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Real-Time Detection of Magnetohydrodynamic (MHD) Instabilities Is

Important for Predicting, Conirolling and Avoiding Severe Plasma Disruption

- Global MHD instabilities, such as kink mode (resistive wall mode ) and tearing mode,
can be dangerous to advanced tokamak operation, particular to ITER-like tokamak
and high power fusion reactor [[.C. Hender NF 47 S128 (2007)]
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Real-Time Detection of Magnetohydrodynamic (MHD) Instabilities Is

Important for Predicting, Conirolling and Avoiding Severe Plasma Disruption

- Global MHD instabilities, such as kink mode (resistive wall mode ) and tearing mode,
can be dangerous to advanced tokamak operation, particular to ITER-like tokamak
and high power fusion reactor [[.C. Hender NF 47 S128 (2007)]

- Active detection of MHD mode and stability through external 3D coils and 3D plasma
response is extensively studied

— Single-mode MHD spectroscopy [H. Reimerdes PRL 93 135002 (2004)]
— Multi-mode plasma response [C. Paz-Soldan PRL 114 105001 (2015)]

— Multi-mode 3D MHD spectroscopy (Frequency Domain Method)
[Z.R. Wang NF 59 024001 (2019)]
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- Global MHD instabilities, such as kink mode (resistive wall mode ) and tearing mode,
can be dangerous to advanced tokamak operation, particular to ITER-like tokamak
and high power fusion reactor [[.C. Hender NF 47 S128 (2007)]

- Active detection of MHD mode and stability through external 3D coils and 3D plasma
response is extensively studied

— Single-mode MHD spectroscopy [H. Reimerdes PRL 93 135002 (2004)]
— Multi-mode plasma response [C. Paz-Soldan PRL 114 105001 (2015)]

— Multi-mode 3D MHD spectroscopy (Frequency Domain Method)
[Z.R. Wang NF 59 024001 (2019)]

« Real-time monitoring multi-modes stabilities in stable plasma is essential to predict and
control plasma disruption

— Time Domain Method (TDM): A subspace system identification [P.V. Overschee SPC (1994),
M.D. Boyer NF 55 053033 (2015) | process is adopted to develop a linear state-space
response model for detecting the stability of each MHD mode
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Real-Time Detection of Magnetohydrodynamic (MHD) Instabilities Is

Important for Predicting, Conirolling and Avoiding Severe Plasma Disruption

- o1 * InDIlI-D experiments, successfully
N N detecting variation of multi-mode
Ar=150ms d=I0ms . . b)) instability with time by TDM.

Ist mode

52 ST —=—____""""1 - Duringdischarge, two dominant stable
i e -: modes are observed by short-time fitting.
P B e -

« Real-time monitoring multi-modes stabilities in stable plasma is essential to predict and
control plasma disruption

— Time Domain Method (TDM): A subspace system identification [P.V. Overschee SPC (1994),
M.D. Boyer NF 55 053033 (2015) | process is adopted to develop a linear state-space
response model for detecting the stability of each MHD mode
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» Method of 3D MHD Speciroscopy
» Detection of Multi-MHD Modes’ Stabilities (Post-Processing)

» Development of Real-Time (RT) 3D MHD Speciroscopy in DIlI-D PCS$S
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» Method of 3D MHD Speciroscopy
>

>
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Time Domain Method Developed by Combining FDM and SSI

Frequency domain method (FDM)
[Z.R. Wang NF 59 024001 (2019)]

Represent dominant eigenmodes

a! + bi]e_iAd) (Ilow/lup)
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« Eigenvalue of ith mode is same at

any sensor
« Scanning phasing and frequency to
observe more eigenmode behaviors

Subspace system identification (SSI) process
was adopted to develop a linear state-space
response model of the system.

[P.V. Overschee SPC (1994), M.D. Boyer NF 55 053033 (2015) ]
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Time Domain Method Developed by Combining FDM and SSI

Frequency domain method (FDM) Time domain method (TDM)
[Z.R. Wang NF 59 024001 (2019)]
, , dx(t Eigenvalue matrix
Represent dominant eigenmodes d(t) = Ax(t) + Bu(t)
N P -1
5B al +ble P (how/Lp)| . . A = QAQ
PO =1 12 ey [ e /) [y (6) = Cx(6) + Du(®)
- N 1
- Eigenvalue of ith mode is same af n Seo . = Q5c. 4B A=
any sensor X1 = H0% T BUfb K YN/ nun
« Scanning phasing and frequency to 0yr = COxj + Dusp i
observe more eigenmode behaviors _ Sensor  System  Coil

Measurement States Current

Subspace system identification (SSI) process
was adopted to develop a linear state-space * Discretized system matrices need to be

response model of the system. exiracted by fitting signal

—

[P.V. Overschee SPC (1994), M.D. Boyer NF 55 053033 (2015) ]

— Eigenvalue matrix A should have a
connection to the eigenmodes in the FDM

Dili-D - :
— No initial guess required
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Fitting System Dynamic Model to Exiract A B C and D Matrices

5xk+1 = /TSXR + Eu]cb’k - 3D Caoll Signal B
Estimated u u u e UL
Oyk = Coxi + Dugp i from U and Y ° ' : -
3 u U, Uy - U
Mathematical B U = . . . . .
Operation .

I
X_!ﬁfH _ A B X_ff) _u2i—1 Uy  Upip - u2i+j—2_

ili

| 3D magnetic sensor measurement

y y y e y - ]
» Extract system state sequence Xl- directly from ° . ? =
experiment data. Y Yo Yo Yo oY

» U; and Y; can be constructed by input and
oufput data. | . Yoia Yo Yoo
> Use least square to fit the system matrices AB C
D. Then calculate eigenvalue of matrix A.
oli-p

Yaivj2 |
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>
» Detection of Multi-MHD Modes’ Stabilities (Post-Processing)

>
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Geometry of Actuators and Sensors in Tokamak Devices

- Time Domain Method (TDM) is applied in DIII-D
— Coil current generated by multi-coils as input

— Magnetic perturbation picked up by multi-arrays of sensors as output

Vacuum vessel

» Two sets of current coils are applied.

(Upper I-coil and Lower I-coil)

Il arrays ||

» Two arrays of sensor are applied. (Low
field side and High field side] i

Carbon tiles
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Use Measured n=1 3D Plasma Response and Applied 3D Coil

Current to Fit TDM Model

DIII-D Shot No. 178583, B,~0.5, gos~3.3

traveling square

«  Keep equilibrium parameters stable with
little change

- Two waveforms are included

— Travelling wave: scan coil phasing and frequency
(090180270 deg) X (=10 £35 =60 =110 Hz)

— One time interval — one phasing, several
frequency with several periods.

— Square wave: random fime interval, same
phasing in one interval.
(0 45 90 135 180 225 270 315 deg)

_ v
OXyy1 = A0Xy + Bugy i

e D e Gs T {4
1 (vA) 1, &
QO.SQ"*’E’V"WWWZ =
0 o 0
< 2 1 Input
e 0 Coil I,,p(kA)
= 2. .
10—t 1 outout
S | MID-LFS M | YUY
aia) [
@ L 8B, (G) r WW‘\M
1o -
0.2 0.6 1 1.4 1.8 2.2
time (s)
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Fitting of TDM Shows a Good Agreement with DIlI-D Experiment Data

Time domain method fitting model in DIlI-D experiments (Shot No. 178581-178622).

—— Experiment data —— TDM fitting
1 L S L S
| - Fit signals measured by 3D sensors

0 WMMva"W
6B, (LFS) ’ located at LFS and HFS

_1 T T S S R S VR S T S S S

i -  Two dominant modes are observed
6B, (HFS) o MWWNMW\/ Y= -62.22-1.17i Hz Least stable

¥o= -277.13-1.55i Hz Second least
éﬁ_ FDM results :
Y,=-68.57-0.23i Hz y,=-274.10+10.1i Hz

Dili-D
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Fitting Simulation Data by MARS Shows Good Agreement biw Two

Methods

Running MARS code by adopting experiment equilibrium, simulation data are
obtained.

TDM (Sim) FDM (Sim) TDM (Exp) FDM (Exp)
v, | -62.56+0.01i Hz -64.07+0.37i Hz -62.22-1.17i Hz -68.57-0.23i Hz
v, | -299.92-0.003i Hz | -265.69+30.65i Hz | -277.13-1.55iHz | -274.10+10.1i Hz

1st m ' ' |
S 0_015-3?%8, (H FS) //,- -
o % P
& ol
<

0.005

0 100 200 300

Phase

» Methods show good agreement with each other
and with experiment results.

> Least stable mode dominate at HFS, while second
mode dominate atf LFS

time (s)



Predicted Plasma Response Based on a Short Time Fitting Shows a

Good Agreement with DIlI-D Experiment Data

Fitting model by using short time interval in DIlI-D

travelling square
I —— T .

Fitting Prediction

r
e

Amp ) B
—)
JB (L)

...............

ok

Amp ) B
<
JB_(H)

r

-1 <
~ 1 ég
z ~
== time (s)
1.1 1.3 1.5 1.7 2.0 * Long time prediction of plasma response (low error) is
time (5) successfully achieved by fitting 3D sensor signals in o
At=110ms small fime window (At=110ms)
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Square Wave has shorter fitting window than Travelling Wave

Fitting model by adjusting time window to find
shortest window.

Prediction _ z D@D = Yo (i)

Error

——————————— IISSSS—————————
L‘ Travelling Wave (2) Square Wave (b)
. .
S
~
5 55
S At=90ms \\ At=50ms
210" 1 |
=
P Qo b
0 100 200 300 0 100 200 300
At (ms) At (ms)
Fitting time window
Dili-D
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» Shortest window for
travelling wave and
square wave are 20ms
and 50ms, respectively.

> Aslong as enough
information are included,
travelling wave and
square wave both can
be applied to extract a
good result.



Monitoring Time Evolution of Multi-Mode Instability by TDM

in DIII-D Tokamak

Streaming analysis by TDM are tested in DIlI-D experiments (Shot No. 178583):

: At
Two dominant modes are observed 1
» At : Filting time window
1ip LA (a) - » & :Time interval
2, P . .
R 0.6k i \ J updating eigen value
M—\W\_/v—\/\vw
~%02t By ! (10ms or faster)

At 6=10ms

» Eigenvalue approaching O means eigenmode
becomes unstable.

» The 2 dominant modes only fluctuate around a
constant value as a result of steady equilibrium.

» Changing equilibrium parameters may be
Diln-pD applied in the future.
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MARS-F Found Two Stable Eigenmodes by Using Experimentally Exiracted

Eigenvalues as Initial Guess

Two eigenmodes both have global structure. Least stable mode has more core structure,
second stable mode has peeling structure with more edge perturbation

Experiment MARS-F » Amplification of 2 mode may help ELM

V1 -62.22-1.17i Hz -68.91-0.001i Hz suppression
14 277.13-1.55i Hz 336.10+0.001i Hz > MARS-F eigenvalue problem is difficult due
2 = . =1. - . .

to Alfven confinue spectrum

1 . | . | | -
0.6 Least stable $gcond stable
7 0.6 —0.6
= >
£20.4 04|
£
T 027 - , £
ﬁ »
. . L i —
0 0.2 0.4 0.6 0.8 1 0 0.2 > - e ,
S=¢|1o/2 s=¢|1D/2
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Eigenmode Exiraction of FDM and TDM can be Obtained from both

Experimental and Numerical Data

FDM and TDM are both developed from generalized linear-MHD theory:

N Ty, —ing dx(t)
FDM : _ 8B\ +ble P ow/lyyp) TDM : = Ax(t) + Bu(t)
up o i2nf —vy;
y(t) = Cx(t) + Du(t)
Eigenmode
behavior at 3D FlEEmE
Sensors ':eSpon.SG
simulation
Experimental | EDM/TDM . Elgen.v_alu.es vi) FDM/TDM Simulation
measurements stability index (e.g. MARS code)
Selective .
Detailed comparison amplification of E'gggg#e
between experiment and eigenmode Easy allvar
numerical modelling.
Full solution of Difficult
D”’_D dominant
NATIONAL FUSION FACILITY eigeande
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>

» Development of Real-Time (RT) 3D MHD Speciroscopy in DIlI-D PCS$S
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Need a Balance between Accuracy and Efficiency

3D Caoil signal
- 7 > All the operations are based on U and Y.
U U, U, Uiy _
» TDM parameters decide structure of U and Y,
U, u, U, U;
U= : thus the calculation time.
» TDM parameters:
Upiip Uy Upip -0 Uy _
- - Time sequence of sample data: Ns.
3D magnetic sensor measurement Row number parameter of matrix U and Y: .
) Y, A y, - Yia | Column number parameter of matrix U and
v Y Y, A ‘e Y. Y: ]=Ns-2i+1.
N : : ' : Number of eigenmodes included: N.
Yoia Yoo Yoz 0 Yairj2 | Note: Increasing | can improve accuracy but increase
the amount of U and Y. Then lower efficiency.
Dili-D
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Essential to Develop Single precession Version of RT 3D MHD Spectroscopy

PCS cannot handle double precession (DP), it is necessary to test the difference
between single precession (SP) and double precession

3000 Error — |E19: - Eig|
|E|gd|
250 -
SP<0.1%
. . BadNum = Error > Error
=00 difference i:uZz:o ‘
of DP - S A03

Bad Data Num
[—
n
&
&

> The difference between SP and DP is less
than 0.1%.

> SP is sufficient for this method.

il I I R e p—n_m——_ |

E rrorc

DIII-D
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Selection of TDM Parameter Can Insure Calculating Time Less Than 10ms

Different TDM parameters are scanned to test efficiency

» Time sequence of sample data: Ns=1000-2000.
» Row number of U and Y:i=11-20.
» Number of eigenmode included: N=2-4.

14

-O-N=2
12
¢! ¢!
S io 3
&~ =
8 L
6
10
DIII-D
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Ring Buffer is Adopted to Buffer Data

The old data will be covered up from top every time when data update

First time fill up the buffer, then only update 2 data everytime.

Ox00 | Ox02 | Ox04 | Ox06 | Ox0O8 . Ox14 | Ox16
| 2 3 4 5 15 16
tO » A t1
tlﬁ ’/ﬁ t1+¢
OX00 | Ox02 | Ox04 | Ox06 | Ox08 | ... | Ox14 | Oxl16
3 4 5 15 16
t1 *M\t2
espond I t2+ €1 > - At2+ €1
e wrte pointer Ox00 t2 (t2+ ¢€)
Ox00 | Ox02 | Ox04 | Ox06 | Ox08 ... Ox14 | Ox16
Buffer length should be set up at initial 17 18 H 5 15 16
2 "At3
Dill-D t3+ EZA =4\ =$t3+ €2

2 5 NATIONAL FUSION FACILITY t3 (t3 + 8)



Total Time for Data Passing and Calculating Should Be Less Than

Updating Eigenvalue Time Interval ~ 10ms

O0x00 | Ox02 | Ox04 | Ox06 | Ox08 | ... | Ox14 | Ox16 -. Buffer Length Editor |4 & B 3
17 18 5 15 16 —
Buffer length (ms)

_ 2 Sample interval
6=10ms |
Y unchanged cann:el apply FUTURE SHOT

At AL | load defaults | Close

[ | » At : Fiting time window

:-: . » Sample time in PCS is 5e-5s.
> 6 :Time interval

\ J updating eigen value » 100ms will include 0.1/5e-5=2000
! (10ms or faster) sample data.

At 6=10ms » Skip data to lower amount of
DI sample data.

NATIONAL FUSION FACILITY
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Real-Time Exiraction of n=1 2 3 Component in PCS

Real number signal measured on sensors should be transformed into complex signal

before calculation.
Ae'") = Acos(ng) cos(wt) — Asin(ne)sin(wt) Asin(et) 5 Transformation could
Acos(at) be done easily by C-

A=/ Asin(wt)? + Acos(at)’ Matrix.

» Constant Matrices
: are setf in PCS for
Select matrix each sensor arrays

1l =in 1l cos 12 =in A COS O n d e O C h C U rre nT
[1] HFS )
- coils.

ot =arctan

Acos(wt) = nlcos,*sensor, +- - -+ N1cos,™* sensor,
Asin(wt) = nlsin,* sensor, +- - -+ nlsing™* sensor,

> It is convenient fo
exclude broken
sensors by filling out
the coefficient row
with zeros.

Dili-D
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Results of RT Code’s Calculation Are Same as Offline Code

Eigenvalue extracted by RT code can be exactly the same as offline

code.
-350
i » Offline code is written by Matlab.
400} While RT PCS code is written by C.
@-4505- » There are some limits in PCS such as
< | precession.
<500 F
: » More complicated when operating
-550 | ] matrices but more efficient by C
| L e | than Matlab.
oy, PSP s
1.2 1.4 1.6 1.8 2
time (s)

28



Summairrize Progress of TDM Real-Time Detection of MHD Stabilities

Developed

*  Measured multi-modes evolving with time are observed in DIlI-D experiments

- TDM is applied in DIlI-D experiment to validate the efficiency of potential to implement
real-time detection

— The shortest fitting fime window for DIII-D is 50ms
— The cleaner signal improves the convergence and enable the shorter fitting window

 TDM has been developed in DIlI-D Plasma Control System for real-time detecting of
plasma stability
— Calculation part is finished and tested well.
— Data passing part is almost done. (Needs Multiple CPUs Version)

- The efficiency has been validated to be feasible for real-time detection

The PCS Code will be tested in DIlI-D experiment to show the stability change

Dm-o

NATIONAL FUSION FA
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Calculation Amount Depends on Initial Parameters While Constructing U

and Y

» Time sequence of sample data: Ns.

» Row number parameter of matrix U and Y: i. U=

» Column number parameter of matrix U and Y:
J=Ns-2i+1.

» Number of eigenmodes included: N.

Note:
1. At least i>N, j>2i. Y =

2. Increasing i can improve accuracy but increase

the amount of U and Y. Then lower efficiency.

DIII-D
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Y,
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Fitting Window for K-STAR Is 250ms to Show a Good

Agreement with Experiment Data

Fitting model by using short time interval in K-STAR - 1<
Prediction _ z ¥y (D) = Yo (0)?

Error N
Fitting Prediction
Y . . . .
= OMWWMNMM - Long fime prediction
g8 i Sensor1 | of plasma response
. i . - - - - = Sensor 2 (low x?) is successfully
. ! T " S achieved by fitting 3D
z Y = sensor signals in a
< b - - —J 2107} - A small time window
=y 1 £ @, ! - =
S | 5 O tesealey (At=250ms)
£ - Travelling wave is
107 ' VS ‘ better for short time
200 400 600 800 o
At (ms) d
At=250ms Fitting time window KﬁTAR

32 019-19/TL/jy



Monitoring Time Evolution of Multi-Mode Instability by TDM

in K-STAR Tokamak

Streaming analysis by TDM are tested in K-STAR experiments (Shot No. 21030):

At
Two dominant modes Evolution of least stable mode ( A \
are observed for different fime window :-:
> | | L ' st | | | | | | | Y )
| At=300ms DR
i 100F VAL L At 6=20ms
IR
| Z
| ~-200; ] > At fitting time
window
-300 | - 2;2?33 E: > 5:tim.e inte.rval
. : ; . : updating eigen
80 85 9.0 95 10 80 85 9.0 95 10 value (20ms or faster)
Time(s) Time(s)
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