal angle so providing mainly heating. The de-
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Fig.1 TCV pulse #35807, Response of the sawtooth period to
mirror angle sweep. As the mirror moves acrossgké
surface the period peaks and then decays again. The gra-
dient of the curve varies greatly as one approaches the
peak. Note that thg=1 surface moves during the sweep
due to global changes to the current density profile, caus-
ing a hysteresisféect.

tected profile peak is subtracted from a reference value and
the result is fed into a Pl controller. The controller then
steers the launcher mirror such that the deposition is close
to the center (to increase the emission peak), or moffed o
axis (to decrease it). The controller gains were chosen
based on a rough model estimated from a previous pulse
where a scan of the mirror angle was done using feed-
forward control of the mirror position and were tuned only
slightly between experiments. Unlike early tokamak ex-
periments in which the E@owerwas controlled to change
the central temperature, the controller here steers the-inj
tion angle to achieve the same objective.

Figure 3 demonstrates that the controller successfully
obtains two diferent reference values during the shot. At
0.25s, the gyrotron is switched on while the launcher angle
is set at a fixed angle. At.8s, the feedback controller
is activated and attempts to reduce the peak by moving
the deposition location moreffeaxis. When the reference
value is reached, the movement stops. The reference is
then increased and the controller responds by moving the
launcher back, to provide more central heating. After the
control is switched fi the peak does not change much
since the angle coincidentally stays at a preprogrammed
position not far from where it ended up during the feed-
back control phase.

With these results as a starting point, this methodol-
ogy will be extended in the next TCV campaign to allow
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Fig.2 TCV pulse #35833, demonstrating control of the saw-

tooth period using a nonlinear, gain-scheduling con-
troller. As soon as the controller switches on the mirror
moves to decrease the sawtooth period as is requested.
A short time later, the requested period is changed to a
higher value. The mirror moves as to move the deposition
towards the plasma core in order to increase the sawtooth
period. Initially, the period does not change due to the
hysteresis #ect illustrated in Figure 1.

control of several parameters of the emission profiles by
varying in real-time the deposition location and power of
several gyrotrons.

3. Scenarios with elTBs

Internal electron transport barriers (el TBs) manifestrthe
selves as a marked increase of the core electron tempera-
ture and density, resulting in confinement properties supe-
rior to L or H modes. Confinement enhancements of 3-6
above the standard L-mode confinement scaling of TCV
have been obtained. elTBs are routinely created in TCV
discharges in a variety of conditions, including a) fully
non-inductive scenarios and b) stationary discharges with
a large EC current drive and bootstrap current component,
combined with ohmic current [23] [3] [11] [4]. Typically,
these plasmas have low density 10°m~3) and current

(~ 100KkA). In previous TCV campaigns, it was demon-
strated for the first time unambiguously that the essential
requirement for obtaining elTBs is the presence of a neg-
ative shear region in the plasma center, and that increas-
ingly negative shear leads to increasing core electron con-
finement [24]. This was demonstrated by inducing current
density profile perturbations with neglibible input power
using the ohmic transformer during fully non-inductive
scenarios featuring elTBs and it has been confirmed by
detailed modeling in [25]. Additionally, precise tailogn

of the current and pressure profiles has allowed plasmas
to be sustained having 100% bootstrap current in steady
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Fig. 3 Control of X-ray emission profile peak. A step referenc
is given to the controller, which adjusts the mirror angle
to obtain more on- orfé-axis deposition. The measured
mirror angle lags slightly behind the controller reference
due to the launcher mechanics and protection filters. The
peak traces shown are the result of low-pass filtering and
spline fitting of several DMPX channels.

state, lasting over several current redistribution tin&3.[
Plasmas featuring ITBs are promising candidates for long-
pulse steady-state operation in advanced tokamak scenar-
ios as they have a high bootstrap current fraction and good
confinement properties. However, these scenarios are of-
ten dfected by MHD activity, due to the proximity to the
infernal stability limit. The interplay between this MHD
activity and the elTB can lead to global oscillations of sev-
eral plasma quantities [5], [27]. In order for ITB scenarios
to be applicable to reactor-grade plasmas, such oscilatio
need to be investigated and methods for their suppression
need to be assessed. TCV experiments have focused on

these modes and have demonstrated how they can can be

suppressed by perturbations of the current density profile.

3.1 Global plasma oscillations

Global oscillations are present in TCV discharges featur-
ing elTBs with strong ECRHECCD [5], [27]. These os-
cillations are caused primarily by the presence of a strong
pressure gradient in a region of low magnetic shear. In this
case, it can be shown that the elTB plasmas are close to the
ideal MHD limit, and so-calleéhfernalmodes [28] can be
triggered. These modes then lead to a confinement degra-
dation and a weakening of the transport barrier. The sub-
sequent reduction of the bootstrap current — which forms
a significant part of the total current fraction — leads to a
global modification of the current density profile such that

with a frequency of the order 6f10Hz. Depending on the
closeness to the ideal limit, the MHD modes may be of
resistive (tearing) nature or ideal (crash-like) naturien-S

ilar instabilities have been observed in other Tokamak ex-
periments, notably Tore-Supra, [29] and TRIAM-1M [30].
Recent TCV experiments demonstrated how these oscilla-
tions can be suppressed or triggered by modifications of
the current density profile.

3.2 Suppression of oscillations using current
perturbations

In the experiments described below, elTBs were obtained
by strong (typically I5MW) off-axis co-ECCD This cre-
ates the hollow current density profile required for the for-
mation of the barrier. On-axis heating is also applied to
increase the core temperature. Often this central heating i
combined with a small counter-current drive component in
order to make the current density profile more hollow and
the transition more pronounced. Based on this scenario,
several methods were tested to perturb the current den-
sity profile [27] [5]. The most straightforward perturbatio
method is the addition of more co-ECCD in the core. In
one particular experimentZ6MW of on-axis co-ECCD
was added, féectively making the current density profile
less hollow and resulting in a reduction of the barrier and
the suppression of the oscillatory regime.

In a second experiment, illustrated in Figure 4, the
oscillatory regime was again triggered in a fully non-
inductive discharge with . BMW of ECCD df-axis and
one centrally heating gyrotron with a counter-currentelriv
compoment. This time, however, the co-ECCD power is
gradually reduced from.5MW to 0.6MW between 15s
and 2s. In this case, the oscillatory regime is suppressed,
but this time it does not lead to a loss of the barrier. The
reason for the suppression of the global oscillations has
been found by studying the changegmprofile due to the
change of driven fb-axis current. Since TCV does not
have a direct measurement of the current density profile,
the profiles were modelled by ASTRA [31] transport sim-
ulations combined with the CQL3D code [32] to calculate
the ECCD current density profile. The result of these sim-
ulations is that thej profile minimum is close to 3 (within
simulation error bars) in the initial oscillatory phaset bu
tends to increase as thdt-axis ECCD decreases. The
main resistive MHD mode (identified as/n 3/1) is
therefore suppressed and the plasma oscillations disappea
[27].

The change in ECCD power which causes the sup-
pression of the oscillatory regime not onlffects the cur-
rent density profile, but inevitably also changes the total
power deposition. For this reason, dfdient set of TCV

the MHD modes are suppressed, the reverse shear regiondischarges were performed using the ohmic transformer to

is recovered and the transport barrier is formed again [5].
This cyclic behaviour manifests itself as an oscillation of
plasma current, temperature, density/andadial position,
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induce co- or counter currentin the plasma. As the plasma
conductivity is highest in the center, this perturbation is
peaked on axis and significantlyfects the reverse shear
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responsible for the barrier. It is important to note that
ohmic current drive is an order of magnitude mofg-e
cient than ECCD, therefore the additional ohmic power is
negligible. This experimental method, previously used to
prove the link between transport barriers and hollow cur-
rent density profiles, has also been applied to experiments
for suppression of the oscillatory regime [5]. Depending
on the sign of the ohmic current perturbation, the plasma
can evolve in two dferentways. In the case where counter
current drive is induced, (making the current density pro-
file more hollow) the barrier strength is increased and the
plasma further approaches the ideal MHD limit. In this
case, a minor disruption often follows, degrading or de-
stroying the barrier and reducing the confinement. The
elTB then recovers with a fierentq profile which can

be oscillation-free. In the opposite case, where co-ctirren
drive is induced (making the current profile less hollow)
the barrier strength is reduced. This reducesghend

the proximity to the MHD limit. The MHD mode is seen
to disappear and the plasma maintains good confinement,
albeit with a weaker transport barrier. In Figure 5, an ex-
ample of the latter case is shown. Towards the end of this
fully non-inductive discharge, a positive current perarb
tion (~ 60mV) is added. The low frequency MHD mode,
which was initially responsible for the oscillatory plasma
behaviour disappears. The central SXR trace shows that
the oscillations stop while the barrier is maintained. This
is confirmed by comparing Thomson profile measurements
before and after the ITB phase [5]. Comparing the case
with ECCD (Fig. 4) and ohmic current (Fig. 5) perturba-
tions show that it is indeed the modification of the current
density profile which is the key and not the actuators used.

These experiments provide insight into the dynam-
ics of the global plasma oscallations in high-performance
elTB scenarios and how they can be avoided. The results
suggest that careful tailoring of the current density peofil
will be necessary in advanced tokamak scenarios in order
to maintain a steady-state barrier.

4. Tearing mode triggering by current density
profile tailoring

As a final example of the application of ECCD for cur-
rent density profile modifications in TCV, we illustrate a
series of experiments devoted to the modulation of the cur-
rent density profile. In these so-called Swing-ECCD ex-
periments, two groups of up to three gyrotrons each are
set up such as to drive either co- or counter current at the
same radial location in the plasma. The power of these
two groups is then modulated, one group being on while
the other is €. By taking care to carefully align the depo-
sition locations from the dierent gyrotrons, it was possi-
ble to perform experiments modulating the current density
profile only, keeping the total injected power constant. The
objective of these experiments was to demonstrate the ef-
fect of the shear profile on elecron transport. The results of
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Perturbation of the current density profile during BrBe
discharge by ramp-down of the co-ECCD power com-
bined with counter-ECCD on-axis. The disappearance of
the MHD mode is attributed to the dissappearane of the
g = 3 resonant surface. As can be seen from the SXR
measurements, a weaker, oscillation-free barrier remains
during the rampdown.

these experiments are detailed in [6] and will not be treated
here. During these experiments, however, MHD modes
were occasionally visible. These modes are identified as
magnetic islands from soft x-ray channel signatures. It is
well known that tearing modes can be destabilized classi-
cally whenA’ becomes positive [33]. Tha&’ parameter
depends on the locglprofile and its derivatives, which is
why local current density perturbationfects the classi-
cal tearing stability [34],[35]. Cylindrical tearing stiéity
simulations of the TCV experiments have confirmed that
this stabilization or destabilizatiorffect can be achieved
with the ECCD injected and it depends on both the direc-
tion of the induced current and the location of the current
deposition with respect to the ratiorgpsurface. Itis inter-
esting to perform systematic experiments and comparison
with theoretical predictions on the stabilizatictestabi-
lization of tearing modes via localized current drive, not
necessarily inside the island as is usually done for tearing
mode stabilization and as is forseen in ITER. This should
shed further light on the triggering mechanisms determin-
ing the onset of tearing modes and methods to preverit and
or suppress them. These issues will be a focus in coming
TCV experiments.

5. Summary and conclusions

This paper has provided an overview of recent experimen-
tal results in TCV plamas featuring ECRECCD. Thanks

to the localized deposition provided by ECRH or ECCD,
many diferent défects arising from current density and
temperature profiles modifications have been studied. No-
tably, the recent upgrades to the TCV control system have
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Fig. 5 Perturbation of the current density profile during BrBe
discharge by co current induced by the ohmic trans-
former. The current density profile becomes less hollow,
leading to a reduced barrier strength, reduced proximity
to the MHD limit and disappearance of the MHD mode
responsible for the global plasma oscillations. The gy-
rotron power does not change throughout the shot.

opened the way to advanced real-time feedback control ex-
periments, demonstrating feedback control of the sawtooth
period using a nonlinear controller and preparing the way
for further feedback control of both current density and
pressure profiles. Much attention has been devoted to sce-
narios featuring internal electron transport barriers.e Th
fundamental role played by hollow current density profiles
in the sustainment of transport barriers has been demon-
strated. Furthermore, 100% bootstrap fractions have been
achieved in which the bootstrap current profile and the high
pressure gradient region are spontaneously well-aligned.
In addition, global plasma oscillations often present in
high-confinement discharges with elTBs have been stud-
ied, revealing that they are intrinsically linked to the ap-
pearance of modes due to the proximity to the ideal MHD
limit. It has been shown that these modes can be sup-
pressed in a variety of ways by changing the current den-
sity profile without necessarily losing the barrier itséii-

nally, tearing modes appearing during shear modulation
experments indicate that TCV can be a valuable tool for
detailed studies of current drivefects on tearing mode
stability.
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