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ABSTRACT

This paper describes the methodology used to develop the spacecraft pointing stability constraints and instrument
disturbance limits for the Geostationary Operational Environmental Satellite (GOES) R series of spacecraft launching
on or after 2012. Instrument line of sight stability and control requirements drive the spacecraft pointing stability
constraints. In turn, the spacecraft constraints are used to define the instrument disturbance limits. The resulting limits
on the spacecraft and instruments are defined in terms of spacecraft pointing error displacement, velocity and
acceleration.
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1. INTRODUCTION

The National Oceanic and Atmospheric Administration (NOAA) has been operating geostationary earth imaging
weather satellites since 1975. The next generation of Geostationary Operational Environmental Satellites (GOES) will
be the R series launching on or after 2012. In the current plan, GOES-R will support three earth-scanning instruments.
One is called the Advanced Baseline Imager (ABI). The other two are part of a Hyper-spectral Environmental Suite
(HES). These two HES instruments will perform full Disk Soundings (DS) and Coastal Waters (CW) imaging.1 At the
time this paper was written, the architecture of the space segment of GOES-R was under study. The three earth
scanning instruments may all fly on one satellite as shown in Figure 1, or the ABI may fly separately from the HES
instruments as shown in Figure 2.

The optical performance requirements of these earth-scanning instruments drive their instrument line of sight (LOS)
stability requirements. For the development of the spacecraft pointing stability constraints within this paper,
assumptions were made to approximate the spacecraft motion to instrument LOS response functions. Using these
response functions, spacecraft pointing stability constraints are derived from the instrument LOS stability requirements.
Furthermore, the disturbance sources on the spacecraft must be constrained to allow the spacecraft to meet its derived
spacecraft pointing stability requirements.
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Figure 1: GOES-R single satellite per orbit slot Figure 2: GOES-R multiple satellites per orbit slot
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The spacecraft disturbance sources include reaction wheels, solar array tracking, and the earth-scanning instruments
themselves. A preliminary analysis has shown that the instruments’ scan mechanisms are potentially the largest
disturbance source on GOES-R.? To limit the instrument disturbances, their contribution to the total spacecraft
disturbance will be constrained to some percentage of the derived spacecraft pointing stability requirements.

2. INSTRUMENT LOS REQUIREMENTS

GOES-R imaging systems require LOS stabilization to various peak-to-peak limits, &,, over set time periods, 7,. This
limit is expressed in the following inequality constraint.

|6,()-6,¢t+7)|<6, forall <7, (1)

Table 1 lists estimates for each instrument’s LOS limits. The limits defined may be converted to single sinusoidal
amplitude limits, 6, by the following approximate equations.
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where w, =2/7,, and wis in radians per second. The variable portion of equation (2) results from limiting the rate of

a single sine to a maximum of 6,/7,, as shown below when v <, .
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Table 1: Peak to peak instrument pointing limits

9])1'
i | Instrument | Description Tyi (urad)
1 | ABI Y5 km integration 0.8 ms 1.4
2 Swath overlap 30 s 500.0
3| DS 1 km visible integration 2  ms 2.8
4 4 km infrared integration 10 s 11.2
5|/ CW Integration’ 88 ms 0.8

3. SPACECRAFT MOTION TO INSTRUMENT LOS RESPONSE

This analysis uses a simple, single axis, two degree-of-freedom (DOF) math model to predict each instrument’s LOS
motion as a function of the spacecraft motion. Figure 3 illustrates the model used to represent an instrument sensor.
This model attempts to represent the first order effects of an instrument like the current GOES imager and sounder.*’
The first DOF, &, is the instrument motion. The second DOF, 6, is the mirror motion. For this model, the spacecraft
motion, &, is prescribed. All the DOF’s are defined with respect to the orbital frame. For this analysis, the orbital
frame is assumed to be an inertial frame, although the frame is actually earth pointed. A simple proportional and
derivative (PD) controller approximates the servo controller for the scan mirror. The following sections §3.1 through
§3.3 develop the response functions for the ABI, DS and CW instruments.

3.1  Spacecraft to ABI LOS
The ABI has a very short integration time listed in Table 1. As a result, this analysis assumes that the ABI LOS will not
require active stabilization. The equations of motion for the ABI model may be written as

m (91 - gm) + ki(gi - 93) + km (91 - Hm) =0 4)

6,-6,)=0

m

J6,+¢;(0,-6,)+c
Jmém “Cn (91 - 9,;1) -k m

where
c=2w] k=0*J w=2f
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Figure 3: Single axis instrument model

The instrument and mirror inertias are J; and J,, respectively. The first bending mode frequency of the instrument
mounted on the spacecraft is f;. The scan mirror servo bandwidth is f;,. The viscous damping factors for the instrument
and the mirror servo are ¢ and ¢, respectively.

Using the Laplace transformation below for the time dependent variables in equation )°

6(s) = [, e " O(n)dr )
yields
Jl-szé’i +c;(s0,—s0,)+c,

Jmszem —Cp (sei - sem) - km (61 - 6"1) =0

(s6, —s0,)+k; (0, -0,)+k, 0 -6,)=0 6)

m m

Collect & and G,,.
[Jis2 +(c; +c,)s +k; +k,10, —(c,s+k,)0,, =(c;s+k;)O, (7
~(c,,s +k,)0;, +(J, s> +c,s+k, )6, =0
Solve for @ and 6,,.

0, = H,,0, (8)

0, =H,0, 9

H, =(J,s*+c,s+k,)c;s+k;)/ D (10)

H,, =(c,s+k,)cs+k) D (11

D=(J, s> +c,s+k, ;s> +(c; +c,)s+k; +k,1-(c,s+k,)> (12)

The LOS of the instrument for both the east-west (EW) and north-south (NS) axes as function of the mirror and
instrument angles and may be approximated by

0, =k.0, +(1-k. )0, 13)
where k. =2 for EW or k, =1 for NS. Now the LOS can be related to the spacecraft motion.

el,abi = Hls,abies (14)
Hls,abi :kcH +(1_kc)His (15)

ms

Using the parameters listed in Table 2 and equation (14), frequency response functions were computed for the
spacecraft motion to instrument LOS for both EW and NS. Figure 4 plots the results.



Table 2: Math model parameters

Magnitude (dB)

Value
Parameter | EW | NS | Units
J; 375 | 22.0 | kg-m?
fi 25 | 25 | Hz
e 5 5 %
I 0.25| 0.5 | kg-m’ 3
S 20 | 20 Hz 3
& 70.7 | 707 | % &

-360 &
10 10’ 10°
Frequency (Hz)

Figure 4: Spacecraft motion to ABI instrument LOS response

3.2  Spacecraft to DS LOS
The DS has a longer integration time than the ABI. As a result, this analysis assumes that the spacecraft motion will be

measured and steered out by the DS instrument. To model this, a commanded scan mirror angle term, &, , is added to
equation (4).

1,6, +c,(0,-0,)+c, 0,-6, +0.)+k;(6,-6,)+k,,(6,—6, +6.)=0 (16)
J,6, —c, 6, -6, +6.)—k, (0 -06,+6.)=0

m-m m m

Taking the Laplace transformation and solving for & and 8, yields the following equations.

ei = Hises + Hicec em = Hmses + Hmcec (17)
H,. =[(c,s+k,)>—(J,s>+c,s+k,)c,s+k,)]/D (18)
H, = {[Jl-s2 +(c; +c,)s+k; +k,1(c,s+k,)—(c,s+ km)z}/D (19)

The spacecraft motion will be measured by the attitude and control system (ACS) gyros as represented by H,,. This
measurement will have both phase lag and latency. A 2™ order low-pass filter models the gyro phase lag as represented
by H,4, and a 2" order Pade approximation models the gyro latency as represented by H,!

0, = H,0, H, =H o H, (20)
H,y =0, (s> +2{ 0,5+ w}) w, =27f, 1)
H, =(t;5% — 61,5 +12) /(775> + 67,5 +12) (22)

The spacecraft motion as measured by the gyro, 6, , is scaled by the following to get the commanded mirror angle, 6, .
0, =0,k (23)

Now the DS LOS can be related to the spacecraft motion by using (13), (15), (17), (20) and (23).

el,ds = Hls,dses (24)
Hls,ds = Hls,abi - [kchc +(1- kc )Hic ]Hgdes /kc (25)

Using the parameters listed in Table 3 and equation (24), frequency response functions were computed for the
spacecraft motion to the DS instrument LOS for both EW and NS. Figure 5 plots the results.



Table 3: Gyro model parameters

Magnitude (dB)

Parameter | Value | Units
I 25 | Hz
e 70.7 %
7y 7 ms

Phase (deg)

-360 &
10 10’ 10°
Frequency (Hz)

Figure 5: Spacecraft motion to DS instrument LOS response

3.3 Spacecraft to CW LOS

The CW instrument has both a long integration time and tight pointing requirements. To avoid over constraining the
spacecraft motions, this analysis assumes that the CW will use a fast steering mirror (FSM). Unlike the previous DS
instrument, the scan mirror servo is not used here to stabilize its LOS. Only the FSM is used. As a result, any scan
mirror servo errors need to be included in the command to the FSM. The FSM is modeled with a simple PD controller,
and it is assumed to be free of reactions. The transfer function for the FSM is

6’f = ché’c (26)

20 0,5+ 0>
I {ro; 7

= w, =2xf, 27)
N 20 jws +0F ! !

Assuming an optical gain of ky, the CW LOS is a function of the spacecraft motion and the FSM commanded angle.
O e = Hig i —kH 1.0, (28)

To control the FSM, a high bandwidth angular displacement sensor (ADS) measures the motion of the instrument. This
sensor is modeled with a high pass and a low pass second order filter in series.®

6,=H,0, H,=H,H, (29)
H, =" I(s* + 28,0, + @}) w, =2xf, (30)
Hy = o] I(s* + 28,05 + @}) w, =2xf, 3D

Since the ADS does not measure low frequency motions, a complementary filter must be made to merge the ADS and
the gyro measurements. This filter is modeled with the following transfer function.

6.=H.0, H.=(0-H,)H,/Hy, (32)

H, =0} (s> +2{ 0.5+ ) w. =2xf, (33)
The scan mirror servo error is modeled as the following.

=0 -0 (34)

m 1

2

mi

To minimize the LOS motion, the FSM commanded angle is defined as the following function of the complimentary
gyro signal, the ADS signal and the scan mirror servo error.



gc = (e_c + 9{1 + kcgmi)/kf (35)

Now the CW LOS is related to the spacecraft motion by the following transfer function.

(36)
(37

91 ow = H ls,cwes

Hls,cw = Hls,abi - ch[Hchgs + HaiHis + kc(Hms - His )]

Using the parameters listed in Table 4 and equation (36), frequency response functions were computed for the
spacecraft motion to the CW instrument LOS for both EW and NS. Figure 6 plots the results.

Table 4: CW model parameters

Magnitude (dB)

Parameter | Value | Units
fr 150 Hz
fi 0.8 Hz S S

fu 1500 Hz 180 ‘ -

Lo | oS0 | m | A

(a6c| 07| % S ——

£ -360 \\\ 4

540 . . PR . . “‘\‘gi—‘:

10° 10" 100

Frequency (Hz)

Figure 6: Spacecraft motion to CW instrument LOS response

4. INSTRUMENT TORQUE TO SPACECRAFT MOTION RESPONSE

In this analysis, the instrument torque to spacecraft motion response functions are derived from a simple finite element
math model of an assumed GOES-R spacecraft that includes a solar array, magnetometer boom and an optical bench as
shown in Figure 7.2 The bus was constrained in roll, pitch and yaw by soft springs tuned to 0.01 Hz to represent the
proportional part of spacecraft attitude control. The resulting rigid-body modes for roll, pitch and yaw are damped at
30% to represent the derivative part of spacecraft control. The solar array modes that are less than 1 Hz will be
passively damped at 2%. The remaining structural modes are damped at 0.1%. The assumed mass properties for the
model are listed in Table 5.

ABI\
HES —_ 2 /

Optical Bench

Solar Array

Table 5: Spacecraft model mass properties

Rigid Bus —— Property | Value | Units
m | 2055 | kg
L 4620 | kg-m’
\ Iy 3246 | kg-m®
Magnetometer o 4836 | k g—m2
Boom

Figure 7: Spacecraft model



4.1 Math model reduction
The equation of motion for the spacecraft math model may be written as

Mx+Cx+Kx=F (38)

where M, C and K are constant mass, damping and stiffness matrices respectively. x is a vector of perturbations or
small displacements within the spacecraft body frame, and x is a function of time. F is a vector of time dependent forces
applied at each degree of freedom. Using the transformation x = ®¢, equation (38) becomes

E+2ZN e+ AE=DTF (39)

Where A is a diagonal matrix of the eigenvalues, ﬂi, and @ is a matrix of eigenvectors, ¢;. The eigenvalues and
eigenvectors must nontrivially solve the following

M@A; =K¢, with &' Md=1 (40)
To decouple the ordinary differential equations in equation (39), the matrix Z is assumed to be a diagonal matrix of
viscous damping factors, {;. Selecting a particular location, i, for the excitation force and using the decoupled
damping assumption, equation (39) becomes
& +20 0,85 + 078 =0, f; (41
Using a Laplace transformation and solving for &; of equation (41) becomes

§i=Heyf; where Hep =g (s* + 20,5+ w7) (42)

Now to obtain the response of a particular degree of freedom, x,, within vector x, use

x,=® & (43)
%, = 20,&) (44)
J
Substitute equation (42). Define 6, = x, and T = f;, and substitute i for j.
0,=H,T 45)
n 1/J;
H,=Y ! 3 where J; =1/¢,¢, and ©, =27xf; (46)

i 1s2 +2§ia)is + w;
and 7 is the total number of eigenvalues used.

4.2  Math model reduction results

Tables 6 through 8 list the parameters for equation (46) for the spacecraft roll, pitch and yaw reduced from the
spacecraft finite element math model. Rows with large J values were eliminated to further simplify the reduced model.
Figure 8 plots the instrument torque to spacecraft motion response functions. These response functions will be used
below to constrain the instrument torques.



Table 6: Parameters for roll torques about the x-axis o

i g Ji g - 51"“
i | (H2) | (%) | (kg-m) —
1| 0.01 300 4721 g0
2| 040 | 20| 10733 E
3] 134 0.1 59081 g FULOS
41 192 01| 34514 " |
511324 | 0.1 972 0 ‘
611654 | 0.1 732 s
712356 | 0.1 3468 3
8 13055| 0.1 5017 P
913091 | 0.1 2975 £ .
10 | 31.00 | 0.1 1313
11 | 31.17 0.1 1204 "8?0,; - e
12 13936 | 0.1 | 25821 Frequency (Hz)
Figure 8: Instrument torque to spacecraft motion response
functions
Table 7: Parameters for pitch torques about the y-axis Table 8: Parameters for yaw torques about the z-axis
fi g Ji fi g Ji
i | (Hz) | (%) | (kg-m’) i | (Hz) | (%) | (kg-m’)
1| 0.01 | 30.0 3203 1| 0.01 | 30.0 4873
2| 135| 0.1 89061 2| 064 | 20| 10001
311324 | 0.1 820 3] 135 01| 76471
411654 | 0.1 1620 4131.00 | 0.1 | 45578
51235 | 0.1 985 513936 0.1] 73013
63055 | 01| 55722
713091 | 0.1 8377
8 | 31.00 | 0.1 3897
9(31.17] 0.1 6104

5. SPACECRAFT MOTION CONSTRAINTS
This section develops the spacecraft motion constraints derived from the instrument LOS stability requirements listed in

Table 1 using the instrument LOS response functions defined in §3.1 through §3.3 above. Each instrument has a
spacecraft motion to LOS response function.

6, =H,0, 47
In order to meet the LOS stability requirements, the LOS needs to be constrained to be less than equation (2).
0, <06, (48)
Substituting equation (47) into (48) and solving for the spacecraft motion constraint yields.
0,<H,'0, 49)

Using the instrument LOS limits from Table 1 and equations (2), (14), (24), (36) and (49), Figures 9 through 11 plot 6,
and 6, curves for the ABIL, DS and CW instruments respectively. Figure 12 overlays the spacecraft motion constraints

for the instruments, and it plots the spacecraft motion constraint envelope listed in Table 9. The limits defined in Table
9 were chosen to envelope the spacecraft motion limits for all three instruments while allowing for reasonable
variations in the parameters used in the instrument LOS response functions.
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Table 9: Spacecraft motion constraint envelope

Jei 0, 0, 6,
i | (Hz) | (urad) | (uradss) | (mrad/s?)
110010 | 250 16 0.0
2100636 | 250 | 100 0.0
3| 10.46 1.52 100 6.6
4 | 28.85 0.20 36 6.6
5| 1763 0.20 222 245
6 | 500.0 | 0.0248 78 245

The frequency domain constraints defined in Table 9 can be used to constrain the time domain motion responses of the

spacecraft by the following five inequality equations.

|6, < 6.1

6&2

<0,,,

és3

<0y, |0,4|<6,4 and

635

<0,

(50)



where

6., =k H, 51)
k; =1/ min arg(|Hl- (w,; )|,|Hl- (@141 )|) (52)
w, =2xf, and i=2,3,4and5 (53)

The five inequality constraints in equation (50) represent the five logarithmic linear segments of the spacecraft
displacement envelope plotted in Figure 12. H; is a band pass filter passing signals with frequencies between f,/« and
A f.+1- The parameter @ was selected so that k; was less than 105%.

6. INSTRUMENT DISTURBANCE CONSTRAINTS

This section develops instrument torque constraints. Instrument torques are constrained indirectly here by constraining
the spacecraft motion induced by the instrument torques. The instrument torque to spacecraft motion response
functions were develop above in §4. A percentage of the spacecraft motion constraint envelope defined in Table 9 is
allocated for each instrument as defined by equation (54) and Table 10. The allocations for the HES instruments, DS
and CW, combined are the same as the ABI. These two instruments may be combined into a single instrument that
performs both functions. In that case, the allocations would combine for a total of 40% for the DS plus CW instrument.

6, <6, (54)

Substituting into equation (50) into (54) yields five inequality constraints for each of the instruments.

|93| < ﬁjeel ’ éxZ és3 ési

<ﬁjée2’

<Bib;s. |0u|l<B;0., and

< B;0,s (55)

The spacecraft motions induced by the instrument are computed by filtering the instrument torques with H,, from
equation (46). These motions induced by the instrument must comply with the inequality constraints in equation (55).

Table 10: Instrument disturbance allocations

b
j | Instrument | (%)
1 ABI 40
2 DS 20
3 CwW 20

7. PREDICTED ABI INDUCED SPACECRAFT MOTIONS

This section shows predictions for the ABI induced spacecraft motions over a 15 minute period. Figure 13 plots a
representative ABI scan schedule simulation. This 15 minute schedule includes mesoscale (1000 km x 1000 km) scans
every 30 s, contiguous United States (CONUS) scans every 5 minute, star sightings every minute, one full earth disk
scan and one black body calibration slew. Figure 14 plots the predicted roll torque required for this scan using the
assumed NS scanner inertia, J,,, from Table 2.

Tables 11 and 12 list the ABI induced absolute peak spacecraft responses for roll and pitch. All of the responses were
well within the limits defined in §6 for the ABI instrument. Since the ABI meets its limits, it should be compatible with
itself and the DS and CW. Figure 15 plots the predicted ABI induced spacecraft roll time history. Figure 16 plots the
predicted ABI induced spacecraft roll rate filtered with a 12 order Butterworth using 0.06 and 11.5 Hz as the minus 3
dB response frequencies.

10
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Table 11: ABI induced spacecraft roll responses

Response | Peak | Limit Units
A 77 | 100 | (urad)
0, 30 | 40 | (uradss)
6, 02 | 2.6 | (mrads?
10,4 37 | 80 | (nrad)
6,5 00 | 98 | (mrads?

T m s e wn w0 T wo a0
Time (s)

0.15- b

0.1

o
o
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-0.05

Roll torque (N-m)
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0.15F 1
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I I
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Figure 14: ABI roll torque time history

Table 12: ABI induced spacecraft pitch responses

50

40

30

Filtered SC roll rate (microradian/s)

Response | Peak | Limit Units
A 10 | 100 | (urad)
932 14 40 (urad/s)
6., 02 | 2.6 | (mrad/s?
0] | 16 | 80 | (rad)
6,5 00 | 98 | (mrads?

=30+ -
0
50 | I I I I I I I
0 100 200 300 400 500 600 700 800 900
Time (s)

Figure 16: Filtered ABI induced spacecraft roll rate from 0.06 to

11.5 Hz (solid) and limit (dash)
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8. CONCLUSIONS

Constraints for the spacecraft motions were developed for the GOES-R spacecraft. As long as the spacecraft motions
are compliant with these constraints, the earth scanning instruments should be able to meet their LOS stability
requirements. Unfortunately, the instruments themselves are most likely to cause the spacecraft to violate its motion
constraints. Therefore, the spacecraft motions induced by the instruments were constrained by an allocation of the total
allowed. This indirectly constrains the torque produced by the instruments. The instrument induced motion constraints
appear to be reasonable, since the predictions of spacecraft motions for the ABI scans of the earth are compliant.

Further study of the spacecraft constraint is needed to determine if its allocation is sufficient to allow for solar array
tracking, reaction wheels, thermal distortions and other sources. The constraints for the DS and CW need verification
to determine if they can meet their coverage requirements. As an option, torque compensation methods may be
required to maintain the pointing stability of the spacecraft.'’

The assumed models need to include sensor and system noise effects and should be refined to improve prediction
accuracy. Instrument math model to spacecraft math model coupling should use the component mode substitution
method developed by Messrs. Benfield and Hruda."" The impact of the mission architecture chosen needs review. A
single satellite reduces the allocations for each of the instruments, but it has a larger inertia to react the instrument
torques. Multiple satellites allow for larger spacecraft motion constraints for the ABI satellite, and larger disturbance
allocations for the HES instruments.
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