SOUL MODAL GAIN
MACHINE

OPTIMIZATION OF SOUL CONTROL SYSTEM

G. AGAPITO, E. PINNA, C. PLANTET, A. PUGLISI, F. ROsS!

LARGE
BINOCULAR
TELESCOPE

Wavefront Sensing In The VLT/ELT Era - 4t edition 29/10/19




LARGE
BINOCULAR
TELESCOPE

THE SOUL UPGRADE

WES DETECTOR CCD39 = OCAMZ

CAMERA LENS 30x30 SA = 40x40 sA

~

TIP/TILT MIRROR
WEFS ELECTRONICS | MAX. FRAME RATE

Y ; = I ASM IkHz = 2KkHz
SCAO systems RTC -
2X FLAO SYSTEMS (S. ESPOSITO, Pl) 2X SYSTEMS FEEDING LBTI (P. HINZ, PI - ERTEL S.) CONTROL SW  SUPPORT FOR LARGE # SLOPES
LUCIT & LUCI 2 (W. SEYFERT, PI) IMAGER L' M - FIZEAU INTERFEROMETER - NULLING AND HIGHER FRAMERATE
DIFFRACTION LIMITED SPECTRO-IMAGER J-H-K INTERFEROMETER

SOON FEEDING SHARK-NIR AND V-SHARK
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SOUL — OPTIMIZATION

e SOUL, LIKE FLAO, WORKS ON A WIDE RANGE OF GUIDE STAR MAGNITUDES, FROM SYRIUS DOWN
TO R~18.

AN ACCURATE PARAMETERS OPTIMIZATION IS REQUIRED TO GET THE NOMINAL PERFORMANCE.

e TYPICALLY AO SYSTEMS CHANGE FRAME RATE TO ADAPT TO FLUX REGIME, BUT PWFS CAN ALSO
CHANGE PUPIL SAMPLING.

« SOUL APPROACH:

« EMCCD GAIN, SAMPLING, LOOP FRAME RATE AND FILTER ROOTS CHANGE IN FUNCTION OF DETECTED
FLUX (NO FEEDBACK FROM TURBULENCE/VIBRATION CONDITIONS).

*  MODULATION AMPLITUDE IS KEPT CONSTANT AT +34/D (CLOSE TO OPTIMAL, SHOULD BE PROPORTIONAL
TO AQO RESIDUAL, BUT LOW SENSITIVITY)

* NUMBER OF CORRECTED MODES IS ALWAYS MAXIMUM AVAILABLE WITH THE USED SAMPLING (CONTROL
FILTERS HELP HERE).

* (CONTROL FILTERS GAINS ARE OPTIMIZED ON LINE.
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SOUL — PARAMETERS IN FUNCTION OF FLUX

Rmag flux bin freq emGain tt

-1.5 1.054E9 1 1700 1 3

OPTIMIZATION WAS INITIALLY PERFORMED IN _ 20  »6se8 1 1700 13

SIMULATION AND, THEN, DURING SYSTEM o) 33 1?352 . ggg %8 g

COMMISSIONING (PINNA ET AL. 2015, 2016, 2019). S 5 5.5  1.67E6 1 1700 3

o 6.5 6.65E5 1 1700 100 3

o - 7.5 2 .65E5 1 1700 100 3

PARAMETERS: ‘3 p ) 1.@5E5 1 1700 100 3

(@) 9.5 4.20E4 1 1700 300 3

. oA, — - 10.5 1.67E4 1 1700 600 3

SAMPLING (# S.A. = 40/DETECTOR BINNING) 2 =

11.5 6.65E3 1 1250 600 3

* LOOP FRAME RATE w > 12.5 2648 1 750 600 3

RCCD GAN oE | Be 7 e e 3
w - .

* MODULATION AMPLITUDE = & 14.0 665 2 800 600 3

+ # CORRECTED MODES SO |43 G i oww e 3

o 15.5 167 4 500 600 3

INTEGRATOR GAIN (wi T &0 5 g0 3

* FORGETTING FACTORS (AGAPITO ET AL. 2019) 17.5 26.5 4 100 600 3

18.5 10.5 4 100 600 3
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MODAL GAIN OPTIMIZATION

e PREVIOUSLY: TRIAL AND ERROR METHOD
ON 3 SETS OF MODES

* THIS OPTIMIZATION IS INSPIRED BY
"MODAL CONTROL OPTIMIZATION"
FROM GENDRON&LENA 1994,

» CHARACTERISTICS OF OUR
IMPLEMENTATION:

* IT WORKS WITH PSEUDO-OPEN LOOP
MODES
(DESSENNE ET AL. 1998).

 PLANT IS APPROXIMATED AS PURE
DELAY, BUT ANY (MORE COMPLEX)
LINEAR MODEL CAN BE USED.

e |T COMPUTE GAINS OF IIR FILTERS
(TYPICALLY A LEAKY INTEGRATOR).

gi; = minJ;
9i
2/T 2/T
Ji= ) epesn) = Y W@ ()
f=n/T f=n/T
1 1
W;(z)

T1+4H,(2) 1+ C(P(2)
Ci(2) = g:Ci'(2)

INPUTS REQUIRED:
» PLANT TRANSFER FUNCTION, P;(2)
* UNITARY GAIN IIR FILTER, C;'(2)

La¥eyNIN

COST DEFINITION

CLOSED Loor TF

CONTROL TF

gm™™ 1S TYPICALLY O

« STABLE GAIN RANGE, [gM", gm@*] —— g™A* DEPENDS ON C;'(2)
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PYRAMID WFS AND OPTICAL GAIN (1)

* PYRAMID WFS IS NON-LINEAR
WAVEFRONT SENSOR WHERE THE
MEASURED SIGNALS DEPEND ON THE
QUALITY OF THE ACHIEVED AO
CORRECTION = AN ADDITIONAL
PARAMETERS IS REQUIRED TO GET THE
PLANT MODEL, THE PWFS OPTICAL
GAIN:

—d

P(z) = A

A

Yopt

BUT ...

Turb

----------------------------------------------------------

A

Wavefront Sensing In The VLT/ELT Era - 4t edition

A

29/10/19



LARGE
BINOCULAR
TELESCOPE

PYRAMID WFS AND OPTICAL GAIN (2)

 IN 2015 WE DEVELOPED FOR
FLAO+LUCI (ESPOSITO ET AL. 2015)
A NCPA COMPENSATION TOOL THAT
COMPRISES PWFES OPTICAL GAIN
ESTIMATION.

Turb

e THEN, WE USE THE SAME ALGORITHM TO
GET A OPTICAL GAIN COMPENSATED
PWES AND SO WE REVERT THE PLANT
MODEL TO A PURE DELAY:

P(z) =z¢

----------------------------------------------------------

S
S
>3
S
Q
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PLANT TRANSFER FUNCTION

HENCE, WE MODEL PLANT AS P;(z) = z~%, SO A PURE DELAY. DELAY d; IS THE SUM OF:
e INTEGRATION TIME (0.59 - 10MS)

e DETECTOR READ-OUT TIME (ROI 120X120PIXEL = 0.24 — 0.17MS)

e RTC LATENCY (0.50MS, 0.06MS DURING DETECTOR READ-OUT)

e HALF OF DM SETTLING TIME (~0.60 — 1.00MS)

WE COMPUTE IT WITH NOMINAL VALUES AND WE VERIFY IT FROM CLOSED LOOP DATA
ESTIMATING THE TRANSFER FUNCTION NATURAL FREQUENCY.

NOTE: DELAY CHANGES MODALLY BECAUSE DM SETTLING TIME IS NOT EQUAL FOR EACH MODE,
LOW ORDER MODES ARE SLOWER (RICCARDI ET AL. 2008).
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MGM — OTHER CHARACTERISTICS

GAIN APPLIED IN THE RTC AT STEP k :

g (k) = (1 —p)gi" (k= 1) + pag; (k)

ROBUSTNESS FOR DEALING WITH MODEL ERRORS (SAFETY MARGINS AND LIMIT INCREMENT RATE)Z
*  MAXIMUM GAIN, g{"***, IS REDUCED FROM THEORETICAL ONE BY 5%
« AFACTOR a (@ < 1, TYPICALLY a = 0.9) REDUCES THE GAIN WHICH MINIMIZES THE COST FUNCTION, §;
* GAIN INCREMENT LIMITED W.R.T. PREVIOUS STEP: FACTOR p (p < 1, TYPICALLY p = 0.5)
MGM AND PWFES OPTICAL GAIN COMPENSATION ALGORITHM ARE COORDINATED:
« UPDATES ARE SYNCHRONIZED
* OPTICAL GAIN VARIATION (NEW OVER PREVIOUS ONE) IS USED TO RESCALE FINAL FILTERS GAIN VECTOR

WE ADD A SUPERVISOR THAT MONITORS THE CLOSED LOOP AND, FOR EXAMPLE, REDUCES THE FILTERS
GAIN IF THE DM FORCES SATURATE TOO OFTEN.
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DAY TIME RESULTS

20190409
40x40s.A., 1kHz, seeING 0.6", R=11.9

2 0.87 ——————
MGM 3 SETS GAIN OPT.. | I MGM ]

3 sets gain (scaled)
8 r_ - -y £ 2 | - =]
Exe . ' ]
B 1 : 1 ]
80— ] ]

ol N ]

gain value

SO0 ] I S .

~ 1 10 100
SR(H)=66% SR(H)=60% mode number

(No LUCI NCPA COMPENSATION)
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ON SKY RESULTS

20190709
40x40s.A., 1.2kHz, R=11.5

IDL

. 0.5F i '
MGM 3 SETS GAIN OPT. | MGM

fi0 ] —— 3 sets gain (scaled)
[ 7=22DEG 7=26DEG ] "
wl-DIMM 1.03" : DIMM 0.95"

L
: - E
ao}—— —— ot
- B > = : :
o s g o of % -
o 3 &0 - :
- 0.1 F e LR

lIlllIlll;lllllﬂ%llllll;lllllllllilllllllll

0.0é N L
= 1 10 100
SR(FEI)=61% SR(FEIl)=57% mode number

(No LUCI NCPA COMPENSATION)
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12/7HZ VIBRATION

e DURING OUR TEST WE NOTE A BI-STABLE
BEHAVIOR OF TIP/TILT GAIN, OSCILLATING
BETWEEN TWO VALUES SEPARATED BY
~20%.

e WHEN TT GAIN RAISE WE SEE A STRONG
VIBRATION AT 127HZ = WE FOUND A
CONTROL-STRUCTURE-INTERACTION

« WE VERIFIED THAT THIS CAN HAPPEN FOR
FRAME RATES BETWEEN 700 AND 1700Hz

e FLAO WAS NOT ABLE TO EXCITE IT
BECAUSE CLOSED LOOP BANDWIDTH IS
SIGNIFICATIVE LOWER WITH NATURAL
FREQUENCY AROUND 80Hz
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power (m2)

1 D—12

107

4
<
a
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Q

Iv
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1 D—ZZ

TT GAIN

2. 0.231,0.276

X/ IDL O

20190707_214851 and 20190/0/7_214810, mode O
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12/7HZ VIBRATION

» DURING OUR TEST WE NOTE A BI-STABLE 2D DS
BEHAVIOR OF TIP/TILT GAIN, OSCILLATING
BETWEEN TWO VALUES SEPARATED BY SOONNET TR T T z 107
~20%.

400 | .

« WHEN TT GAIN RAISE WE SEE A STRONG ; 107
VIBRATION AT 127HZ = WE FOUND A . 300F .
CONTROL-STRUCTURE-INTERACTION 3 e

« WE VERIFIED THAT THIS CAN HAPPEN FOR ® 200 5
FRAME RATES BETWEEN 700 AND 1700Hz ool 100

e FLAO WAS NOT ABLE TO EXCITE IT :

BECAUSE CLOSED LOOP BANDWIDTH IS W) SRR R SR SR
SIGNIFICATIVE LOWER WITH NATURAL 100 200 300 400 Power [m?]

FREQUENCY AROUND 80Hz frequency |Hz]
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12/7HZ VIBRATION

MAINLY TIP TILT, BUT A BIT OF

2ND AND 3RD RADIAL ORDER

107
1071 .
E 10718 .

« DURING OUR TEST WE NOTE A BI-STABLE _2 5 L0 1 g
BEHAVIOR OF TIP/TILT GAIN, OSCILLATING & 107° I
BETWEEN TWO VALUES SEPARATED BY 200 107 F
~20%. 1078 T

400 F 1 10 100

* WHEN TT GAIN RAISE WE SEE A STRONG : mode number
VIBRATION AT 127HZ = WE FOUND A . 300F 4 -
CONTROL-STRUCTURE-INTERACTION 3 pr

» WE VERIFIED THAT THIS CAN HAPPEN FOR : =00 F :

FRAME RATES BETWEEN 700 AND 1700Hz 100; ; 100
* FLAO WAS NOT ABLE TO EXCITE IT :
BECAUSE CLOSED LOOP BANDWIDTH IS V]SSR E=E 2 =SSR = Eaee =
SIGNIFICATIVE LOWER WITH NATURAL 100 =00 300 400 Power [m?]
FREQUENCY AROUND 80Hz frequency [Hz] _
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12/7HZ VIBRATION

FLAO AT MAXIMUM FRAME RATE

SOUL AT MAXIMUM
SINYIINIE

» DURING OUR TEST WE NOTE A BI-STABLE T R N R
BEHAVIOR OF TIP/TILT GAIN, OSCILLATING _ MF
BETWEEN TWO VALUES SEPARATED BY f
~20%.

e WHEN TT GAIN RAISE WE SEE A STRONG
VIBRATION AT 127HZ = WE FOUND A
CONTROL-STRUCTURE-INTERACTION

1.0

amplitude
I T T

* WE VERIFIED THAT THIS CAN HAPPEN FOR

127Hz
FRAME RATES BETWEEN 700 AND 1700Hz I

e FLAO WAS NOT ABLE TO EXCITE IT PR Ey— p—y
BECAUSE CLOSED LOOP BANDWIDTH IS £=0.99kHz, d=3.10ms, g=0.40
SIGNIFICATIVE LOWER WITH NATURAL 0.1 e R T

| 10 100

FREQUENCY AROUND 8OHZ frequency [Hz]
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127HZ VIBRATION CONTROL SOLUTION

WE DESIGN, BY MEANS OF A NUMERICAL OPTIMIZATION WITH

10.00

STABILITY CONSTRAINT (AGAPITO ET AL. 2012), SOME IIR
FILTERS FOR TIP/TILT MODES WITH LOW CLOSED LOOP TF

AMPLITUDE AT ]27HZ AND “GOODH REJECTION OF TYPICAL 1.00 ;

LBT VIBRATIONS (MAIN PEAK AT ~10Hz, KULCSAR ET AL.
2012).

WE GET 4 FILTERS FOR 1700Hz, 1350Hz, 1000Hz AND

amplitude

/50Hz, FULLY COMPATIBLE WITH SYSTEM RTC AND MGM. 0012

GAIN VECTOR CAN BE CHANGED ON THE FLY, WHILE

11Hz!

IDL O
RTF

L 1 1 11lH

{4
';zmp

SO RN O DD RN

F—{m s Gl 05649 0% 0% 03 0R 4] |- - — - ¢
W0
B e v

[ W2 Q=1 00—

FILTERING IS FIXED DURING AQO OPERATIONS.
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127HZ VIBRATION CONTROL SOLUTION

WE DESIGN, BY MEANS OF A NUMERICAL OPTIMIZATION WITH
STABILITY CONSTRAINT (AGAPITO ET AL. 2012), SOME IIR
FILTERS FOR TIP/TILT MODES WITH LOW CLOSED LOOP TF
AMPLITUDE AT 127Hz AND “"GOOD" REJECTION OF TYPICAL
LBT VIBRATIONS (MAIN PEAK AT ~10Hz, KULCSAR ET AL.
2012).

WE GET 4 FILTERS FOR 1700Hz, 1350Hz, 1000Hz AND
/50Hz, FULLY COMPATIBLE WITH SYSTEM RTC AND MGM.

GAIN VECTOR CAN BE CHANGED ON THE FLY, WHILE
FILTERING IS FIXED DURING AQO OPERATIONS.

amplitude

NTF
10‘00 T T T T T TTT T

1.00

0.10

o o
1
[ R}
D co
&R
-
N
Y
T
N
| L1141l

0.01

11 1
10 100
frequency [Hz]

17/00HZ FILTER

-
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127HZ VIBRATION CONTROL SOLUTION TEST

e FIRST DAYTIME TEST WAS SUCCESSFUL:
o TT JTTER BMAS RMS (VS 24MAS)

* SR(H BAND) 10 70% (Vs 40%, LUCI
NCPA NOT CORRECTED)

» NEXT WEEK THESE FILTERS WILL BE USED
DURING NIGHTTIME COMMISSIONING

« MGM SW UPDATED TO MANAGE IIR FILTERS
AND WILL BE TESTED SOON

DL 10
residual jitter

1700Hz FILTER &
DAY TIME TEST
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CONCLUSION

LONG EXP = 40 x 2.05 (NO SHIFT &ADD)

ON SKY FEll SR 57%

(2019/07/09 06:40:42)

G 205-43 |
R13.5 .
$=0.93"" |

20x20 s.A.
870Hz
250 MODES

IIII! IHH[IIl IIIHHl HIHIIW TTTTI

SR

0.8

0.4

0.2

0.0

SPHERE NOMINAL
R13.5@0.6"
SR(H)=48.5%

SIMUL.: R13.5, S=0.93"", AVE VIBR.

SR = 53%

(FLAO 25%)

0.6

10 20
sub—frame #
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