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* Motivation for integrated profile control

* Control-oriented models and system identification

Control of the poloidal flux profile on DIII-D
e Control of the poloidal flux profile and g, on DIII-D

e Summary and future prospects
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Motivation for integrated profile control

(magnetic-kinetic)

«Advanced Tokamak» approach (T. S. Taylor 1997 Plasma Phys. Control Fusion 39 B47)
Self-consistent plasma state with high confinement + high-f + high-bootstrap
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The ARTAEMIS (grey-box) model-based approach

What could a minimal state space model look like ?

Are there natural state variables and input variables ? How are they coupled ?

Generic structure of linearized flux-averaged plasma transport equations :

V,(x,
PHED  ry o} W ,K{x}-[T(ﬂji;)]ww,n{x} e+ L pEOW o )
O Y ORIV i RO OTNE )

V (x t) ch(x’t) .
@5 T(x,t)]+£K’"{x} n(x,t)+LK,P(x

T( ’t) etc ...

lp{x} W(x, t)+£KK{ }

ARTAEMIS is a set of algorithms that use singular perturbation methods for control
(i) a semi-empirical system identification method
(ii) a model-based, 2-time-scale, control algorithm for magneto-kinetic plasma state
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Singular perturbation expansion

and 2-time-scale models

e <<1 t = slow time scale T =t/ € (fast time scale)
Slow model : € — 0 (resistive time scale) dw
E = *ﬂslow "W(t)+ leow Uslow(t)
Slow controller : U, (1
Vo (1)
[ T(.I)(t) :| - Cslow ) lII(t)+ Dslow Uslow (t)
1 slow
opt. PI feedback I
Fast model (t=t/¢€)
magnetic / kinetic time scale): ]
V. |%
di[ ;(r) = ﬂfast ) [;(T)] + Bfa&t Ufast(T)
Fast controller : T ], () L
U(t) = Uy, (1) + Uy, (t/¢) [Vq,(t)] _ Vq)(t)] .\ [Vq,(st)]
T;(t) -7—;([) slow 7—;(8 t) fast
Topt. Prop. feedback
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Identification of a state space model for ¥(x) on DIII-D

(D. Moreau et al., Nucl. Fusion 2011)

Each identification iteration maximizes a global fit parameter

f=1- E f(lp(x) lPodel(x)

samples 0.1

Resistive diffusion eigenmodes

D f (W)~ ‘I’(X)>mmples)2

samples 0.1

Steady state W(x) response
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Comparison between measured and model-simulated

P(x, t) data (Wb) atx=0.1,0.2,...0.9

Identificationt>2.6s Validation from t = 0.3 s (ramp-up) to the end
Shot # 140093 Shot # 140094 Shot # 140075 (with n=1 mode)
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Two-time-scale model for coupled ¥(x, t) and 8, (t)

Measured and model-simulated

ldentificationt > 2.6 s Validation from t = 2.6 s to the end
Experiment # 4 GIO§ porobeEN;#-m%‘!’uﬂ:Qooose;SS Experiment # 5 Globaﬁoneg;teagml ﬁtgsosg Experime§7r](39ba\tﬁlﬁela}:ﬂ%olﬁ‘ullegwgoe
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The ARTAEMIS controller design and parameters

for combined y(x) and g, control

« Singular perturbation analysis =» Near-optimal control (D. Moreau et al., Nucl. Fusion 2008)

(amounts to conventional optimal control when ¢ — 0)

The dynamics minimizes f 0°° X*(1) O X(¢) dt + f 0°° u' (t) R u(t) dt

given weight matrices, Q and R, with X = controlled variables and u = actuators

» The slow proportional + integral feedback tracks a steady state that

x2

minimizes [ zp(x) — Y arger (X) ]2 dx +@[ By — [)’N,target ]2

x1

to control simultaneously y(x) and

« The fast proportional feedback loop maintains the kinetic variables, e. g. , on a
trajectory which is consistent with the slow magnetic state evolution, y(x, t).
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Improved feedforward command on Ecaoill

for better Vsurf control ?

Flux from integrated Vsurf (red) & fit with A-B coefficients (green)

First tests were not quite satisfactory in 1 o
producing a given Vsurf reference ol N ez
requested by the profile controller :

Boundary flux (Wb)
)
(2]

Low feedback gain = large offset
High feedback gain =» large oscillations

0 1 2 3 4 5 6

An estimate of the surface voltage could be o
found empirically as a function of the Ecoil e R
voltage and current through a fit of the form: A

Vsurf ~ A*V_GCOII + B*I_ecoll : /——\/\/\/

A coef
B coef (1e-4 Ohm)

o
@

A and B coefficients
o
o
T

o
~

4
Suggests a feedforward command : \/\M
V_ecoil = (Vsurf — B*I_ecoil)/A R
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Control of the Vsurf actuator

feedback

>

feedforward + feedback

1.2 T T
Req. Vsurf
Del. Vsurf
iF e
08 &\W\%
<
2
=3
= 06
2
5 .
= Vsurf control 1OW galn ('5)
0.4 | Feedfwd : 0
Prop. gain : -5

#146410 : Vsurf Actuator
T T T

.5 3 3.5

4 4.5 5 5.5 6

Time
12 A —
Req. Vsurf

Del. Vsurf

0.8

Vsurf control :
045 | Feedfwd : 0
Prop. gain = -15

0.2r

high gain (-15)
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Control of the poloidal flux profile

The controller minimizes fxz [lp(x)—qjtarget(x)]zdx

x1

with actuator constraints and optimal gain matrices that depend on controller parameters :

* 4 actuators = NB-Co, NB-Bal, ECCD (5 gyros), Vsurf (NB 210R unavailable on 09/13)

* R-matrix : actuator weight fixed by considering actuator headroom (MW & Volts ?)

* Q-matrix : same weight on 9 different controlled radii (x =0.1, ...,0.9)

e Controller order =2 (proportional + integral control, see singular values of static gain matrix)
*  Weight on integral control in the Q-matrix =4, 10, 25, respectively, on the 3 examples below :

#146410 : IntWeight = 4 #146407 : IntWeight = 10 #146416 : IntWeight = 25
#146410 : Cost function (EcoilGp=-5 IntWeight=4) #146407 : Cost function (EcoilGp=-15 IntWeight=10) #146416 : Cost function (EcoilGp=-7.5 IntWeight=25)
0.05 T T T T 0.025 T T T ] T 0.01 ] T T T T T ™
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1 I | 1 1 I (| 1 I |
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= = 5 T T T
2 003 N \ E 0.015F | £ 0006 | . | | ,
I I 1 I 3 I 5 1 [ I | 1
8 0.025 [ ! 8 ! 8 0.005 I I 1 I 1
L I 1 | 2 I L 1 [ I 1 1
I 1 I 1 o 1 g I (I 1 I 1
5 0.02 5 0.01 5 0.004
& 1 I | <1 | ] I (| 1 I |
1 1 >
<] [ G 1 ¢} I l o |
0.015 | | \ | 0.003 | | €—>» NBCOmin 15L max—3
1 I 1 1 [ I n=2mod¢———+—
0.01 k8 maxl | I 0.005 0.002 | 1 1 1 I
: ! : 33L max| ! ™ ) !
0.005 EC mi L & 15L max 0.001 ! ! b
T \ WL <> | | |
o ‘ ~ Mo ‘ I ‘ o ‘ ‘ o 1N =2moge L e AN ik
25 3 3.5 4 45 5 55 6 25 3 35 4 4.5 5 55 2 25 3 35 4 4.5 5 55 6
Time Time Time
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Contirol of the poloidal flux profile

4 actuators : NB-co, NB-bal, ECCD, Vsurf

Singular Value Decomposition
of the steady state gain matrix

0=1[0.689 0011

0.005 0.0004]

Controller order >0 =» prop.+integral control

Order 2 controller for 1(x) control

PNB (MW), PECCD (MW), Vsurf (V)

#146410 : IntWeight = 4

#146410 : All Actuators for control of Psi(x)
T T T T

=

input (MW, 0.10V)

Gpsi

Singular difference vector dGpsi for
dP={0.70 4.82 0.67 ~0.09] MW(V)

—— Reference

T 02 04 o086 08
via

Singular difference input vector

input (MW, 0.10V)
Lo

T2 4 s 8 10 12
input #

#146407 : IntWeight = 10

6 NBCO 6 :
NBBAL . :‘lS(B:/(\)L
—__Eceo —— ECCD
Vsurf (x 10) 5r
Vsurf (x 10)

PNB (MW), PECCD (MW), Vsurf (V)
w

#146407 : All Actuators for control of Psi(x)
T T T

IONAL FUSION FACINTY
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input #

input (MW, 0.10V)
|

- 02 04 086 08
la

Singular difference input vector

- 2 4 6 8 10 12

input#

#146416 : IntWeight = 25

#146416 : All Actuators for control of Psi(x)
T T T T T

PNB (MW), PECCD (MW), Vsurf (V)
w

—— NBCO
NBBAL
—— ECCD
Vsurf (x 10)
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Control of the poloidal flux profile

(x=0.1,0.2, ... 0.9)

#146410 : IntWeight =4 )

#146410 : Psi1-Psi9 (Eci 'IGp -5 IntWeight=4)
| T

I
|pr| tI

x=03"f

/
x=0.1 /
=02 k M

1 1
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Time
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#146407 : IntWeight = 10

#146407 : Psi1-Psi9

Psi profile cantrol
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I
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Time
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#146416 : IntWeight = 25

#146416 Psi1 — Psi9 (EcoilGp=-7.5 IntWei 'ght—25)
T T

: Psi profile pt ol
% g W
o
oV f/_/\l"// M"Mr\
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M :
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I -
M ! : |
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. V‘\/'I'\/wa/v»f\'\/‘v;\,/vm
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€——> &—> n=2mode————>
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Time

Control : 2.5s-6s
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Control of the poloidal flux profile

P(x)@t=25s,4s5,65

#146410 : IntWeight = 4 #146416 : IntWeight = 25
#146410 : Psi(x) @ t=2.55,4 5,65 #146416 : Psi(x) @ t=2.5s,4sand 6 s
1.4p 141
* Slow t=25s _ Fast (overshoot) =253
% - — —t=4s ™~ — — —t=4s (overshoot)
12} t=6s 100 t=6s
*  Psi(x) targets *  Psi(x) targets
1r 17
) )
= 0.8fF g 0.81
E E
g g
S 061 S 061
(o] (o]
[ [
0.4 0.4
0.2 02k
0 1 1 1 1 1 1 1 1 1 sk 0 1 1 1 1 1 1 1 1 1 >k
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized radius Normalized radius
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Simultaneous control of the y(x) profile and g,

5 actuators : NB-co, NB-bal, NB-cnt, ECCD, Vsurf

The controller minimizes fxlz [ (%) =W g (%) ]2 dx@ By _ﬁN,target]z

with actuator constraints and optimal gain matrices that depend on controller parameters :

* 5 actuators = NB-Co, NB-Bal, NB-Cnt, ECCD (6 gyros), Vsurf

* R-matrix : actuator weights fixed by considering actuator headroom (MW & Volts ?)

* Q-matrix : same weight on 9 controlled radii for \(x), x=0.1,0.2,... 0.9

*  Weight on 3 control : A =0.3

* Controller order = 3 (prop. + integral control, singular values o =0.929 0.085 0.016 0.006 0.0001)
*  Weight on integral control in the Q-matrix = 25 and 10, respectively, in the 2 examples below :

#146420 : Cost function (betaN weight = 0.31, control order = 2, IntWeight = 25) #146453 Cost function (betaN weight = 0.31, control order = 3, IntWeight = 10)
T T T

T
— Psi part 1

0.1

#146420 #146453 == |

Control order = 2 Control order = 3 _ oocs] 3 A:tua?r 3 o
1 . B I T n o

IntWeight = 25 IntWeight = 10 £ °* o m, safuratios |

8 0.0251
o

| mode

5 0.021
IS4
S
(¢}
0.015-
0.01-

0.005 -
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Simultaneous control of the y(x) profile and g,

(shot # 146455 . control starting @1 = 1.5 s)

#146455 : betaN

——y P(x=0.1,0.2,...0.9) & targets (lines)

| . |
BN 2.1t |—betaN | 1 Psi profile + betaN control with 5 actuators
T

MWWWVV

control nl ] n=2mode

betaN
®

n =2 modé 1 b
| i radii
Psilprofile + betaN control
1.5 : g
n ! T g
1.4 | . . P . . . . . x=0.1

1 1.5 2 25 3 35 4 45 5 55 6 6.5
Time x=02

x=0.3 :

I Maximum

#146455 : Psi(x) targets and achieved profiles .
() targ P | Psi(x) overshoot

N
Psi (x=0.1 -0.9)

- - t=05s x=04 I
w prOﬁle » 7 — — —t=4.25s (overshoot) : !
il t=6s v/ | 1 |
control 3 Psitargets (#140076 @ 3.4 5) x=05 05 \ i
1r x=0.6 W A
I N
os} v | !
SO x=0.7 MWM%
H e T !
o6l x=0..8 7 : :
I N
ol x=09 "
I
\ !
0 | | | | | ! | | | |
02r i 15 2 25 3 35 4 45 5 55 6 65
Time
% 01 02 03 04 05 06 07 08 08 1 'Tﬂne

Normalized radius
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Simultaneous control of the y(x) profile and B,

(shot # 146455 : control starting @t =1.5s)

5 actuators (no saturation)

#146455 : All Actuators for combined control of Psi(x) and betaN
T T T T T

o oo | § Cost function minimization
NBBAL ! . \
I 1 - E(B;gg-r : M:ia?]g\r/grshoot 1
i:, 351 : Vsurf (x10) 1 M:
2, 5; , Psiprofile + betal control _ - N #146455 : Cost function (betaN weight = 0.31, control order = 3, IntWeight = 10)
g 25l I 1 i 0.01 || T T T I T T T T T T I
g8 , ! | | , |
5 2 ! ' 0.009 | | Psi part -
s 187 | [ I | betaN part |
% 1 : 0008 | | | TOta| | _
05 I : | | |
% LA SO BN | o\ [ . . I
%15 2 25 o s 4 45 5 5 5 es < 0.007 I Psi profllé + betaN control with 5 actuators .
= [ [ [
S 0.006[ | | L
Vsurf actuator control & Ip B : '
8 0.005} ! |
#146455 : Vsurf actuator o n= 2 mOdel >|
1 1 ﬁ
1M _g 0.004 - : PSI(X) overshoot : i
>
s/ ' &} I I
o | 0.003 : .
z I Req. Vsurf| | |
=3 I Del. Vsurf | | |
206 : ———1p :
§ o Psi profile + betaN control < 0002 B | | 7
2 oalf|" i [ [
| 0.001 | ! [ -
02 ! | | I
| Wi 0 | I
oL ) ‘ 1 15 2 25 3 35 4 45 5 55 6 65
1 15 2 25 3 3.5Time4 4.5 5 5.5 6 6.5 Tlme
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Simultaneous control of the y(x) profile and B,

shot # 146463 : control starting @t =1 s (ramp-up)

#146463 : betaN (control weight = 0.31, control order = 3, IntWeight = 10 — 1
\ ea conil welgh 0.1, contol order =3, Wogh = 10 P(x=0.1,0.2,...0.9) & targets (lines)
B ,  Psiprofile + betaN control (5 actuators) g 1.0 T T T T T T T
N i Psi profile + betaN control (5 actuators)
1 A
25F >

control

betaN target
betaN

1 mode, n=2 mode
N

I
I
|
I
I
I
I
I
I
n=1 mode (x 0.04)| |
I
I
|
I
I
I
|
I
|

I V\/\
= P 1 M\J\/\
< n=2 mode (x 0.04) /M |
z A 24
=3 [ TN
< \ W"\—W”\/\
] bl /'WM L |
P |
k- . cap i | [
| WWW\,/\,M\/\
& 1
. . . . . . b g ' fl P} A A
- radii § , T
=098 =
IP-pI'OﬁlC K — — —t=2.4s (overshoot) * n :
120 t=5s x=03 !
COHthl ¥ Psitargets (#136212 @ 2 5) X =04 05 // M |
b x=05 : -
& 08f x=0.6 LJ/ I
% <= 07 / /MM
& o6 i I
x=08 |7 |
0.4+ ] e
x=09 M~ I
n=1/n=2 modest >
0.2 0 | L | | | | |
05 1 15 2 25 3 35 4 45 5 55 6
Tirpe
% 01 02 03 04 05 06 07 08 08 T Tlme

Normalized radius
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Simultaneous control of the y(x) profile and B,

shot # 146463 : control starting @t =1 s (ramp-up)

5 actuators (MHD =» NB-Bal saturation)

#146463 : All actuators for combined control of Psi(x) and betaN
o wo | ] Vsurf actuator control & Ip
NBBAL
——— NBCNT
st 1| |——eceo #146463 : Vsurf actuator
= | Vsurf (x10)
E I I
2 12f
I |
§ 8 1
] | I
g 2t | ir |
:| |
it |
X |
T T T < 081 I Psi profile + betaN control (5 actuators) i
Time g €—
: I - = Req. Vsurf '
Cost function minimization = I
= 061 Vsurf control Del. Vsurf | | -
0 04#146463 : Cost function (betaN weight = 0.31, control order = 3, IntWeight = 10) "'g | Feedfwd ‘04 V [ Ip |
! — .
Ty @ | Prop gain : -7.5 I
0.035 :
. 0.4} ! [
é 0.03f : | |
E : Psi part | |
o 0.025 \ betaN part
5 \ n=1 mode (inverted) | |
g oo2p ; > 0.2} [
.g X H’si profile + betaN control (5 actuators;
o 0015F 1 I
£ I I
S o001
§ oot ol
0.005 E 05 1
95 1 15 2 25 3 a5 - 4 45 5 55 6
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Simultaneous control of the y(x) profile and B,

shot # 146464 : control starting att = 0.5 s (ramp-up)

#146464 : betaN (control weight = 0.31, control order = 3, IntWeight = 10)
T T

P(x=0.1,0.2,...0.9) & targets (lines

! [l
25 , betaN |
| betaN target 1 ) ; : :
N | n=1 mode (x 0.4) \ Psi profile + betaN control (5 actd‘ators):
| n=2 mode (x 0.4) A | | [
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Summary and plans

» Combined control of the current profile and g, has been attempted for
the first time using either 4 actuators (210R beam not available on 09/13)
or 5 actuators (09/14) simultaneously :

Co-NBI, Cnt-NBI, Bal-NBlI, ECCD, Vsurf

e PCS control of Vsurf was tuned with feedforward + feedback control to
produce the real-time waveform requests

* PCS profile control algorithm was qualified and worked perfectly

* Main profile control parameters (controller order, proportional + integral
gain matrices, cost function weights) were varied.

* Time window for combined feedback control of poloidal flux profile and
By was increased successfully up to [1s-6s]

* Next: A couple of shots with full ramp-up control (i.e. starting @ 0.3 s)
and 2 significantly different targets (monotonic-q / reversed-q) would
demonstrate controlled current profile formation on D3D.

* Next: Combine with control of rotation profile (using real-time CER data)
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