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1. Introduction
It is well known that tokamak plasmas
with elongatedandshapedcross-sections
offer higherbetalimits andbetterconfine-
ment than circular plasmas.This fact is
the main motivation for the recentevolu-
tion of the ITER designtowards higher
elongation and triangularity. However,
elongatedcross-sectionsinevitably leadto
vertically unstableplasmas,requiring a
passive shellandactive feedbackcoils for
stabilization.One of the key elementsof
thefeedbacksystemin anelongatedtoka-
mak is the vertical position observer, i.e.
the measurementof the vertical plasma
positionin realtime.This measurementis
usually obtainedfrom a linear combina-
tion of magneticfield probeandflux loop
signalsand, consequently, it can be per-
turbed by plasmaeffects, such as saw-
teeth,ELMs andnon-axisymmetricMHD
modes,which are not necessarilyrelated
to the vertical displacementinstability.
Some of these perturbations,e.g. n>0
modes,can be eliminatedby a judicious
combination of magnetic probe arrays,
locatedin differenttoroidal locations,but
other effects,suchas ELMs, will always
interferewith theverticalpositioncontrol
system.In the caseof large ELMs, the
interferencecanleadto saturationof con-
trol coil voltagesandcurrentsand,subse-
quently, to Vertical DisplacementEvents
(VDE’s) and disruptions [1]. Several

methodshavebeenproposedto reduceor eliminatetheeffectof ELMs ontheverticalposition
control system.Onemethodconsistsof switchingoff the vertical feedbackfor a short time
interval duringeachELM. ThismethodrequiresareliableELM detectorwhichcanbeusedas
a trigger for switchingoff the feedback.It canonly beusedif thegrowth time of thevertical
instability is considerablylongerthanthedurationof a typical ELM. Anothermethodusesan
intelligent,nonlinearcontrollerwhich recognizesthe ELM andappliesan optimizedcontrol
scenarioduringtheELM perturbation.In this paper, we investigatetheeffect of ELMs on the
vertical position observer in TCV and we show that a minor modificationof the classical
observer can greatly reduce its sensitivity to ELMs.

Fig.1. ELMy H-mode plasma in TCV: Shot #
18416at 0.57s, Ip=513kA,Btor=1.45T, κ=2.03,
δ=0.45, ELM frequency=170Hz. Feedback for
vertical position control is applied to coils F3,
F4, F7, F8, G1 and G2.
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2. Perturbation of the Vertical Position Control System by ELMs
TCV hasauniqueverticalpositioncontrolsystemusingactive feedbackcoilsbothout-

sideandinsidethevacuumvessel[2]. Theexternalcoils (F-coilsin Fig.1.)aredrivenby slow
power supplieswith a responsetime of ~1 ms,whereastheinternalcoils (G-coils)aredriven
by a fastsupplywith a responsetime of lessthat0.1ms.TheF-coilsareusedfor proportional
andderivative feedbackandtheG-coilsareusedexclusively for derivative feedback.Thesys-
tem allows the stabilizationof elongatedplasmaswith very high growth ratesandextremely
low stability margins [2].

Steady-stateELMy H-modeplasmasareproducedroutinelyin TCV [3]. Here,wecon-
sideranOhmic,single-nulldivertordischarge(Figs.1and2), whoseion gradB drift is in the
unfavourable direction, i.e. away from the X-point. Magnetic perturbationsproducedby
ELMs canbeseenmainly in thefastcontrol loop. This loop usesa verticalpositionobserver
consistingof a linear combinationof magneticfield probesignals.The probesare installed
insidethe vacuumvesselin several poloidal planes[4]. For vertical positioncontrol,we use
theaveragesignalsof two poloidalarrayswhich aredisplacedtoroidally by 1800. Theprobes
measurethepoloidalfield parallelto thevesselwall. They aredistributeduniformly over the
poloidal circumferenceand they are numberedclockwise, from 1 to 38, starting from the
inboardmidplane.Thecoefficientswhich areusedto constructtheverticalpositionsignalare
shown in Fig.3a.Notethatprobes13-16and24-27arenotusedin thisobserver, i.e. theircoef-
ficientsarezero.Thischoiceis motivatedby thefactthattheseprobesarelocatedin thevicin-
ity of theinternalactive coils (G1,G2) andthatwe wish to avoid directcouplingbetweenthe
active coils and the observer.

Fig.2: ELMy H-mode discharge in TCV, showing (top to bottom) D-alpha light, plasma cur-
rent, elongation, line average electron density and electron temperature on axis.
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Theeffect of ELMs on theobserver outputandhence,on theG-coil voltage,is seenin
Fig.4b. EachELM producesa perturbationof thevertical velocity signallastingfor approxi-
mately1ms.The perturbationis significantbut, in this case,it doesnot leadto saturationof
power supply voltages or currents and hence the plasma survives.

3. ELM and VDE
Signatures
Figure 3b. shows
the poloidal field
perturbation pro-
ducedby a typical
ELM. Here, we
plot the poloidal
field difference
between the time
whentheELM per-
turbation reaches
its maximum and
the time immedi-
ately preceeding
theELM. Themea-
surementwas per-
formed under
closed loop condi-
tions. As a result,
weseeboththesig-
natureof the ELM
and the effect of
thecurrentpulsein
the internal active
coil (peaksat #14
and #26). The
ELM signaturecan
becomparedwith a
typical VDE signa-
ture. Figure 3c.
shows poloidal
field measure-
ments during a
VDE which was
inducedby a feed-
back cut. We note

thatVDE andELM signaturesarequitedifferentandthis differencecanbeexploited for the
construction of an ELM-resistant observer.

4. New Observer
Usingthemeasurementspresentedabove,wecannow proceedto theconstructionof a

new observer which satisfiesthe following four constraints:(1) thenew observer coefficients
must be orthogonalto the fast ELM response,(2) the new observer must give the same
responseto a rigid verticaldisplacementof theplasmaasdid theold observer, (3) thecoeffi-
cients13-16and24-27mustbezeroto avoid couplingwith theactive coil and(4) thediffer-
encebetweenthenew andold observer coefficientsshouldbeminimizedin the leastsquares
sense.The resultof this optimizationprocedure(Fig.3a.)shows thata minor modificationof
the observer coefficients is sufficient for satisfying the constraints mentioned above.

Fig.3.: (a) Old and new observercoefficientsvs. probe number, (b)
ELM response(Shot 18329 at 0.76s), including effect of internal
active coils (peaksat #14 and #26), (c) Responseof a VDE (Shot
15971at 0.605s). TheVDE wasintentionallyproducedby a prepro-
grammed feedback cut.
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The new observer wastestedin TCV by applyingit to a typical steady-stateELMy H-mode
plasma(Fig.2.). This plasmahasrelatively high elongation (κ=2) and,consequently, a high
vertical instability growth rate (γ=1300s-1). ELM effects of the new and old observers are
comparedin Fig.4. It is seenthat thenew observer reducesthevoltagepulsesin thefastcon-
trol loop by at leasta factorof 5 (Figs.4b and4e).In addition,theverticalpositionexcursion
producedby eachELM is reducedby morethana factorof 3 (Figs.4c and4f). From these
resultswe concludethat the perturbationsproducedby ELMs in the TCV vertical position
control system can be significantly reduced by using an optimized vertical position observer.
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Fig.4.: (a) and (d): D-alpha signals of two identical ELMy H-mode discharges in TCV: (b)
and (e): G-coil voltage, proportional to vertical plasma velocity, as obtained from old and
new observers. (c) and (f): Vertical plasma displacement as obtained from LIUQE equilib-
rium reconstructions at 10 kHz sampling rate.


