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Scient if ic Requirements
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Stability Requirement

Precise measurements of polarization with diffraction limited 
images (0.2- 0.3 arcsec.):

= >  Stability requirements (0.09 arcsec. 3 10sec)

[Satellite body pointing: ~0.6 arcsec (3σ, 10sec)]

?

CH GBP
Steiner et  al. (1998)
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Image Stabilization System

-  Consists of correlat ion tracker (in FPP) and t ip- t ilt  mirror
-  Stabilize solar images on focal- plane CCDs

Image Stabilizat ion System

CTM    (Japan)
  (Servo control and t ip- t ilt  mirror)   

FPP     (US)
  (fast  CCD camera for error signal)

CTM =  Correlat ion Tracker and Tip- Tilt  Mirror package
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SOT Pointing Stability  SOT Pointing Stability  (10 [sec],  3σ)
                          Requirement: 0.090 arcsec, Goal: 0.040 arcsec

Current Estimate on Stability: 0.045 arcsec (3σ)

Errors due to correlat ion tracker and CTM electronics

Residual Errors in Stability after j it ter removal with CTM system

 

Error due to Image rotat ion around Z ax is

0.002 arcsec (j it ter),  0.008 arcsec (transient), 0.003 arcsec (drift)

- Error in CT tracking signals: 0.018 arcsec (FPP EICA, j it ter)
- Error in CTM- E/ CTM- TE: 0.012 arcsec (r.s.s.) (j it ter)
           Digital bit  resolut ion of CT tracking signals: 0.0005 arcsec
           Digital bit  resolut ion in mirror drive electronics: 0.0071 arcsec
           Electrical noise in mirror drive circuits: 0.009 arcsec

-  Residual j it ter caused by at t itude control components (momentum wheels):
           0.020 arcsec (j it ter)
-  Residual j it ter caused by moving components in telescopes: 0.010 arcsec (transient)

[ RSS(jit ter) +  RSS(transient) +  RSS(drift) ]
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System Overview
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CTM- E :CTM Electronics (servo loop controller)
CTM- TE :CTM Tip- t ilt  mirror drive Electronics
CTM- TM :CTM Tip- t ilt  Mirror unit  (mounted inside of OTA)
FPP :Focal Plane Package
                   CT- CCD:  high- speed camera for correlat ion tracking of solar granules
FPP- E :FPP Electronics Solar Granules

Focal Plane Package (FPP)

FPP-E

CTM-TE CTM-E

Tip-tilt mirror 
(CTM-TM)

Sun beam

Telescope (OTA)

CT 50x50 
CCD

Correlation to generate 
residual signal

Servo 
control

Drive 
electronics

Live 
frame

Reference 
frame

Focal Plane Package (FPP)

FPP-E

CTM-TE CTM-E

Tip-tilt mirror 
(CTM-TM)

Sun beam

Telescope (OTA)

CT 50x50 
CCD

Correlation to generate 
residual signal

Servo 
control

Drive 
electronics

Live 
frame

Reference 
frame
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FPP CT Signal: Correlation Algorithm

10
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• Residual is  calcu lated  with  13 sh ifted  posit ions.
• CT signal (dx,dy) is  calculated  from  sub- p ixel polynom ial fit  

for  m in im um  residual posit ion .

I=∑
pix

∣IL−IR∣

Fram e rate: 580 Hz Up d ated  every 40s

Live Im age:
I

L

Ref. Im age:
I

R

Shifted  Posit ions

Residual: 
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X- axis

Image

displacement

Y- axis

 Image displacement

Out of Range

Saturation

Range

Linear

Range

R1
R2

 

2D Map of CT Signal

CT signal (X- axis)

Out  of  Range Out  of  RangeSatur at ion 
Range

Satur at ion 
Range

Linear
Range

R2

R1

+ R1

- R1

CT Signal Condit ion on X- axis

 
CT Status 

 

CT Signal Properties 
 

CTM-E Control 

Out of Range Not defined. CTM-E keeps CTM_SERVO_ON mode, but holds 

the last TM position until CT signal returns 

into Linear or Saturation ranges. 

Saturated Range CT signal has magnitude R1 with the correct 
direction of the image displacement. 

CTM-E keeps CTM_SERVO_ON mode 

Linear Range CT signal is proportional to the image 

displacement on CT CCD in FPP 

CTM-E keeps CTM_SERVO_ON mode 

 

22 yxr +=

R1= 0.44  arcsec; R2= 1.1  arcs ec (for  n orm al gran u le).  R2 d ep en d s  on  th e t arget .
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x 

y
x  

z 

+θx 

+θy 

N
x  

W
x  

E
x  

S
x  

FPP   

+Y = +YTM 

+X 

+Z 

(+XTM, +YTM, +ZTM): TTM Coordinate 

(+X,+Y,+Z): Satellite Coordinate 

 

Toward FPP 

From OTA(CLU) 

+YTM 

+XTM 

+ZTM:  from  CTM­TM  C.G.   

toward Mirror face 

(C.G.= Center of gravity) 

CTM­TM viewed from +ZTM 

P3 
P1 

P2 

CTM- TM
• 60m m  d iam eter  m irror
• Located  near  p up il
• Actuated  by th ree  PZTs; 

com m ercial p rod uct  was  
qualified  by NOAJ for  u se 
in  sp ace.

Sate llite  coordinate

Th e satellit e p oin t in g is  ch an ged
  arou n d  X (+ x)= >  FOV m oved  toward  S
  arou n d  Y (+ y)= >  FOV m oved  toward  E

Th e solar  featu re on  CT CCD 
is  d isp laced  toward  NW 
d irect ion  (+ x, + y).

Po s itiv e  tilt around + YTM = >  + X CT
Po s itiv e  tilt around + XTM = >  + Y CT
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TM drive voltage

CT signal

Reference image updated

Step deviation

 

10.5arcsec 

Note: The stroke range in the figure is the 
case when all 3 Piezo actuators 
are working. 

N 

S 

E  W 

15.4arcsec 

13.3arcsec 

Wh en  referen ce im age is  u p d ated , CT s ign al 
m ay h ave a  sm all s t ep  d eviat ion  on  th e ord er  
of 0 .01  to  0 .02  arcsec.

OLD NEW

Referen ce fram e u p d ate an d  CTM- TM reset

• Th e t ilt  ran ge th at  th e t ip - t ilt  m ir ror  can  m ove is  
a  h exagon al area d efin ed  by th e t r ian gle s t at ion  
of th ree PZTs  sh own  above.

• Th e voltage ap p lied  to  PZTs  are lim ited ; ap p lyin g 
h igh  voltage m ay red u ce th e lifet im e of PZTs . 

• Wh en  h ard  lim it  is  d etected , FPP CT s oftw are  
res e ts  tip- tilt m irror pos ition to  hom e pos ition  
an d  goes  back to  n orm al servo op erat ion .

• Exp ected  reset  in terval 1- 2  h ou rs ; d u r in g th e 
reset  op erat ion , SP/ FG observat ion  is  p au sed . 
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Soft  Lim it : 0V

Hard  Lim it : - 10V

Soft  Lim it : 60V

Hard  Lim it : 70V

Ap p lied  voltage

TM Soft  Lim it  =  0 , TM Hard  Lim it  =  0

TM Soft  Lim it  =  1 , TM Hard  Lim it  =  0

TM Soft  Lim it  =  1 , TM Hard  Lim it  =  1

Calcu lated  voltage by Software

TM Soft  Lim it  =  1 , TM Hard  Lim it  =  0

TM Soft  Lim it  =  1 , TM Hard  Lim it  =  1

Lim it s  are n om in al (can  be ch an ged  on  board )
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Correlation Tracker (CT) in FPP
- Producing displacement error for feeding back to CTM tip-tilt
mirror control
CCD 50x50 pixels, 0.22 arcsec/pixel
Frame rate 580Hz
Spectral range 629-634nm
Displacement Range +/- 5 pixels
Error signal accuracy ~ 0.01 arcsec

Tip-tilt mirror and its controller (CTM)
Signal used for closed loop
control

Residual  signal  from correlation
tracker

Actuator 3 Piezo actuators
Tilt range 10.5 arcsec in radius on the sky
Control  crossover
frequency

14 Hz (nominal gain)

Stability <0.007 arcsec (3σ, a test result)

Im age Stabiliz at ion  System  Basic Propert ies
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Funct ionalit ies
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Filter1: LPF
Filter2: NF
Filter3: LLF

G2G1

Integral
funct ion TM d r ive

K1 /  s K2 / (1+ sT)

+

+

+
+

GTM

TM
+

+

GFPP

-

Piez o b ias (VTM /  G2)

Angle Set

VTM

Vbias  /  G2

Voffset

CCD/ CT signal

Vsvo
(Vhold)

B

Bod y at t itu de +
Dis tu rbance

Servo On

Servo Reset

TM

SOT

+

CTM- E

OTA

G3

Matrix
Transformation

2 to 3 ax is

GF

θc  =  zero(Target)

CTM- E

FPP- E/ FPP

CTM- TE CTM- TM

s y m b o l d e s c r ip tio n re a liz e d  b y

G 1 Inte gra l func tio n fo r c o mpe ns a tio n o f the  G a in ma rgin s o ftw a re
G F S e que ntia l thre e  filte rs

  filte r1 : L o w  P a s s  F ilte r fo r no is e  re duc tio n s o ftw a re
  filte r2 :No tc h F ilte r fo r fo r me c ha nic a l re s o na c e s o ftw a re
  filte r3 :L e a d-L a g F ilte r fo r c o mpe ns a tio n o f the  P ha s e  ma rgin s o ftw a re

G 3 Tra ns fo rma tio n fro m 2  to  3  a xis s o ftw a re
G 2 Tra ns fe r F unc tio n o f Tip-tilt M irro r D riv e  C irc uit C TM -TE  Ha rdw a re
G T M Tra s fe r F unc tio n o f Tip-tilt M irro r C TM -TM  Ha rdw a re

G F PP C T s igna l C ha ra c te ris tic s (F P P -E ) F P P -E

Servo loop gains can be opt imized by onboard diagnost ic software in CTM- E

e−τs
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CTM Servo Block (simplified model)

  

+_ 
ωi

s 
+ + 

e–Ts s CTM 

(S/C Att. Error) 

(SOT Ptg. Error 
about X/Y Axis) 

1
1+s/ωa

 

(Note: ωc= Fc)

θC

θB

• Tip- tilt  mirror is closed- loop controlled using CT signal 
generated by correlation tracker in FPP.

• Closed loop control is to stabilize CT signal into zero.
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The overall transfer function is expressed as follows:

Image Stabilization System minimize pointing jit ter(B), and 
the remaining jit ter(SOT) in FPP images is related to pointing 
jit ter with the transfer function G(s):

Gs≃
K1

s
1

1Ts
exp −cs, s= j.

SOT

B

=Hs= 1
1Gs



19

SOLAR-B 
SOT

SOT17 April 17-20, 2006

10
0

10
1

10
2

10
3

-30

-20

-10

0

10

f (Hz)

G
ai

n(
dB

)

|Dc*(jw)|

ω i = 10 Hz 

ω i = 30 Hz 

ω i = 20 Hz(nominal) 

Gain 
(dB)

CTM overall delay t ime τs =  3 ms

Image Stabilization System
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x(t) =  Asisinωsit  +  Esi

Asi

Esi

Tsi =  2p / ωsi

Sine Wave

Es

x(t) =  Es ( 0  t )

Step

Ei

x(t) =  
Ei  (t  =  0)

0  (t  not =  0)

Impulse

• The diagnostics mode allows us to diagnose transfer 
function of servo loop.

• The diagnostics mode has a capability to input a signal 
pattern in the servo loop:The three signal patterns are 
available.



21

SOLAR-B 
SOT

SOT17 April 17-20, 2006

Image Stabilization System

Th e d iagn os t ics  m od e p rod u ces  d iagn os t ic t elem et ry d ata , wh ich  
allows  to  m on itor  th e s ta tu s  in  h igh  ra te (580, 290 or  145 Hz ): 36  
p oin t s  can  be m on itored .
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 Open Loop Characteristics: 
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 Closed Loop characteristics: 
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Test Resulsts
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FM Combination Test:

• Tes ted  in  Sep . 2003  at  LMSAL
• Con firm ed  s t ab ility of 0 .001-

0 .002  arcsec (f< 20Hz ).

Note: th is  is  PM com bin at ion  t es t

CTM- TM

CT Cam era

Granulat ion  s im ulator

FPP CT Cam era
 Electron ics

CTM- E
CTM- TE (not  shown)



25

SOLAR-B 
SOT

SOT17 April 17-20, 2006

Test Scenes 

FPP an d  tes t  op t ical layou t  in  clean  booth
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Test Scenes 

CTM- E an d  CTM- TE fligh t  m od el CTM- TM(PM) an d  au to- collim ator
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Test Scenes 

FPP an d  CTM GSEs  ou t s id e clean  booth
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Transfer Function: Measurement (red circle) agrees well with 
model (green line)
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Time Profile

Histogram

PSD

X ax is Y ax isSERVO OFF

0 .01- 0 .03  arcs ec (RMS)
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Time Profile

Histogram

PSD

SERVO ON X ax is Y ax is

0 .00 1 - 0 .00 2  arcs ec (RMS) [f< 20  Hz ]



31

SOLAR-B 
SOT

SOT17 April 17-20, 2006

Image Stabilization System

END


