
NON-‐SHAPE	  CONTROL	  DEVELOPMENT:	  
	  
1.	  ELM	  
	  
2.	  EFC	  
	  
3.	  BetaN	  with	  3D	  coils	  
	  
4.	  RadiaDon	  
	  
5.	  Pedestal	  



AdapDve	  ELM	  Control	  and	  Error	  Field	  Control	  
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the axisymmetric poloidal flux ψp related to the axisymmetric
poloidal field by

Bθ = −∇ψp × ∇φ. (A.6)

The local nonaxisymmetric radial field B̃r is related to a
nonaxisymmetric poloidal flux, ψ̃p, defined so that

B̃r = −(∇ψ̃p × ∇φ)r = − RoBo

qBθR3

∂ψ̃p

∂θ
. (A.7)

For small displacements, the radial displacement in poloidal
flux of a magnetic line under the influence of B̃r is

dψline = (∇ψp)r
B̃r

Bφ

dsφ = − 1
q

∂ψ̃p(θ, φ)

∂θ
dφ, (A.8)

where equations (A.6) and (A.7) were used, ψ̃p is evaluated
at the local θ of the line, and φ is a convenient independent
variable for tokamaks. Now consider the single sinusoidal
harmonic ψ̃m,n cos αm,n of ψ̃p, where ψ̃m,n is a positive number,
and αm,n = n(φ − φo) − mθ has m poloidal and n toroidal
periods and is exactly pitch resonant with the unperturbed line.
The line displacement becomes

dψline = m

q
ψ̃m,n sin αm,ndφ. (A.9)

Let ψs be the value of ψp on the unperturbed resonant surface.
The background magnetic field is sheared, so as the line moves
radially from the resonant surface, the line also advances or
lags in phase αm,n relative to the unperturbed line, due to
dq(ψp)/dψp. Neglecting the smaller contribution of B̃θ to
the changing phase, the changing phase at the line obeys

dαm,n = m

(
1

q(ψs)
− 1

q(ψs + ψline)

)
dφ = m

q2

dq

dψp
ψlinedφ.

(A.10)
Eliminating dφ between equations (A.9) and (A.10) yields an
equation that can be integrated for ψ2

line as a function of αm,n

in the usual way. The widest closed line trajectory that crosses
the unperturbed surface defines the full width of the island,
which in units of poloidal flux is

wp =
√

16
q

q ′ ψ̃m,n, (A.11)

with q ′ = dq(ψp)/dψp.
SURFMN calculates B, from which it obtains B̃r on a

surface. It does not calculate ψ̃p, so equation (A.11) must be
recast in terms of a correctly Fourier analysed B̃r . The two-
dimensional Fourier analysis of ψ̃p in helical harmonics can
be written as

ψ̃p(θ, φ) = ψ̃0,0

2
+

∑

m,n

[ψ̃c,m,n cos αm,n + ψ̃s,m,n sin αm,n],

(A.12)

ψ̃c,m,n = 1
(2π)2

!
2ψ̃p cos αm,ndθdφ, (A.13)

and similarly for the sine coefficients. The double sum is for
−∞ < m < ∞ and 0 < n < ∞, excluding m, n = 0, 0. The
double integral is 2π each around the poloidal and toroidal

directions. The Fourier coefficients of the product (J B̃r ) are
calculated in the same way. In accordance with equation (A.7),
the Fourier amplitudes are related by

(J B̃r )m,n = mψ̃m,n. (A.14)

Note that the B̃r field corresponding to a sinusoidal flux
harmonic is not sinusoidal in θ in the magnetic coordinate
system. However, we define a surface-averaged equivalent B̃r

Fourier harmonic amplitude,

Bc,r(m,n) ≡
!

JBr cos αm,ndθdφ!
Jdθdφ = S

, (A.15)

and similarly for the sine coefficients. The amplitude
Br(m,n) = (B2

c,r(m,n) + B2
s,r(m,n))

1/2 is the physical harmonic
amplitude in the high-aspect-ratio circular cross section limit,
and it is a logical extension of the definition to low aspect
ratio and noncircular plasmas. Noting that the numerator
in equation (A.15) is (2π)2 times the Fourier coefficient
(J B̃r )m,n, equation (A.14) yields

ψ̃m,n = S

(2π)2m
Br,m,n. (A.16)

Then the island width, equation (A.11), can be written in terms
of the surface-averaged Br,m,n as

wp =

√
16
m

q

q ′
S

(2π)2
Br(m,n). (A.17)

SURFMN actually uses normalized poloidal flux ψN as the
radial coordinate for island width calculations. It is defined as

ψN =
∣∣∣∣

ψp

'ψp

∣∣∣∣, (A.18)

where 'ψp is the difference between ψp at the magnetic axis
and the last closed flux surface. ψN ranges from 0 at the
magnetic axis to 1 at the last closed surface. The island width
in units of ψN is simply

wpN =
√

16
m|'ψp|

q

dq(ψN)/dψN

S

(2π)2
Br(m,n). (A.19)

In this paper, we use
√

ψN as the radial coordinate for plots,
in order to facilitate comparisons of our results with previous
work by others [16, 17, 25]. We still calculate island widths
in units of ψN according to equation (A.19), and then we take
the square root of the resulting island endpoints to obtain the
widths in units of

√
ψN. The radial variable

√
ψN has the

advantage of being close to the physically intuitive r/a, while
ψN has the advantage of expanding the narrow, high-shear
pedestal layer twofold.

The formulation of island widths and Br(m,n) calculation
were tested in various ways. Cases of widely separated islands
were checked against Poincaré plots of integrated magnetic
lines for the same field sources. Another test is to make
Poincaré plots for the combined fields of two very different
sources whose relative amplitudes are adjusted so that the
net Br(m,n) should be zero at a selected resonant surface, if
the individually calculated Br(m,n) were correct. This is more
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Filter Scope (Dα) 

ECE 
 

 
ELM Detection 

 

 
I(A) = min (I(A)| 

#ELM=0)  
 

	  

•  In	  real-‐)me	  calculate	  3D	  perturba)ons	  
due	  to	  3D	  coils	  

–  Use	  surmnf	  to	  convert	  to	  straight-‐line	  
field	  coordinates	  

–  Find	  the	  orthogonal	  component	  Br(m,n)	  	  
–  Find	  the	  island	  size	  and	  σchir	  

•  Control:	  
–  Choose	  rela)ve	  phase	  of	  the	  coils,	  I(θ),	  

maximize	  kink	  or	  σchir	  

–  The	  amplitude	  of	  current,	  IC(A),	  
minimum	  current	  with	  no	  ELMs	  

•  Test	  different	  ELM	  mi)ga)on	  
mechanisms	  

•  Then	  try	  EFC	  



AdapDve	  ELM	  Control	  

•  Control	  the	  I	  coil	  amplitude	  
based	  on	  the	  ELM	  frequency	  

•  Control	  the	  pedestal	  density	  

•  I	  coils	  adjust	  and	  keep	  ELM	  
free	  with	  1.9	  kA	  (can	  go	  
lower)	  

•  When	  we	  reach	  a	  high	  density	  
the	  ELMs	  come	  back	  again.	  
Prm_tan_ne~3.0e19	  

•  Lock	  mode	  kills	  the	  plasma	  
–  Before	  control	  increase	  I_c	  J	  Raffi	  Density	  Limit	  J	  



Adap)ve	  ELM	  Control	  

•  Control	  the	  I	  coil	  
amplitude	  based	  on	  
the	  ELM	  frequency	  

•  Control	  the	  pedestal	  
density	  

•  I	  coils	  adjust	  and	  keep	  
ELM	  free	  with	  1.9	  kA	  
(can	  go	  lower)	  

•  When	  we	  reach	  a	  high	  
density	  the	  ELMs	  
come	  back	  again.	  
Prm_tan_ne~3.0e19	  

•  Lock	  mode	  kills	  the	  
plasma	  
– Before	  control	  increase	  
I_c	  



Phase	  to	  Maximize	  the	  Kink	  Resonance	  at	  D3D	  

	  
	  
	  

•  Control	  the	  I	  coil	  phase	  based	  on	  the	  surfmn	  
kink	  response	  calcula)ons	  

•  Choose	  the	  direc)on	  that	  maximizes	  kink	  
response	  for	  phase	  

•  Control	  the	  Icoil	  upper	  
•  Too	  high	  density	  yesterday.	  Not	  possible	  to	  

test	  n=2	  ELM	  suppression	  
•  Code	  checked	  out.	  

DIII-D 

I coils 

C coils 



Real-‐Time	  OpDmal	  Error	  Field	  CorrecDon	  

•  n=1	  mode	  error	  field	  correc)on	  is	  crucial	  for	  
n=1	  mode	  suppression	  

•  We	  can	  in	  real-‐)me	  change	  the	  EFC	  to	  match	  
the	  op)mal	  calcula)ons	  

•  Progress	  in	  the	  op)mal	  EFC	  modeling.	  	  
•  Op)mal	  can	  be	  calculated	  from	  the	  EFIT	  

shape,	  boundary	  and	  the	  coil	  currents	  
(without	  perturbing	  the	  plasma).	  

•  Calcula)on	  and	  the	  compass	  scan	  are	  
indis)nguishable!	  	  

•  Every	  shot	  will	  have	  real-‐)me	  op)mal	  EFC!	  
Great	  improvement	  over	  current	  situa)on.	  	  

C.	  Paz-‐Soldon	  



	  
•  Result:	  Extremely	  stable	  plasma	  profiles	  
•  Sugges*on:	  Use	  Icoil	  BetaN	  control	  and	  pedestal	  instead	  of	  core	  

density.	  

3D	  Coils	  for	  BetaN	  (Wmhd)	  Control	  

Example	  from	  the	  DIII-‐D	  Experiment	  where	  
the	  NBI	  modulaDon	  for	  the	  NBI	  leads	  to	  
instabiliDes	  



Why? 
•  The combination and maximization of main chamber and 

divertor radiation enables maximization of the power handling 
capability of a tokamak. 

How? 
•  Measure the radiation at various location in the plasma (main, 

divertor, ...) using bolometer channels.  
•  By using these real-time measurements, adjust the gas injection 

of various species (Argon, Neon,...) to keep power exhaust, 
detachment, and many other parameters at desired values. 

Experiment: 
•  Initial assessment data for control development 
•  Multi specie comparison (Argon, Neon,...) density scans 
•  Gas valve injection location scan  

•  Initial results from D3D showing detachment variation with 
injection location  

Optimized tokamak power exhaust:  
Gas Injection Control Development for Radiation and Detachment 



Asdex Upgrade Results 

Kallenbach	  NF	  2012	  

•  N,	  N	  +	  Ar	  injecDon	  	  
•  è	  High	  values	  of	  Pheat/R	  =	  14	  MW/m	  
•  è	  Divertor	  peak	  heat	  flux	  below	  5	  MW/m2	  
•  Good	  plasma	  performance,	  H98(y,2)	  =	  1	  and	  βN=	  3.	  
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Keep the Pedestal High but below the ELM limit by 
Pedestal Pressure Control with 3D Coils (RMP) 

3D coil control for WMHD/BetaN!
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Pedestal density/pressure control with LGI 

Develop LGI, PCS connection. Adjust the density with LGI 

1.  Try to adjust the ELM frequency in real-time (increase or reduce the 
ELM frequency to adjust the density) 

2.  Turn on and off the LGI to keep density at a given level 
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Pedestal density/pressure control with gas 

Pedestal density/pressure control with gas!

In the future, we can use Thomson. Initially, modeling of the pressure 
based on reconstruction.  



SHAPE	  CONTROL	  DEVELOPMENT:	  
	  
1.	  MIMO	  Shape	  Control	  (X-‐point	  etc.)	  	  
	  
2.	  High	  Kappa	  Shape	  Development	  for	  High	  Perf.	  
	  
3.	  Snowflake	  Development	  and	  Assessment	  
	  
4.	  X-‐Divertor	  Development	  and	  Assessment	  
	  
5.	  VDEs	  and	  VerDcal	  Growth	  rate	  



•  Long term aim:  

–  Use all the PF coils to control the plasma shape together. 
–  Very hard to implement at once. 
–  Incrementally increase the control capability to reach aim 

Full Multiple-Input-Multiple-Output Control 

-Inner Gap 
-Lower Inner Strike Point 
-Vertical Position 
-Squareness 
Upper X-point Height … 



Implementation of the MIMO Control 
  

•  Aim: Be able to request any shape from user 
interface and let the control regulate to the 
nearest achievable shape. 

•  We lack the inner gap control and upper/
lower gap control for fiducial. 

•  These are important for high kappa, high 
aspect ratio shots. 

•  Black segments in use in all shots. 
•  Blue tried segments, used for squareness 

control before (not in full operation). 
•  Red segments, will be used in this xp. 



Feedforward System ID   
•  System Id: Identify the effect of these coils on the boundary shape. 

•  Last year: Reaction Curve Method 

•  Results from last year: 
•  Problem:  

–  Many shots needed 
–  Not precise 

 

ΔP 

Kp Ki Kd 

P (ΔP/ΔCp)�(T/L) - - 

PI 0.9�(ΔP/ΔCp)�(T/L) (ΔP/ΔCp)�(3.3�T/L2) - 

PID 1.2�(ΔP/ΔCp)�(T/L) (ΔP/ΔCp)�(2�T/L2) (ΔP/ΔCp)�(T/2) 

ẏ(t)T + y(t) = Ku(t� L)



Feedback System ID   
•  This year: Auto-tuning with Relay Feedback Method 

•  When we reach this closed-loop plant response pattern the oscillation 
period (Pu) and the amplitude (A) of the plant response can be 
measured and used for PID controller tuning.  

      where 

•  Only a single experiment is needed. 
•  Closed loop: More stable 

 

Control  
Output 

Process 
Output 



2010 Run: Experimental Closed Loop Auto-tune System ID   
•  This year: Auto-tuning with Relay Feedback Method 

 
•  Pros: 

–  Only a single experiment is needed. 
–  Closed loop:  

1.  More stable  
2.  Enable system ID for actuators that can’t be open loop (for 

example: vertical control) 

 

Control  
Output 

Process 
Output 

  

•  The closed-loop plant response gives 
oscillation period (Pu) & amplitude 
(A) which are used for PID controller 
tuning.  

 

h 

Pu 

A



NSTX! NSTX Advanced Scenarios and Control Overview,  E. Kolemen !   

High-Elongation Configurations Developed to Challenge 
Limits in βT, Non-inductive Current Fraction and Sustainment 

• High-βT      !
•  q*=2.8 !

• BT=0.44 T!
• IP=1100 kA!

•  Long Pulse     !
• q*=3.9 !

• BT=0.38 T!
• IP=700 kA!

• High-βP!
• q*=4.7!

• BT=0.48 T!
• IP=700 kA!

• All!
• H98>=1!

• κ=2.6-2.7!

€ 

q* =
ε 1+κ 2( )πaBT 0

µ0IP•  βN>4 in all cases. 
•  H98>=1 for greater 

than 5τe (>300 msec). 
•  q*=3.9 & 4.7 maintain 

qmin>1 for >2.5τR  
–  with no large core 

MHD... 

These appear to meet 
all the criteria for 
“Hybrid” discharges. 



NSTX! NSTX Advanced Scenarios and Control Overview,  E. Kolemen !   

Strong Shaping has Helped NSTX Make Continued Progress 
on a Range of Optimization Targets 

• Pulse Average Toroidal β	


• Pulse Average Normalized β	


• Pulse Average Poloidal β	


• Pulse Average Normalized β	

• Pulse Average Internal Inductance!



NSTX! NSTX Advanced Scenarios and Control Overview,  E. Kolemen !   

Pressure Profile Change as Squareness Increases 

  
 
PF4 (opposing PF5) up to -5 kA (~2 inches in figure) increases 

pressure 
Too high squareness interacts with the wall. Pressure drops.  
 
 
 

PF4= 0, -1, -4, -6, -8 kA 



NSTX! NSTX Advanced Scenarios and Control Overview,  E. Kolemen !   

Optimal Squareness for Performance 

Averaged over 600ms to 900ms.  
[142353,142342,142343,142347,142348] 

  
 
Optimal PF4 ~1-4 kA for 

performance. "
Confinement time increases 
Energy confinement increases 
Flux consumption reduces. 
Too high PF4 interacts with 

the wall and plasma is not 
as good.  

Note for comparison: 
Negative squareness results 

were all worse than PF4=0 
fiducial case. 

 
 
 



Example  "snowflake" divertor  configuration  
in  NSTX.	  

Snowflake Development and Control 

•  Three options 
•  Feedforward coil currents 
•  Strike point control with + 

feedforward 
•  Full Snowflake Control 

•  Develop the stages of control 
needed for NSTX-U 



•  Toksys for 
NSTX-U is 
mostly working 

•  Pat Vail is 
helping with the 
development. 

NSTX-‐U	  Snowflake	  



•  PID control for U/L-I/O SP to enable “snowflake”, LLD operation  
•  8 PF coils in Single-input-single-output control (Outer gap, 

vertical position and 4 SP are controlled). 

Combined	  Upper/Lower-‐Inner/Outer	  Strike	  Point	  (SP)	  Control	  

Snowflake high-flux expansion divertor 
obtained via SP control at NSTX Example SP control 



Snowflake Divertor Development and Control 

•  Snowflake divertor: second-order null (2 X-points) 

•  Geometric changes compared to standard divertor can lead to: 
–  High poloidal flux expansion, large plasma-wetted area èreduce peak qdiv 
–  Four strike points è share Pdiv 

2 

S.L. Allen/IAEA FEC/November, 2012 

•  Theory1 predicts second order null of SF Divertor (�BP~0) 
–  Multiple strike points, increased volume and connection lengths 
–  Increased edge shear, influencing pedestal stability 

•  Experiments2 have made progress on comparisons 

•  DIII-D adds new data: Focus on SF(-) configuration 

DIII-D Experiments focus on SF(-) configuration  

1D. D. Ryutov, PoP 14, 064502 2007, TH/P4-18 
2Vijvers EX/P5-22, 3Soukhanovskii EX/P5-21 

2nd X-Point in 
Private Flux 

2nd X-Point in 
SOL 
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Exact	  Snowflake	  	  	  



	  	  
•  Locally	  expand	  the	  Grad-‐Shafranov	  equa)on	  in	  toroidal	  coordinates:	  

	  

•  Keep	  the	  3rd	  order	  terms	  and	  find	  the	  magne)c	  nulls	  

•  Find	  coefficients,	  cexp,	  from	  sample	  points	  
•  Find	  the	  null	  points	  (X-‐points)	  

	  
•  Real-‐)me	  calcula)on	  (<<	  1	  ms)	  with	  reasonable	  accuracy	  
	  	  

r ∂
∂r

1
r
∂Ψ
∂r

"

#
$

%

&
'+
∂ 2Ψ
∂z2

= 0

Snowflake	  Control:	  Finding	  the	  Two	  X-‐points	  

Ψexp =Ψ(cexp,δr,δz)

Br = −
1
r
∂Ψexp

∂δz
= 0 = Bz =

1
r
∂Ψexp

∂δx
= 0

{δrX1 (cexp ),δzX1 (cexp ),δrX2 (cexp ),δzX2 (cexp )}è	  



	  	  
•  To	  control,	  we	  need	  to	  know	  how	  

PF	  coils	  affect	  the	  X-‐point	  loca)ons	  

	  
•  dB/dIPF	  is	  found	  from	  the	  Green’s	  

Func)on	  of	  the	  G-‐S	  problem	  

	  
	  
•  3	  closest	  PF	  coils	  are	  used	  for	  

controlling	  the	  forma)on	  

	  	  

Snowflake	  Control:	  Controlling	  the	  PF	  Coils	  
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Snowflake	  Control:	  Obtaining	  Exact	  Snowflake	  (ρ	  Scan)	  



	  	  

Snowflake	  Control:	  Scanning	  the	  Angle	  



•  Obtained long stable SF/-/+ at D3D (SF- at NSTX) 
•  At NSTX-U obtain Snowflake 
•  Compare the flux expansion, peak heat flux vs the SFD 

Configuration paramenter (distance, angle, centroid) 
•  Obtain the best scenario for stable low heat operations 

Snowflake	  Control:	  Obtaine	  OpDmize	  Snowflake	  at	  NSTX-‐U	  
(Exact,	  +	  and	  -‐)	  

Snowflake Control (Control Starts at 3 s)	  



•  At D3D, obtained X-Divertor  
•  NSTX-U obtain X-Divertor 
•  Compare the flux expansion, peak heat flux vs the XD Configuration 

paramenter (X-point locatin, distance from the plate, angle) 
•  Compare to Standard Divertor and SFD 
•  Obtain the best scenario for stable low heat operations 

 

X-‐Divertor	  Development	  and	  Control	  



•  Reduced order model for rotation control 

•  Adequate models for torque inputs and time evolution 

 

2011-2012 Run: 
Rotation Control  

NBI Torque profile prediction: 
Model versus data  
 

NTV torque profile: 
Calculations (Zhu et al.) 

versus experimental data 

Rotation time evolution: 
Reduced model versus 

TRANSP data 
  



•  Control of toroidal momentum 
of plasma in NSTX 

•  To attain a desirable temporal & 
spatial profile 

•  Rotation profile: rotation shear 
get rid off micro instabilities 
small scale eddies (turbulence) 

•  Also, suppresses long 
wavelength  instabilities – eddy 
currents 

•  Aim: make a reduce order 
model for control 
implementation and 
sufficiently sophisticated for 
control. 

Rotation Profile Control 

NSTX neutral beam injection configuration 

Present NBI!
RTAN=50,60,70cm!

New 2nd NBI!
RTAN=110,120,130cm!

Example: Changing the rotation profile via NBI 



•  Toroidal momentum balance (Goldston, 1986) 

Torque input"

Loss "
(charge ex, ripple)"

Temporal change"

Diffusion"

Pinch"
     Ignore for initial analysis 

0 

Governing Equations 

Also, temporal changes are small, ignored. 



•  Toroidal momentum balance 

•  1D Linear PDE (parabolic) – diffusion equation with forcing 

•  Neumann (ρ=0) and Dirichlet (ρ=1) BCs 

•  Curve fit coefficients (3 shape variables       ,               ,        ) 

•  Coefficients to be supplied from TRANSP:        and  

Model Equations 



center 
edge 

H- to L-mode 
transition  

•  Numerically solved the reduced order PDE using adaptive 
time steps (parabolic PDE solver) 

Model Experiment 

Model Comparison with Experiment 



H- to L-mode 
transition  

Model Comparison with Experiment 



•  Converted PDE to ODE for 
control purpose 

•  Solve the optimization problem 
to minimize the cost function 

•  The feedback control law that 
minimizes is given by 
differential Riccati equation.  

•  Example shows where an 
average of 10% change in Ω is 
requested to be achieves in 20 
ms. 

Optimal Control for Rotation Profile 

Optimal Ω control with full state control 



•  Ratio of the TNBI to maximum spatial TNBI at each time point is 
roughly a Gaussian distribution. 

•  Separated Neutral Beam Torque in two parts, spacial and time 
dependent.  

Beam Torque Model 
T

(t
,ρ

)/m
ax

ρΤ
(t

,ρ
)	


(a) Shot number 120001 (unpulsed) (b) Shot number 128020 (pulsed) 

ρ	
 ρ	




•  Time dependent part can be 
modeled as first order order 
differential equation with Ip 
as the forcing function  

Beam Torque Model 

Model versus data for Torque profile 



•  Motivation: Use NTV torque to control Edge Rotation 

•  Work in Progress 

•  Determine the applied nonaxisymmetric magnetic field from Dr. Jong-
kyu Park’s Biot-Savart calculations code 

•  Employing Dr. Steve Sabbagh’s NTV experiments ran on NSTX 

•  Analyzing TRANSP outputs for various shots to find a simplified 
torque model for the neo-classical effect of the 3D coils.  

Neoclassical Toroidal Viscosity 



•  bb 

ΔZmax XP 

•  Red lines show the shots were the vertical displacement was uncontrollable while 
the blue lines the controllable ones. 

•  NSTX is (mostly) up/down symmetric (mirror symmetry). 
•  ΔZmax ~ [18 - 24]  cm and ΔZmax/a ~ [%30 - %39]. 

+ 

x 

+ 



•  We compared numerical simulations to these experimental data. In 
order to study the n=0 stability of the system, we used gspert, a 
nonrigid plasma response model based on the linearized Grad-
Shafranov equation, and Corsica, a free-boundary equilibrium and 
transport code.  

 Change in gamma versus A 
for Corsica and gspert 
simulations, and 
experimental data 
(#141639-141642) 	


Comparison of Simulation and Experimental Results 
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Li and ΔZ evolution during VDE    

ΔZ and li for shot number 127084	


Plasma Lost	
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Pedestal Control via 3D coils, gas, LGI and EHO coil 
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EHO Coil Assessment: EHO 3D coil interaction 

• Asses EHO Coil for NSTX-U 

• Reduce the EHO frequency as 
low as possible (scenario 
development, magnetic 
braking). Can we get to 1kHz? 
There are some 1.5 KHz modes. 
Can the SPAs at all useful close 
to 1 kA? 

• D3D, Lanctot initial I-coil EHO 
interaction 



AdapDve	  ELM	  Control	  

 
Rt-EFIT 

(qR,Z,ΨR,Z) 
 

 
3D coil  

currents 
 

 
Biot-Savart è δBPed-Top 

 

 
Straight-line field coords 
surfmn (Schaffer) èBr(m,n) 

 
 
 
 

 
I(θ) = 1. Max(σchir) 

    2. Max(kink-resonant) 
 

Nucl. Fusion 48 (2008) 024004 M.J. Schaffer et al

the axisymmetric poloidal flux ψp related to the axisymmetric
poloidal field by

Bθ = −∇ψp × ∇φ. (A.6)

The local nonaxisymmetric radial field B̃r is related to a
nonaxisymmetric poloidal flux, ψ̃p, defined so that

B̃r = −(∇ψ̃p × ∇φ)r = − RoBo

qBθR3

∂ψ̃p

∂θ
. (A.7)

For small displacements, the radial displacement in poloidal
flux of a magnetic line under the influence of B̃r is

dψline = (∇ψp)r
B̃r

Bφ

dsφ = − 1
q

∂ψ̃p(θ, φ)

∂θ
dφ, (A.8)

where equations (A.6) and (A.7) were used, ψ̃p is evaluated
at the local θ of the line, and φ is a convenient independent
variable for tokamaks. Now consider the single sinusoidal
harmonic ψ̃m,n cos αm,n of ψ̃p, where ψ̃m,n is a positive number,
and αm,n = n(φ − φo) − mθ has m poloidal and n toroidal
periods and is exactly pitch resonant with the unperturbed line.
The line displacement becomes

dψline = m

q
ψ̃m,n sin αm,ndφ. (A.9)

Let ψs be the value of ψp on the unperturbed resonant surface.
The background magnetic field is sheared, so as the line moves
radially from the resonant surface, the line also advances or
lags in phase αm,n relative to the unperturbed line, due to
dq(ψp)/dψp. Neglecting the smaller contribution of B̃θ to
the changing phase, the changing phase at the line obeys

dαm,n = m

(
1

q(ψs)
− 1

q(ψs + ψline)

)
dφ = m

q2

dq

dψp
ψlinedφ.

(A.10)
Eliminating dφ between equations (A.9) and (A.10) yields an
equation that can be integrated for ψ2

line as a function of αm,n

in the usual way. The widest closed line trajectory that crosses
the unperturbed surface defines the full width of the island,
which in units of poloidal flux is

wp =
√

16
q

q ′ ψ̃m,n, (A.11)

with q ′ = dq(ψp)/dψp.
SURFMN calculates B, from which it obtains B̃r on a

surface. It does not calculate ψ̃p, so equation (A.11) must be
recast in terms of a correctly Fourier analysed B̃r . The two-
dimensional Fourier analysis of ψ̃p in helical harmonics can
be written as

ψ̃p(θ, φ) = ψ̃0,0

2
+

∑

m,n

[ψ̃c,m,n cos αm,n + ψ̃s,m,n sin αm,n],

(A.12)

ψ̃c,m,n = 1
(2π)2

!
2ψ̃p cos αm,ndθdφ, (A.13)

and similarly for the sine coefficients. The double sum is for
−∞ < m < ∞ and 0 < n < ∞, excluding m, n = 0, 0. The
double integral is 2π each around the poloidal and toroidal

directions. The Fourier coefficients of the product (J B̃r ) are
calculated in the same way. In accordance with equation (A.7),
the Fourier amplitudes are related by

(J B̃r )m,n = mψ̃m,n. (A.14)

Note that the B̃r field corresponding to a sinusoidal flux
harmonic is not sinusoidal in θ in the magnetic coordinate
system. However, we define a surface-averaged equivalent B̃r

Fourier harmonic amplitude,

Bc,r(m,n) ≡
!

JBr cos αm,ndθdφ!
Jdθdφ = S

, (A.15)

and similarly for the sine coefficients. The amplitude
Br(m,n) = (B2

c,r(m,n) + B2
s,r(m,n))

1/2 is the physical harmonic
amplitude in the high-aspect-ratio circular cross section limit,
and it is a logical extension of the definition to low aspect
ratio and noncircular plasmas. Noting that the numerator
in equation (A.15) is (2π)2 times the Fourier coefficient
(J B̃r )m,n, equation (A.14) yields

ψ̃m,n = S

(2π)2m
Br,m,n. (A.16)

Then the island width, equation (A.11), can be written in terms
of the surface-averaged Br,m,n as

wp =

√
16
m

q

q ′
S

(2π)2
Br(m,n). (A.17)

SURFMN actually uses normalized poloidal flux ψN as the
radial coordinate for island width calculations. It is defined as

ψN =
∣∣∣∣

ψp

'ψp

∣∣∣∣, (A.18)

where 'ψp is the difference between ψp at the magnetic axis
and the last closed flux surface. ψN ranges from 0 at the
magnetic axis to 1 at the last closed surface. The island width
in units of ψN is simply

wpN =
√

16
m|'ψp|

q

dq(ψN)/dψN

S

(2π)2
Br(m,n). (A.19)

In this paper, we use
√

ψN as the radial coordinate for plots,
in order to facilitate comparisons of our results with previous
work by others [16, 17, 25]. We still calculate island widths
in units of ψN according to equation (A.19), and then we take
the square root of the resulting island endpoints to obtain the
widths in units of

√
ψN. The radial variable

√
ψN has the

advantage of being close to the physically intuitive r/a, while
ψN has the advantage of expanding the narrow, high-shear
pedestal layer twofold.

The formulation of island widths and Br(m,n) calculation
were tested in various ways. Cases of widely separated islands
were checked against Poincaré plots of integrated magnetic
lines for the same field sources. Another test is to make
Poincaré plots for the combined fields of two very different
sources whose relative amplitudes are adjusted so that the
net Br(m,n) should be zero at a selected resonant surface, if
the individually calculated Br(m,n) were correct. This is more

13

 
Filter Scope (Dα) 

ECE 
 

 
ELM Detection 

 

 
I(A) = min (I(A)| 

#ELM=0)  
 

	  

•  In	  real-‐)me	  calculate	  3D	  perturba)ons	  
due	  to	  3D	  coils	  

–  Use	  surmnf	  to	  convert	  to	  straight-‐line	  
field	  coordinates	  

–  Find	  the	  orthogonal	  component	  Br(m,n)	  	  
–  Find	  the	  island	  size	  and	  σchir	  

•  Control:	  
–  Choose	  rela)ve	  phase	  of	  the	  coils,	  I(θ),	  

maximize	  kink	  or	  σchir	  

–  The	  amplitude	  of	  current,	  IC(A),	  
minimum	  current	  with	  no	  ELMs	  

•  Test	  different	  ELM	  mi)ga)on	  
mechanisms	  



AdapDve	  ELM	  Control	  

•  Control	  the	  I	  coil	  amplitude	  
based	  on	  the	  ELM	  frequency	  

•  Control	  the	  pedestal	  density	  

•  I	  coils	  adjust	  and	  keep	  ELM	  
free	  with	  1.9	  kA	  (can	  go	  
lower)	  

•  When	  we	  reach	  a	  high	  density	  
the	  ELMs	  come	  back	  again.	  
Prm_tan_ne~3.0e19	  

•  Lock	  mode	  kills	  the	  plasma	  
–  Before	  control	  increase	  I_c	  



Adap)ve	  ELM	  Control	  

•  Control	  the	  I	  coil	  
amplitude	  based	  on	  
the	  ELM	  frequency	  

•  Control	  the	  pedestal	  
density	  

•  I	  coils	  adjust	  and	  keep	  
ELM	  free	  with	  1.9	  kA	  
(can	  go	  lower)	  

•  When	  we	  reach	  a	  high	  
density	  the	  ELMs	  
come	  back	  again.	  
Prm_tan_ne~3.0e19	  

•  Lock	  mode	  kills	  the	  
plasma	  
– Before	  control	  increase	  
I_c	  



Phase	  to	  Maximize	  the	  Kink	  Resonance	  at	  D3D	  

	  
	  
	  

•  Control	  the	  I	  coil	  phase	  based	  on	  the	  surfmn	  
kink	  response	  calcula)ons	  

•  Choose	  the	  direc)on	  that	  maximizes	  kink	  
response	  for	  phase	  

•  Control	  the	  Icoil	  upper	  
•  Too	  high	  density	  yesterday.	  Not	  possible	  to	  

test	  n=2	  ELM	  suppression	  
•  Code	  checked	  out.	  

DIII-D 

I coils 

C coils 
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Keep the Pedestal High but below the ELM limit by 
Pedestal Pressure Control with 3D Coils (RMP) 

3D coil control for WMHD/BetaN!

τE (s) 

3D Field (kA) 
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 2000  3000  4000  5000             Time (ms) 
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Pedestal density/pressure control with LGI 

Develop LGI, PCS connection. Adjust the density with LGI 

1.  Try to adjust the ELM frequency in real-time (increase or reduce the 
ELM frequency to adjust the density) 

2.  Turn on and off the LGI to keep density at a given level 



54 

Pedestal density/pressure control with gas 

Pedestal density/pressure control with gas!

In the future, we can use Thomson. Initially, modeling of the pressure 
based on reconstruction.  
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EHO Coil Assessment: EHO 3D coil interaction 

• ELM-free bifurcated state can 
be seen in Da emission 

• H98y2 <1.8 here, 2.0 in other 
discharges 

• Pe
ped nearly tripled during 

bifurcations 

PNBI [MW] 

HH98y2 
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Lithium injection induces a bifurcation to higher 
pedestal pressure and width in DIII-D   

• ELM-free bifurcated state can 
be seen in Da emission 

• H98y2 <1.8 here, 2.0 in other 
discharges 

• Pe
ped nearly tripled during 

bifurcations 

PNBI [MW] 

HH98y2 



57 

ELM Occurs When Discharge Reaches the  
Peeling-Ballooning Limit in all Cases 

ne (1020
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• ELMing pulses have modest pedestal width and height!
• ELM-free without Li show higher pedestal but also large carbon influx!
• Lithium ELM-free have highest pedestal widths, inward shift of 
gradients, and lowest carbon content"

Gary Jackson, IAEA!
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Keep the Pedestal High but below the ELM limit by 
Pedestal Pressure Control with 3D Coils (RMP) 

1) 3D coil control for WMHD!

τE (s) 
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2) Pedestal density/pressure control with gas!

Proposal:  

1.  Detect ELM free high ped regime  

2.  Combine the controls above 

3.  Activate RMP to keep Pe
ped below 

unstable level, e.g. 6-7 kPa 

Outcome: Lower Pe
ped but higher than what 

we can achieve without Li  



RT Connections – E. Kolemen 

•  MSE – 16 chan 10 ms – Howard (digitally to analog)  
•  CHERS – Velocity/Rotation – 4 chan – Analog  
•  Thomson – 42 chan – 16 ms  
•  Bolometers – 100 radial chan – digital - 250kHz 

–  New vertical more chan (200 chan)  
–  Need a subset. How many? 

•  CHERS - 51 channel digitizer / 39 background 
–  Ti and zeff 

•  Connection to Lithium injection (real-time turn on/off and change 
frequency) – 1 analog output 

•  Divertor Diagnostics – ~ we need 10 ms - ~10 chan 
–  Infrared thermography of PFC surfaces  
–  Div Temp: thermoelectric scrape-off layer current 



DIII-D 

•  RT-thomson 
•  RT-divertor thomson 
•  RT-ray tracing (multi-cpu 6 cores) 
•  RT-NTM detection 
•  RT-NTM control 
•  RT-adaptive ELM control and EFC (surfmn and beta based) 
•  RT-radiation control (divertor+edge) 
•  RT-3D betan control 
•  RT-3D burn control 
•  RT-snowflake control 
•  RT-pedestal density/pressure (rt-fitting tanh/poly) 
•  RT-pedestal control 
•  RT-ECE – use for NTM detection 


