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Need for Advanced Long-Pulse Scenario Control in EAST

“Advanced Tokamak” (AT) operational goals for EAST include:

– Steady-state operation

– High-performance operation (high �, high qmin, etc.)

– MHD-stable operation

Active, feedback control of the current density profile, as well as of other plasma kinetic
profiles and scalars, can play critical role in achieving these AT operational goals.

? High dimensionality
? Nonlinearity
? Magnetic/kinetic coupling

9
=

; Model-based Control Design

First-principles-driven (FPD) PDE model: Mix of widely accepted first-principles laws
and control-oriented models for transport/sources by exploiting both empirical (from
physical observations) and analytical scalings as well as neural-network accelerated models.
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Modeling Poloidal-Flux+Energy Evolution for Control Design
Magnetic Flux ( ) Dynamics Modeled by 1D Diffusion Equation
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Fast Evolving Kinetic Profiles Modeled by Singular Perturbation
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Modeling Poloidal-Flux+Energy Evolution for Control Design

Electron Temperature Profile Modeled by Heat Transport Equation
Assuming diffusion is dominant transport mechanism, the Te dynamics is given by
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with boundary conditions @Te
@⇢̂ (0, t) = 0, Te(1, t) = Te,bdry, and where Qaux

ei
= Qdep
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1 Thermal conductivity �e can be modeled as an analytical scaling law.
2 Thermal conductivity �e can be modeled as an empirical scaling law, e.g. �e = k�e T�

e n⌫
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+ Multi-linear regression from �e computed by physics models (TRANSP) to determine structure.
+ Nonlinear optimization to determine constants:
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3 Thermal conductivity �e can be modeled as state model, e.g. �e = f (Te, ne, q, s)
+ Machine Learning techniques ! Neural Network training (NEO, TGLF, MMM, ...)

NOTE: Sources h̄ji·B̄i
B�,0

and Qaux
ei

can also be modeled using Machine Learning.
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Plasma Response Characterization Experiments for Model Tailoring

Several plasma-response characterization
experiments were conducted before the
q-profile+�N feedback-control experiments.
Plasma-response data was generated by exciting
the plasma through different available actuators.
Figure shows typical response of q profile at two
spatial locations (⇢̂ 2 [0.05, 0.3]) in response to
open-loop excitation of PLH2 (4.60 GHz LHW
source power) during flattop in shot #77643.
This data was used to tailor the control-oriented
model (1)-(3) to the EAST scenario of interest.

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, h j̄NI · B̄i/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

h j̄NI · B̄i
B� ,0

=
2X

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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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
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aB� ,0

Ip
, �t =
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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(�̂ 2 [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(�̂ 2 [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

This tailored control-oriented model was used in this work to optimize the gains
of the employed fixed-structure controller and to test the PCS implementation of
the control algorithm in closed-loop Simserver simulations before experiments
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Fixed-structure PID-type Feedback Control Algorithm

The feedback (FB) control algorithms use a proportional-integral-derivative (PID) structure, i.e.

uFB(t) = KPe(t) + KI

Z t

o
e(t) + KD

de(t)
dt

(5)

where the input/output vectors are defined as

uFB = [IFB
p PFB
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LH2 PFB
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NBI2 PFB

NBI3 PFB
NBI4]

T , e =
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N

3
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Actuators considered in this work: total plasma current Ip, 2.45 GHz LWH source power PLH1,
4.6 GHz LHW source power PLH2, individual co-current NBI powers (PNBI1 (NBI1L), PNBI2
(NBI1R)), and individual counter-current NBI powers (PNBI3 (NBI2L), PNBI4 (NBI2R)).
KP, KI , KD are gain matrices optimized in simulations based on control-oriented model (1)-(3).
The superscript tgt denotes target values for the to-be-controlled plasma properties.
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Profile/Scalar Control Configuration in Profile Control Category
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Overall input for plant G (EAST):

u = uFF + uFB + ud + (s), (7)

Overall input for Controller K:

yFB = y + yd � yr. (8)

To-be-tracked target:

yFB
t = yt � yr. (9)

uFF: feedforward control, uFB: feedback control (output of controller K), ud: input disturbance.
uFF = ur + uc, ur: input reference, uc: output of feedforward compensator.
s: output of an optional anti-windup (AW) compensator (signal added only when AW is on).
y: overall plant output, yd: output disturbance, yr: output reference (associated with ur).
yFB

t : reference-modified output target (linearized-model-based controllers), yt: output target.
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Simultaneous Feedback q-profile Regulation at Edge & Core Was
Demonstrated for the First Time by Using 4.60 GHz LHW Source
– Tracking of desired q profile at ⇢̂ = 0.1 and ⇢̂ = 0.9

is achieved by using Ip and PLH2 actuation.

– Feedback control (FB) is turned on for 2s < t < 8s
(indicated by light-gray background in figures).

– Feedforward-control components are modified by
feedback controller so that actual evolutions
(solid-blue) track targets (dashed-red).

– Target evolutions for the q profile at these 2 points
were obtained from actual shot to ensure feasibility.
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New Beam Power Modulation Algorithm Implemented in 2018 for
Simultaneous q-profile + �N Control Showed Good Average Tracking

– Tracking of desired q profile at ⇢̂ = 0.1, ⇢̂ = 0.9 and �N is achieved by using Ip, PLH2 and PNBI1 actuation

– PWM algorithm (12) was used with mixed results to command the NBI1L source (PNBI1 = PNBI1L)

– The targets are tracked in average but the PWM algorithm introduces significant perturbations due to:

+ Minimum on/off time constraints significantly impacting this relatively low-�N plasma
+ Detected implementation issues: i- FF control set to zero, ii- time delay introduced by PWM algorithm
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Simultaneous Feedback Regulation of Two Points of the q Profile
and �N Was Experimentally Tested by Using two LHW Sources
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Control-oriented Modeling Enabled by TRANSP Prediction/Analysis

TRANSP simulations are run in both interpretative and predictive modes to produce plasma
response data for the development of lower-complexity, faster, control-oriented models.

Equilibrium reconstruction constrained by POlarimeter-INTerferometer (POINT) plays critical
role in comparing model-predicted q-profile+�N evolutions with experimental data.

EAST Plasma
Profile + Scalar

Control

Transport 
Analysis

PPPL TRANSP

Control-Level
Response Model

LU COTSIM

Experiments Between Experiments

Well-established Procedure!

Model-based
Control
Design

EAST PCS 
Implementation

EFIT + POINT
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First-principles-driven Models are Engine of COTSIM
LU Control-Oriented Transport SIMulator (COTSIM)
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NN model for LHCD in EAST (MIT)
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Model-based PID Gain Optimization Before Experimental Testing
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DIII-D/LU Profile Control Category Has Been Coded in EAST PCS
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Connection between response
model (1)-(3) and PCS enables
debugging before experiments

Profile control algorithm has been coded by LU Plasma Control Group: DIII-D ! EAST
Interfaces have been coded by EAST PCS Team:

- Interface with real-time pEFIT + (POINT)
- Interface with actuators. Actuators must be under PCS.
- Interface with user data.
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Profile/Scalar Control Configuration in Profile Control Category

One controller implemented in Profile Control category has linear state-space representation:

xk+1 = Axk + B


yt � yr
y + yd � yr

�

k
, uFB

k = Cxk + D


yt � yr
y + yd � yr

�

k
, (10)

IMPORTANT: After time discretization, proposed controller (5) can be implemented in
the Profile Category by using this linear discrete-time state-space representation.

Controller (10) is complemented by an anti-windup compensator in discrete-time state-space form:

xaw
k+1 = Aawxaw

k + Baw [sat(u) � u]k , sk+1 = Cawxaw
k + Daw [sat(u) � u]k , (11)

The saturation function is defined as

sat(·) =

8
<

:

(·)min if (·) < (·)min

(·) if (·)min  (·)  (·)max

(·)max if (·) > (·)max
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Pulse Width Modulation for the Command of NBI Power
A pulse width request trequest

PW is first defined based on a chosen
averaging time interval tav and a given duty cycle Dc defined
by the requested/maximum NBI power ratio, i.e.

trequest
PW = Dctav, Dc =

PNBI

Pmax
NBI

. (12)

Algorithm below guarantees fulfillment of minimum on/off times:
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Simultaneous Feedback q-profile Regulation at Edge & Core Was
Demonstrated for the First Time by Using 4.60 GHz LHW Source
– Feedforward (FF) control (dashed- orange lines) is

corrected by feedback (FB) controller to produce
requested actuation (dashed-green lines).

– There is a bias between requested (dashed-green
lines) and delivered (solid-blue lines) LHW power
due to the way this actuator is controlled.

– In spite of bias, the FB controller is capable of
tracking targets due to presence of integral action.

– The requested actuation (dashed-green lines) is
the result of constraining the actuation computed
by the FB controller (solid-yellow lines) by the
physical limits associated to the different actuators.

– These saturation limits (dashed-black lines) were
not active in this discharge.
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New Beam Power Modulation Algorithm Implemented in PCS for
Simultaneous q-profile +�N Control Showed Good Average Tracking
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Simultaneous Feedback q-profile Regulation at Three Points Was
Demonstrated for the First Time by Using two LHW Sources
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Simultaneous Feedback q-profile Regulation at Three Points Was
Demonstrated for the First Time by Using two LHW Sources

– Tracking of desired q profile at ⇢̂ = 0.1, ⇢̂ = 0.5, ⇢̂ = 0.9 is achieved by using Ip, PLH1, and PLH2 actuation

– Solid-magenta lines show q-profile evolutions at these points for feedforward-only EAST shot #95176.

– FF control needs to be modified by FB control for actual (solid-blue) profile to track target (dashed-red)

– Saturation in the 4.60 GHz LWH power (PLH2) is briefly observed at the beginning of FB-on window.

– Around 1MW of ECRF H&CD power was used in this and subsequent shots to keep plasma in H-mode.
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Simultaneous Feedback Regulation of Two Points of the q Profile
and �N Was Experimentally Tested by Using two LHW Sources

– Tracking of desired q profile at ⇢̂ = 0.1, ⇢̂ = 0.9 and �N is achieved by using Ip, PLH1, and PLH2 actuation

– Solid-magenta lines show q-profile evolutions at these points for feedforward-only EAST shot #95176.

– FF control needs to be modified by FB control for actual (solid-blue) profile to track target (dashed-red)

– Saturation in the 2.45 GHz LWH power (PLH1) is observed after around 5 sec. as the combined
q-profile+�N controllers tries to track the �N target more closely while controlling q at ⇢̂ = 0.1, ⇢̂ = 0.9.
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Development and Implementation of Integrated q-profile+�N

Feedback Control Strategies for Advanced Scenarios in EAST
Successful q-profile+�N control was demonstrated for the first time in EAST

Task 1: Number of actuators under the Profile Category in the PCS should be increased by:

� Enhancing the NBI PWM algorithm and testing it in H-mode plasmas

� Incorporating the command of ECRF and ICRF H&CDs

Task 2: The quality of the real-time reconstruction of the q profile needs to be improved by
constraining pEFIT with POINT measurements

Task 3: The accuracy of the control-level models used for control design should be enhanced
by further developing control-physics understanding and continuing validation efforts

Completion of these tasks will further augment capability of tightly regulating q-profile and �N
to routinely enable 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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