


DINA IMPLEMENTATION

DINA is a 1-1/2 D Axisymmetric, Time-Dependent, Resistive MHD
and Transport-Modeling Plasma Simulation Code

• Grad-Shafranov equation solved each time step as plasma current
and conductor currents evolve according to Ohm's law in each
medium.

• "Inverse variable" equilibrium calculation for determining
mapping between equilibrium flux coordinates and (2-D) grid
allows rapid and accurate convergence.

• Simplifying assumptions and modeling choices:
– Massless, inviscid plasma;

– 1-D flux surface-averaged particle/energy transport and magnetic
diffusion;

– Neoclassical plasma resistivity;

• Control, shaping, equilibrium evolution, and disruption behavior
benchmarked against DIII-D experimental data.
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● Block Block Centric Centric Model Model DevelopmentDevelopment: : Each Each model model blockblock
defines defines it's it's own own inputs, inputs, outputs, outputs, and and time time evolutionevolution
behavior.behavior.

● Model Model block block developer developer provides provides input input specifications:specifications:
 What's What's needed needed for for block block execution?execution?

● Other Other (collaborator) (collaborator) block block developers developers provide provide outputoutput
specifications:specifications:

 What's What's needed needed from from that that block block as as input input to to otherother
blocks?blocks?

"Block-Feedback" "Block-Feedback" Architecture Architecture Allows Allows Separation Separation ofof
Device Device Specific Specific and and Plasma Plasma Response Response ModelsModels

Example Example 1:  1:  Rigid Rigid response response modelmodel (subscripts: (subscripts: s=stabilizing s=stabilizing conductors,conductors,
p=plasma):p=plasma):
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(Disturbance (Disturbance terms terms have have been been neglected.)neglected.)

Rewrite Rewrite in in feedback feedback form form to to get get Device Device Specific Specific Block Block dynamics:dynamics:
dIs
dt

= −Mss
−1RsIs + Mss

−1Vs + Mss
−1Vloop

and and Plasma Plasma Block Block dynamics:dynamics:
dIp
dt

= −Lp
−1RpIp − Lp

−1 δψ p

δRm

dRm
δIs

+
δψ p

δzc

dzc
δIs

+ Mps

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 
dIs
dt

V
loop

= −Msp

dIp
dt

− δψ s

δzc

δzc
δI s

+ δψ s

δRm

δRm
δIs

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 
dIs
dt

Example Example 2:  2:  DINADINA implementation implementation in in DIII-D DIII-D simulation:simulation:

Device Specific Device Specific 
System ModelSystem Model

PlasmaPlasma
ResponseResponse

ModelModel

coil currentscoil currents

loop voltageloop voltage
at conductorsat conductors

• coilscoils • equilibriumequilibrium
• power power suppliessupplies • profile profile evolutionevolution
• vesselvessel
• buss buss connectionsconnections
• diagnosticsdiagnostics
• acquisition acquisition circuitscircuits

Legacy Legacy C C and and Fortran Fortran Code Code Like Like DINA DINA is is Implemented Implemented UsingUsing
a a S-Function S-Function Wrapper Wrapper to to Incorporate Incorporate Into Into SimulationSimulationTMTM

● DINA DINA code code remains remains in in original original FORTRAN.FORTRAN.
• SIMULINKSIMULINKTMTM S-function S-function wrapper wrapper of of DINA DINA (written (written in in C)C)

provides provides I/O I/O interface interface to to simulation.simulation.

S-Function WrapperS-Function Wrapper

SIMULINK Simulation SIMULINK Simulation 

FORTRANFORTRAN

● SIMULINKSIMULINKTMTM S-functions S-functions provideprovide easy easy method method forfor
incorporating incorporating legacy legacy model model codescodes.

● This This is is also also important important for for multi-institutionalmulti-institutional
collaboration.collaboration.

 DINA DINA Module Module and and DIII-D DIII-D Circuit Circuit ModelModel
Evolve Evolve Using Using a a Feed Feed Back Back ArchitectureArchitecture

● Each Each module module evolves evolves separately separately in in time. time. SimulinkSimulinkTMTM

advances advances the the system system using using feed feed back back loops loops to to pass pass IOIO
between between modules.modules.

● PF PF & & vessel vessel currents currents are are passed passed to to the the DINA DINA module.module.
Voltages Voltages on on the the coils coils from from the the plasma plasma are are passed passed to to thethe
DIII-D DIII-D circuit circuit model.model.

● Either Either the the linearized linearized plasma plasma model model or or the the Non-LinearNon-Linear
DINA DINA module module runs runs in in the the DIII-D DIII-D simulation simulation environment.environment.
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DINA in the D3DSIM Environment Accurately 
Reproduces Experimental Diagnostic Signals

● Shot has a preprogramed rigid radial plasma shift from
3.5 to 4.5 seconds using a sawtooth wave form.

● Simulation is initialized using an EFIT reconstruction at
3.5 s and evolution is through Ohmic current diffusion.
Kinetic transport is not simulated.

D3DSIM D3DSIM / / DINA DINA Shape Shape Evolution Evolution ComparesCompares
Well Well With With EFIT EFIT ReconstructionReconstruction

● Plasma Plasma is is rigidly rigidly moved moved in in the the radial radial direction direction fromfrom
3.5 3.5 to to 4.5s4.5s

● Small Small variations variations in in shape shape are are partially partially a a consequence consequence ofof
lower lower resolution resolution DINA DINA grid grid and and internal internal profile profile changeschanges
not not modeled modeled in in DINA.DINA.



NONAXISYMMETRIC MHD MODELING
Controllers Controllers for for Suppression Suppression of of Neoclassical Neoclassical Tearing Tearing ModesModes

Have Have Been Been Developed Developed and and Implemented Implemented on on DIII-D DIII-D UsingUsing
Many Many of of the the Tools Tools Developed Developed for for Axisymmetric Axisymmetric ControlControl

● Neoclassical Neoclassical Tearing Tearing Mode Mode (NTM)(NTM) suppression suppression in in DIII-DDIII-D
is is achieved achieved by by the the application application of of electron electron cyclotroncyclotron
current current drive drive (ECCD) (ECCD) at at the the island island location location to to replacereplace
missing missing bootstrap bootstrap current current which which characterizes characterizes the the mode.mode.

• Unstabilized Unstabilized NTMNTM’s s degrade degrade confinement confinement and and cancan
cause cause disruptions.disruptions.

● Model Model and and control control algorithms algorithms have have been been developed developed forfor
active active suppression suppression of of the the MHD MHD instabilities instabilities associatedassociated
with with RWMRWM modes, modes, using using the the framework framework and and many many of of thethe
tools tools developed developed for for axisymmetric axisymmetric control.control.

• DIII-D/DINA DIII-D/DINA module module is is used used for for plasma plasma characterizationcharacterization

• Modified Modified Rutherford Rutherford Module Module describes describes NTM NTM islandisland
dynamics.dynamics.

• Two Two NTM NTM controllers controllers have have been been designed designed andand
implemented implemented and and tested tested within within the the PCS:PCS:
- Search Search & & SuppressSuppress
- Target Target Lock.Lock.

• ”First First time time useuse” of of the the controllers controllers on on DIII-D DIII-D plasmasplasmas
performed performed as as predicted predicted by by modeling, modeling, showing showing thethe
benefit benefit of of physics physics based based simulation simulation and and thethe
comprehensive comprehensive testing testing environment environment available available forfor
controller controller development development on on DIII-DDIII-D
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       NTM physics model
Input:
  Dina:    Rq,Rmag, Βp
  Other:   Reccd, Te
Output: Island Size, Magnetic Sig. 
Computation: 
Modified Rutherford Equation

          NTM Controller
Input:    Magnetics, Plasma Parm.
Output: Ropt, Power ECCD 
Computation: 
"Target Lock" or
"Search & Suppress"

NTM Controllers Have Been Developed
Using Validated Simulation Tools
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                         NTM Control Algorithms

Search & Suppress - Moves the plasma or adjusts Bt in
  discrete steps and monitors mode amplitude. Searches,
  dwells, and freezes based on mode amplitude and 
  threshold settings.

Target Lock - Moves plasma or adjusts Bt using the 
  mode amplitude dynamic response and the
  corresponding island response based on predictions
  of the Modified Rutherford Equation.

Maximum suppression - Assumes perfect ECCD depostion
  alignment with island location. 

Target Lock Control Shows Superior NTM
Supression Based on DIII-D Experimental Data

Resistive Resistive Wall Wall Mode Mode Control Control on on DIII-D DIII-D Has Has Been Been SimulatedSimulated
and and Edge Edge Localized Localized Modes Modes Shown Shown to to Be Be ImportantImportant

to to Controller Controller StabilityStability

● Resistive Resistive Wall Wall Modes Modes (RWM) (RWM) stabilization stabilization in in DIII-D DIII-D isis
provided provided by by feedback feedback control control of of non-axisymmetric non-axisymmetric coilscoils
configured configured to to produce produce an an n=1 n=1 magnetic magnetic perturbation perturbation inin
the the plasma.plasma.

● A A complete complete closed closed looped, looped, physics physics based based model model of of thethe
system system was was developeddeveloped
• Complete Complete model model of of non-axisymmetric non-axisymmetric coils, coils, powerpower

supplies, supplies, and and PCS PCS control control functions.functions.
• 3-D 3-D magnetics magnetics of of DIII-D DIII-D non-axisymmetric non-axisymmetric coils coils andand

vessel.vessel.
• RWM RWM mode mode identification identification using using dynamic dynamic Kalman Kalman filterfilter

techniques techniques for for edge edge localized localized modes modes (ELM) (ELM) rejection.rejection.
• Closed Closed loop loop simulation simulation including including validation validation with with DIII-DDIII-D

data.data.

● Simulation Simulation showed showed that that without without ELM ELM rejection rejection thethe
present present control control system system can can be be driven driven unstable unstable from from ELMELM
pickup pickup in in the the diagnostic diagnostic signals.signals.
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Closed Loop RWM Simulation Using DIII-D Data Shows 
ELM Rejection to be Important to Controller Stability

Closed Loop Simulation Model
Validation with 

DIII-D Experiment

ELM's Unstable

SUMMARY & CONCLUSIONS

Plasma Based Models Validated on DIII-D and Important for Control of
Advanced Tokamak Plasmas are being Applied

to Other Machines and to Next Generation Devices

Integrated
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- Equilibrium
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- Plasma evolution
- MHD instability dynamics
- Actuators, diagnostics
- Power supplies

Validated Models

Integrated Simulations

DIII-D

Summary Summary & & ConclusionsConclusions

● A A comprehensive, comprehensive, physics physics based, based, integrated integrated controlcontrol
environment environment exists exists for for controller controller development development on on DIII-D.DIII-D.
(See (See O1B-1 O1B-1 Humphreys)Humphreys)

● A A software software simulator simulator of of the the DIII-D DIII-D machine machine and and PCS PCS isis
available available for for closed closed loop loop simulation simulation of of the the system.system.

• This This allows allows testing testing of of controllers controllers as as implemented implemented inin
the the PCS PCS without without using using experimental experimental time.time.

● Both Both linear linear and and non-linear non-linear (DINA) (DINA) plasma plasma models models areare
validated validated with with DIII-D DIII-D experimental experimental data.data.

● DIII-D DIII-D tools tools are are being being used used to to develop develop control control algorithimsalgorithims
for for suppression suppression of of non-axisymmetric non-axisymmetric MHD MHD instabilitiesinstabilities

• Controllers Controllers for for NTM NTM suppression suppression have have beenbeen
developed, developed, validated, validated, implemented implemented and and tested tested on on thethe
DIII-D DIII-D machine machine with with excellent excellent performance.performance.

• Closed Closed loop loop simulation simulation of of RWM RWM control control in in use  use  in in DIII-DDIII-D
has has been been completed.completed.

● The The model model based based tools tools are are modular modular and and extensible  extensible  toto
other other devices devices and and are are being being used used to to study study control control issuesissues
for for other other tokamaks.tokamaks.
(See (See P2-52 P2-52 Walker)Walker)


