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• Integrated disruption prevention scheme

• State space description of HDL in D2 at ASDEX Upgrade and TCV

• State space based controller at ASDEX Upgrade and TCV

• Influence of N2  alternative sensor and controller setup 

• Summary and outlook
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hierarchy of actions:  I: recovery      II: avoidance      III: mitigation

[Maraschek, PPCF 60(2018) 014047, EPS 2017 Belfast]
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increasing criticality:

• MARFE enters confined plasma (seen on div. bolometer, with / after HL-transition)

• migration from X-point to top on HFS (bolometer, HFS interferometer)

• movement towards plasma LFS (bolometer, HFS interferometer)

MARFE

V-1V-2

H-1

H-5

MHD

ASDEX Upgrade and TCV : H-mode density limit
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Consideration for the start of prevention actions

• Strong Wmhd and H98y2 drop with MARFE formation before MHD:

• In present devices early MARFE can be recovered with heating

• In future devices Pfus ~ bN
2 loss makes plasma unrecoverable

 action required significantly before MARFE

• With lower q95 the time between MARFE and disruption might shrink

• Scaling for start of H to L – transition:

n
e,scal

(edge) = 0.506 Pheat
0.396  Ip

0.265 q95
-0.323

determined from state space: Wmhd – ne(edge)
[Bernert, PPCF 57(2015) 014038]
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Normalized state space:   HITER-98P(y,th,2) – ne/ne,scal

start of "HL-transition" :
(shortly) before MARFE
moving into confined 
plasma region

 identifiable point,
which should never
be reached during
safe operation

time
start of
HL - transition.

disruption

• generalized coordinates:

H98 = HITER-98P(y,th,2) – fcrit = ne(edge) / ne,scal(edge)

start of
confinement
degradation
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• Begin of confinement degradation and start of HL-transition / 

MARFE entering confined region dissociate in H98 – fcrit

data range:

pure deuterium gas
6MW    PNBI  12.5MW
0.6MA  Ip  1.2MA
3.5       q95  7

Deuterium H-mode density limit in H98 – fcrit space
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• empirical boundary for D in HITER-98P(y,th,2) – ne/ne,scal plasma-state

• possible actuators: gas flux reduction, particle confinement 

reduction, additional heating, … 

[Maraschek, PPCF 60(2018) 014047]

Danger boundary in H98 – fcrit state space
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• 0.8 MA, -2.5 T, q95=5.5, PNI = 5.5 MW,

• stabilize discharge with additional ff actuator 

power  P-ramp to measure marginal 

actuator power, Pmarg, for MARFE formation

• Pmarg,NBI = 2.0 MW

• Pmarg,ICRH = 1.2 MW

• Pmarg,ECRH = 0.84 MW

• comparison co-ECCD at q=2 

 central ECRH (not shown)

 central heating most effective in terms of

required actuator power, Pact

Te(0) assumed to play central role

Feedforward actuator comparison: NBI, ICRH, ECRH
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TCV: 0.17MA with initial MARFE at AUG! boundary
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63944

• Radiation moves to X-
point and increases;

• Sharp increase of the 
HFS ne;

• Operating point in the 
state space reaches 
the boundary.
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TCV: developed MARFE in danger zone

Gas flux  FB control 
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t = 1.284s

63944

• H98 keeps degrading 
until additional NBI 
power is applied, 
whereas fcrit is 
increasing;

• Radiation begins to 
leave the X-point 
moving upwards.
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TCV: NBI suppressed MARFE, back in safe zone

Gas flux  FB control 

FF gas 
ramp 

FF gas 
Frozen* 

Wmhd

Iplasma [170kA]
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t = 1.317s

63943   63944
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• Stepping up NBI 
power the MARFE is 
temporarily 
suppressed (radiation 
pushed back towards 
the X-point and H98

improves)
• NBI heating works
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TCV: re-developed MARFE in danger zone, higher ne
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• At constant gas flux 
fcrit starts again to 
slowly increase with 
H98 degrading.. until 
plasma disrupts!

• state space 
transferable !

• vertical: Pact

--- ne,core (FIR)

ne,egde (FIR)___



M.Maraschek | IAEA Technical Meeting on Disruptions | Virtual Meeting | 22-23 July, 2020 | Page 14

64923   64924

TCV: 0.1MA with developed MARFE at boundary
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• At constant gas flux fcrit

increases with H98

slowly degrading;
• MARFE starts 

developing with 
radiation leaving the X-
point (operating close 
to the boundary!
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64923   64924

TCV: 0.1MA with remove MARFE by gas reduction
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• Cutting the gas the 
disruption is avoided!

• fcrit is reduced with H98

slowly improving until 
we switch the NBI off 
(the discharge disrupts 
later because of the 
OH limit).

• horizontal: gas flux
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normalized 2D distance d:

d > dcrit,  safe region

dcrit > d > 0, activation

d  0,  danger zone

• soft controller activation before reaching danger zone :
actuator reaction = f(d)

• different weight of H98 and fcrit could be considered

P
act

d

dcrit= 0.15

[Sieglin, FED. 146-B, 2019, p.1737]

Controller scheme at ASDEX Upgrade
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• ECRH starts already approaching the 
disruptive zone and keeps discharge safely 
away from it

• MARFE and disruption after ECRH is off

• distance d as sensor, note: with corrected
rt-H98, the actuator would start even earlier

[Sieglin, FED. 146-B, 2019, p.1737]

Feedback controlled ECRH at r=0 with rt-signals



• no danger for 𝑬𝒅_𝒏𝒆_𝒍𝒊𝒎 and 𝑬𝒂𝒄𝒕_𝒍𝒊𝒎

• normal scenario: 
• NBI and gas valve are controlled by 

the feedforward tasks

M.Maraschek | IAEA Technical Meeting on Disruptions | Virtual Meeting | 22-23 July, 2020 | Page 18

Controller with 2 actuators, NBI and gas flux,

and hierarchical reaction at TCV
𝒅𝒏𝒆_𝐥𝐢𝐦 > 𝒅𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍𝟏

[Trang VU | Real Time Conference | Quy Nhon | April 2020]
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• low danger for 𝑬𝒅_𝒏𝒆_𝒍𝒊𝒎 and 
still no danger for 𝑬𝒂𝒄𝒕.𝒍𝒊𝒎

• normal scenario: 
• NBI and gas valve are controlled

by the feedforward tasks
+ 𝐷𝐴𝑝𝑜𝑤𝑒𝑟.𝑛𝑜𝑟 asks for linearly

increasing power
+ 𝐷𝐴𝑔𝑎𝑠.𝑛𝑜𝑟 reduces the gas flux

𝒅𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍𝟏 < 𝒅𝒏𝒆_𝒍𝒊𝒎 < 𝒅𝒊𝒔𝒓. 𝒍𝒊𝒎𝒊𝒕

Controller with 2 actuators, NBI and gas flux,

and hierarchical reaction at TCV



• medium danger for 𝑬𝒅_𝒏𝒆_𝒍𝒊𝒎 and 
still no danger for 𝑬𝒂𝒄𝒕_𝒍𝒊𝒎

• recovery scenario: 
• NBI is controlled by the feedforward

+ 𝐷𝐴𝑝𝑜𝑤𝑒𝑟.𝑟𝑒𝑐 asks for maximum power

+ 𝐷𝐴𝑔𝑎𝑠.𝑟𝑒𝑐 freezes the gas flux

tD=1.971s
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Controller with 2 actuators, NBI and gas flux,

and hierarchical reaction at TCV

[Trang VU | Real Time Conference | Quy Nhon | April 2020]

𝒅𝒏𝒆_𝒍𝒊𝒎 < 𝒅𝒊𝒔𝒓. 𝒍𝒊𝒎𝒊𝒕
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MARFE formation with additional impurities (N2)

• fcrit and ne typically lower with increasing nitrogen content,

 modified scaling for fcrit including impurities could help

• H98 possibly higher, but large scatter

• trajectory behaves differently  boundary modification insufficient !

 not applicable with impurities

• complementary sensor, such as a MARFE detector desirable



M.Maraschek | IAEA Technical Meeting on Disruptions | Virtual Meeting | 22-23 July, 2020 | Page 22

MARFE observer and alternative controller

• realtime observer of Z-position of 

X-point radiator above X-point as 

complementary direct detector for 

MARFE and as control quantity

• transfer function for actuator :

1
Z

MARFE
-Z

X

P
act

4cm-1cm
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• state space based controller for the H-mode density limit established 
for deuterium at ASDEX Upgrade and ported to TCV

ASDEX Upgrade:

• different efficiencies of heating actuators (co-ECCD, central ECRH, 
central ICRH, NBI): further analysis and understanding needed

• include seeded impurities, such as N2 (for divertor protection):
at least fcrit adaption needed, but different behaviour in state space 
with N2 needs further work

TCV:

• combined actuators controller extended by including gas control

• application to achieve stable high density ELMy H-mode (not shown)

Summary
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• data base analysis at JET could provide:

• behaviour with impurities (different impurity for divertor

protection)

• behaviour at higher Te(edge) (test for ITER and DEMO)

• portability to larger devices

• modified state space (fcrit) and MARFE behaviour with impurities

• physics based derivation of scaling and boundary desirable

• manage competing requests from prevention schemes

for other disruption paths, such as NTM's (presentation by A.Pau)

Outlook and next steps


