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Density model is desired for reliable design and operation of
feedback control

Flow diagram for density feedback control stystem
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Far Infrared Tangential Interferometer/Polarimeter (FIReTIP)
IS a powerful diagnostic for many applications.

» Interferometer is the one of the refractive index measurements ght
specialized to plasma density. GLASS
. " . . " . . AIR
« Aline-integrated density is obtained from phase information of the laser beam.
/192 I2 -15 |2
p=—=——| ndl =2.82x10""2 | ndl
47C 80me |1 |1

* Methyl alcohol (CH;OH) laser that emits 118.8um far infrared ( = 2.52 THz ) beam which is
favorite for interferometers in most mid-size tokamaks.

mechanical vibration (c1/1) < (A4, 1/f) < beam- path refraction (ec 4,Vn)

« Simultaneous operation of interferometer and polarimeter is possible in FIReTIP.

* Frequency shift from Stark-effect enables high intermediate frequency (IF) as about SMHz
which is larger than twice that of common Methyl alcohol lasers.

* High bandwidth of signal up to 4MHz is possible because of high IF and improved
electronics.
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Electronics in FIReTIP has been recently upgraded leading to
better performance especially for fast bandwidth.

Simple block diagram of Electronics®

*W-C Tsai, UC Davis

SBD [: Schottky barrier diode mixer

Mixer|: Frequency Up-converter

Basic information

Phase Comparator

about the FIReTIP

output signals

Probing Beam
- FC1
. . ———31 Fringe >
> —>
SBD Mixer Mixer Counter > FCo
Local Oscillator SBD »| Mixer |- Mixer I-Q Mixer : CI)
Reference
Beam Local Oscillator
Index FC1 FC2 I Q
Signal ~ o ® (+2.5V) cos(®) sin(®)
Bandwidth 1MHz 4MHz
Sampling rate 1Ms/s 12Ms/s
Range -2.5~25V
Frm.ge 8 x 21 21T
Information
Remarks | Switching each other not to be Arctangent to obtain ©
limited in 5V
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Both density-converted signals from the fringe counter and
the I-Q mixer are in good agreement with their own features.

Raw signals from each output

Voltage[V] . '
2S5 i i Switching Density from raw signals
in turn 1on
0.0 4136094 i B
FC1 . é FC
-25 ‘é 4 IQ -
3] g
()
FC2 0.0 g sl |
2.5] Co | |
& > |
9
| 0.0W }w - T af i
i 2
25 U -

0.0 0.2 0.4 06 08
} Time [sec]
u 1 Arctangent(Q/I) |,2\
$=2.82x10""1 | n.dl
0.6

2.5 l r 1.0
-2.5
0.0 0.2 0.4 . 0.8 1.0 1.2 \ \ Iy
Time [sec]
Phase difference ¢
NSTX Conceptual design of real-time density control via FIReTIP in NSTX(Juhn) Nov. 8th, 2010 5



Line-integrated density up to 3 channels in mid-plane is

currently being measured.

Layout of the FIReTIP beam channels.

% 229 \\ R(1)=32em
R(2) = 57 cm
R(3) = 85 cm
R(4) = 118 cm
R(5) = 132 em
R(6) = 150 om

Tangency One-way Tag names on MDS Tree
Radius Path length . ,
(TREE name = ‘microwave’)
[cm] [m]
FC \den_firetipcl
32 3.07
[@] \den_fast_firetipcl
FC \den_firetip
57 2.93
1Q \den_fast_firetipc2
FC \den_firetipc3
85 2.64
1Q \den_fast_firetipc3
FC \den_firetipc4
118 2.64
1Q \den_fast_firetipc4
FC \den_firetipc5
132 1.7
1Q \den_fast_firetipch
FC \den_firetipc7
150 0.92
1Q \den_fast_firetipc7
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Fringe Jump (FJ) Errors has been serious problems in
FIReTIP likely to most interferometers.

Line-averaged electron density[m™]

x1019

— T T T T T T T T TT

Thomson
scattering

368 Fringe jumps

#136105

0.2

Time [sec]

0.4

0.6

There were hundreds of discharges suffering from fringe jumps.
The number of fringe jumps in those discharges are from zero to
thousands, provided FIReTIP system including laser power is
acceptable.

Indicators of fringe jumps
when they appeared.

Apparently, the whole waveform seems to be more absurd as the
number of FJ increases. Even in some discharges with only
several fringe jumps the difference between data from FIReTIP
and Thomson scattering diagnostics is quite distinct so we are
not able to use the original data.

NSTX
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Fringe Jump Errors in FIReTIP has typical characteristics.

o
o*
.

) / |
=L 0, 300
s L5 -
gu -_—L-’—’-—_-
RE | } An(27)
(b)osf .
0.0F .
05k . . ]
170 180 190 200
Tirne [msec]

They take place in a few microseconds usually,
and up to a couple of tens microseconds.

Most of them have typical jumps with variation of
one-fringe equivalent voltage or density.

Ap =21
L=6.18[m]

For Channel 1

SE 282

~3.03x 10" [/m?]

An <4+

AN avg  3x10'% [m]

At 10 [ usec] Obviously not a
) 1% 1022 [m‘3] plasma activity
100 [msec]
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Fringe Jump Errors were suppressed by post-processing of
stored data.

10
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Fringe jump corrected data compared with

those of Thomson scattering diagnostics
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By applying the algorithm, corrected FIReTIP
data is compared with Thomson Scattering data
which is reproduced along the beam path of
FIReTIP CH.#1.

(a) An example of full waveforms of each case:
The corrected data show very good agreement
with those of Thomson scattering

(b) Averages and deviations of the
discrepancies from most shots after July 2009:
They are distinctively reduced after correction .

NSTX
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This algorithm works even in cases of up to a few hundreds
of fringe jJumps event.

Fringe jump corrected data compared with those of
Thomson scattering diagnostic : Fl means FIReTIP data,
TS Thomson scattering diagnostic data respectively.

x 10"

368 Fringe jumps were reported and
suppressed.

ol SHOT #136005 | <«—— Evenin this case of huge errors,

' s corrected data has quite reasonable value
compared with data without correction in
dashed blue line. The correction algorithm
has high opportunity to make the data

FI after Correction Lo reliable in most situations.
............ FI before Correction a
¥ TS :’
ol
0.0 0.2 0.4 0.6
Time [sec]

This algorithm has been routinely working since FY2010 and it is archiving the corrected
FIReTIP data automatically in most cases without distinct problems.
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FIReTIP data is being archived though PCS digitizer for real-

time

density control.

4 Tangency One-way Path length Tag name on MDS Tree
EGIVER ]! [m] (TREE name = ‘microwave’)

n
(~ CH3) 85 2.64 FC \n

CH.3 Fringe counter (FC) data is being used after the fringe jump error correction and this works good
as compared with the original signals.

5kHz digitizer is fast enough to control gas injection valves which operate at least in every 2ms.

PCS algorithm for density control has to be prepared.

1.5 ‘ ' ;
| X1019 _ 0.8 L
& - #139833~138939 &
é - R .E. 0.6 I
> I L il A
Z 1.0F PV~ /ﬁj G |
8 e - J‘m ‘v/‘"'J_/"V‘/« w\'j 5 g
.- pr i S
3 3 3 0.47
% 0.5 7 % s L
£ > £ 7}
= < o 3
=i = = 0.00
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.01 0.02 0.03 0.04
Time [s] Time [s]
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Density model is desired for reliable design and operation of

feedback control system

NSTX
PLASMA

oIS Vi(t) Gas A

I —»{ Injectors Density FIReTIP

controller (Valve) model
V(t)
Freq(t) (t) +
error(t N,
Feedback < ® + Calibrated density
controller
nref(t)
Requested
density

¢ : phase information for FIReTIP [rad]

V : phase-corresponding analog voltage output [V]
n, : Calibrated density from FIReTIP output [m™]
n. . : Requested density at certain time t [m™]
error(t) : n (t) - n (t) [m]

F ., : requested flow rate according to the error

V.. : voltage input to gas injector valve for requested flow rate
F : Gas flow input [s™']
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0-D global rate equations : Fielding’s model

dN;  N;j

lon: N. ——=—"+&NN;S Fielding(1978)
Co dt T
dN,, N, o Nt & N; N ¢
: —V¥ gL _N,———N, + fo—L1-p+f—0-
Wall Neutral : N, gt 9 5 A W e A wt 1¢ 7 (1-5) T (1-4)
Fast Neutral : N dl\I—f——N N;S —ﬁ(l—ﬂ)Jr N.N; X + ¢f Ni
ST s 7 Schematic diagram
dN Ni o Nif o
Slow Neutral : N 3 = —NN;S = NN; X +p—-N,,—+—N,,—+
s gt STV STV ¢ 7 w A 7 w A 4 e WALL
diffusion
A : plasma-wall interaction area @
f : wall-area fraction without gettering
¢ : ionizing fraction in SOL @
¢ : escaping-ion fraction across SOL @
T, : ion confinement time @
T, : fast neutral confinement time @
N ' Secondary
ionization emisElcH
B : reflection coefficient on the wall charge @
O : cross-section for secondary emission on the wall exchange @
S :ionization rate coefficient D
X : charge-exchange rate coefficient gas

fueling

€

: external gas input [s]
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The global density shows good agreement with FIReTIP
measurement with monotonic density increase.

1+105 ¢ . Wall outgassing
8.1022;--.% dN,,,, /dt = -2.3x1022 (equiv. ~350Torr:liter/s )
1022 .
6+10 4 x100
2.510°'F : :
2.0010° dN_, /dt = 2x102" (equiv. ~30Torr-liter/s )
1 5.1021 - \I’ZngaS/dt 9
’ External gas injection
8.1+10" '
Enormous WALL OUT-GASSING!!
N,/Volume
=n
5.7¢10" - ' -
FIReTIP Nyaio = 8x1022 ¢ initial wall inventory
T. = 0.8keV ion temperature
, : a 2T
4.1410" - : 1, = 7.7ps : fast neutral confinement time 7y x —=a_|—
Vv m;
X; = 4 m?s : ion thermal diffusivity . !
#142449 1, = 100ms : ion confinement time 7. ~ &
2.9¢10" L. S Y EP : : t. = 150ms : more practical i
0.2 0.4 .0'6 0.8 1O A [m?]= 20 : Plasma-wall interaction
Time [s]
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The plasmas in this status are not controllable because of
high wall outgassing.

7°10195' T T j 12T T T T T T T T T T T T
: n,
610" £ open- loop
- feedforward system tor
54107 E E
: gl
410" F -
? E
310F e : 2T
Valve ON/OFF ; 2 |
2010"E . ‘ ] 4L i
0.0 0.5 1.0 1.5
Time [s] | Target |
reference
closed- loop (YA I R S S B
feed baCk Sytem 0.0 0.2 0.4 0.6 time(Eﬁ 1.0 1.2 1.4
Nyaio = 8€22 : initial wall inventory

Same parameters used for measured density data are applied and do fail
in feedback calculation as well as in the pre-programmed one.
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Modification of wall inventory is required to control plasma

by active gas injection.

Se10¥F
4-1019?
3-10192—
2-1019§~
1+10” - Valve ON/OFF

0.0 0.5 1.0

Time [s]

1.5

a? X, =4 m?s:ion thermal diffusivity
Ti % —
! i 7, = 100ms : ion confinement time
8.5e22
Vv

N ~ 5.0e22 : ion confinement time

wall,0

Gas flow rate = 1.0e22 : ~150Torr-liter/s

significant
y reduction

N, .. /dt = -6.4x102" (equiv. ~90Torr-liter/s )

wall

Reduced initial wall inventory and enhancement of gas flow rate lead to
success in feed-forward simulation. About 2/3 of initial wall inventory results in
1/3 outgassing from the previous calculation because of the non-linear model.

NSTX
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In this simple model, plasmas react rapidly upon the valve
signals so that it can not be considered as realistic behaviors.

5'10195 T T E 8 T T
4107F NWO = 1e18
3.101°§ | Gas injectionf5e22 #/s
2-1019§
1-10‘9§—
: sl i
0: ‘ ]
0.0 0.5 1.0 1.5
Time [s]
40107 F— T T 21 ]
3410"F ) | ) ; : I Target
o 1Innerrrr ” 1 H q1aanerrr H “'\'\'I”F'F‘I'F H ]
e et AN o] reterence] N
2-10'9;- :'mmmm':‘:‘:‘:‘:‘H:H‘H‘:‘:':‘:m HHHI'I'\“:":':‘:'HWM'HIHH'u‘:':‘:':':‘ 00 02 04 06 08 10 12 14
R A i
: 1 ”“W;\I\Hm'“”" HHHHHHHH'H NN
T Simulations both of feed-forward up to 50Hz
: Valve ON/OFF 5 : :
ol 50Hz | valve modulation and feedback give good
0.0 0.5 1.0 15 results. These successive results, however,
Time [s]

does not reflect the practical experiments.
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2 Different approaches for diffusion or delay effects on gas
fueling were tried.

Wong(1992) Maddison(2006)
7.1019E T — T T T T T " T T T T T T T T E 7.1019E T T T 1 T T T
of Tg=10ms, 7,=10ms, 7,=5ms of
610" F ] 610”F ¢ ~10ms ]
5’10195_ _g 5.1019?_ —E
e - n.
4107F 4107 oy | ]
E ] g | || | E
310" F 3 310" F ol :: |'l :' \[| 3
Loy g "
21000 0L Valve 210°E! L 1Ly Valve ]
lo1p0f, Responsewithdiffusion Lo}, Responsewithdelay '~
02 04 06 08 1.0 1.2 14 1.6 02 04 06 08 1.0 1.2 14 1.6
Time [s] Time [s]
Wit (t) : Fueling rate [#/s] t'/
Wi (1) = (1) * y(t ' _ t'e ' ‘o
dit (O ="FY(®)*y(t) (Convolution) W (t) = e t/fgj (1)t
U exp(—t'-Ty4|/7y) —exp(—{t'—T4|/ 7 4
Ty Ty —Tw

iy exp(—|t = Tg|/ 7)) — 7y exp(-Jt = Ty| /7)) — T exp(=Ty / 7) + 7y exp(-Ty / 73,)

Ty —Tw

Although each approach has different equation, both are very similar each other only
with minor discrepancy of waveforms, provided with the same delay time.
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Delay-introduced reaction

~100ms x 2 peaks

6 T T T T T
! ] l—>)
S [\vf\v,\v’\u/\ununvnvf\ T 3.5 i Ii
1 1
B i /-\ 1 1
4k = sol ANAMDN AN NN
ol g > VAAVARV/ AVARVAVARVARY
S = 1
= 3r — 1 I
= < I I
Ku B =" 45K : 1 : 1 1
2t T
L Target 4.0 : -
reference 8.5 ‘ ‘ N |
o/ - Higher density :E E:-«150msx2peaks
00 02 04 06 08 1.0 12 14 g0l reauest N A n A p i
i S v vy
S I
=
=15 -
*  NwO0 =3e22
- dNw/dt ~ 2.89e21 s ~ 20 Torr-liter/s 02 “ imers] 08
* Gasinjection=2622 s ~300 Torr liter/s, 20ms response delay leads to 50~75 ms-

oscillation period of density
Response delay time = 20ms

NSTX
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Previous approach with fixed flow rate and fast response to
the error Is stable, but not accurate.

x1019
10 LI B T T T T T T T T T T T T 1 T g T
8 B 1 —— -
g o et s s e e e o e e s 5 |
RS AN ' . |
Lo 6 T L
£ £
E =4 .
» ~
—_ _Ib
=" Al | =
2 i
2+ _
OV . [ T T RN A N T R L O L Ll
00 02 04 06 08 10 12 14 0.0 1.4
time[s]
. NwO = 1e18 ® NwO = 1e18
«  Gas injection=10e22 <- 5e22 #/s *  Gas injection=5e22 #/s

«  Delay time = 20msec * lon confinement time 50ms <- 100ms
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Design of simple proportional feedback control algorithm

Previous approach was stable but not

| R = density response rate

0 i ' i§ | | | accurate because of fixed response.
: !f\ AN AN AN AN AN AN AN AN . . .
=) | AR Only ON/OFF time modulation is
I assumed to be applicable for gas
—4r | injection control with fixed flow rate
= i (=2x10%%s1 ~ 300 Torr-liter/s).
SR
- i
= Py !
P B 19 =3
i R (6=2)x10"[m ]=3><102°[m‘3s‘1]
= i Target (0.3-0.2)[s]
i : reference | An=ngs —n
i Valve opening
e [AN/R]=m (M) =5 duration
00 02 04 06 08 1.0 12 14
time|[s]
*  NwO0 = 3e22

e dNw/dt ~ 2.89e21 s1~ 20 Torr:liter/s

* Gas injection=2e22 s 00 Torr-liter/s

* Response delay time = 20ms

NSTX Conceptual design of real-time density control via FIReTIP in NSTX(Juhn) Nov. 8th, 2010

21



Proportional controller is not the best for valve modulation

p—————— 77—
time
il /\\/\/V\W\N\/\/\ 1
<o :
>
-
1_ —
ov_.
3 T . ’ T T
| M tlme
— 2_ N
A
£
=
=" L i
0. A . ,
0.0 0.5 1.0 1.5

time[sj

step= 30ms 9. 3
R (5-2)x10"7[m~]

(0.3-0.2)[s]
AN =Nt —N

=3x102[(m3s7']

G =1/3x10*"x1.5
Tc,pen =GAn

step=50ms

Although This controller does not guarantee
the accuracy for the target value although
smaller time step can provide smaller
oscillation of density.
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Pl controller can provide density close to target but there is
still oscillations.

' An=n_ —n
1 /\ 1 time step= 30ms
NP G, =1/3x10""x1.5

3k \] VARSI AR AR A AR AR e
o / G, =G,x0.02
£ p
BNl Topen = GpAN+G, [ An
= . target density= 8x1019
— —‘_‘ ‘N“ NNN“NN NN N" NNN‘HNNNNN _ target denSityz 3X1019 12- IIIIIIIIIIIIIIII |
0 ‘ L LU LI [IREE IR — 10+ /V\\ _
0.0 0.5 1.0 L5 I |
time[s] AA_A_A_A
s — 8 (wva B
E J
i (\ 1 time step=50ms = o i
3k /\ [\ [\'\ TAVNIVAYN TAVNIAWN | ><Q L
\/ \/ VRAAARAR/ =L ]
S 2t - 2 .
o/ [ T ILTITTTT
0.0 0.5 1.0 1.5
1+ - time([s]
‘ w H H‘ N H N “ N N ” N | Valve time modulation inherently leads to oscillation
%,0 YR o s even if the Pl controller has been tried. Flow rate
timefs] control by valve orifice variation seems to be desired

for better control performance
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Summary and conclusion

» Recently upgraded electronics from UC Davis enables the fast signal processing
and this leads to the easy characterization and suppression of fringe jumps in
FIReTIP.

» Fringe jump errors are automatically corrected after almost every shot, provided
with normal status of FIReTIP.

« The algorithm is applicable to the FIReTIP signals digitized by PCS for real-time
density control which are archived together.

* Preliminary density model based on that of Fielding tried and it shows good
agreement provided the parameters are adjusted.

» Using feedback control, density is achieved in a desired value without huge
dependence on other parameters when reduced wall degassing is guaranteed.

* Global density model has been established for NSTX plasmas and preliminary
study with that model has been tried. For the simple system, the valve opening-
duration modulation was tried. The proportional controller does not provide good
performance. Pl controller turned out to be better in terms of accuracy. Both
system can not lead to full equilibrium becasue the modulation. Further
experiments such as feed-forward density controls are required to obtain proper
parameters. New approach is required as well if it is to be applied for NSTX
start-up density control.
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