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The NSTX-U Shorted Turn Protection (STP) System

« The STP system can detect shorted turn in the tokamak coils in real-time.

- Detection of shorted turns allows the prevention of collateral damage of other
parts of the tokamak.

- Upon detection, it triggers a fault response that gradually reduces energy in the
other coils, preventing further damage.

« The STP algorithm is based on the NSTX-U mode, enhancing its reliability and
accuracy.
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The NSTX-U tokamak
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NSTX-U model
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NSTX-U vacuum model

e ToKSys: It is developed as a package of Matlab/Simulink codes in order to support
control design with access to plasma response models.
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NSTX-U plasma model

< E@ Magnetic reconstruction of the plasma is avoided, uncertainties for the
~~  plasma are considered.

e The flux linked by the conductors to the plasma is given by: Yo = M O

e The mutual inductance M ; between conductors and plasma is written as
time-varying to represent changes in plasma current distribution
over time.

e The induced voltage at the conductors due to the plasma
1s:

Ver = _lp.cl = _Mcll.p - MCIIp
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NSTX-U plasma model

e These plasma coupling terms will be avoided to be largely uncertain.
Uncertainty will be considered to be a sum of independent Gaussian noise
processes in the form of:

Ver = =M Wayare — MaWr — Vamerlp — Vamerjaelp

e The measurement noise on the Ip measurement will be used to set the variance of
Warae and Wi The covariance of Vsl will be set based on the covariance of M in a
database of NSTX-U shots and adjusted to ensure false fault signals do not

occur during disruptions. Same for the covariance of v, e

e The covariance of the noise due to plasma effects can be written
as:

. T ) .2
Qcr = M3 QarjacMer + Mo QiMer + Ly Qg + 17 Qamer jat
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How the algorithm works

1) The NSTX-U model is used to construct a Kalman Filter.

2) The filter computer real-time predicted coil currents based on voltage, plasma
current and coil current measurements.

3) If the average difference between measured and predicted coil currents surpasses a
threshold, a fault is raised in the system.

4) Upon fault detection, the energy in the coils is gradually reduced to zero.

5) The signals and parameters on every shot are saved to MDSplus.
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The STP algorithm overview

e Developed in Matlab/Simulink
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STP algorithm

* Reconstructs state of uncertain system from limited noisy measurements using
dynamic model and updates every measurement

« Predicts coil and vessel currents from nominal model

e P-Error
covariance
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STP algorithm
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STP evaluation with a simulated coil failure
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Auto Generated code

e Simulink enables auto-generation of C/C++ code

e Code embedded into a system providing the real-time infrastructure and fault
signal output

e
Simulink
Generate
Coder ) . )
Code ~ v for (j = 0; j < 15; j++) {
—_— v for (k = 0; k < 22; k++) {
rtb_xkk[k] += STP obs B.B[22 * j + k] *
- STP_obs DW.Memory2 PreviousInput k[j];
= . }
[ }
/* End of Product: '<S19>/Multiply' */
= - v /* Product: '<S19>/Multiplyl' incorporates:
- Memory: '<S19>/Memory’
* Product: '<S1>/Product2
o std::memset(&tmp_1[0], 0, 22U * sizeof(real32 T));
v for (j = 0; j <22; j++) {
O v for (k = 0; k < 22; k++) {
tmp_1[k] += STP obs B.A[22 * j + k] * STP_obs DW.Memory PreviousInput[j
}
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Results 1: PF1AU (60 turns) - 15 shorted turns at 0.25 seconds
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Results 3: PF1AU (60 turns) - 7 shorted turns at 0.25 seconds

PF1AU currents
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Results 1: PF1AU (60 turns) - 5 shorted turns at 0.25 seconds

PF1AU currents
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Results 1: PF1AU (60 turns) - 3 shorted turns at 0.25 seconds
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Results 3: PF1AU (60 turns) - 1 shorted turns at 0.25 seconds
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Results summary
Faulted Signal Level vs. Number of Shorted Turns PF1AU
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Summary

e STP is areal-time protection and health diagnosis system for impedance
changes on PF coils

e Implementation of a real-time model based algorithm non-dependant on an
equilibrium reconstruction

e (C/C++ auto generated code from Simulink model. Rapid development,
match between designing and deployment.

e Successful tests driven Real-time algorithm test.
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Future work

e Verify STP outcome with non-simulated single coil shots and multi coils
shots

e Extend NSTX-U model for including a plasma model through the
magnetics diagnostics

e Implementation and fast deployment of different models (passive elements
changing, coils added)

e Possibility of testing STP in other tokamaks depending on the signals
availability
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