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NSTX-U improves controllability and brings about new 
control requirements 

2 

•  New opportunities to use feedback control to optimize 
performance as a result of: 
–  Longer pulse length, increased toroidal field, increased heating and 

current drive  
•  Advanced control will be necessary for achieving many 

operational goals, e.g., 
–  Non-inductive scenarios, snowflake divertor, rotation control, 

current profile control 

RTAN [cm] __________________  
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 60,  70,120,130 
70,110,120,130 
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fGW

Ø 2x higher CD efficiency from 
larger tangency radius RTAN 

Ø 100% non-inductive CD with 
core q(r) profile controllable by: 
• NBI tangency radius 

• Plasma density, position 
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Complexity of the control problems motivates the use of 
model-based control design techniques 

•  Spatially distributed systems with nonlinearities and 
coupling 
–  Multiple actuators and measurements 

•  Need to balance competing goals to achieve optimal 
performance 
–  Need to respect constraints to avoid MHD instabilities or machine 

limits 
•  Need to consider actuator limitations 
•  Noisy, possibly limited real-time measurements 

•  By incorporating dynamic models in the design process, 
control algorithms can be made to handle all of these 
issues 

3 
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The need for high-fidelity control simulations 
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•  Control design typically relies on reduced modeling to 
make the design problem easierused to further simplify the 

•  When tested experimentally, the nonlinearities and 
coupling of the actual system may degrade performance 
–  Dedicated experimental time needed for commissioning 

•  Testing controllers using the integrated modeling code 
TRANSP prior to implementation may: 
–  Improve controller performance and reduce time for 

commissioning and fine tuning 
–  Enable demonstration of new control techniques to justify 

implementation and experimental time 

Actual system First-principles 
model

Simplified model
(empirical/analytical 

scalings)

Testing

Model for control 
design Control design

Design
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TRANSP has been used previously for  
NSTX-U predictive simulations (open loop) 
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•  The computational approach used in this work is based on 
NSTX-U steady-state scenario development  
–  S. Gerhardt (Nuclear Fusion 2012) 
–  Ti profile predicted from Chang-Hinton model 
–  MHD equilibrium calculated using free boundary code ISOLVER 
–  Beam heating and current drive profiles calculated using NUBEAM 

with beam shielding calculated by Lin-Liu and Hinton model 
–  Sauter model used for bootstrap current 
–  Te, ne profile shapes and scale factors prescribed prior to 

simulation runs  
•  Scale factors scanned during several runs to achieve desired H98 and 

Greenwald fraction 
–  Zeff prescribed, used to calculate ni assuming carbon as the only 

impurity 
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Modifications to the previous approach are necessary to 
perform control simulations 
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1.  Ability to change actuators in `real-time’, i.e., based on 
feedback control 

2.  Electron temperature and density no longer a priori inputs 
–  Interested in transient behavior unlike previous scans of steady state 
–  Temperature should change based on confinement as beam powers 

are modified 

3.  An analog to the plasma control system (PCS) is needed 
–  To perform control calculations, allow targets and gain waveforms to be 

loaded, etc. 
–  To mimic the beam modulation algorithms used to modify heating 

power in the actual experiment 
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Modifications have been implemented using external code: 
the Expert file 
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A feedback control simulation framework for 
TRANSP is being developed!

•  Based on scenario development work done by Stefan Gerhardt!
•  Te,$ne$provided$in$a$USfile$
•  ni$calculated$based$on$assumed$Zeff$
•  Ti$predicted$based$on$the$ChangSHinton$model$
•  MHD$equilibrium$calculated$using$ISOLVER$

•  Modifications to simulation framework needed!
1.  Specify density based on controller request or desired Greenwald fraction!
2.  Ensure evolution of stored energy satisfies confinement scaling!
3.  Control law within TRANSP to alter beam power requests in ‘real-time’!

•  Modifications implemented using external code: the Expert file!
!$
…!
<TRANSP source code>!
!
call expert(ID)!
!
<more TRANSP code>!
…!

Subroutine expert(ID)!
!
…!
if ID == x!

!<custom calculations>!
endif!
…!

Dan Boyer (ORISE)! Current Profile Control in NSTX-U!

•  Expert subroutine called at many places throughout 
TRANSP production code 

•  An identifier is passed along with the call 
–  different snippets of code can be run at different points during the 

simulation 

•  Custom run-specific code can be run at each call to 
manipulate certain variables (which would typically be input 
ahead of time) based on the state of the simulation 
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1. Ability to change actuators in `real-time’, i.e., based on 
feedback control 

•  Focus has been on actuators used for current/rotation profile 
control so far, but others will be added in the future 

•  Hooks added to TRANSP code and appropriate code added 
to expert file to overwrite U-file data for: 
–  Beam powers,  
–  Density,  
–  Total plasma current, 
–  NTV torque (I. Goumiri, Princeton U.),  
–  Plasma boundary shape request 

8 
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2. Temperature is set based on stored energy predicted by 
confinement scaling expressions 
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•  At each TRANSP step (from time  ta to tb), stored energy 
predicted by 

–  Confinement based on scaling (either ITER98 or ST scaling) 
–  Pnet and scaling law parameters from TRANSP internal variables 

•  Electron temperature assumed to be of the form 
 
–  Scale factor calculated as 
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the temperature input data. At each of these calls, the Expert file code interpolates the
stored energy for the appropriate time based on W
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the volume averaged stored energy can be calculated as
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This can be solved for T
e,0, yielding
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The n
i

, n
e

, and T
i

profiles are taken from the TRANSP internal variables.
At the beginning of each transport step (t = t

a

), the value of the thermal stored
energy W

th

at the next step (t = t
b

) is calculated from the power balance (discretized
using the Euler method)

W
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⌧
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where ⌧
E

is the confinement time and P
net

is the net heating source calculated as the
sum of all heating and loss terms from the thermal ion and electron power balance
calculated by TRANSP. The confinement time is calculated based on one of two different
assumptions. The first is the H98y,2 scaling expression [52], given by

⌧98y,2 = H98y,2I
0.93
p

B0.15
T

n̄0.41
e

P�0.69
Loss,th

R1.97
0 ✏0.580.78. (10)

The second is a ST expression [7], given by

⌧
ST

= H
ST

I0.57
p

B1.08
T

n̄0.44
e

P�0.73
Loss,th

. (11)

In both expressions, I
p

is the plasma current in MA, B
T

is the toroidal magnetic field
in T, n̄

e

is the line-averaged electron density in #/m3⇥1019, R0 is the major radius in
m, ✏ is the inverse aspect ratio, and  is the elongation. The loss power P

Loss,th

is in
MW and is defined in [7] as total input heating power less dW/dt and fast ion losses
through charge-exchange, bad orbits, and shine-through. The factors H98y,2 or H

ST

are
interpolated from a user-supplied waveform.

3.3. Equilibrium specification

The free-boundary equilibrium code ISOLVER can be operated in either ‘Circuit
Equation Mode’, in which the coil currents are driven from input data, or in ‘Least
Squares Mode’, in which the coil currents are calculated to best fit a prescribed plasma
boundary. While the former mode will be exploited in the future for testing shape
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3. Expert routine for feedback control simulations

The modifications necessary for closed loop simulations have been implemented through
the so-called Expert routine. This routine is a hook, called at various places throughout
the TRANSP source code, which can be used to insert run-specific custom code into the
production version of TRANSP. A detailed description of the Expert routine developed
for feedback control is provided in this section.

3.1. Electron density specificiation

The electron density is taken to be of the form

n
e

(⇢̂, t) = n
e,0(t)n

ref

e

(⇢̂), (1)

where nref

e

is a user-supplied reference profile and n
e,0 is a time-varying scale factor

used to achieve continuity of the particle inventory N . The desired particle inventory,
N req, is either specified as a function of time or calculated to achieve a desired line-
averaged density or Greenwald fraction. At the start of each TRANSP transport time
step (covering the time interval (t

a

, t
b

)), the desired inventory is calculated and the
applied particle inventory is evolved using the equation

N
b

= N
a

+ (t
b

� t
a

)(N req �N
a

)/⌧
N

, (2)

where ⌧
N

is an approximate density confinement time. While this simplified model was
suitable for this work, (2) could be replaced by a conservation equation that accounts
for fueling sources and recycling.

For a particular inventory, N , the scale factor n
e,0 is calculated from

n
e,0 =

N´ 1

0 nref

e

@V

@⇢̂

d⇢̂
. (3)

Because TRANSP typically obtains the electron density from an input file, a call
to the Expert routine must be made just after each time TRANSP accesses this input
data. At each of these calls, the Expert file code interpolates the density profile for the
appropriate time (TRANSP may look for density information at a time other that t

a

or t
b

during a particular transport step) and replaces the TRANSP internal variable for
electron density with the calculated one.

3.2. Electron temperature specification and global confinement constraint

The electron temperature is taken to be of the form

T
e

(⇢̂, t) = T
e,0(t)T

ref

e

(⇢̂), (4)

where T ref

e

is a user-defined reference profile and T
e,0 is used to scale the temperature

to maintain the stored energy predicted from a zero-dimensional (0D, volume averaged)
energy balance. Because TRANSP typically obtains the electron temperature from an
input file, a call to the Expert routine is made just after each time TRANSP accesses
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thermal stored energy W
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where ⌧
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sum of all heating and loss terms from the thermal ion and electron power balance
calculated by TRANSP. The confinement time is calculated based on one of two different
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In both expressions, I
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is the plasma current in MA, B
T

is the toroidal magnetic field
in T, n̄

e

is the line-averaged electron density in #/m3⇥1019, R0 is the major radius in
m, ✏ is the inverse aspect ratio, and  is the elongation. The loss power P

Loss,th

is in
MW and is defined in [7] as total input heating power less dW/dt and fast ion losses
through charge-exchange, bad orbits, and shine-through. The factors H98y,2 or H

ST

are
interpolated from a user-supplied waveform.

Because TRANSP typically obtains the electron temperature from an input file, a
call to the Expert routine is made just after each time TRANSP accesses the temperature
input data. At each of these calls, the Expert file code interpolates the thermal stored
energy W

th

for the appropriate time based on W
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the volume averaged stored energy can be calculated as
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This can solved for T
e,0, yielding
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In these calculations, the n
i

, n
e

, and T
i

profiles are taken from the TRANSP internal
variables at the current time step.
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thermal stored energy W
th

at the next step (t = t
b

) is calculated from the power balance
(discretized using the Euler method)

W
th,b

= W
th,a

+ (t
b

� t
a

)
✓
�W

th,a

⌧
E

+ P
net

◆
, (5)

where ⌧
E

is the confinement time and P
net

is the net heating source calculated as the
sum of all heating and loss terms from the thermal ion and electron power balance
calculated by TRANSP. The confinement time is calculated based on one of two different
assumptions. The first is the H98y,2 scaling expression [52], given by

⌧98y,2 = H98y,2I
0.93
p

B0.15
T

n̄0.41
e

P�0.69
Loss,th

R1.97
0 ✏0.580.78. (6)

The second is a ST expression [7], given by

⌧
ST

= H
ST

I0.57
p

B1.08
T

n̄0.44
e

P�0.73
Loss,th

. (7)

In both expressions, I
p

is the plasma current in MA, B
T

is the toroidal magnetic field
in T, n̄

e

is the line-averaged electron density in #/m3⇥1019, R0 is the major radius in
m, ✏ is the inverse aspect ratio, and  is the elongation. The loss power P

Loss,th

is in
MW and is defined in [7] as total input heating power less dW/dt and fast ion losses
through charge-exchange, bad orbits, and shine-through. The factors H98y,2 or H

ST

are
interpolated from a user-supplied waveform.

Because TRANSP typically obtains the electron temperature from an input file, a
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In these calculations, the n
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, n
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, and T
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profiles are taken from the TRANSP internal
variables at the current time step.
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2. Line-averaged electron density or Greenwald fraction 
requests can be tracked 

10 

•  Density assumed to be of the form 

•  A simple model is used to evolve the electron inventory N at 
each TRANSP transport time step (from time ta to tb) 

•  Nreq prescribed by controller or calculated from requested 
line-averaged density or Greenwald fraction fGW: 

•  Profile scale factor calculated from the predicted inventory as 
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3. Expert routine for feedback control simulations

The modifications necessary for closed loop simulations have been implemented through
the so-called Expert routine. This routine is a hook, called at various places throughout
the TRANSP source code, which can be used to insert run-specific custom code into the
production version of TRANSP. A detailed description of the Expert routine developed
for feedback control is provided in this section.

3.1. Electron density specificiation

The electron density is taken to be of the form

n
e

(⇢̂, t) = n
e,0(t)n

ref

e

(⇢̂), (1)

where nref

e

is a user-supplied reference profile and n
e,0 is a time-varying scale factor

used to achieve continuity of the particle inventory N . The desired particle inventory,
N req, is either specified as a function of time or calculated to achieve a desired line-
averaged density or Greenwald fraction. At the start of each TRANSP transport time
step (covering the time interval (t

a

, t
b

)), the desired inventory is calculated and the
applied particle inventory is evolved using the equation

N
b

= N
a

+ (t
b

� t
a

)(N req �N
a

)/⌧
N

, (2)

where ⌧
N

is an approximate density confinement time. While this simplified model was
suitable for this work, (2) could be replaced by a conservation equation that accounts
for fueling sources and recycling.

For a particular inventory, N , the scale factor n
e,0 is calculated from

n
e,0 =

N´ 1

0 nref

e

@V

@⇢̂

d⇢̂
. (3)

Because TRANSP typically obtains the electron density from an input file, a call
to the Expert routine must be made just after each time TRANSP accesses this input
data. At each of these calls, the Expert file code interpolates the density profile for the
appropriate time (TRANSP may look for density information at a time other that t

a

or t
b

during a particular transport step) and replaces the TRANSP internal variable for
electron density with the calculated one.

3.2. Electron temperature specification and global confinement constraint

The electron temperature is taken to be of the form

T
e

(⇢̂, t) = T
e,0(t)T

ref

e

(⇢̂), (4)

where T ref

e

is a user-defined reference profile and T
e,0 is used to scale the temperature

to maintain the stored energy predicted from a zero-dimensional (0D, volume averaged)
energy balance. At the beginning of each transport step (t = t

a

), the value of the
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3. Expert routine for feedback control simulations

The modifications necessary for closed loop simulations have been implemented through
the so-called Expert routine. This routine is a hook, called at various places throughout
the TRANSP source code, which can be used to insert run-specific custom code into the
production version of TRANSP. A detailed description of the Expert routine developed
for feedback control is provided in this section.

3.1. Electron density specificiation
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N req, is either specified as a function of time or calculated to achieve a desired line-
averaged density or Greenwald fraction. At the start of each TRANSP transport time
step (covering the time interval (t

a
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applied particle inventory is evolved using the equation
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where ⌧
N

is an approximate density confinement time. While this simplified model was
suitable for this work, (2) could be replaced by a conservation equation that accounts
for fueling sources and recycling.

For a particular inventory, N , the scale factor n
e,0 is calculated from

n
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Because TRANSP typically obtains the electron density from an input file, a call
to the Expert routine must be made just after each time TRANSP accesses this input
data. At each of these calls, the Expert file code interpolates the density profile for the
appropriate time (TRANSP may look for density information at a time other that t

a

or t
b

during a particular transport step) and replaces the TRANSP internal variable for
electron density with the calculated one.

3.2. Electron temperature specification and global confinement constraint

The electron temperature is taken to be of the form

T
e

(⇢̂, t) = T
e,0(t)T

ref

e

(⇢̂), (4)

where T ref

e

is a user-defined reference profile and T
e,0 is used to scale the temperature

to maintain the stored energy predicted from a zero-dimensional (0D, volume averaged)
energy balance. At the beginning of each transport step (t = t

a

), the value of the
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3. Expert routine for feedback control simulations

The modifications necessary for closed loop simulations have been implemented through
the so-called Expert routine. This routine is a hook, called at various places throughout
the TRANSP source code, which can be used to insert run-specific custom code into the
production version of TRANSP. A detailed description of the Expert routine developed
for feedback control is provided in this section.

3.1. Electron density specificiation
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where ⌧
N

is an approximate density confinement time. While this simplified model was
suitable for this work, (2) could be replaced by a conservation equation that accounts
for fueling sources and recycling.

For a particular inventory, N , the scale factor n
e,0 is calculated from
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Because TRANSP typically obtains the electron density from an input file, a call
to the Expert routine must be made just after each time TRANSP accesses this input
data. At each of these calls, the Expert file code interpolates the density profile for the
appropriate time (TRANSP may look for density information at a time other that t

a

or t
b

during a particular transport step) and replaces the TRANSP internal variable for
electron density with the calculated one.

3.2. Electron temperature specification and global confinement constraint

The electron temperature is taken to be of the form

T
e

(⇢̂, t) = T
e,0(t)T

ref

e

(⇢̂), (4)

where T ref

e

is a user-defined reference profile and T
e,0 is used to scale the temperature

to maintain the stored energy predicted from a zero-dimensional (0D, volume averaged)
energy balance. At the beginning of each transport step (t = t

a

), the value of the

Controller output yc = inventory:

y(t)
ymod(t)
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2. The added capabilities can be used to constrain 
simulations to match a desired time-varying fGW and H98  
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•  Greenwald fraction request decreased at 0.75s
•  TRANSP modifies the density (on an appropriate time scale for 

density changes) to achieve the request
•  H98 request ramped down until 1.0s, step at 1.0s
•  Stored energy prediction responds to fGW and h98

•  drops slowly as H98 ramps down (0.0-0.75s), and faster as the 
density is decreased

•  Step change in H98 causes a large drop in stored energy
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3. A general controller structure has been implemented within 
the Expert file 
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3. Beam power modulation algorithms planned for NSTX-U 
have been implemented in TRANSP simulations 

13 

•  Enables assessment of modulation’s effect on performance 
–  Beams modulated to achieve requested average power, respecting 

minimum on/off times and maximum modulations per shot. 
–  Results can help determine optimal modulation parameters (minimum 

on/off times) and control gains to achieve desired levels of performance 
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Several on-going projects using  
TRANSP feedback control framework 

•  Stored energy, q0/li control on NSTX-U  
–  M. D. Boyer, PPPL 

•  Rotation profile control on NSTX-U  
–  I. Goumiri, Princeton U. 

•  Current profile control on NSTX-U  
–  Z. Ilhan, Lehigh U. 

•  Rotation profile control on DIII-D  
–  W. Wehner, Lehigh U. 

•  Shape control on NSTX-U  
–  M. D. Boyer, PPPL 

14 
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TRANSP testing of simultaneous q0 and βN control via beam 
power and outer gap size 

15 
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Figure 1: Cross-section of NSTX-U conducting structures comparing the two reference
MHD equilibria with (left) g

outer

= 0.05m and (right) g
outer

= 0.20m.

where A
aw

, B
aw

, C
aw

, and D
aw

are the system matrices, x
aw

is the state of the anti-
windup system, and

u
aw

= u� u
sat

,

y
aw

= [y
mod

, u
mod

]T .

At the start of each transport time step in TRANSP (the shortest time scale in the
simulation), the time since the last control calculation is compared with the desired
controller sample time, T , to determine whether a control update should take place.
Because the beam and geometry calculations are performed with longer step sizes than
the transport calculations, and the inputs to these calculations cannot be updated
at arbitrary times, control updates are aligned such that they take place just before
the intervals at which these quantities are normally read in by TRANSP and the
beam/geometry calculation step size is chosen to be a multiple of the controller sample
time. The calculated actuator requests are saved and remain fixed until the next
controller update, i.e., through several beam/geometry steps.

4. Control of q0 and �
N

with total beam power and outer gap size

In this section, the design and TRANSP testing of a novel q0 and �
N

controller that uses
the total beam power and outer gap of the plasma boundary as the manipulated variables
is presented as an example application of the TRANSP feedback control simulation
framework. To implement the outer-gap as an actuator in TRANSP, the stand-alone
version of ISOLVER was used to generate two MHD equilibria: one with a gap size of

Small outer gap Large outer gap

Reference plasma boundaries:
•  Boundary can have strong 

effect on q profile through 
–  Effect on beam deposition 

profile 
–  Effect on bootstrap current 

through change in 
elongation 

•  Two reference boundaries 
with different outer gap sizes 
were chosen, and interpolated 
between based on the 
feedback controller request 

M.D. Boyer, NF 2015
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State-space system identification for  
simultaneous q0 and βN control  

16 
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Figure 2: Actuator requests used in the system identification simulation.
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the validation dataset.

appears to be physically achievable, implying the proposed control approach should
be experimentally feasible.

4.2. Two loop design approach

The results of the system identification simulation indicated that the response of �
N

is dominated by the beam power and the response of q0 is highly dependent on g
outer

(note in Figure 3, for example, that �
N

remains approximately constant after t = 7.25s,
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appears to be physically achievable, implying the proposed control approach should
be experimentally feasible.

4.2. Two loop design approach

The results of the system identification simulation indicated that the response of �
N

is dominated by the beam power and the response of q0 is highly dependent on g
outer

(note in Figure 3, for example, that �
N

remains approximately constant after t = 7.25s,

•  Open loop signals applied to each actuator 
•  Prediction-error method used to determine optimal model 

parameters for a particular model order using first part of 
data set (estimation set) 

•  Remainder of data (validation set) used to determine best 
model order (number of states) 
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LQG servo controller designed for identified system 

17 

•  Solves the optimal control problem  of minimizing the cost 
function 

    for the system 
 
    where          is a weight matrix for the states and inputs,  
    and        weights the integral of the output tracking error 
•  Since the states of the identified model are not measured, 

they are estimated by a Kalman filter 
–  Tuned based on expected process and measurement noise  (   ,  )  

•  Integral action ensures steady-state error is driven to zero 
in the presence of disturbances or target tracking 

Central safety factor and �
N

control on NSTX-U 11

model-order that best matched the estimation data set. The optimal choice of model-
order was then found by simulating the identified model using the inputs from the
validation dataset and comparing the predicted output to the TRANSP simulation.
A comparison of the output optimal model, which was found to be of order four, to
the validation data is shown in Figure 3, showing good agreement in q0 and excellent
agreement in �

N

.
The identified model was then used to design a linear-quadratic-Gaussian servo

controller. This type of controller minimizes a cost function of the form

J = E
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where x
i

is the integral of the tracking error, for a system of the form
˙̃x = Ax̃+Bu

fb

+ w,

ỹ = Cx̃+Du
fb

+ v, (25)

where the process noise w and measurement noise v are Gaussian white noise signals
with covariance given by a matrix Q

wv

. The controller optimizes the use of actuators
according to the weights in Q

xu

, which are free design parameters, and also ensure
reference tracking with the ‘integral action’ tailored by choice of the free design
parameters in Q

i

. A Kalman filter is embedded in the resulting control law, which
optimally estimates the unmeasured states x̃ based on the measurements ỹ, taking into
account the process and measurement noise levels. The identified model was simulated
using Simulink in order to tune the free design parameters to achieve a desired system
response.

The controller was then tested in a TRANSP simulation using the proposed
simulation framework. Time-dependent results of the closed loop simulation of the
MIMO control law are shown in Figure 4. Figures 4(a) and (b) show the successful
tracking of the time-varying targets for q0 and �

N

. Neither q0 or �
N

exhibit significant
overshoot or oscillations (other than those caused by numerical noise). The beam-driven,
bootstrap, and non-inductive current fractions are compared in Figure 4(c). While the
bootstrap current increased at the second operating point, the beam-driven fraction
decreased. There is therefore little change in the total non-inductive fraction. The
response of the actuators g

outer

and P
inj

are shown in Figures 4(d) and (e), respectively.
Note that the outer-gap request saturated after the step change in the target at t = 4.0s,
but performance did not deteriorate significantly due to the presence of an anti-windup
scheme. Finally, the density, shown in Figure 4(f), increased as the outer-gap-size was
increased and the plasma volume decreased, since the particle inventory was held fixed
during the simulation.

Profiles at the end of the two target steps are compared in Figure 5. The first
operating point had a low q0 and the safety factor profile was monotonic as a result of
low bootstrap current and beam-driven current peaked on-axis. At the second operating
point, the bootstrap current increased slightly while the beam-driven current decreased
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ȧ

�400aµ0W

3IpBTV
2
V̇ � 400aµ0W

3IpB2
TV
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ḂT � 400aµ0W

3I2pBTV
İp
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Optimal controller achieves good target tracking performance 
in TRANSP simulation testing 
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(f)

Figure 4: Results of closed loop simulation of the MIMO control law: (a) q0 result
compared to target, (b) �

N

compared to target, (c) non-inductive current fractions, (d)
outer gap, (e) injected power, and (f) electron density.
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Figure 5: Results of closed loop simulation of the MIMO control law: (a) q profiles, (b)
beam driven current profiles, and (c) bootstrap current profiles.
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Figure 4: Results of closed loop simulation of the MIMO control law: (a) q0 result
compared to target, (b) �
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compared to target, (c) non-inductive current fractions, (d)
outer gap, (e) injected power, and (f) electron density.
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•  Outer gap saturated at 4s, but performance is still good 
•  Small change in non-inductive fraction, line-average density 

increased due to decrease in volume at fixed particle inventory 
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Figure 6: Poloidal field coil currents during closed loop simulation of the MIMO control
law.

despite modulation of g
outer

). This observation, along with the large timescale difference
between the evolution of q0 and the evolution of �

N

, suggests that a two-loop control
structure may be appropriate. Although this approach neglects some of the coupling
in the system, single-input-single-output control laws are more intuitive and easier to
retune. The system identification procedure is also less involved, which may be desirable
if experimental time for control development is very limited. First, a controller for
�
N

using the total beam power as the manipulated variable was designed based on a
simplified model of the stored energy dynamics. Next a controller for q0 using the outer
gap as the manipulated variable was designed based on an identified approximate model
for the central safety factor dynamics. PID controllers were designed for each of these
single-input-single-output loops. A PID controller is a generic feedback control loop
structure that calculates corrective action to minimize the error between a controlled
variable and a desired set point by weighting the error, its integral over time, and its
time derivative. This corrective action can be written as
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•  7s: change in outer gap 
shifts q0 up

•  Less peaked NBCD
•  Increased bootstrap cur.

•  Coil currents appear 
physically achievable
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Figure 5: Results of closed loop simulation of the MIMO control law: (a) q profiles, (b)
beam driven current profiles, and (c) bootstrap current profiles.
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Figure 6: Poloidal field coil currents during closed loop simulation of the MIMO control
law.

that this point may be made irrelevant if it is found that system identification based on
TRANSP predictive simulations alone is sufficient for control design). First, a controller
for �

N

using the total beam power as the manipulated variable was designed based on a
simplified model of the stored energy dynamics. Next a controller for q0 using the outer
gap as the manipulated variable was designed based on an identified approximate model
for the central safety factor dynamics. PID controllers were designed for each of these
single-input-single-output loops. A PID controller is a generic feedback control loop
structure that calculates corrective action to minimize the error between a controlled
variable and a desired set point by weighting the error, its integral over time, and its
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•  For design, a simplified form of toroidal momentum equation 
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Rotation profile control in NSTX [I. Goumiri] 

•  For design, a simplified form of toroidal momentum equation 
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Figure 1. Functions describing the shape of the geometrical properties:
⌦
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, @V/@⇢ and the mass density

P
i nimi of the plasma for shot 133367.

The shaded region represents the value of the function spanned over time interval
(0.45 � 0.92) seconds . The time-average values are shown by the black dashed line
(- -), the frozen time values and its curve-fit are shown by the solid blue lines (-) and
the red dots (o) respectively.
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Note that the momentum loss due to charge exchange and field ripple and the

pinch term have been neglected as they turn out to be important quantities only in the

plasma edge region. TNBI and TNTV represent the neutral beam and neoclassical toroidal

viscosity torques respectively. Full details of these models are shown in sections 2.2.1

and 2.2.2.

Few observations can be made about this simplified model (3). First, (3) is

parabolic, ensuring the state operator to be negative definite (all eigenvalues are

negative); hence the system is always stable, which is a desirable feature from a control

viewpoint. Second, this model is valid for the high confinement (H-mode) regime and is

not intended to capture plasma instabilities as the tearing modes for example or plasma

disruptions. The use of actuation is aimed to stabilize the plasma within the H-mode

state such that instabilities do not cause the plasma to diverge away from desirable
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Figure 2. The momentum di↵usivity coe�cient �� is calculated through predictive
TRANSP. The time-average values and their curve-fits are shown by the circles and
the solid lines respectively.

operating conditions.

The two boundary conditions are chosen (from numerous experimental observa-

tions) to be a symmetry boundary condition at the plasma core and a Dirichelet condi-

tion at the edge of the plasma:

@!

@⇢

����
⇢=0

= 0 and !|⇢=1 = 0. (4)

This data driven model is taken without any temporal dependency on the density

for simplicity, the same is considered for the di↵usion coe�cient ��. There are no direct

measurements of �� inside the tokamak, this quantity has to be predicted: during

a run of experiments where ! is measured, predictive TRANSP is able from these

measurements to compute an adequately chosen model for ��.

Figure 2 shows the deduced �� calculation from two given runs (shots number

133775 and 133367). These runs are identical except that shot 133775 does not have an

applied non-axisymmetric field, and therefore TNTV = 0. This feature is very important

because each dissipation e↵ect needs to be considered separately from each source in

the model. Therefore, the data driven model will use the �� of this latter shot (133775)

as its momentum di↵usivity coe�cient reference.

The approach here is: given a desired plasma rotation profile that the operator

wishes the system to reach and stabilize around, take the simplified model (equation 3)

that relies on di↵erent models of
P

i nimi, NTV and NBI torques from a specific shot

number 133367 (�� modeled from shot 133775), and use it to design the controller that

will track any desired shape.

2.2. Actuators models

In order to control the toroidal momentum of the plasma in a spherical tokamak, we

consider the use of two actuator mechanisms, namely, the neutral beam injection (NBI)

and the neoclassical toroidal viscosity (NTV). The neutral beams are the main sources

of momentum for the plasma and the NTV actuator is primarily used as a source of

21 
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Simplified models assumed for  
NBI and NTV torque [I. Goumiri] 
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Figure 4. (a) represents the spatial profile for the neutral beam torque (FNBI) for shot
133367. The shade represents the values of the function spanned over time interval
(0.45 � 0.92) seconds. The time-average values are shown by the dashed black line
(- -) the frozen time values and its curve-fits are shown by the solid blue lines (-) and
the red dots (o) respectively. (b) represents the corresponding spatial average of the
torque generated for the same shot (TNBI). The dotted (o) and solid (-) lines represent
the model simulated and TRANSP analysis reading, respectively. Here (⌧NBI ⇡ 0.01s
and NBI ⇡ 2⇥ 10�6)

the least-squares method, showing good agreement. Typical values for the curve-fit

parameters are aNBI ⇡ 1 and �NBI ⇡ 0.25.

The space average of the torque T NBI(t) is related to the power input, PNBI(t), by a

first order ordinary-di↵erential equation, since the transmission of energy of the injected

high-speed neutral atoms to torque is not instantaneous, as there is a finite actual, ⌧NBI,

for the beam ions to impart momentum on the bulk plasma

@T NBI

@t

+
T NBI

⌧NBI

= NBIPNBI(t). (7)

Here ⌧NBI is the associated time constant and NBI is the scaling parameter used. This

NBI power PNBI is our way of influencing the toroidal momentum under certain technical

limitations such as its maximum value cannot go over 6MW. Figure 4(b) represents the

solution of equation (7) where the source (PNBI) is fixed to 6MW or taken from TRANSP

analysis, and compares it directly with the spacial averaging of the experimental NBI

torque where the three beams are on.

Although there is one neutral beam line, and three NBI sources, each with a slightly

di↵erent aiming angle into the torus in the NSTX device, even more are planned for the

present machine upgrade (NSTX-U), see Figure 3. For simplicity, we assume for now

that these beams constitute a single torque input. When required, this assumption may

be removed to generate three (or six) di↵erent torque inputs as functions of three (or

six) power inputs. For the current analysis, we only use one power input and one torque

output to account for the neutral beam injection.

The performance of this neutral beam injection torque model is examined and

compared with the more elaborate Monte Carlo modeling of the neutral beam torque

Modeling and control of plasma rotation using NTV and NBI 10

Figure 6. Model representation of the Neoclassical Toroidal Viscosity (NTV) coils
that are wrapped around the NSTX tokamak and used to create the coils current
actuator.
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Figure 7. The temporal profile (current in the coils) of torque TNTV for shots 133367
smoothed and unsmoothed (a), and the spatial profile model G of the neoclassical
toroidal viscosity (b) which is a Gaussian function. The green line represents the
model from CHERS data and blue lines represent the smoothed data.

TNBI(t, ⇢) = T̄NBI(t)FNBI(⇢)

dT̄NBI

dt
+

T̄

⌧NBI
= NBIPNBI(t)

TNTV (t, ⇢) = �KG(⇢)hR2iI2(t)!(t, ⇢)

NBI Torque NTV Torque

Actuators: PNBI

I

Total neutral beam power

3D coil current
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Simplified model predictions compare  
very well to TRANSP simulations [I. Goumiri] 
Modeling and control of plasma rotation using NTV and NBI 12
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Figure 9. Two rotation measurements with NBI and NTV actuators activated at
t = 0 s and t = 0.5 s respectively, which are represented by the solid black line (-)
(TRANSP analysis) and red dots (o) (simplified model) respectively. The blue dashed
line (- -) represents the steady values of these outputs reached if only NBI is ON.

2.3. Testing and comparing the model

In this subsection, the present model is compared first against the same then with

a di↵erent set of data from NSTX analysis to demonstrate that the qualitative and

quantitative behavior of the rotational plasma momentum can be captured. The models

are integrated in time based on the method of [29] for the spatial discretization of

parabolic equations in one space variable and are computationally inexpensive due to

the one-dimensional nature of the model. This is an important point for control in

general and real-time feedback control in particular.

2.3.1. Model vs TRANSP for the same shot Given two points of measurements of

rotation (outputs): one near the core, the other one towards the edge of the tokamak

(more details in the next section); the model is first run with only the NBI actuator on

(6MW), then at t = 0.5 s, the NTV actuator is turned on.

Figure 9 shows these rotation measurements for the model (red dots) compared

against TRANSP analysis (solid black line) when the NBI and NTV actuators are

activated at t = 0 s and t = 0.5 s respectively. The blue dashed line shows the
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TRANSP simulation of rotation profile controller [I. Goumiri] 
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Figure 18. Comparison of the rotation measurements when PWM applied for both
the reduced-order model (green lines) and the TRANSP predictive model (blue lines).
The red dots represents the cycle times (every 0.015 s)

of the beam power source. The total beam power is represented in Figure 19 (right).

In this example, the duty cycle duration is 15ms which gives a reasonable amplitude

of oscillation while reaching both targets in the same time as the No-PWM case.

Figure 20 and Figure 21 represent the same quantities as in Figure 18 and Figure 19

respectively, but for a di↵erent duty cycle duration (6ms) which is smaller that the the

10ms refractory period. The resulting rotation measurements are more oscillatory but

the amplitude is better damped. The trade o↵ is that we have to activate the controller

more often and thus formulate more requests to the real device.

The reduced-order model in both cases is very close to the TRANSP which again

shows that the simplified model gives us a good qualitative approximation of the

TRANSP rotation prediction model.

5. Summary and conclusions

The main motivation of this work is model-based control of plasmas in tokamaks. In

the above plasma control demonstrations, a simple reduced order model has been built

to capture the rotational toroidal momentum balance in a magnetically confined fusion

device called NSTX.
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Figure 19. Time evolution of the coils current and the overall beams power.

The neutral beam injection and the neoclassical toroidal viscosity are considered in

this model as actuators. The output from the present model have been compared with

measurements from NSTX predictive model and were found to be in good agreement.

The three real neutral beams in NSTX were combined as a single actuator input.

If these three beams are easily distinguished from one another (in terms of the resulting

torque profiles), it is possible to increase the number of the actuators inputs to be four

instead of two that were used here (they should appear as linearly independent).

In fact in the new upgrade of the device, NSTX-U, three very distinguished beams

were added to the previous three, and it does a↵ect a broader region of the plasma that

goes towards the edge of it. In this case, the input has to consider these added beams

individually and yet adds 3 more inputs to the actuation.

Furthermore, while only n = 3 mode for neoclassical toroidal viscosity was

considered, it may be possible to include other modes with superposition as additional

forcing inputs.

Based on this simplified model, a complete feedback control design using optimal

control techniques was highlighted above and enables controlling and stabilizing the

plasma about a desired profile. this deduced reduced-order controller was then tested

on the NSTX predictive model and was also able to enable the rotation profile to reach

the desired profile.
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Figure 19. Time evolution of the coils current and the overall beams power.

The neutral beam injection and the neoclassical toroidal viscosity are considered in

this model as actuators. The output from the present model have been compared with

measurements from NSTX predictive model and were found to be in good agreement.

The three real neutral beams in NSTX were combined as a single actuator input.

If these three beams are easily distinguished from one another (in terms of the resulting

torque profiles), it is possible to increase the number of the actuators inputs to be four

instead of two that were used here (they should appear as linearly independent).

In fact in the new upgrade of the device, NSTX-U, three very distinguished beams

were added to the previous three, and it does a↵ect a broader region of the plasma that

goes towards the edge of it. In this case, the input has to consider these added beams

individually and yet adds 3 more inputs to the actuation.

Furthermore, while only n = 3 mode for neoclassical toroidal viscosity was

considered, it may be possible to include other modes with superposition as additional

forcing inputs.

Based on this simplified model, a complete feedback control design using optimal

control techniques was highlighted above and enables controlling and stabilizing the

plasma about a desired profile. this deduced reduced-order controller was then tested

on the NSTX predictive model and was also able to enable the rotation profile to reach

the desired profile.

24 



NSTX-U Use of TRANSP for feedback control algorithm development, Dan Boyer, 3/24/2015

Future plans for feedback control simulations in TRANSP 

•  Extend framework to other machines 
•  Extend to include additional actuators and control loops 

–  Coil voltages for shape control in TRANSP (mostly finished) 
•  For testing control laws 
•  Or for ensuring that predictive simulations mimic experiments 

–  RF for heating, current profile control, NTM control, etc. 
•  Will need hooks for modifying RF input parameters in `real-time’ 

•  Use transport models for Te, density 
–  Add puffing/pellets/pumping as feedback actuators 
–  May want a simplified transport model to speed of simulations 

•  Neural networks? O. Meneghini 
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Suggested upgrades 

1.  Add confinement and Greenwald fraction constraints to 
production code 
–  These have been useful for several users already 

2.  Enable external programs to `steer’ TRANSP through a 
socket connection: 

MATLAB, IDL,
Python, etc.

Plasma state, 
Synthetic diagnostics

Actuator commands,
Changes to run settings

TRANSP
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Socket connection with MATLAB would improve control 
development workflow 

•  MATLAB has numerous control design toolboxes as well as 
a graphical design and simulation tool SIMULINK 

 

SIMULINK 
Control algorithm 
implementation

Simplified 
SIMULINK 
model of 
tokamak
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development workflow 

•  MATLAB has numerous control design toolboxes as well as 
a graphical design and simulation tool SIMULINK 
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