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Abstract

Experiments on integrated q-profile and �N closed-loop control have been recently conducted for the first time ever in EAST. In
order to achieve advanced modes of operation, characterized by confinement improvement and possible steady-state operation,
it is critical to count with robust control capabilities for shaping the spatial profile of the toroidal current density, or equiva-
lently the safety factor q or the gradient of the poloidal magnetic flux, and simultaneously regulating a measure of the plasma
internal energy such as �N . Several model-based and non-model-based controllers have been designed with the capability of
either regulating several points of the q profile, minimizing the integrated squared error between actual and target profiles, or
controlling integral properties such as the internal plasma inductance li, while at the same time regulating �N . To enable the ex-
perimental testing of many of these controllers, a general framework for real-time feedforward + feedback control of magnetic
and kinetic plasma profiles and scalars has been implemented in the EAST Plasma Control System (PCS). Moreover, critical
actuators including the ohmic coils, two Lower Hybrid Wave (LHW) sources, and four Neutral Beam Injection (NBI) sources
have been placed under the PCS command. The q profile at 11 points and �N have been reconstructed in real-time by pEFIT, an
equilibrium reconstruction code exploiting the massively parallel processing cores of graphic processing units (GPUs). These
initial experiments show successful regulation of the q profile at several points. Further development work, which includes the
increase of the number of actuators, the improvement of the quality of the real-time plasma-state reconstruction, and the en-
hancement of the plasma-response models used for control design, is planned to make this control capability a routine enabler
of long-pulse, disruption-free, high-performance operation in the EAST tokamak.

1. Introduction
Regulation of the q-profile via feedback control has been recently demonstrated in EAST in both L-Mode and
H-mode experiments. Extensive studies have shown that the q-profile, which is closely related to poloidal magnetic
flux profile, is a key factor to achieving advanced-tokamak operating scenarios that are characterized by improved
confinement and the non-inductive sustainment of the plasma current necessary for steady-state operation. A
general framework for real-time feedforward + feedback control of magnetic and kinetic plasma profiles as well
as scalars has been implemented in the EAST Plasma Control System (PCS). Moreover, a first-principles-driven,
control-oriented model of the poloidal magnetic flux profile and internal energy evolutions has been used to design
feedforward [1] and feedback [2, 3] model-based control algorithms. As it is the case in this work, this model has
also been used to tune non-model-based control algorithms and to debug controller implementations in the PCS,
both in closed-loop simulations. Several of these proposed controllers have been tested successfully in reference
tracking and disturbance rejection experiments in EAST. These experiments constitute the first time ever closed-
loop q-profile regulation has been successfully achieved in EAST.

The controllers have the capability of either regulating several points of the q profile, minimizing the integrated
squared error between actual and target profiles, or controlling integral properties such as the internal plasma
inductance li. Moreover, the controllers can simultaneously regulate �N , which is another plasma property playing
a key role in the access to high-performance, MHD-stable modes of operation. This level of controllability has
been achieved in EAST by placing several critical actuators under the PCS command, namely the ohmic coils,
two Lower Hybrid Wave (LHW) sources, and four Neutral Beam Injection (NBI) sources. The so-called Profile
Control category recently implemented in the EAST PCS, which houses the q-profile+�N control algorithms, does
not directly control these actuators. Instead, it sends requests for the needed total plasma current and non-inductive
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powers to the di↵erent actuator categories. To enable the use of NBI power for q-profile+�N control, a pulse-width-
modulation algorithm was also implemented in the PCS to convert the power requests from the Profile Control
category into on/o↵ time commands for the beams. While this actuator mechanism proved to be too powerful
for smooth �N regulation in low-energy discharges, it is anticipated that it could play an important role after
refinement. Both the q profile at 11 points and �N are passed to the Profile Control category by pEFIT [4], an
equilibrium reconstruction code exploiting the parallel-processing capability of graphic processing units (GPUs).

This paper is organized as follows. E↵orts towards the development of a control-oriented model for the prediction
of the response of the q profile and �N to the di↵erent actuators in EAST is summarized in Section 2. An overview
of the control-design problem is provided in Section 3. Details on the implementation of the developed control
algorithms in the EAST PCS is discussed in Section 4. Some initial experimental results are presented in Section 5.
Conclusion and potential future work are stated in Section 6.

2. PoloidalMagnetic Flux and Energy EvolutionModels
2.1. Poloidal Magnetic Flux Dynamics

The evolution of the poloidal stream function ( ), which is related to the poloidal magnetic flux  as  ,  /(2⇡),
is governed by the magnetic di↵usion equation (MDE) [5],
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and where D (⇢̂) = F̂(⇢̂)Ĥ(⇢̂)Ĝ(⇢̂), k = � µ0
⇡

R0
Ĝ(1)Ĥ(1) , and Ip is the plasma current. F̂, Ĝ and Ĥ are spatially varying

geometric factors pertaining to the magnetic configuration of a particular plasma equilibrium, µ0 is the vacuum
permeability,

⌦ · ↵ denotes a flux-surface average, and t denotes the time. In this work, the spatial coordinate is
chosen as the mean e↵ective minor radius, ⇢ ,

p
�/(B�,0⇡), where B�,0 is the vacuum toroidal magnetic field at

the major radius, R0, and � is the toroidal magnetic flux. A normalized version of ⇢ is given by ⇢̂ , ⇢/⇢b, where
⇢b is the mean e↵ective minor radius of the last-closed magnetic-flux surface. Control-oriented models for the
electron temperature and density (Te and ne), ion temperature and density (Ti and ni), plasma resistivity ⌘, and
non-inductive current-drive h j̄NI ·B̄i

B�,0
are needed for closure of the MDE [6, 7].

A tight coupling between the electron and ion species in the plasma is assumed in this work, i.e. ne / ni and
Te / Ti. In particular, electron and ion densities and temperatures are treated as identical in the model presented in
this section but this condition could be relaxed. The electron density ne(⇢̂, t) is modeled as ne(⇢̂, t) = npro f

e (⇢̂)n̄e(t),
where npro f

e is a reference electron density profile and n̄e(t) is the line-averaged electron density. The electron
temperature is modeled as Te(⇢̂, t) = T pro f

e (⇢̂)Ip(t)↵Ptot(t)�n̄e(t), where T pro f
e is a reference electron temperature

profile, Ptot represents the total injected power, and ↵, �,  are positive scaling factors. The plasma resistivity ⌘(Te)
is assumed to scale with the electron temperature as ⌘(⇢̂, t) = ksp(⇢̂)Ze f f

Te(⇢̂,t)3/2 , where ksp is a spatial profile and Ze f f is the
e↵ective atomic number of the ion species in the plasma.

The non-inductive current drive ( jNI) is the sum of the self-generated bootstrap current ( jBS ) and the currents
driven by each of the auxiliary sources such as Lower Hybrid Wave ( jLH) and Neutral Beam Injection ( jNBI), i.e.
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In this work, we consider six of EAST’s non-inductive current sources, namely four NBI (NBI1L, NBI1R, NBI2L,
NBI2R) and two LHW (2.45 GHz, 4.60 GHz) current-drive sources. Each auxiliary source h j̄x · B̄i/B�,0, where x 2
{NBIi, LHi}, is modeled by the product of a reference deposition profile jdep

i (⇢̂), an e�ciency term Te(⇢̂, t)�/ne(⇢̂, t)
where � is 0.5 for NBI and 1 for LHW, and the power associated with the source Px(t), i.e.
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The bootstrap current model is based on [8], which with the electron-ion tight coupling assumption reduces to
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where the spatial functions L1(⇢̂) and L2(⇢̂) depend on the magnetic configuration of a particular equilibrium.

2



E. Schuster et al.

The safety factor q and the plasma internal inductance li, which is an integral function of q, and therefore of
✓ , @ /@⇢̂, usually employed as a measure of the q profile broadness or peakedness, are defined respectively as
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It is clear from (6) and (7) that the dynamics of both q and li are determined by the dynamics of  .

2.2. Plasma Stored Energy Dynamics

The evolution of the plasma stored energy density can be approximately modeled by the balance equation
dW
dt
= � W

⌧E(t)
+ Ptot(t) (8)

where ⌧E is the global energy confinement time

⌧E / Ip(t)↵Ptot(t)(��1)n̄e(t)(1+). (9)

The model used for ⌧E is based on the IPB98(y, 2) scaling law [9], which results in ↵ = 0.96, � = 0.27, and
 = �0.6. The total injected power is defined as Ptot = Paux + Pohm � Prad, where Paux ,

P4
i=1 PNBIi +

P2
i=1 PLHi is

the total auxiliary heating/current-drive (H&CD) power, Pohm is the ohmic power, and Prad is the radiation power.

The normalized plasma beta, �N , is a measure of the ratio between the kinetic energy in the plasma and the
magnetic energy used for plasma confinement. It is related to the plasma stored energy W through

�N =
(2/3)W/Vp

B�,02/(2µ0)
aB�,0

Ip
, (10)

where a is the minor radius of the plasma, and Vp is the plasma volume.

2.3. Model Validation via Open-loop Plasma-response Characterization Experiments

where � is the poloidal flux per radian, which is closely re-
lated to the poloidal flux �, i.e. � = 2�� , t is the time, � is
the plasma resistivity, Te is the electron temperature, µ0 is the
vacuum permeability, � j̄NI · B̄�/B� ,0 is the non-inductive cur-
rent drive and D�(�̂) = F̂(�̂)Ĝ(�̂)Ĥ(�̂). F̂(�̂), Ĝ(�̂), Ĥ(�̂) are
geometric factors pertaining to the magnetic configuration of
a particular plasma equilibrium. The boundary conditions are
given by
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where Ip is the total plasma current.
While H&CD systems on EAST include electron cyclotron

(EC) heating, ion cyclotron (IC) heating, neutral beam injec-
tions (NBIs), and lower hybrid (LH) launchers, only the 4.6
GHz lower hybrid launcher which is denoted by (·)lh and co-
current NBIs which are denoted by (·)nbi1 and (·)nbi2 are used
for control purpose in this work. The count-current NBIs which
are denoted by (·)nbi3 and (·)nbi3 are only tested in experiments
for power modulation. The non-inductive current drive can be
modeled as

� j̄NI · B̄�
B� ,0

=
2�

j=1

jnbi j(�̂, t)+ jlh(�̂, t)+ jbs(�̂, t). (3)

where jnbi j(�̂, t), for j = 1,2, and jlh(�̂, t) represent the non-
inductive current driven by the co-current NBIs and 4.6 GHz
LH launcher, which are modeled following [5]. The bootstrap
current jbs is modeled as
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where electron and ion densities and temperatures are assumed
identical (i.e., Te = Ti and ne = ni) and are modeled follow-
ing [5]. The coefficients L1(�̂) and L2(�̂) depend on the mag-
netic configuration of a particular plasma equilibrium [6].

The safety factor q is defined as
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d�
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, (5)

which is inversely proportional to the gradient of the poloidal
magnetic flux � .

The evolution of the volume-averaged energy is modeled as,
dW
dt

= � W
�E(t)

+Ptot(t), (6)

where �E is the global energy confinement time, which is mod-
eled based on the scaling law IPB98(y,2) [7], and Ptot(t) =
Pohm(t) + Paux(t) � Prad(t) is the total power injected into the
plasma. Pohm(t) is the ohmic power, Paux(t) is the heating and
current-drive (H&CD) power, and Prad(t) is the radiated power.
We have Paux(t) = Pnbi1(t)+Pnbi2(t)+Plh(t), where Pnbi1(t) and
Pnbi2(t) are the powers of the two co-current neutral beam injec-
tion (NBI) sources, Plh(t) is the power of 4.6 GHz lower hybrid
launcher.

The normalized plasma beta �N is related to the plasma
stored energy W through

�N = �t
aB� ,0

Ip
, �t =

(2/3)W/Vp

B2
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where �t is the toroidal plasma beta, a is the minor radius of the
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Figure 1: Step response of q-profile at the core of the plasma to 4.6 GHz lower
hybrid launcher power in EAST shot 77643.

plasma, and Vp is the plasma volume.

3. Control Problem Description and Control Design

The control problem of q-profile usually consists of two ob-
jectives which are associated with different phases of a plasma
discharge. One goal is to find a combination of the plasma cur-
rent and the powers from available actuators such that a desired
q-profile can be achieved in the ramp-up or the early flat-top
phase. A feedforward only approach is often used to accom-
plish this goal. Once the desired q-profile is reached, the next
objective during the flat-top phase will be to track this q-profile
in the presence of disturbances with minimum change of the
plasma current and H&CD power, which will require a feed-
back action.

In this work, we focus on the second goal which is to design
a feedback controller for the q-profile regulation during the flat-
top phase of a discharge. The NBI systems are not considered
for the q-profile regulation due to their on/off time requirement,
which leaves two available actuators, the total plasma current
and the power of 4.6 GHz lower hybrid launcher.

3.1. Model Validation

Based on the FPD model, it is found that q at the plasma
edge is strongly affected by the total plasma current, where
q(�̂ � [0.8,1]) decreases as Ip increases. Furthermore, it is also
found based on the model that q in the plasma core is strongly
affected by the power of 4.6 GHz lower hybrid launcher, where
q(�̂ � [0.05,0.25]) increases as Plh increases. The response of
the q-profile by changing Ip is well studied, however, until to-
day there is still no reliable model for current-drive by radio
frequency wave, especially by the lower hybrid wave. The suc-
cess of a feedback experiment heavily depends on the predic-
tion of the model used for the controller design. The minimum
requirement for this is the same trend of the response is given
by both the model prediction and the experiment. For these
reasons, several feedforward experiments with steps in Plh at
flattop phase are carried out to check the response of q-profile
at the plasma core. Fig.1 shows the result from one typical feed-
forward experiment, which proves the consistency of response
trend between the prediction of the model and the experiment.

2

Figure 1: Response of q-profile to LHW in EAST shot 77643.

Several plasma-response characterization experi-
ments were conducted before the q-profile+�N
feedback-control experiments. In these open-loop
experiments, plasma-response data was generated
by exciting the plasma through the di↵erent avail-
able actuators. As an example, Fig. 1 shows the typ-
ical response of the q profile at two spatial locations
(⇢̂ 2 [0.1, 0.3]) in response to open-loop excitation
of PLH2 (4.6 GHz LHW source power) during the
flattop phase in shot #77643. This data was used
to tailor the control-oriented model introduced ear-
lier in this section to EAST. This model was used in
this work to optimize the gains of the fixed-structure
controller proposed in Section 3 and to test the PCS
implementation of these controllers in closed-loop
Simserver simulations as explained in Section 4.6.

3. Control Design Problem
Active control of both the q profile and �N (or the plasma energy W) based on a combined feedforward+feedback
scheme has the potential of playing a crucial rule at EAST in achieving and sustaining advanced scenarios of
interest and in facilitating investigation of their properties. The feedforward component of the control solution can
be obtained either by trial and error based on the physics operator’s expertise or by embedding fast control-oriented
predictive models like the one introduced in Section 2 in a nonlinear optimization algorithm [1]. The result of this
scenario-development work is a feedforward control policy (set of actuator waveforms) that under ideal conditions
steers the plasma state through the tokamak operating space from a particular initial condition to a predefined target
q profile and �N (or W) value at a given time, while respecting plasma state and actuator constraints. However,
variability in the plasma startup and tokamak wall conditions, plasma disturbances, and uncertainties in the model
used for the optimization can lead to poor performance with feedforward control alone. Therefore, feedforward
control must be complemented with feedback control to add robustness and improve control performance.
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Figure 2: (a) Architecture of Profile Control category; (b) General control-system configuration; (c) Simulation Simserver.

The overall objective of the work presented in this paper was to design, implement, and experimentally test feed-
back control algorithms for q-profile and �N regulation for the first time at EAST. Due to the high-dimensionality,
nonlinearity, and magnetic-kinetic coupling of this control problem, control-oriented response models like the one
introduced in Section 2 can play a critical role in the synthesis of the feedback control algorithms. These models
can be embedded in the control synthesis procedure [2, 3] or can be used to select and optimize the gains of control
algorithms with fixed structures. In this work, the latter approach has been followed. The actuators considered
in this work were the total plasma current Ip, the power of the 2.45 GHz LWH source PLH1, the power of the
4.6 GHz LHW source PLH2, the power of individual co-current NBI sources (PNBI1 (NBI1L), PNBI2 (NBI1R)),
and the power of individual counter-current NBI sources (PNBI3 (NBI2L), PNBI4 (NBI2R)). The LHW sources
were used mainly as current drives and the NBI sources were used mainly as heating mechanisms. Due to limited
actuation capabilities, the experiments reported in this paper focused on regulating the value of the safety factor q
at discrete points in space in combination in some cases with �N regulation.

The feedback (FB) control algorithms tested in the experiments reported in this paper used a proportional-integral-
derivative structure given by

uFB(t) = KPe(t) + KI

Z t

o
e(t) + KD

de(t)
dt

(11)

where uFB = [IFB
p PFB

LH1 PFB
LH2 PFB

NBI1 PFB
NBI2 PFB

NBI3 PFB
NBI4]T , e = [q(0.1) � qtgt(0.1) q(0.5) � qtgt(0.5) q(0.9) �

qtgt(0.9) �N � �tgt
N ]T , and KP, KI , KD are gain matrices optimized in simulations based on the control-oriented

model introduced in Section 2. The superscript tgt denotes target values for the to-be-controlled plasma properties.

4. Implementation in the EAST PCS
4.1. Profile Control Category

By exploiting the fact that the DIII-D PCS and the EAST PCS share the same platform, the Profile Control category
originally developed by Lehigh University in collaboration with DIII-D was imported from DIII-D into EAST and
tailored to EAST’s diagnostics and actuators. At present, the Profile Control category implemented in the EAST
PCS has the capability of executing di↵erent control algorithms for the simultaneous regulation of one plasma
magnetic profile and and up to two selected plasma kinetic profiles. In addition, this category has the capability
of also regulating up to four selected plasma scalars simultaneously. Fig. 2(a) shows the overall architecture of
this category, which allows for the implementation of combined feedforward+feedback control approaches. The
feedforward control signals are calculated o↵-line and are denoted as (·)FF . The feedback control signals are the
outputs of the selected controller, like the one introduced in Section 3, and are denoted as (·)FB. The coordinates of
the magnetic and kinetic profiles are the normalized e↵ective minor radius ⇢̂, which is discretized evenly in space
with 21 and 11 nodes, respectively. The set of possible magnetic profiles includes q, the rotational transform
(◆ = 2⇡/q),  , and the gradient of  (✓ = @ /@⇢̂). The set of possible kinetic profiles includes the toroidal angular
velocity (⌦), Te, Ti, and ne. The set of possible scalars includes �N , W, the internal inductance li, the line-average
electron density (n̄e), the minimum value of the safety factor profile (qmin), the safety factor profile at the magnetic
axis (q0), and the safety factor profile at the plasma edge (q95). A sampling time of 10 milliseconds was used for
the Profile Control category in this work.
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Figure 3: Power width modulation (PWM) algorithm satisfying minimum on/o↵ time constraints.

4.2. General Configuration of the Profile Control Algorithms

Fig. 2(b) illustrates the overall control-system configuration implemented in the Profile Control category. The
overall input of dimension m for the plant G (EAST) can be written as

u = uFF + uFB + ud, (12)

where uFB denotes the feedback component provided by the selected control algorithm K, ud denotes the input
disturbance vector that can be arbitrarily defined for controller testing purposes, and uFF denotes the feedforward
component, which in turns can be written as uFF = ur + uc, where ur denotes the input reference vector and uc
denotes a potential feedforward compensator. An output disturbance vector yd can be added to the overall plant
output y of dimension p for controller testing purposes. An output reference vector yr, usually associated with
the input reference vector ur, can be subtracted from the disturbed output y + yd, which makes the input to the
feedback controller equal to

yFB = y + yd � yr. (13)

Similarly, the output reference vector yr can be subtracted from the output target vector yt, which makes the target
passed to the feedback controller equal to

yFB
t = yt � yr. (14)

Both ur and yr can play important roles in the implementation of controllers designed based on models linearized
around a reference trajectory. The vectors ur, ud, yr, yd, and yt must be uploaded to the PCS before each discharge
either as text files to be read by the category or as waveforms in the user interface of the category.

4.3. State Feedback Controller

One of the control algorithms implemented in the Profile Control category has a general linear state-space repre-
sentation. This feedback control algorithm is written in discrete-time state-space form as

xk+1 = Axk + B
"

yt � yr
y + yd � yr

#

k
, uFB

k = Cxk + D
"

yt � yr
y + yd � yr

#

k
, (15)

where the vector x of dimension n represents the state of the feedback controller. It is very important to realize
at this point that after time discretization the proposed controller (11) can indeed be implemented in the Profile
Category by using this linear discrete-time state-space representation.

4.4. Anti-windup Compensator

The controller (15) is complemented by an anti-windup compensator in discrete-time state-space form given by

xaw
k+1 = Aawxaw

k + Baw [sat(u) � u]k , sk+1 = Cawxaw
k + Daw [sat(u) � u]k , (16)

where the vector xaw of dimension naw represents the state of the anti-windup compensator and the vector s of
dimension qaw = m denotes the output of the anti-windup compensator. When the anti-windup is turned on, the
controller output u is modified by the anti-windup output as u = uFF + uFB + ud + s. The saturation function is
defined as sat(·) = (·) if (·)min  (·)  (·)max, sat(·) = (·)min if (·) < (·)min, and sat(·) = (·)max if (·) > (·)max.

4.5. Pulse Width Modulation for the Command of NBI Power

The NBI system has a preset power output Pmax
NBI for each beam. Since the command of the NBI system is on/o↵,

modulation is needed to achieve the requested average power output PNBI without violating the minimum on-time,
which is the time that the NBI needs to be kept on before shutting it o↵, and the minimum o↵-time, which is the
time that the NBI needs to be kept o↵ before turning it on. In this work, pulse width modulation (PWM) is used
to convert the requested NBI power PNBI to on/o↵ commands. The PWM logic shown in Fig.3 guarantees that the
minimum on/o↵ times constraints are satisfied. The pulse width request trequest

PW used as input to this logic is first
defined based on a chosen average-time interval tav and the resulting duty cycle Dc, i.e.

trequest
PW = Dctav, Dc =

PNBI

Pmax
NBI
. (17)
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(a) (b)

(c) (d)
Figure 4: Time evolutions of the q profile at (a) ⇢̂ = 0.1, (b) ⇢̂ = 0.9. The targets (dashed-red lines) are compared with the actual values
(solid-blue lines) for the FF+FB shot #79914. Time evolutions for (c) plasma current, (d) 4.60 GHz LHW source power are shown for this
shot. The dashed-orange lines show the FF component of the computed actuation. The solid-yellow, dashed-green and solid-blue lines show
the computed (before saturation), requested (after saturation), and delivered actuations, respectively, for the overall FF+FB actuation in
shot #79914. Saturation levels are denoted by dashed-black lines.

4.6. Simulation Simserver

Simserver is a valuable tool in two aspects. First, it enables the debugging of the implementation of the Profile
Control category, and, second, it validates the computations carried out by the implemented control algorithm be-
fore experimental testing. The configuration of the Simserver is given in Fig. 2(c). It runs closed-loop simulations
coupling the PCS and a simulator when the test switch selects the testing mode. The simulator in this work is a
Matlab R�/Simulink R� S - f unction containing the plasma-response model introduced in Section 2. The input/output
structure of the simulator is made consistent with the input/output structure of the EAST PCS.

5. Experimental Results

Fig. 4 shows feedback regulation of the q profile at two points in space, namely q(⇢̂ = 0.1) and q(⇢̂ = 0.9), by
using the ohmic coils and the high-frequency (4.60 GHz) LHW source as actuators for EAST shot #79914. The
target evolutions for the q profile at these two points, which have been obtained from a previous shot to ensure
feasibility, are shown in dashed-red lines in Fig. 4(a) and Fig. 4(b). The requested plasma current and 4.60 GHz
LHW power determined by the q-profile feedback controller are shown respectively by the dashed green lines in
Fig. 4(c) and Fig. 4(d). When feedback control is turned on in shot #79914 for 2s< t <8s, the feedforward-control
components shown by the dashed-orange lines in both figures are corrected to produce the actuation shown by
the dashed-green lines, which is needed to successfully track the targets as noted by comparing solid-blue and
dashed-red lines in Fig. 4(a) and Fig. 4(b). In spite of the bias between requested and delivered LHW power
(dashed-green vs solid-blue lines), the q-profile feedback controller (11) is capable of tracking the targets due to
the presence of integral action. The bias between requested and delivered power in the LHW source respond to
the way it is controlled by the associated actuator category. The actuation requested by the q-profile feedback
controller, shown in dashed-green lines in the bottom figures, is the result of constraining the actuation computed
by the controller, shown in solid-yellow lines in the same figures, by the physical limits associated to the di↵erent
actuators. These saturation limits, which are shown by dashed-black lines, were not active in this discharge.

Fig. 5 shows feedback regulation of the q profile at two points in space, namely q(⇢̂ = 0.1) and q(⇢̂ = 0.9),
and �N by using the ohmic coils, the high-frequency (4.60 GHz) LHW source, and the NBI1L beam as actuators
for EAST shot #80221. The target evolutions for both the q profile at these two points and �N have once again
been obtained from a previous shot to ensure feasibility. These targets are shown in dashed-red lines in Fig. 5(a),
Fig. 5(b), and Fig. 5(c). When feedback control is turned on in shot #80221 for 2s< t <8s, the feedforward-control
components of the actuation shown by the dashed-orange lines in Fig. 5(d), Fig. 5(e), and Fig. 5(f) are corrected
by the feedback control algorithm to produce the actuation shown by the dashed-green lines, which is needed
to successfully track the targets. The actuation requested by the q-profile+�N feedback controller (dashed-green
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(a) (b) (c)

(d) (e) (f)
Figure 5: Time evolutions of the q profile at: (a) ⇢̂ = 0.1, (b) ⇢̂ = 0.9, and (c) �N. The targets (dashed-red lines) are compared with the actual
values (solid-blue lines) for the FF+FB shot #80221. Time evolutions for: (d) plasma current, (e) 4.60 GHz LHW source power, (f) NBI1L
source power are shown for this shot. The dashed-orange lines show the FF component of the computed actuation. The solid-yellow, dashed-
green and solid-blue lines show the computed (before saturation), requested (after saturation), and delivered actuations, respectively, for the
overall FF+FB actuation in shot #80221. Saturation levels are denoted by dashed-black lines.

lines) is the result of constraining the actuation computed by the controller, shown in solid-yellow lines in the
same figures, by the physical limits associated to the di↵erent actuators. These saturation limits, which are shown
by dashed-black lines, were indeed active for the LHW source power. In this shot, the PWM algorithm introduced
in Section 4.5 was used with mixed results to command the NBI1L source. As noted by comparing solid-blue and
dashed-red lines in Fig. 5(a), Fig. 5(b), and Fig. 5(c), the targets are tracked in average but the PWM algorithm
introduces significant perturbations due to both the minimum time-on and minimum time-o↵ constraints signifi-
cantly impacting this relatively low-�N plasma and some detected implementation issues (feedforward control set
to zero and unnecessary time delay introduced by the PWM algorithm). Once again, a bias is observed between
the requested and delivered power in the LHW source due to the way it is controlled by the associated actuator
category. Nevertheless, the q-profile+�N feedback controller (11) is capable of tracking the targets in spite of the
perturbations introduced by the PWM algorithm due to the presence of integral action.

Fig. 6 shows feedback regulation of the q profile at three points in space, namely q(⇢̂ = 0.1), q(⇢̂ = 0.5), q(⇢̂ = 0.9),
by using the ohmic coils, the low-frequency (2.45 GHz) LHW source, and the high-frequency (4.60 GHz) LHW
source as actuators for EAST shot #95183. The target evolutions for the q profile at these three points, which once
again have been obtained from a previous shot to ensure feasibility, are shown in dashed-red lines in Fig. 6(a),
Fig. 6(b) and Fig. 6(c). The solid-magenta lines show the evolutions of the q profile at these points for feedforward-
only EAST shot #95176. The feedforward actuation for the plasma current, the 2.45 GHz LHW power, and the
4.60 GHz LHW power, shown respectively in Fig. 6(d), Fig. 6(e) and Fig. 6(f) by the solid-magenta lines, is not
adequate enough to track the desired targets. This can be appreciated from Fig. 6(a), Fig. 6(b) and Fig. 6(c), where
the associated feedforward-only evolutions of the q profile are also shown by solid-magenta lines. When feedback
control is turned on in shot #95183 for 2s< t <8s, the actuation is corrected to successfully track the targets as
shown by the solid-blue lines in the same top figures. The feedforward-only actuation is corrected in this case by
the feedback controller to produce the actuation shown also by solid-blue lines in the bottom figures. In spite of the
bias between requested and delivered power from the two LHW sources (dashed-orange vs. solid-magenta lines
for the feedforward-only shot, dashed-green vs solid-blue lines for the feedforward+feedback shot), the q-profile
feedback controller (11) is capable of tracking the targets due to the presence of integral action. The actuation
requested by the q-profile feedback controller, shown in dashed-green lines in the bottom figures, is the result
of constraining the actuation computed by the controller, shown in solid-yellow lines in the same figures, by the
physical limits associated to the di↵erent actuators. These limits are shown by dashed black lines in the figures.
An anti-windup augmentation of the controller is in place to prevent the windup of the controller’s state due to
integral action during the occurrence of actuator saturation and to therefore preserve the tracking performance.
Around 1MW of Electron Cyclotron Range of Frequency (ECRF) H&CD power was used in this shot to keep the
plasma in H-mode.
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(d) (e) (f)
Figure 6: Time evolutions of the q profile at: (a) ⇢̂ = 0.1, (b) ⇢̂ = 0.5, (c) ⇢̂ = 0.9. The target (dashed-red line) is compared with a FF-only
(solid-magenta line) shot (#95176) and a FF+FB (solid-blue line) shot (#95183). Time evolutions for: (d) plasma current, (e) 2.45 GHz LHW
source power, (f) 4.60 GHz LHW source power are shown for both shots. The dashed-orange and solid-magenta lines show requested and
delivered actuations for FF-only shot #95176. The solid-yellow, dashed-green and solid-blue lines show the computed (before saturation),
requested (after saturation), and delivered actuations for FF+FB shot #95183. Saturation levels are denoted by dashed-black lines.

6. Conclusion and Possible FutureWork
Successful q-profile+�N control was demonstrated for the first time in EAST. As the number of actuators is in-
creased (by enhancing the NBI PWM algorithm and testing it in H-mode plasmas, and by incorporating the
command of ECRF and Ion Cyclotron Range of Frequency (ICRF) H&CDs under the PCS), the quality of the
real-time reconstruction is improved (by constraining pEFIT with POlarimeter-INTerferometer (POINT) mea-
surements [10]), and the prediction accuracy of the control-level models used for control design is enhanced
(by further developing control-physics understanding and continuing validation e↵orts), the capability of tightly
regulating the q-profile and �N will be further augmented in order to routinely enable the access to long-pulse,
disruption-free, high-performance operation in EAST. It is anticipated that this augmented control capability will
be achieved by employing more sophisticated, model-based, optimal, control algorithms.
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