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Operating ITER Robustly without Disruptions
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Overview

It's all about the control
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Overview

It's all about the control

=Focused effort on control
has the potential for
enabling disruption-free
operation in ITER (or
nearly...)
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Disruptions are Plasma-Terminating Events that Result

from Uncontrolled Instability Growth
Intentional VDE in DIII-D

* Examples of instabilities that can grow

and cause disruption:
- Vertical instability
- Tearing mode sy f—

 Vertical Displacement Event (VDE): loss
of vertical control leads to global MHD

instability and thermal quench

Z[m]

* Major Disruption: absence of profile
control allows unstable profiles to

evolve, triggering global MHD
instability and thermal quench Ll = . . .
1 1.5 2 25
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Success of ITER Requires Sufficiently Low Disruption Rate

* Mid-pulse disruptions eliminate planned
discharge time following disruption,
reducing physics productivity

* Disruptions may require long recovery
time, reducing overall shot frequency

* Disruption heat fluxes can reduce

component lifetime (e.g. divertor target . : ;
ablation) Tile broken by disruption

orces in DIII-D
 Damage to in-vessel components can ‘
require shutdown for repair
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Disruptions are a Result of Insufficient Controllability of

Operating Regime and Associated Instabilities

‘

Primary Causes of

Vertical Displacement Event
Control Loss

Loss of vertical N Wall impact,

* Insufficient control controllability qys drops

capability for

operating regime

Global

- Design choice instability
e Hardware/system

failure Profiles N Profiles evolve

uncontrolled unstable state

 Human error
Major Disruption

e Human intention

—
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Improved Contirol Leads to Reduced Disruption Rate

* JET disruptivity analysis [deVries, 2009] _"" AT Discharge Disruptivity by Year
- “...lower disruption rates [over time]... %25
primarily due to improvement in 220
technical ability to operate JET” =
2
- DIII-D steady-state scenario disruption / 2" DHI-D
rate analysis 1997-2009 5° | J J Ua uwlla
- Experience' improved COHTrOl reduce " 1997 1999 2000 2001 2002_2003 2004 2005 2;6 2007 2008 2009
per-shot disruptivity from ~15% to <5% Calendar Year

[arb]

. wor 2/1 Island Size 1
* ECCD at rational surface controls NTM i‘ﬁ ﬁ
- Replaces missing bootstrap current = o e - : : .

- Prevents disruption

2 ECCD Power

* Improved vertical contirol prevents VDE 1 : ;
- Routinely robust in operating devices [ Plasma current
- High confidence extrapolation to ITER z
design "
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Integrated Control Research is Required In Order to

Operate ITER Robustly Without Disruptions

 ldentify robust operating scenarios
- Passively stable
- Actively conftrollable
- Demonstration on operating machines

» Develop robust controllability for scenarios
- Validated models of instabilities, actuators, plasma
- Quantified controllability with noise, disturbances
- Real-time monitoring of controllability boundaries

* Develop provable algorithms to avoid or recover from
impending fault frajectories
- Prediction with Faster Than Real-Time simulation
— Algorithms for off-normal responses
- Soft shutdown if required
- Hard shutdown (mitigated disruption effects) as rare last
resort

D”’ -D 113-11/DMHrs
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Integrated Control Research is Required In Order to

Operate ITER Robustly Without Disruptions

Corresponding Research
Needs Workshop Thrusts

 ldentify robust operating scenarios
- Passively stable
- Actively controllable ReNeW Thrust 8

- Demonstration on operating machines (~Scenarios in burning plasmas)

» Develop robust controllability for scenarios
- Validated models of instabilities, actuators, plasma
- Quantified conftrollability with noise, disturbances ReNeW Thrust 5
- Real-time monitoring of controllability boundaries (~Disruption-free control)

* Develop provable algorithms to avoid or recover from
impending fault frajectories
- Prediction with Faster Than Real-Time simulation ReNeW Thrust 2
— Algorithms for off-normal responses
- Soft shutdown if required
- Hard shutdown (mitigated disruption effects) as rare last
resort

D”’ -D 113-11/DMHrs

NATIONAL FUSIOI\I FACILITY D.A. Humphreys/APS/November 2011

AAAAA

(~Control tfransient events)



How Do We Know Robust Control Approach Works?

High Reliability Aircraft Design Works...

« Commercial aircraft achieve very high

Global Air Carrier Fatal Crash Data History

reliqbiliiy and performqnce b » —e— Global Air Carrier Fatal Crash skl -
= 30 |-—— Mill Passenger Miles et - 800 -
ore " . S | . R LaRal _‘// L 700 =
 Military aircraft achieve exireme 30 1 fatality/ billion ___-~" "~~~ | oo =
c . £ 209 passenger-miles Big improvement | ¢o0 &
robustness near operating limits using & .| srce o015 [0 8
8 ot s cymperes [
modern control methods g 104 tothelateo0s. 300 &
; S - 200 E
. . PR 2 L 100
Israeli Air Force F-15 %/ - iSnSENSEEERaRERENENE SRR

HT Shield

e |ITER has similar levels of control
complexity and requirements on

103 sensors, 102 controlled parameters,
~10 key instabilities, 102 actuators

reliability and performance
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How Do We Know Robust Control Approach Works?

High Reliability Aircraft Design Works...

« Commercial aircraft achieve very high

Global Air Carrier Fatal Crash Data History

reliqbiliiy and performqnce 3 % —a— Global Air Carrier Fatal Crash skl 900
= 30 |-—— Mill Passenger Miles et - 800 -
ore " . S 1 . R Lk /// L 700 =
 Military aircraft achieve exireme 30 1 fatality/ billion ___-~" "~~~ | oo =
c . £ 209 passenger-miles Big improvement | ¢o0 &
robustness near operating limits using & .| since 2001 83% :
5 o raches comoe [ER
modern control methods Z 10- tothe lateo0s, 300 &
3 s -zoo§
A Gl I - 100
Israeli Air Force F-15 ﬁ ° ciNeSEENEEERRERERERENR dRERAnd

e |ITER has similar levels of control
complexity and requirements on

reliability and performance 103 sensors, 102 controlled parameters,

~10 key instabilities, 102 actuators
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Robust Control Requires Systematic Analysis:

Control Operating Space

* Plot of controllability in ITER
operating space

— Trajectory in (I, B ;) space as
discharge evolves
rajectory at end

— Vertical growth rate indicates L of Ip ram

controllability required o8l
— Ensuring sufficient 0.7
controllability ensures NO

LOSS OF CONTROL

0.6

0.5 | 1 | 1 1 1
0 0.2 0.4 0.€ n8 1 1.2 1.4
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Control Operating Space Can Quantify Need for More

Control Capability for Greater Robustness

Normalized Growth Rate vs Bp (fixed li)

.. Imcreasing
A 2 &

-
I
T
il -
I
=5
-
= -
= -
=

B

Vertical | T~ Tt--..__ S

Growth Rate | Noise tolerant]
3 Ideal
ol control

6 nlg
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ITER Vertical Conirol System Includes Mix of
Superconducting and Copper Coils

. \ VS1 circuit

(superconducting

/ PF coils)

VS3 circuit % ¥

(Cu in-vessel coils) € o[-
N

[ ——

Cu coils can change current ~4-
faster than superconductors:

d. V., (K) 10(1) T
dt L L Cu L SC-4

2 345678 9 101112
R(m)

Dili-D

NATIONAL FUSION FACILITY D.A. Humphreys/APS/November 2011 113-11/DMH/rs

SSSSSSSS



Robust Control Metric for Vertical Disturbance

Rejection: AZy

« All disturbances result in sudden Example of Analysis and Gedanken
Experiment to Calculate AZ ..

jump in vertical position Z, i )
Vertical Displacement Sweep w/PS

04
Uncontrollable | Marginall
displacements~ (ci(i’sntg’clglll’e;t
which motion can’t be reversed ,
with saturated voltage E o2} ,»«-‘\ 1
<
-/ ~ \=—Controllable |
0.1} , . \. displacement |
N iing by mi gi /\ \ trajectories
e Normalizing by minor radius
o N\ 1\ .

produces machine-independent Maxifen li)ro 02 04 0.6 0.8 1.0

controllable Time (s)
displacement

VS1: AZy.x/a~2% AZmax=0.04 m
VS3: AZyax/a~9%
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AZ__ Quantifies Effects of Physics and Machine

max

Characteristics on Controllability

 Good controllability metrics relate
— Physics characteristics of instability
— Actuator capabilities
— Machine/configuration constraints

— Cost drivers

0B, R Tps +T
R 0 AIMAX }/( w)
dl. nB,,
AZMAX L
1+y—“AIl,,,
VSAT
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AZ__ Quantifies Effects of Physics and Machine

max

Characteristics on Controllability

 Good controllability metrics relate

— Physics characteristics of instability qullhbrlllm,
— Actuator capabilities gI’OWth rate
— Machine/configuration constraints
— Cost drivers \

JB{ R, et T

il \nBZO

L
Al
SAT
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AZ__ Quantifies Effects of Physics and Machine
Characteristics on Controllability

max

 Good controllability metrics relate
— Physics characteristics of instability
— Actuator capabilities Power supplies, coils
— Machine/configuration constraints

— Cost drivers
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AZ__ Quantifies Effects of Physics and Machine
Characteristics on Controllability

max

 Good controllability metrics relate
— Physics characteristics of instability
— Actuator capabilities Machine constraints
— Machine/configuration constraints

— Cost drivers
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Control Operating Space for AZ,,,, Perfformance in ITER

Shows VS3 Coils Provide Robustness to Disturbances

Robust Control Exception
AZy /2 A Reqluired ’ HandlerlRequlred
. Passive  Active Open . .
(Required | '¢. ;)0 Loop stzﬂ)le Active Closed [Nojse Disturbance | Design OUt'Of'SCOPl
Control Loop required Ropyst Robust Faults Faults
Performance)]
10% f-——+———

(VS3) 9% p— —|— —

5% F——T———
(VSD) 2% [=——1—==
Not Internal
1.=0. 1=1.1 1.=1.2
Accessed i=0-3 ! ELMs? ! Inductance I,
S s . .
(Fixed elongation K =1.85) NTM/ (Physics Metric)
Locked Modes?
mg!!s!ng D.A. Humphreys/APS/November 2011 113-11/DMH/rs



Experiments Are Essential in Characterizing Control

Disturbances

* Typical disturbances that set controllability DIIL-D Simulation of
limits ..

: I TER H-L Transition
— ELM’s gX10— | | |

— H-L transitions (less so for L-H)
— Loss of Internal Transport Barrier (ITB) o?'—‘
— NTM/Locked Modes g

Perturbation A Z/a ~ 3% with
e Limited predictive theories for effect of 1a ITERfequivaient coritrollabflity

complex transient phenomena on

equilibrium
— Empirical ELM model: Al~+0.05, A 8 ,~-0.05

— Conftrol analysis can be forgiving, but extra
design margin = cost, so accuracy in

disturbance models is important... 260 o264 266 268 57 579
t[s]
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ITER Scenario ELM Disturbance Experiments in DIlI-D

Show AZ,,y is Good Predictor for ELM Controllability

* Experiment

— ELMy H-mode ITER baseline 22
scenario in DIII-D 201 :
N o . | Predicted
- max vVaried by varying vertica 8 ‘U
ncontrollable
control maximum voltage e .
s | Region |
q 14
2 Predicted
 Results N |
S o < Controllable
— ELM s in discharges with high Reoion
A7, Were well-controlled i =
— Discharge with AZ,,,, hear i X ELM ELM s +
predicted marginal value i triggered with No +
produced VDE il VDE VDE +
— A7,y IS a good predictor for oz 4 6 s 10 2 14 1 18 e 2
uncontrollable ELM perturbation A ZMAX
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Summary

* Disruptions are the result of insufficient control capability
— Consequence of design choices
— Hardware/system faults

— Human error or human intention

* Focused efforts on robust control hold the promise of reducing ITER disruptivity to

well below present design requirements (caveat: what cost trade-offs and design
choices must ITER make?)

 Recent theoretical and experimental studies of ITER vertical controllability provide
examples of the robust control analysis/design approach

— Analytic formulation of maximum controllable displacement
— Quantified control operating space for ITER

— Assessment of ELM disturbances in ITER baseline scenario simulated in DIII-D
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