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1.  Introduction

The National Spherical Torus eXperiment Upgrade facility 
(NSTX-U) [1], which recently completed its first campaign 
of plasma operation, looks to span the gap between earlier 
spherical torus devices, like NSTX [2] or the Mega-Ampere 
Spherical Tokamak (MAST) [3], and potential future facili-
ties intended to study plasma-material interaction [4], nuclear 
components [5] or production of fusion power [6, 7]. NSTX-U 
will build upon the results of NSTX [8] to explore several 
issues for such future devices, including the scaling of elec-
tron transport with toroidal magnetic field and plasma current 
[9–11], the physics of fast particles [12–14], and the achieve-
ment and sustainment of non-inductive, high-β scenarios  
[15–18]. The latter point is especially critical for spherical 

torus based designs because their compact size combined with 
the need for tritium breeding blankets and neutron shielding 
in such facilities leaves little to no room for a central sole-
noid to induce plasma current. The recently completed and 
commissioned upgrades to NSTX-U will enable the study 
of non-inductive scenarios, including start-up, ramp-up, and 
flattop current sustainment. One of the primary components 
of the upgrade project was the replacement of the ‘center 
stack’ (which contains the inner-leg of the toroidal field (TF) 
coils, the Ohmic heating (OH) solenoid, and some divertor 
coils) to enable fields up to 1.0 T and to provide more Ohmic 
flux for longer inductive discharges. The other major upgrade 
was the addition of a second neutral beam injector with three 
neutral beam sources aimed more tangentially, which signifi-
cantly increases the auxiliary heating power and current drive 
and adds flexibility in shaping the spatial deposition of these 
quantities in the plasma.
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Advanced plasma control will be an important tool for 
achieving the research goals of the NSTX-U program. The 
NSTX-U control system (NCS) (which includes the real-time 
hardware, protection systems, and software) includes the flex-
ible plasma control system (PCS) software platform provided 
by General Atomics that allows customized categories of var-
ious control algorithms to be developed within a powerful real-
time control infrastructure. Many improvements to the NCS 
hardware have been made as part of the upgrade to NSTX 
to increase the computational power available for the PCS, 
reduce latency, and expand the number of diagnostics and actu-
ators under real-time control [19, 20]. A significant amount of 
software development was completed to create the new control 
algorithms needed to optimally handle the complex dynamics 
of the system. Ongoing development (e.g. [21–23]) aims to 
enable current and rotation profile control, power and particle 
exhaust control, and edge transport barrier control, building 
on the successful advances made during NSTX operations  
[24–26]. This paper extends this development by examining 
potential approaches to active real-time control during non-
inductive scenarios using a framework for feedback control 
simulations in the integrated modeling code TRANSP [21]. 
Active control schemes will be necessary in such scenarios to 
tailor the response time of the discharge evolution, to enable 
reproducible discharges in the presence of disturbances (e.g. 
changing wall conditions or confinement characteristics), to 
enable controlled scans of physics and engineering parameters, 
and for active avoidance of plasma instabilities.

1.1.  Organization

The paper is organized as follows: section  2 describes the 
TRANSP code and the modules and settings used in the 

simulations. Section  3 describes the actuators and measure-
ments considered in the control design, along with the iden-
tification of a control-oriented model, and an overview of the 
proposed control algorithm. Results of closed-loop TRANSP 
simulations using the algorithm are described in section 4, fol-
lowed by conclusions and plans for future work in section 5. 
Details of the proposed control design are provided in appendix.

2.  Predictive simulation approach

TRANSP [27, 28] is a time-dependent integrated modeling 
code for tokamak discharge prediction and interpretive anal-
ysis of experimental data. Its predictive mode has been used 
for scenario development on NSTX-U to explore the potential 
equilibrium operating space of the device, including fully non-
inductive scenarios [29], and has been used to explore non-
inductive plasma current ramp up [30]. Recently, the ability 
to include feedback control algorithms in TRANSP simula-
tions has been developed to study control algorithms for stored 
energy and plasma profiles in inductive scenarios [21–23]. 
The framework for feedback simulations in TRANSP uses the 
NUBEAM [31] module for calculating neutral beam heating 
and current drive, and the ISOLVER free-boundary equilibrium 
solver [32, 33] to evolve the discharge shape and current distri-
bution. In this work, ISOLVER is used in a mode that chooses 
the coil current evolution to match a prescribed target plasma 
boundary shape in a least-squares sense. The Chang–Hinton 
neoclassical model is used to predict the ion temperature pro-
file evolution, and the ITER-98y,2 confinement scaling expres-
sion [34] is used to constrain the electron temperature based 
on the TRANSP predicted volume-averaged power balance. 
The electron temperature profile shape is prescribed ahead 
of time for each simulation. The electron density is modified 

Figure 1.  Comparison of (a) βN, (b) plasma current, (c) central safety factor, (d) non-inductive fraction, (e) electron temperature profile, 
and ( f ) electron density profile during the reference simulation and the simulation with more peaked profiles.
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throughout the simulation to match a prescribed trajectory for 
the total particle inventory, with the shape of the density profile 
prescribed a priori. The ion density is calculated from quasi-
neutrality assuming a flat =Z 2eff  profile and carbon as the 
only impurity. While experimental studies of non-inductive 
start-up and ramp-up are planned, the earliest non-inductive 
scenario development studies on NSTX-U will likely start with 
an inductively formed plasma and, at some point during the 
shot, the Ohmic coil current will be clamped to observe the 
plasma behavior as it relaxes to a fully non-inductive state. 
This approach is mimicked in TRANSP by beginning with an 
inductively formed plasma and fixing the Ohmic coil current 
throughout the simulation starting at t  =  0.1 s. An open loop 
(no feedback control) simulation was performed for use as a 
reference throughout the rest of the study. The profile shapes 
used throughout the simulation were broad profiles taken from 
NSTX discharge 142 301. Beam sources 1A ( =R 70tan  cm), 
1B ( =R 60tan  cm), 2A ( =R 130tan  cm), and 2B ( =R 120tan  
cm) were on throughout the simulation, the boundary shape 
was held fixed with a mid-plane outer gap of 15 cm, and the 
electron inventory was held fixed at ×6.65 1020 ( ≈f 0.7GW ). 
Results of the reference case are shown in figure 1. During the 
reference simulation, the plasma slowly settled to a steady state 
with β ≈ 5.1N  and ≈I 660p  kA (see figures 1(a) and (b), taking 
roughly 4 s to fully relax (as indicated by reaching 100% non-
inductive fraction). On the same time scale, the safety factor 
on axis relaxed to close to 1.0, which could potentially lead 
to discharge-ending MHD activity. The current redistribution 

time for these discharges was ( ) /
τ ≈ ≈κ1.4 0.65a T

ZCR
keV2

e
3 2

eff
 s 

while the energy confinement time was τ ≈ 0.03E  s, indicating 

that the coupling of kinetic and magnetic profile dynamics 
results in a slowed plasma response in this scenario. The final 

beam-driven current fraction for this scenario was ≈f 0.35NBI , 
with the rest of the current sustained by bootstrap current.

To test the sensitivity of the non-inductive scenario to 
changes in parameters, simulations were run with distur-
bances, including changes in the shape of the electron temper
ature and density profiles, the density magnitude, and the 
confinement quality. Figure 1 shows that more peaked profiles 
led to reduced plasma current with a slightly slower response 
time, higher central safety factor, and a nearly identical βN 
evolution. The steady-state fractions of beam-driven and boot-
strap current were approximately the same as in the reference 
case. Figures 2(a)–(c) show that the final value of βN varied 
(slightly) proportionally to the applied density perturbations 
of  +15% and  −10%, while the current was reduced as the 
density increased. The central safety factor elevated with 
increased density, but dropped below 1.0 around 2 s faster 
than the reference case with reduced density. The steady-
state fraction of beam-driven current was found to increase to 
≈f 0.39NBI  in the case of decreased density. Figures 2(d )–( f  ) 

show that the applied confinement increase (+10%) led to 
increased βN and Ip and a faster settling time. The final value 
of q0 was nearly unaffected, however, it settled much more 
quickly with increased confinement. Decreased confinement 
(−10%) resulted in lower βN and Ip, a slower response time, 
and no effect on the final value of q0. Decreasing confine-
ment slightly decreased the steady-state beam-driven cur
rent fraction to ≈f 0.32NBI . These simulations indicate that, 
given a desired scenario, disturbances could lead to signifi-
cant changes in performance or MHD-shortened discharges. 
This motivates development of feedback control algorithms 
to reject such disturbances and recover, as closely as possible, 
the reference evolution. Because the open-loop response time 
of the discharge is comparable to the discharge limit dictated 

Figure 2.  Comparison of βN, plasma current, and central safety factor during density disturbances (a)–(c) and during confinement 
disturbances (d)–( f ).

Nucl. Fusion 57 (2017) 066017
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by coil heating and limits on neutral beam pulse length, the 
ability of feedback to improve the response time and track 
requested target scenarios will be important for efficient use 
of experimental time.

3.  Feedback control approach

3.1.  Actuators and measurements

The actuators considered for control of non-inductive sce-
narios in this work are the six neutral beam sources and the 
plasma boundary shape. The central solenoid current is not 
considered as an available actuator in this work to mimic 
future solenoid-free devices. The neutral beam sources, three 
of which are new for NSTX-U, were designed to enable the 
current drive deposition and heating to be tailored in real-time. 
Initial experimental results on NSTX-U have provided empir-
ical evidence that the new sources produce a different plasma 
response compared to the existing sources, and that they can 
provide off-axis deposition [35–38]. The latter was shown 
by the ability to change the propagation direction of toroidal 
Alfven eigenmodes (an indication of producing a hollow fast-
ion beta profile) by injecting source 2A ( =R 130tan  cm) [35, 
38]. The primary plasma boundary shape parameter that was 
considered in this work was the mid-plane outer gap. Two 
target boundaries, one with a small outer gap and the other 
with a large outer gap, were chosen as references. Based on 
the requested outer gap from the feedback controller, the 
target boundary used by ISOLVER to determine the coil cur
rents was interpolated between the two reference boundaries. 
Increasing the size of the outer gap changes shaping param
eters in such a way that bootstrap current is increased and 
moves the neutral beam deposition further off-axis, resulting 

in an increase in the central safety factor. Due to the strong 
coupling between kinetic and magnetic profile dynamics in 
non-inductive scenarios, varying any of these actuators during 
the discharge can alter the plasma current, stored energy, and 
central safety factor, which were taken as the to-be-controlled 
variables in this work. These values were chosen due to their 
importance to scenario development and their effect on plasma 
performance and stability. Estimates of these quantities will be 
available in real-time from an instance of the real-time plasma 
equilibrium reconstruction code, rtEFIT, incorporating both 
external magnetic and motional Stark effect measurements.

3.2.  Control-oriented model identification

To understand the response of the controlled variables to the 
actuators and to enable the systematic design of real-time 
control laws, TRANSP simulations were done in which the 
actuators were modulated around the values used in the refer-
ence simulation, and a linear dynamic response model was fit 
to the resulting data. The modulation pattern was formed by 
switching the actuators between their minimum and maximum 
allowed values at randomized times to create an information-
rich dataset for identification. The order of the identified 
model (the number of states of the system) was chosen by 
comparing the prediction error of models of different orders 
on a separate validation simulation (i.e. one not used in the 
fitting procedure). Figures 3(a)–(c) show the beam modula-
tions and outer gap modulations used in one of the validation 
simulations. Figures  3(d )–( f  ) compare the deviation of the 
TRANSP outputs during the modulated simulation from those 
obtained in the reference simulation, and the prediction of 
these deviations based on the identified linear model with 13 
states. Evidently, the simplified model captures the dominant 

Figure 3.  Modulations of (a) beam line 1 source powers, (b) beam line 2 source powers, and (c) the mid-plane outer gap during simulation 
for validating identified model. Comparison of deviation from the reference values of (d) βN, (e) plasma current, and ( f ) central safety 
factor during TRANSP simulation to the predictions of the identified linear model.

Nucl. Fusion 57 (2017) 066017
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dynamics of the system well enough for use in control design 
and initial testing of algorithms.

To get a sense of the system coupling and the effect of actuator 
constraints on the achievable outputs, the steady-state output for 
a collection of different combinations of the considered actua-
tors (within their constrained ranges) was calculated. The result 
is shown in figure 4(a). While each output has a reasonably large 
achievable range, it can be seen that coupling and actuator con-
straints limit the ability to independently control the outputs, e.g. 
it is not possible to simultaneously achieve the maximum βN and 
maximum q0. Also, it is evident that for a given value of Ip, the 
achievable values of βN and q0 are approximately constrained 
along a line. Figure 4(b) shows the output response generated by 
applying the maximum and minimum values of each actuator to 
the system independently, enabling a comparison of the relative 
magnitudes and the directions of influence. A filled bar repre-
sents the influence of the maximum value of the actuator, while 
an empty bar represents the influence of the minimum value of 
the actuator. Neutral beam sources were either on at full power 
or off in the reference shot, so they are essentially unidirectional 
actuators. Neglecting the small effect they have on q0, sources 
1C ( =R 50tan  cm) and 1B have very symmetric influence on 
the outputs. Likewise, 2C ( =R 110tan  cm) and 2B are approxi-
mately symmetric. 2A affects each of the outputs in the same 
direction and is the source with the most effect on q0. For this 
reason, throughout the control design process, the beam sources 
are split into three groups: (1) 1C and 1B, (2) 2C and 2B, and (3) 
2A, and the power request for each group of sources is taken as 
the manipulated variable, reducing the total number of manipu-
lated variables to four. While this reduces the degrees of freedom 
and the control design approach proposed in this work can handle 
arbitrarily many actuators, the difference between these degrees 
is evidently small and grouping the actuators is beneficial from 
the perspective of beam operation. Experimentally, modification 
of the injected power from a source is achieved by rapidly mod-
ulating the source on and off using a pulse-width-modulation 
(PWM) algorithm, which can lead to fatigue and failure of beam 
line components. By grouping sources with similar effects on 
the plasma together, the requested injected power for a particular 
group can be achieved by modulating just one of the sources in 
the group, whereas treating the sources individually may result 
in simultaneous modulation of multiple sources. Finally, the 
outer gap is evidently very effective at modifying q0, about as 

effective as the individual beam sources at changing βN, and has 
only a small influence on Ip.

3.3.  Control-design overview

The control design approach proposed in this work is a model-
based multi-input-multi-output (MIMO) scheme. It embeds 
the identified dynamics of the system in the control law to 
account for the coupling and multiple time scales, while also 
mitigating the effects of actuator saturation on the perfor-
mance of the closed-loop system.

The proposed scheme includes four main parts:

	 (i)	A dynamic observer to estimate the unmeasured states of 
the identified model as well as unmodeled disturbances 
(assumed to be constant for the purpose of design).

	(ii)	A feedforward compensator to calculate adjustments 
to a reference actuator trajectory to track the operator- 
provided target values of the plasma parameters as 
closely as possible. The limits of the actuators and the 
disturbances estimated by the observer are taken into 
consideration (targets are assumed to be constant offsets 
from the reference trajectory for the purpose of design).

	(iii)	A state-feedback control law designed using the linear-
quadratic-regulator approach to improve the response 
time of the system.

	(iv)	An anti-windup scheme to limit the effect of actuator 
saturation on the feedback portion of the controller.

A schematic of the proposed scheme, which is described in 
detail in appendix, is shown in figure 5. While more complex 
than an empirical proportional-integral-derivative (PID) con-
trol approach, tuning the proposed approach is expected to be 
more intuitive for operators. They only need to provide a ref-
erence shot, target outputs, and physically-meaningful relative 
weights determining importance of tracking each controlled 
quantity and penalizing the use of each actuator.

4.  Feedback control simulation results

Initial closed-loop (controlled) simulations were performed 
using the identified state-space plasma response model to 
test the system response and tune the design parameters of 

Figure 4.  (a) Achievable steady-state output range considering constraints on actuators and (b) influence of applying maximum (filled) and 
minimum (empty) actuator values on steady-state output.

Nucl. Fusion 57 (2017) 066017
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the control algorithm, e.g. the output and actuator weight-
ings. The resulting controller was then tested in fixed-
Ohmic-coil-current TRANSP simulations to assess its 
robustness to the increased complexity of the model and to 
study the ability of the controller to track targets or to handle 
disturbances in profile shapes, density, and confinement. 
Although in actual NSTX-U experiments modification of 
the power injected by each neutral beam source is achieved 
through a pulse-width-modulation (PWM) scheme, prelimi-
nary simulations approximated the source behavior with 
continuously variable power requests. Later simulations 
included the PWM algorithm to test the effect of modula-
tions on the performance of the close-loop system. During 
testing, actuator constraints were found to limit the possible 
controllable range of plasma parameters when weighting all 
output quantities roughly equally. However, the optimal con-
trol strategy proposed makes it possible for the designer or 
operator to adjust output weighting to ensure that the quanti-
ties that are most critical to a particular experiment are most 
tightly controlled, even when actuator saturation occurs. In 
the simulations presented in this section, the outputs q0 and 
Ip were weighted more heavily than βN. In each simulation, 
the control algorithm was activated after t  =  0.5 s so the 
effect of uncontrolled disturbances can be seen in the first 
interval of each simulation (denoted by gray shading in the 
figures in this section) and the performance of the controller 
can be seen in the remainder of the simulation.

4.1. Target tracking

Time-dependent results of a closed-loop simulation in 
which the targets for the output quantities differed from 
the reference evolution are shown in figure  6. The target 

for βN was held fixed at β = 5.0N  throughout the controlled 
interval of the simulation. The Ip target followed the ref-
erence shot early in the simulation, but was clamped at 
=I 0.72p  MA at ≈t 1.2 s. The target for q0 was held fixed at 

q0  =  1.4 until t  =  2.5 s at which point it was stepped down 
to q0  =  1.2. The results show that the controller, which was 
tuned to weight βN less heavily than the other quantities, 
can improve the response time of the system and quickly 
transition between different targets. This capability will 
enable precise experimental scans of parameters during a 
single discharge. The actuator trajectories show that during 
the interval 0.5s  <  t  <  2.5 s the controller responds to the 
requested targets by increasing the outer gap and replacing 
power from source 2B with power from source 1C, resulting 
in an increase of q0 and Ip at roughly constant βN. After 
t  >  2.5 s the 2C source power was increased to decrease q0 
and maintain elevated Ip.

4.2.  Disturbance rejection

Results of a simulation in which the profile shapes were 
replaced with more peaked profiles and the controller targets 
were set to match the reference evolution are shown in figure 7. 
During the initial uncontrolled phase (denoted in gray), the 
system follows the trends shown in figure 1, with increased q0, 
decreased Ip and a βN evolution similar to the reference. The 
controller, which again weighted q0 and Ip more heavily than 
βN, increased Ip by increasing source 2C power. The βN and q0 
evolutions were kept close to their targets through decreasing 
1B and 2A and increasing the outer gap.

Results of a simulation in which a  −10% density distur-
bance was applied are shown in figure 8. During the initial 
uncontrolled phase (denoted in gray), the system follows the 

Figure 5.  Schematic of multi-input multi-output control algorithm including observer, feedforward, feedback, and anti-windup 
components.

Nucl. Fusion 57 (2017) 066017
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trends shown in figures 2(a)–(c), with decreased q0, and an 
evolution of Ip and βN similar to the reference. The controller 
increased q0 by decreasing source 2B power, offsetting this 
change by increasing 2C power to keep βN and Ip close to 
their targets. The outer gap was not changed significantly in 
this case. Note that in the uncontrolled case shown in figures 2 
(a)–(c), q0 drops below q0  =  1.0 shortly after t  =  1.1 s, while 

the controller is able to maintain the reference evolution of q0, 
which is above 1 until after 2.5 s.

Results of a simulation in which a  +10% confinement 
disturbance was applied are shown in figure 9. The PWM 
algorithm used in the actual experiment to vary the inject 
source power was used during this simulation. This algo-
rithm modulates the sources to achieve the duty cycle 

Figure 6.  Comparison of the reference simulation (blue-solid), programmed target (black-dashed), and a simulation with the controller 
weighting the increased Ip and q0 targets: (a) βN, (b) Ip, and (c) q0. Requested source powers for (d) beam line 1 and (e) beam line 2, along 
with ( f ) the requested outer gap. Feedback control was activated after 0.5 s (unshaded region of plot).

Figure 7.  Comparison of reference (blue-solid), programmed target (black-dashed), and resulting evolution with controller active during 
simulation with peaked profiles for (a) βN, (b) Ip, and (c) q0. Requested source powers for (d) beam line 1 and (e) beam line 2, along with 
( f ) the requested outer gap. Feedback control was activated after 0.5 s (unshaded region of plot).

Nucl. Fusion 57 (2017) 066017



M.D. Boyer et al

8

needed to achieve the requested injected power, while main-
taining a minimum source on/off time of 20ms (recall from 
section 3.2 that the controller was designed to output power 
requests for three groups of sources, chosen based on having 
similar effects on the plasma, rather than individual source 
powers to reduce the number of modulations from the PWM 

algorithm). In the plots of beam power, figures 9(d )–(e), the 
thin lines represent the applied power waveform resulting 
from the PWM algorithm, while the thick lines depict a 
time-averaged version of the applied power waveform so 
that trends can be visualized. During the initial uncontrolled 
phase (denoted in gray), the system follows the trends 

Figure 8.  Comparison of reference (blue-solid), programmed target (black-dashed), and resulting evolution with controller active during 
simulation with a  −10% density disturbance for (a) βN, (b) Ip, and (c) q0. Requested source powers for (d) beam line 1 and (e) beam line 2, 
along with ( f ) the requested outer gap. Feedback control was activated after 0.5 s (unshaded region of plot).

Figure 9.  Comparison of reference (blue-solid), programmed target (black-dashed), and resulting evolution with controller active during 
simulation with a  +10% confinement disturbance and beam modulations activated for (a) βN, (b) Ip, and (c) q0. Applied source power 
waveforms (thin lines) and time-averaged power (thick lines) are shown for (d) beam line 1 and (e) beam line 2, along with ( f ) the 
requested outer gap. Feedback control was activated after 0.5 s (unshaded region of plot).
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shown in figures  2(d )–( f  ), with increased βN and Ip and 
decreased q0. The controller increased q0 and decreased βN 
and Ip by decreasing injected power from sources 1B, 1C, 
2A, and 2B, and decreasing the outer gap. In the uncon-
trolled case shown in figures  2(d )–( f  ), q0 drops below 
q0  =  1.0 shortly after t  =  1.5 s, while the controller is able 
to maintain the reference evolution of q0, which is above 1 
until after 2.5 s. The modulation of the beam sources results 
in small oscillations in the Ip and q0 evolution. The oscilla-
tions in βN are larger because the minimum on/off time of 
the sources (20 ms) is not much smaller than the energy con-
finement time (≈30 ms). The oscillations in the outputs lead 
the actuator requests to oscillate, occasionally resulting in 
spurious beam pulses, like the two pulses of 1C during the 
simulation. Because modulation of the beam sources can 
contribute to increased fatigue of beam line components, 
it is important to explore methods for reducing spurious 
pulses. One such method is to include a deadzone in the 
PWM algorithm that forces the source off if the requested 
power is less the ×f Pdeadzone source where fdeadzone is the dead-
zone design parameter and Psource is the source power, and 
the source is forced on if the requested power is above 
( )− ×f P1 deadzone source. The result of applying this approach 
to the previous simulation scenario with =f 0.3deadzone  is 
shown in figure 10. This approach results in a small offset in 
the output parameters (since the deadzone alters the applied 
power away from the controller requested values when 
active) but reduces the total number of times a source is 
turned off from 120 to 93 (22.5% fewer). Along with the 
output offset, this approach also leads to somewhat larger, 
slower oscillations in the outputs since the deadzone causes 

the applied power to be, in the worst case, ( )× f100 deadzone % 
higher/lower than the controller requested power.

4.3.  Discussion

Based on the simulation results presented in this section, the 
proposed approach to controlling non-inductive scenarios 
on NSTX-U shows good performance in a variety of situa-
tions. The algorithm was able to speed up the response time 
of the system and quickly achieve steady Ip and q0 values in 
the tracking case, and was able to recover the nominal refer-
ence evolution of the output quantities during changes in pro-
file shapes, density, and confinement. These results were all 
obtained with the same choice of design parameters in the 
control algorithm, demonstrating that the performance of the 
controller is robust to changes in plasma parameters. It was 
found in [21] that good closed-loop performance could be 
obtained using either PID and MIMO control strategies in 
the case of controlling βN and q0 in inductive scenarios with 
total beam power and outer gap size as actuators. However, 
the increased coupling, additional actuators considered (indi-
vidual source powers), and the need to control Ip as part of the 
control scheme in this work made the use of MIMO model-
based techniques critical. The proposed approach enables sys-
tematic design of the control algorithm, considers the coupling 
and actuator constraints explicitly, and provides the operator 
with an intuitive way to tune the algorithm through physically-
motivated weight parameters (as opposed to a large number 
of PID gains). The approach is also more amenable to adding 
more outputs and actuators as the needs and capabilities of the 
device change. Finally, the approach is shown to be robust to 

Figure 10.  Comparison of reference (blue-solid), programmed target (black-dashed), and resulting evolution with controller active during 
simulation with a  +10% confinement disturbance and beam modulations activated with a deadzone parameter of =f 0.3deadzone  for (a) βN, 
(b) Ip, and (c) q0. Applied source power waveforms (thin lines) and time-averaged power (thick lines) are shown for (d) beam line 1 and  
(e) beam line 2, along with ( f ) the requested outer gap. Feedback control was activated after 0.5 s (unshaded region of plot).
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the PWM scheme used to achieve requested source powers, 
though the modulations cause oscillations in the outputs and 
the actuator trajectories requested by the controller can lead to 
a large number of modulations. Along with requesting injected 
powers for groups of sources with similar effects on the plasma 
instead of each individual source, a deadzone modification to 
the PWM algorithm was proposed to reduce the number of 
times sources are switched on and off, though at the cost of 
potential output tracking offsets and slightly larger oscilla-
tions. In order to achieve offset free, oscillation free control of 
the outputs, additional continuously varying actuators would 
need to be considered, e.g. additional shaping parameters, RF 
heating, or real-time variation of the beam source voltages.

5.  Conclusion

In this paper, a novel approach to controlling βN, Ip, and q0 
in non-inductive scenarios in NSTX-U, in which the outer-
midplane wall gap and individual beam powers serve as 
manipulated variables, has been proposed. The predictive 
simulation capabilities of TRANSP were used as both a mod-
eling tool to develop a control-oriented model of the response 
of the outputs to the actuators, and a test bed for studying 
the performance of the proposed control algorithm in closed-
loop simulations. The proposed control scheme extends the 
classic linear-quadratic-integral (LQI) control approach, 
which was applied to related problems in [21, 39] and [22], to 
explicitly include actuator constraints and avoid the problem 
of integrator wind-up, without the computational complexity 
of model-predictive-control (MPC) [40–42]. While MPC 
has the advantage of actively avoiding time-varying state 
constraints in addition to actuator constraints, the increased 
computational burden of MPC makes implementation on 
smaller tokamaks with fast time scales a challenge. Like LQI 
and MPC, the design parameters are physically-motivated 
weights, making the scheme intuitive for operators to tune. 
In future work, the approach will be applied to controlling 
multiple measurements of the safety factor and rotation pro-
files in both inductive and non-inductive scenarios. The effect 
of the control scheme on plasma stability and controllability 
will also be explored, e.g. the effect of modifying the outer 
gap on coupling to the passive plates and, subsequently, ver-
tical stability will be studied. The proposed control algorithm, 
along with the approach of using TRANSP as a control-ori-
ented modeling tool and algorithm testbed, is also planned 
to be applied to other machines, including DIII-D, MAST-U, 
KSTAR, EAST, and ITER.
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Appendix.  Control algorithm design details

Defining the actuator and measurement trajectories from 
the reference simulation described in section 2 as ur and yr, 
respectively, the linear model identified in section 3.2 for the 
deviation of the measured values, ˜ = −y y yr in response to 
the deviation of the actuators ˜ = −u u ur, is given by

˜
˜
= +
=

x Ax Bu
y Cx
˙ ,

,� (A.1)

where A, B, and C are the identified matrices and x is the state 
vector of the identified system. The controller requests the 
actuator deviation based on the sum of the feedforward, feed-
back, and anti-windup compensator calculations, i.e.

˜ = + +u u u u .ff f b aw� (A.2)

A.1.  Observer design

Because the identified model contains a number of unmea-
sured states, a full-state feedback control approach, like the 
standard linear-quadratic-regulator used in this work, must be 
complemented with a dynamic observer that forms an esti-
mate of the state vector, i.e. x̂. To ensure that the outputs of 
the observer ŷ converge to the measured values ỹ even in the 
presence of unmeasured disturbances, a disturbance estimate 
d̂ is augmented to the typical observer design to form a pro-
portional-integral observer [43], i.e.

ˆ ˆ ˜ ˆ ( ˆ ˜)
ˆ ˆ ( ˆ ˜)
ˆ ˆ

= + + − −

= − − −
=

x Ax Bu K C d L y y

d D Id L y y

y Cx

˙ ,
˙ ,

,

I
T

x

f d�

(A.3)

where KI is an integral gain matrix (design parameter), Df is 
a fading coefficient (design parameter) that can be used to 
improve transient response, and Lx and Ld are gain matrices 
(design parameters) that inject the error between the predicted 
and measured outputs of the system. The augmented system 
can be written as

( ˆ ˜)
ˆ
= + − −
=

x A x B u L y y
y C x
˙ ,

,
a a a a a

a a
�

(A.4)

where

⎡

⎣
⎢

⎤

⎦
⎥=

−× ×A
A K C

D I0
,a

I
T

n n
f

n nm s m m
� (A.5)

⎡
⎣⎢

⎤
⎦⎥= ×B B

0
,a n nm a

� (A.6)

⎡
⎣⎢

⎤
⎦⎥= ×C C 0 .a

n nm m� (A.7)

The system is assumed to be influenced by a zero-mean 
Gaussian white process noise R∈ + ×w n n 1a m  through the matrix

⎡
⎣⎢

⎤
⎦⎥=

×

× ×B B
I
0

0
,w

n n

n n n n

s a

m a m m
� (A.8)
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as well as a zero-mean Gaussian measurement noise 
R∈ ×v n 1m . The covariance of these noise processes W and 

V, respectively, are design parameters chosen based on 
expected noise values and/or desired response that are 
used to adjust the relative weight of model predictions 

and measurements in the state estimation result. The 
choice of L that minimizes the steady-state covariance 
of state estimation error (the Kalman gain) is found 
by setting = −L PC Va

T 1 where P is a positive-definite, 
symmetric matrix solution to the algebraic Riccati 

Figure A2.  Feedback controlled evolution (blue-solid) compared to programmed target (black-dashed) for (a) βN, (b) Ip, and (c) q0 with no 
anti-windup active. Feedback controlled evolution (blue-solid) compared to programmed target (black-dashed) for (d ) βN, (e) Ip, and ( f ) q0 
with anti-windup active.

Figure A1.  Comparison of simulated noisy measurements (blue-solid) and observer prediction (black-dashed) for (a) βN, (b) Ip, and (c) q0 
for a simulation with unmeasured input disturbances applied. Comparison of programmed target (black-dashed), optimal achievable steady-
state target calculated by the feedforward compensator (blue-solid) and the achieved evolution when the calculated feedforward actuator 
requests were applied without feedback or anti-windup for (d ) βN, (e) Ip, and ( f ) q0.
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equation  + − + =−A P PA PC V C P B W B 0a a
T

a
T

a w w
T1 . A com-

parison of the outputs predicted by the observer and the 
measured values corrupted by large amplitude synthetic 
noise is shown in figures A1(a)–(c) in a simulation of the 
identified model in which large disturbances (unknown 
to the observer) were added to the system. The observer 
estimates of the disturbances converged over time, causing 
the output predictions track the mean of the measured 
values, while the measurement noise was rejected from the 
estimates.

A.2.  Feedforward design

To track targets, yt, and reject the disturbances estimated 
by the observer, a feedforward actuator term is designed by 
finding the actuator values uFF minimizing a cost function that 
weights the steady-state tracking error of the observer system 

ˆ= + −e y y yr tss ss , where = − +−y CA Bu K C dI
T

ss
1

ff ssˆ ( ˆ ), as 
well as the deviation from the reference actuator trajectories, 
uFF (this weight can be used to preserve linearity as much 
as possible and to limit the steady-state use of particular 
actuators):

= +J e Q e u R u
1

2

1

2
,T T

ss ss ss ss ff ss ff� (A.9)

where Qss is a positive-definite-symmetric weight on the 
steady-state error, Rss is a positive-definite-symmetric weight 
on the steady-state actuator deviations. Under the assumption 
of approximately constant disturbances, the estimate d̂ will 
converge to a steady-state value d̂ss over time. Since the value 
of d̂ss is not known a priori, the value of d̂ at the current time 
is used as an estimate in the calculation of ŷss and ess. This 
constrained optimization problem is solved with a gradient 
projection method in this work, though a number of other 
optimization algorithms could be considered. The output of 
the feedforward compensator is uFF, along with the associated 
target states for the system,

= − +−x A Bu K C d .t I
T1

ff( ˆ)� (A.10)

A comparison of the programmed target outputs to the 
optimal achievable steady-state targets calculated by the 
feedforward compensator (=Cxt), along with the output evo
lution achieved when the feedforward actuation is applied to 
the identified response model is shown in figures A1(d)–( f ). 
The achievable steady-state output tracked the programmed 
targets during the first 2.0 s, however, as higher Ip and q0 were 
requested after t  >  2.0 s, the requested target left the achiev-
able range, as can be noted by the difference between the 
feedforward target and the targets for βN and, after t  =  3.5 s, 
for q0. The relative amount of deviation in such a situation 
can be tuned by the selection of the weight matrices Qss. With 
the feedforward actuator values applied the system converges 
toward the achievable targets, however, it does so on the slow 
timescale of the open-loop system.

A.3.  Feedback design

Under the design assumptions, the outputs of the system 
would converge to the optimal steady-state values over time 
(since the system is stable), however, the response time 
may be slow. To improve response time, a feedback term is 
designed to drive the estimated state vector toward the state 
vector corresponding with the feedforward actuator vector 
and the estimated disturbance, which is given by xt. Defining 
˜ ˆ= − −x x x xt aw, where xaw is a to-be-designed signal from 
the anti-windup compensator, the tracking error dynamics can 
be written as

˜ ˜ ˜ ˆ ( ˆ ˜)= + + + − − + +x Ax Ax Bu K C d L y y x x˙ ˙ ˙ ,t I
T

x t aw�
(A.11)

where = − +−x A Bu K C d˙ ˙ ˙
t I

T1
ff( ˆ). Substituting expression 

(A.2) for ũ, this is reduced to

˜ ˜ ( ˆ ˜)= + + + − + +x Ax Bu Bu L y y x x˙ ˙ ˙ .tfb aw aw� (A.12)

The observer and feedforward terms will converge to zero 
under the design assumptions (and can be designed to do so 
arbitrarily quickly). The anti-windup input and state adjust-
ments will be designed to ensure that, if no actuator satur
ation is present, the adjustment will converge to zero. The 
consideration of actuator limits in the feedforward terms 
ensures that, under the design assumptions, the steady-state 
target can be achieved within the actuator limits, i.e. uaw 
and xaw will converge to zero over time. The feedback law 

˜= −u K xfb fb  is chosen with Kfb taken to be the full-state feed-
back gain derived using the LQR approach (see standard texts  
[44, 45]). The state weights Qfb and the actuator weights 
Rfb are design parameters used to adjust response time and 
actuator use. Under these assumptions, the system (A.12) is 
input-to-state-stable (ISS) [46] with respect to the anti-windup 
input adjustment uaw (to be designed), the observer prediction 
error, and the target state time derivative. Since the latter terms 
will converge to zero, this implies that x̃ will also converge to 
zero and the target state xt will be achieved.

A comparison of the programmed target outputs to the 
achieved outputs resulting from the combination of feedfor-
ward and feedback actuator requests in a simulation of the 
identified response model is shown in figures A2(a)–(c). The 
outputs Ip and q0, which were weighted more heavily than βN in 
both the feedforward and feedback compensators in this simu-
lation, converged much faster toward their steady-state values 
than in the feedforward only case shown in figures A1(d)–( f ).

A.4.  Control allocation and anti-windup augmentation

Since the response time of the system is relatively slow com-
pared to the length of discharges, large feedback gains may be 
required to achieve a response time that is significantly faster 
than the length of discharges. It is therefore expected that even 
though actuator constraints are considered in the feedforward 
compensator, the feedback controller may still result in actu-
ator requests that violate the constraints, leading to degraded 
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closed-loop performance. To mitigate the effects of saturation, 
a model-based anti-windup scheme is added. A model-recovery 
anti-windup [47] approach is used in which the anti-windup 
compensator consists of a copy of the plant dynamics driven by 
the difference between the actuator requests and the saturated 
actuator requests. The state vector resulting from this system is 
subtracted from the estimated state vector, effectively hiding the 
effect of saturation from the feedback controller.

[ ( ) ]= + + −x Ax B u u u˙ sat .aw aw fb aw fb� (A.13)

To make use of potential actuator redundancy to minimize 
the effect of saturation on the system and to quickly drive the 
anti-windup modification to zero once the actuator requests 
are reduced to values that are within the constraints, an actu-
ator request modification uaw is also included, calculated by 
minimizing

= ∆ ∆+J BQ B u R u
1

2

1

2
,T

aw aw aw aw aw� (A.14)

where ρ∆ = −u Kxaw aw aw, such that the total request 
+ + +u u u uff r fb aw is within the actuator limits. A gradient 

projection method is used to solve this constrained minimi-
zation problem at each controller time step. A comparison 
of the programmed target outputs to the achieved outputs 
resulting from the combination of feedforward, feedback, and 
anti-windup actuator requests in a simulation of the identified 
response model is shown in figures A2(d)–( f ). The outputs Ip 
and q0, which were weighted more heavily than βN in all three 
compensators in this simulation, converged faster toward their 
steady-state values than in the feedforward  +  feedback case 
shown in figures A2(a)–(c).
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