Need for Novel Suppressors and Advanced
Modern Control Systems for Burning Plasmas

A.K.Sen
Columbia University
New York, NY



[onuod rewndo sandepe &

A[8urpuodsariod
o8ueyo 1snw s1ojourered JMOIID [OIJUOD JOBAPIDJ &=

yuopuadop awin are siojowrered ewise[d —
as1ou Jo aouasaid ay) ur jonuod rewndQ —
SUIO)SAS [OIIUOD WIOPOW PAOUBAPR JOJ PN T o
(HOH) Suneay uono[dAd uoIdd[d paje[NpoA e
Sweo( [ennau paje[npojJA e

:s10ssa1xddns onjouew-uou a10[dxy —
" WASD T WY PSP
9 P Seger e 3 9G04, "SOPOW (JHIA [BUIJUT/[RUIUT I0]
JI0M JOU [[IM STIOO J[ppes a1 s1ossarddng onouley —
s10ssorddns onouSew-uouI0] PON ‘I e

R oWMel
UOTIBATIOIN



INTRODUL TION

3. AN INTELLCTUAL BAND GAP
BeTween CONTROL SrsTEMS

SCIENCE AND PLASMA PHYrsiCS

o CONTROL SYSTEWNS SC\ENCE IS
VAL\D FOR LUMPED PARAMETER SYSTEMI

 ONLY ~~ SYSTEMS CHARACTERIZED BY

ORDINARY DIFFERNTIAL E&S,
Rishly developed and sobhisheated | Vast Utevature |

oIT IS NOT VALID FOR DISTRIBUTED
PARAMETER SYSTEMS LIKE PLASHAS
~ CHARACTER\ZED BY PARTIAL.

DIFFERNTIAL EQ§S,

® NO FORMAL CONTROL THEOR\ES EXIET
FOR P.D.E.s

o THE MOST FUNDAMENTAL RULRDLE IS
THE CONCEPT AF DYNAWMICAL STATES,

NTR.ORDER ODE ' N STATE VARARLE <

NTH. ORDER PDE ! N-FOLD INEINIT Y
OF STATES,

AS STRISTLY MATHEMATICALLT SFﬁAKING-,
SBVERY PHYSICAL VAR\ABLE AT EVERN PAINT N
SPACE \§ A DINAMICAL. STATE .



&. A PRYSICALLY MOTIVATED DEFINTION
OF DYNAM\CAL STATES OF PLASMAS

+CONS\DERACLASS OF INSTABDILITIES

CRARACTERIZEY BY A DISCRETE SET
OF NORMA L. MODES .

4

¢ THE DYNAMICS CAN BE SUMMARIZED
IN TERMS OF TEMPORAL REHAVIOR OF

THE AMPL\TUDES OF THESE MODES
W ODE
e TRUNCATE TO RETAIN THE DOMINANT
POLES ONLY, CALL THIS FINITE
DI\SCRETE SET ‘NORMAL MODE STATES®
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Basiec RessarcH ON
FegDRACK CONTROL OF
PLasua TNsTARILITES IN

THE COLUMBIA LINEAR MACH INE
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Fig. 9 Experimental Setup of Multi-mode Feedback
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Fig. 10 Spectra of Mode Amplitude for Optimum Suppression



A THEORETICAL MODEL.
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« Use calculus of variations: defining a Lagrangian L
L(x,%)=I"(OOI () +u" () Ru@®) + AT ))[AI(t) + Bu(t) - I (1)]
where x = (I" U" A7, A is a Lagrange multiplier.
 Then the optimal control minimizing J of Eq. (3) satisfies the Euler-Lagrange

equation:
d(dL)_ dL B
dt\dx) Jdx
One resulting equation is:
u(®)=—R"'B"A(t) (4)

Two other resulting equations:

1) (A —~BR'B” ﬁ:J
A®)) (-0 -AT A2)
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State Space Model:

presence of plasma noise:

I(¢) = AI(t) + Bu(t) + Dy (¢)

w(®)=HI{t)+y, (1) (1)

oT _

I"=[1 I,]

- The system matrices A, B, D and H for DIII-D like

parameters are:
-0.474 -502 - 531
A= B=
-14.7 79.0 -16500
~2.67x10° . [0650x107
D= | 1223x10°) H ={0.940x10
The assumption about y,, plant noise and v,

measurement noise, is:
¥orms=10"W ¥ orrms=2x107*W
The quadratic cost function to be minimized:

J(t)=HUT () QI(1) + u (£)Ru())dt
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Where the weight matrices are:

0.600 1.080
Q= R
1.080 14.647

]
ja—

System Model

Transfer Function Model:
_ -1.5865+541.1

H(s)= 2)
)= 2 g 535.7417 )

The poles of the model are [-55, 133].

For numerical solution with Matlab, the system 1is

discretized with a sampling period of 50 usec. Eq.2

can be written in discrete time form as:

V) + ay (k—1) + ayy (k—2) = bk —1) + bu(k—2) (@

where a,=-2.004, a,=1.004, Pivaia chrr
b;=-7.9%10°, b,=8.0*%107. vaetay




Ra:su::‘u‘n Using the notation

Vectere
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System ldentification
Least Square Bateh Method

Assume that the sequence of inputs {u(l), ... u(k),

..., u(n)} has been applied to the system and the

corresponding sequence of outputs {y(1), ...y (k),

unknawwn
..., ¥ (n)}has been observed. Use the parameter

WﬂnA

T
vector & =(@ @ b b) and the regression vector
oy ) Aﬁ*

o (k-1)=(-yk-1) —yk-2) uk-1) u(k-2)).

This kind of model is called an autoregressive model.

The model can formally be written as

y(k)=p" (k-1 4

bovowder vecher
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®=|p (k) ¥=|y(k+1)

k(aT (n-1)) \w(n) )
Eq. 4 becomes: ¥ =0 &~ (5M“
a\.ﬁnkw Ce Ragression veckgs

The parameters 0 should be chosen to minimize the

least-square cost function

SV ACY) %i_(w(k)—v;(k)) (6)

If the matrix ®'® is nonsingular, the minimum is

unique and given by

f o=(o'0) o™y J (7)
provided (®'®)" exists, otherwise should be replaced
by @Y.
With batch method, the identified model (RMS) of

the above system is given in Fig. 1.

The convergence time is 16 ms.



Least Square Recursive Method

In adaptive controllers the observations are obtained
sequentially in time. It is then desirable to make the
computation recursively to save time. First, define the

covariance matrix P

Pl =07 0000)" = S0

Using some matrix manipulations, the recursive least

square estimation for constant system parameters
takes the form p,\king  Lovvae e

n n fM\

(k) =0(k-1)+x(k)w(k)-o" (k)0(k-1))

x(k) = P(k)p(k) = P(k - Do(k)(I + " (kF)P(k-D)p(k))™" (8)

P(k) = (I -x(k)g" (k))P(k-1)
In our case plasma parameters evolve in time. One

method to estimate the time-varying parameters is to
define a forgetting factor A, 0 < A < 1. The most

recent data is given unit weight, but data that is n

22
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Fig. 2 System identification with recursive method.
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Fig. 3 Time history of identified unstable pole.



Control Response with Identified Model
Identification = Kalman filter = system states =
feedback => outputs in Fig. 4.

Q9
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a5 |- \ | ——— control signal |
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25
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Fig. 4 Control input and stabilized system response.




A Simple Fully Adaptive System
Variation of system parameters in 150 msec (between

300ms and 450 ms).
-0474 -50 -4.74 -5020
A= (-147 790 ) > A= (147 790
The poles of the system become
[-55,135] > [-550, 1350].

System identification results are shown in Fig. 5.

The time history of the identified unstable pole is
shown in Fig. 6.

The identified model is used to generate the feedback

control signal series, which is shown in Fig. 7.



- g i e @ o —

lerue

value
.

bt
— b2

true
value

0 100 200 300 400 500 600 700
Time (ms)

Fig. 5 System identification with recursive method

for the time evolving system.
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The &nearized MHD eg" it feadback
d0d o
b, |

" whete M, = mk(a,;a,m,m,v,’,n,, 41?('{') is MHD ﬁ“‘d“"b"

Aﬁuﬁng a. faedback loa: /Moo= GG/a)

len, M, = dpGE,, d=Ny(0,+0,+ o;) V,z,/a0 |

Taltlng dot broduct of B9 (1) whn T2 Cntagrating

d.Y\J. Qx*:w'ﬂdxﬂg 15 Cwneluda VA 2 puctface eontv ' buia
R D

oo Al gy

1 2
=|plEl"adV Lineay
5.0, 2j a vouti rate

wnacaned

For, shabilily - G =l ad lolxv/d g



Geowetvical Co’u#ei‘ﬁg m%a‘wf Co .

Co= (L L,/4%'Ray) % o 1"

|G ectuar 1613
For TETR Like barameders and hop o baaws
(dl-fﬂhl +D 30 KQ—V)& LP"onMXL_ N?Owdld

lnb/NOI = lGlactual (gr/a) - lG'actual (BO/BOO) ~2 X 10-

For dehrdabole faved of ' (By/Byg) ~ 10°,

~ 1.6 MW

total

(1,,) ~53A, (P,

total
(FSn)
For ‘PBX-—L’L LIKE PARA METERS AND

ONE RBEAM L)lTH E‘b.w 0 KeV : R I_P~22.¢.wngl_~31

\m”/" | ~ lGlaMCBO/Bgo ~ 2%107
For DETECTARLE LEVEL OF B, /By, ~ (673

I, ~10A | P ~.3MW

NOTE | EXeTING BEAM For- PBX-M
Ep~ 40+t 4S5 kev | I, ~2040 304
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