
•Satisfactory control!
•Linear control tools!
•Based on reduced order model!
•Only two measurement points!
•Strict constraints on the actuators!
•Implemented in TRANSP!

!

•Future plans: NSTX Upgrade!
•Second line of three neutral beams, spatially more extended!
•Need for new reduced order model!
•No data available, 100% model based approach
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A	
  one-­‐dimensional	
  plasma	
  toroidal	
  rota)on	
  model	
  and	
  its	
  controller	
  for	
  a	
  magne2cally	
  confined	
  fusion	
  device	
  are	
  developed	
  
in	
  an	
  effort	
  to	
  assist	
  the	
  con2nuous	
  extrac2on	
  of	
  fusion	
  energy.	
  	
  
This	
  study	
  is	
  based	
  on	
  the	
  experimental	
  measurements	
  from	
  the	
  Na2onal	
  Spherical	
  Torus	
  Experiment	
  (NSTX)	
  and	
  is	
  aimed	
  to	
  
capture	
  and	
  sustain	
  the	
  rota2on	
  (toroidal)	
  momentum	
  transport	
  in	
  a	
  stable	
  fashion	
  and	
  to	
  achieve	
  desirable	
  plasma	
  
geometry	
  inside	
  the	
  tokamak	
  .	
  
!

Both	
  the	
  neutral	
  beam	
  injec2on	
  (NBI)	
  and	
  the	
  neoclassical	
  toroidal	
  viscosity	
  (NTV)	
  will	
  be	
  considered	
  in	
  our	
  model	
  as	
  the	
  
actuators	
  for	
  the	
  controller	
  design.

 TRANSP Analysis
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- Reduce order model using Bessel functions:!
  Rotation            vector of 4 coefficients 

Modeling and control of plasma rotation for NSTX using Neoclassical Toroidal Viscosity (NTV) and Neutral Beam Injection (NBI)
Imène R. Goumiri, Clarence W. Rowley, Steven A. Sabbagh, David A. Gates, Stefan P. Gerhardt, Egemen Kolemen and Kunihiko Taira

Control design

http://imenegoumiri.me igoumiri@princeton.edu
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One-dimensional toroidal momentum equation:

Simplified model:
Modeling and control of plasma rotation using NTV and NBI 5
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Figure 1. Functions describing the shape of the geometrical properties:
⌦
R2

↵
,⌦

R2(r⇢)2
↵
, @V/@⇢ and the mass density

P
i nimi of the plasma for shot 133775.

The shaded region represents the value of the function spanned over time interval
(0.45 � 0.92) seconds . The time-average values and its curve-fit are shown by the
circles (o) and the solid lines (-), respectively .
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Upon examining the experimental data from NSTX using TRANSP analysis [10],

it has been noticed that the quantities that describe the shape of the plasma do not

change significantly over time. Namely, they are hR2i, hR2(r⇢)2i, and @V/@⇢. Hence,

a curve-fit of the time-average values of these functions are used as approximations.

Representative data for a shot number (133775) is shown in figure 1(a), 1(b) and 1(c)

respectively. As it can be seen, the temporal change of these variables is small. Hence

we take the time-average values to be close approximations.

It is also assumed for simplicity that the time variation of the mass density is small

compared to the density itself, as seen in figure 1(d). This assumption may latter be

removed allowing
P

i nimi to vary in time for more complex time dependent systems,

but for now, it allows us to neglect the density time variation term in the left-hand side

of equation (2) and obtain a time invariant system that will be easier to manipulate.

TNBI(t, ⇢) = TNBI(t)FNBI(⇢)

FNBI(⇢) = aNBI exp

✓
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TNTV(t, ⇢) = KG(⇢) hR2i I2(t)!(t, ⇢)

Model validation
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Discussion

Imène Goumiri, Ph.D. student
I am a fifth year Ph.D. student at PPPL and Princeton in the department of Mechanical 
and Aerospace Engineering. I am co-advised by Clancy Rowley and David Gates. I am 
interested in applying the tools of Control Theory to plasma in tokamaks.

•Discrete control (10ms) + discrete beam power!
!

•Use NBI Modulation (PWM)!
!

•Oscillations around target profile

•Comparison against simplified MATLAB model:

 New 2nd NBI Present NBI NBI NTV

Abstract
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•Comparison against TRANSP:
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Controller

Actuator Constraints
NTV:!
•Max current: 3kA!
NBI:!
•3 NBI beams – Power: 2MW each!
•First beam always on!
•Each beam can be blocked 20 times max.!
•Block min duration: 10ms!
•Min duration between blocks: 10ms

ẋ1 = Ax1 +Bu1

y1 = Cx1
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•Feedforward (N)!
Set-point of desired profile!
!

•Linear Quadratic Regulator (K)!
Minimize cost function:!
!

•Linear Quadratic Integrator (Ki)!
Integrate error to remove steady-state error!
!

•Anti-windup (AW)!
Prevent actuator windup due to saturation!
!

•Observer (Obsv.)!
Predict full state based on point-wise measurements

J =

Z 1

t0

�
x

T
Qx+ u

T
Ru

�
dt

Results1. Apply linear control on TRANSP frozen:

2. Apply linear control on TRANSP with varying background:

•Once the Controller is activated, the 
rotation reaches its target profile in less 
than 0.1s for both the model and 
TRANSP analysis. !
!

!
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