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1. INTRODUCTION

1.1 Scope

This specification establishes the design and agorithm development of the Attitude Control Subsystem (ACS) as
implemented on the High Energy Solar Spectroscopic Imager (HESSI) spacecraft. The specification
encompasses al modes of operation for the spacecraft, transition logic between modes, sensor processing, on-orbit
balancing, uplinkable command parameters, and hardware and software telemetry points. This specification is
proprietary to Spectrum Astro, Inc.

1.2 Classification
This document is UNCLASSIFIED.

2. APPLICABLE DOCUMENTS
No additiona documents are referenced in this specification.

3. HESSI SPACECRAFT DEFINITION AND MISSION REQUIREMENTS

The HESSI spacecraft and its mission are briefly described in this section, with emphasis on the ACS components
and specifications. The description includes component identification and layout, coordinate frames, on-orbit
configuration and parameters, and control objectives and requirements.

3.1 Spacecr aft Description

The HESSI spacecraft, depicted in Figure 3-1, is composed of a primary truss structure housing a cylindrical
scientific imager, four solar arrays extending from the structure, and a variety of subsystem components attached
within the structure shell. The entire bus is spin-stabilized about the imager (Z; ) axis at 15 RPM to achieve
dynamic stiffness. The solar arrays aong the positive X ; and Y, axes possess on-orbit angular adjustment
capability using Inertia Adjustment Devices (IAD) at their root to minimize products of inertia. The ACS
hardware suite consists of eight Coarse Sun Sensors (CSS) with two located at the ends of each array, one Fine
Sun Sensor (FSS) located at the front of the Imager, one Three-Axis Magnetometer (MAG) located on the —X
face of the structure, and three Electromagnetic Torque Rods (TQR) located along the X, Y, and Zg
directions. The scientific imager contains a Solar Aspect System (SAS) which provides Sun vector information
and a Roll Angle Sensor (RAS) which provides phase angle information about the spin axis. The ACS utilizes the
SAS output as a backup sensor in the event of FSS failure and as a primary sensor for balancing the spacecraft
with the IADs. Each of these components is described in detail in Section 3.3 and in Section 4. Though not
formally part of the ACS hardware suite or the flight software, a brief description of the IAD and the on-orbit
balancing procedure is provided in Section 5.

10F 22
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Fine Sun
Sensor Head

Coarse Sun

Sensors Y Torgrod
(2 per wing at +35° X Torgrod

from Xg-Yg plane )

Figure 3-1. HESSI Spacecraft With ACS Components

3.2 ACS-Related Mission Requirements

The nominal HESSI scientific mission is to study the physics of solar flares over atwo-year period. Thiswill be
achieved by pointing the Solar Spectroscopic Imager towards the Sun using the torgrods to reject both on-board
and environmental disturbances as well as to track the 1 degree/day relative motion of the Sun line, as depicted by
the on-orbit configuration in Figure 3-2. The primary ACS-related mission requirements, provided in Table 3-1, are
to limit pointing errors to 0.2 degrees and maintain a spin rate of 13 to 17 RPM with arate stability of lessthan 180
arcseconds in 10 revolutions. The ACS must aso be capable of establishing Sun acquisition from any initial
orientation upon launch vehicle separation.

Control System Objective Ecliptic Plane

Initialization:
Bring the spacecraft axes from arbitrary
initial attitude and body rate to Sun pointing
orientation
Normal Operations:
Hold body z-axis in alignment with the
reference z-axis, in the presence of sun

Orbit Plane
(i=38°, WE329°, h=600 km)

motion and environmental disturbances

S

Reference Coordinate System 7,
Zy points to the sun
Yr is perpendicular to ecliptic
plane
Xg completes a right-handed triad

Spacecraft Body Coordinate System

20F 22
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Figure 3-2. On-Orbit Configuration

Table 3-1. ACS-Related Mission Requirements

Regquirement Traceability
Parameter Requirement Capability Source Implementation Verification Method
Spacecraft Attitude Stabilization |Spin stabilized Comply System Specification ACS Operation
Spacecraft Spin Rate 15 RPM 15+ 2 RPM System Specification ACS Analysis
ACS, SMS,
Sun Pointing Control < 0.2 degrees 0.14 degrees Svystem Specification FSS PFS (#1110-EW-T10163) Analysis
125 arcseconds in 10 revs
while in Sun;
default procedure is to
Spin Rate Stability 180 arcseconds in 10 revs control spin rate in eclipse |System Specification ACS Analysis
SAS data shall be used as back-
SAS Data Compatibility up for Sun vector estimation Comply System Specification ACS Operation
Maximum LV Tip-Off Rate 4 dea/sec in transverse axes 6 dea/sec Svystem Specification ACS Analysis
The S/C shall autonomously
acquire the Sun from any
orientation upon separation from
Initial Sun Acquisition the LV Comply Svystem Specification ACS Analysis
CSS Sun Vector Measurement  [The CSS suite shall provide 4 ACS, SMS,
Range steradian coverage Comply System Specification CSS PFS (#1110-EW-T10164) Analysis

3.3 ACS Sensor/Actuator Suite

As described previoudy, the ACS hardware suite consists of eight Coarse Sun Sensors, one Fine Sun Sensor, one
Three-Axis Magnetometer, three Electromagnetic Torque Rods, and one Solar Aspect System as a backup Sun
sensor. The CSS complement provides full 4p steradian coverage of the celestial sphere with a Sun vector
accuracy of afew degrees. These sensors are primarily utilized during initial acquisition but may aso be used for
troubleshooting purposes. The FSSis the primary Sun sensor and is used in normal science-collecting operations
and in initia acquisition (once the Sun is within the sensor’s 32 degree FOV). The FSS hasa 3s accuracy of 0.05
degrees within a 10 degree cone and 0.1 degrees outside the 10 degree cone. The MAG provides a measure of
the local magnetic field in the S/C frame and is used to determine spin rate (from zero crossings of the X or Y
components) and to calculate the appropriate dipole moments applied to the torque rods. Its 3s accuracy is4
milliGauss with a range of £600 milliGauss. The three TQRs provide dipole moments on the S'C and, in
combination with the Earth’s magnetic field, generate desired torque’s along each S/C axis. These actuators are
used for precession control, nutation control, and spin rate control, and possess a linear dipole capability of 60
Amp-meters’. The SASis utilized as a backup Sun sensor in the ACS control loops and provides a 3s accuracy
of about 28 arcseconds within its 1 degree FOV.

The processing agorithms for each of the sensors are described in detail in Section 4. The components, except
the SAS, are provided in Table 3-2.

Table 3-2. ACSEquipment List

Subsystem Component Supplier # Per Flight Shipset
ACS Fine Sun Sensor Head Adcole 1

Fine Sun Sensor Adcole 1

Electronics

Coarse Sun Sensor Adcole 8

30F 22
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M agnetometer Ithaco 1
Electromagnetic Torque Ithaco
Rod

4. SENSOR PROCESSING

The processing dgorithms for each ACS sensor are provided in this section. The outputs of these algorithms
provide the necessary information which is utilized in the control laws of Section 6 to drive the torque rods and
meet the ACS-related mission requirements.

4.1 Three-Axis Magnetometer

The Three-Axis Magnetometer provides a measure of the magnetic field vector in the SC frame. The
magnetometer processing algorithm consists of two components: calculation of the magnetic field and estimation of
the S/C spin rate about the Z, axis.

4.1.1 Magnetic Field Determination
The primary outputs of the MAG are three voltages proportional to the local magnetic field and one voltage
proportiona to the temperature. Thefield strength B in Tedasis given by

B =A*F* (Vg -Vias - Vror);

Vior =Crorlm

where V, isthe 3" 1 vector of field voltages output from the MAG, V., isthe 3" 1 vector of bias voltages,
Vior isthe 3" 1 vector of TQR-compensated voltages, A isa 3" 3 dignment matrix, F isa3” 3 diagona scale
factor matrix in Tedalvolts, Cor isthe 3" 3 TOR compensation matrix, and 1, isthe 3" 1 vector of

commanded TOR currentsin amps. The TQR compensation matrix will be calibrated on the ground prior to
launch and on-orbit prior to normal operations. The alignment and scale factor matrices will be calibrated by
Ithaco and provided in their ADP. The calculated magnetic field B isfiltered using adigita single-pole low-pass
filter, as depicted by the zdomain transform

a p MadZ ULB _

é
B, =&
g(l+aLp mad)z-1

where B, isthe 3" 1 vector of filtered MAG outputsin Tedas, a p mac isthelow-passroll-off frequency in

rad/sec, and h is the ACS sample period corresponding to the 8 Hz PACI sampling rate. The value for the roll-off
frequency is chosen to be ten times higher than the spin rate of the spacecraft.

4 OF 22
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4.1.2 Spin Rate Estimation
Estimation of the spin rate about the Z, axisis achieved by evaluating the zero crassing times of the X and Y
components of the MAG output, as follows

If sign(Bys)?® Sgn(Bys oid)

teross = Byih

o ¢ Bxf - Bxf_oId ,

W-—P
tcross - tcross_old

teross_old = Lerosss

End

where \7VX isthe estimated spin rate from B inrad/sec, t, isthecurrenttime, t., iStheinterpolated zero
cross-over time, and teoss oid 1S the previous zero cross-over time (one period earlier) Thevaueof B, —oaldis

set to the most recent value of B, at the end of each sampling cycle.. Thefinal spin rate estimate W is
determined from an average of the x and y estimates.

4.2 Coarse Sun Sensors

The Coarse Sun Sensors provide an estimate of the Sun vector in the §C frame. Each sensor is Smply a passive
detector which outputs a current proportional to the cosine of the angle between the Sun and the sensor boresight.
Therefore, each illuminated sensor gives the location of the Sun on a cone and at least three sensors need to be
illuminated to uniquely determine the Sun vector. Since Earth abedo can be as high as 37% of full Sun at the 38
degree orbit plane inclination, its effect needs to be minimized by thresholding the current output of the sensors.
The maximum output of each sensor is about 1.3 milli-amps when pointed directly at the Sun; hence, a threshold of
0.45 milli-amps limits the output to 34% of full Sun (corresponding to a FOV threshold of about 70 degrees). The
sensor coverage for a 70 degree threshold is shown in Figure 4-1, where it is observed that full 4p steradian
coverageis achieved. Although some regions provide only two-sensor coverage (and therefore no unique solution)
the calculated Sun vector will still be approximately correct and will direct the S/C in the proper direction until
three- or four-sensor coverage is obtained. If the 70 degree cone limit is reduced to 67 degrees (0.5 milli-amps or
39% of full Sun) small regions of one-sensor coverage appear. Again, these regions are not detrimental to the
control performance.

5OF 22
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Figure4-1. CSS Coveragefor a 70 Degree Cone Angle Threshold

Numbers represent sensor
coverage in each region

Z-Axis

+X panel sensors
-X panel sensors
+Y panel sensors
— -\ panel sensors

Y-Axis

- Coverage for each CSS limited to +70°
cone angle (34% of full Sun) to
minimize Earth albedo effect

« Albedo ranges from 27% (Summer)
to 37% (Winter) at peak latitudes with
an orbit average of 25%

The CSS processing logic implements the following agorithm

(SPI)css = 0;
k=0
For i=18
1> Tresnora
(SPcss =1,
k =k+1;
n,=n;
=1
End
End
If k==
Scss = N1
Elseif k==
_a Ny N, +n, n-n,.
SCSS_Sl|n2'n1|+SZ|n1+n2| 3|n1-n2|’
%:Q 1 ;
29n(] ) sfcss
_ Lt 1

" 2c08( ) fess
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S =+1- S-S ;

. 1 X
J =§COS l(nlmZ);

Elseif k==

7 \_1\ e
eny Ny N U 1o
s _é ait, 1 1 .
CSS @2)( r]2y n22[:| IlzySf y
A At css
813x n3y n3zLl | ISb
Else
13 en, n, n,u
J'| 1 n n u
_aTar-1aTll2l 1 _@lax 2y 221].
Scss_(A A) A ||y A_én n n..a’
T3] 2lcss & 3x 3y 3z
T|4b @lax Nay Ny
End

where S isthe unit Sun vector, n;,,n;,,n;, are the components of the unit boresight vector of the (i)th CSS, I,

isthe current output of the (i)th CSSinamps, | .4 1S the threshold value of current in amps, sf . iSthe CSS
scale factor in amps, and (SPI) .5 IS abi-level CSS-based Sun Presence Indicator which is equal to 1 when the

Sunisinview and 0 otherwise. For the case in which only 2 sensors are illuminated (k == 2), the two solutions
given above are compared to the previous Sun vector and the one closest to the previous solution is chosen.

4.3 Fine Sun Sensor

The Fine Sun Sensor is the primary ACS pointing sensor which provides a measure of the Sun vector in the S/IC
frame to a 3s accuracy of 0.05 degrees. The FSS outputs both a coarse 6-bit gray code digital sgnd and two fine
anaog sine and cosine signals for each of two solar aspect anglesa and b, as defined in Figure 4-2. The coarse
digital signa provides the integer value for each aspect angle in 1 degree increments with a range of £32 degrees.
The fine analog signals provide the fractional components of the two angles. The procedure to obtain the two
aspect angles and, hence, the unit Sun vector is as follows:

1. Determine the fractional component N, for each angle from the analog outputs using

& 0
N, =itan'1§—s'n T
2p Vcosﬂ

where V, and V_ are the sine and cosine analog voltage outputs.
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2. Determine the integer component N, for each angle from the coarse digita outputs using
N, =Ny, +1 if N, <025

=N -1 if N, 3075
=N, if 025E£N, <0.75

N
N, = truncate(?)

where N, isthe decima equivaent of the 6-bit gray code.

3. Determine the total error for each angle using

Ny, =N; +N;

4. Determine the projections of the Sun vector onto the X and Y axes using

X = 0.011N, - 0.176
Y =0.01IN, - 0.176

5. Determine the two aspect angles using

e 4553 0
a =tan1% 1.4553X S+a,

€ J0.202644 - 1.117808(X2 +Y2)

2 0
b= tan 1 1.4553Y T+b,

€ /0.202644 - 1.117808(X2 +Y2) 5

where a, and b, are fixed offset angles provided by Adcole.

6. Determine the unit Sun vector using
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_ 1
= 1+ ta? (@) + tan’(b)
SXFSS = SZFSS tan(a)

Syrss = Srss taN(b)

S,

In addition to the Sun vector outputs, the FSS provides a bi-level Sun Presence Indicator, (SPI) ., which isequa
to 1 when the Sunisin view and O otherwise.

y

Reticle A
e 1 0 I S
Aicle B

+b

4

Figure 4-2. FSS Coordinate System and Solar Aspect Angle Definitions

4.4 Solar Aspect System

The Solar Aspect System is the primary sensor utilized during on-orbit balancing operations and the back-up sensor
utilized in the event of FSSfailure. The SAS output consists of packets of 8 X,Y pairs corresponding to 1 second
of Sun vector information sampled at the IDPU rate of 8 Hz. The 1-second intervals are synchronized to the
PACI 1 Hz clock. The packets are sent through a serial interface to the PACI with a 1-second delay and are
read by the PACI in 0.5 seconds. Therefore, the total delay from thefirst X,Y pair to the current S/IC timeis 2.5
seconds.

The propagation logic transfers the 8 pairs of x,y counts to current S/C time and converts the counts to an
equivaent Sun unit vector. The counts range from —128 to +127 with a conversion from counts to degrees of
1/128 degrees per count (1 degree FOV). An output of X=-128 or Y=-128 indicates no solution. The
propagation logic is as follows

For i=18
If X,==128 OR Y,==128
(SPI)SAS_i =0
Else

S.sas.i =[X; COSOADT) +Y, Sn(WDT)] /128* (p/180) ;
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Sysas; =[Y; COSOMADT) - X, Sn(\WDT)] /128* (p/180) ;

Sieas i = \/1' SiSAS_i - S§SAS_i

(SPI) sas i =1

End
End

where X, and Y, arethe (i)th pair of outputs from the SASin counts, Sisas i, Sysas i ad Ssas ;o arethe (ijth

propagated components of the unit Sun vector in radians, (SPl)s,s ;i isthe (i)th bi-level SAS-based Sun Presence
Indicator, and DT isthe SAS processing delay in seconds.

5. MODES OF OPERATION

The five modes of operation for the HESSI spacecraft are briefly described in this Section. The modes and their
trangtion paths are depicted in Figure 5-1 and the hardware utilization for each mode is provided in Table 5-1. The
specific agorithms associated with each mode are described in detail in Section 6, as well asthe transition logic
between modes.

r
/ Balance 4
\ Operations ,

~

Precession
Mode

Acquisition
Mode

G - Ground command
A - Autonomous transition
U - Unresolved error (autonomous)

@ - Denotes nominal path from
acquisition to operation

Figure5-1. Mode Definitions and Transitions
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Table5-1. ACSHardware Utilization
Acquisition Precession Spin Normal Idle Balance

Spin-Axis TOR Y Y Y Y (pointing) On Request N
Transverse TQR Y N Y Y (spin rate) On Request N
CSS N Y N N On Request N

FSS N Y Y Y On Request Y

MAG Y Y Y Y On Request N

IAD N N N N N Y

SAS N Back-Up To FSS | Back-Up To FSS | Back-Up To FSS On Request Y

5.1 Acquisition Mode

The Acquisition Mode is the initial wake-up mode entered after release from the launch vehicle and upon any
CPU reboots during the mission life. After release from the launch vehicle this mode establishes a prescribed
dow spin rate about the spacecraft Z, axis and damps the transverse rates about the other axes utilizing the
MAG and TQR. The MAG output is also used to estimate the spin rate upon entering this mode and determine if
the mode was entered from launch vehicle release or from a CPU reboot. If areboot has occurred then the spin
rate will be much higher than the initia 3 deg/sec release rate and will result in atransition to Norma Mode.

5.2 Precession M ode

The Precession Mode can be entered autonomously from Acquisition Mode and by ground command from Idle
Mode. This mode establishes a Sun-pointing orientation from any initia attitude to within afraction of a degree
utilizing the CSS, FSS, MAG, and TQR.

5.3 Spin Mode

The Spin Mode is entered only by ground command from Idle Mode. This mode establishes the desired spin rate
of 15 RPM while maintaining Sun-pointing orientation utilizing the FSS, MAG, and TQR.

5.4 Normal Mode

The Normal Mode is the primary science-collecting mode of operation and can be entered autonomoudy from
Acquisition Mode, Precession Mode, or Spin Mode and by ground command from Idle Mode. This mode
maintains a Sun-pointing accuracy of 0.2 degrees and a spin rate of 13 to 17 RPM utilizing the FSS, MAG, and
TQR. Any unresolved pointing or spin rate errors within this mode result in atransition to Idle Mode.

5.51dle Mode

The Idle Mode is the safe-hold mode for the spacecraft and is reachable by ground command from any other
mode. There are aso autonomous transitions to this mode from the other modes based on nominal procedures or
unresolved errors. Within this mode the torque rods are disabled and the spacecraft attitude/rate state remains
gpproximately inertidly-fixed with minor perturbations due to environmenta and on-board disturbances. Exit from
this mode to any othersis by ground command only. Additionaly, on-orbit balance operations are performed

within this mode.

11 OF 22



SPECTRUMASTRO 1110-EW-S16620

6. MODE CONTROL LOGIC

The control logic and algorithms for each of the five modes of operation, as well as the transition logic between
each mode, are described in detail in this Section. Additionally, a description of the on-orbit balance procedure is
provided at the end of the Section.

6.1 Acquisition M ode Control Logic

The Acquisition Mode is utilized to reduce transverse rates and establish a desired spin rate. A modified “B-Dot”
control law isimplemented wherein B, is driven to zero while B, and B, aredriven to appropriate levels
corresponding to a desired spin rate about the Z, axis. Thefiltered MAG output is further filtered and

differentiated using a second-order finite-difference estimator, resulting in a rate-of-change of the magnetic field in
the transfer form

e &t jowl l-:19,322 -4z +10_
e uBf ’

B, = Gé
T E1+ar owz- LG8 2nz2 g

where B, isthe 3" 1 vector of filtered fidld ratesin Teda/sec and & _jow Isthe low-frequency filter roll-off rate
inrad/sec. The commanded TQR dipole moments and currents then become

.i.Bﬁ -WAByf.[:]
i I
M =-k, By, +W,B,y IM|£ Mg
1 B I
[ # b
Iy =sfrrM ;

where M isthe 3" 1 vector of commanded dipole moments in amp-m? (restricted to 60 amp-m?), k A isthe
acquisition control gain in amp-m’-sec/Tesla, W, isthe desired acquisition spin rate in rad/sec, sfror iISthe TQR
scale factor in amps/amp-n?, and M nigh 1S the high setting for TOR saturation in amp-nv.

6.2 Precession Mode Control Logic

The Precession Mode is utilized to establish precise Sun pointing from any arbitrary orientation prior to entering
Norma Mode or Idle Mode. The control logic is dependent upon the combination of the Sun Presence Indicators
from the CSS and the FSS. If (SPI) . is1and (SPI) s is 0 then a coarse CSS-based logic is executed, if

(SPI) s I1s 1 then afine FSS-based logic is executed, and if (SPI) s and (SPI) ¢ are both O then no current is
applied to the TQR (SCisin eclipse).
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6.2.1 Coar se Precession Control

The coarse precession control logic utilizes the CSS-measured Sun vector in combination with the rate-damping
acquisition logic to precess the spacecraft. The control logic is as follows

If (SPl)ess==1 AND (SPl).q ==
S=Scss s

B _€ a2 L\Jé322 -4z +10
£ = r\

¥
&(1+a¢ ouh)z- 1 2hz® g

f

| Ou i 0 u
M_-k Oy+kp CSS: 0 y

1|3 b :sgn(BXfSy B, x)|'o
m =SfrrM ;

—

IM[EM g0

End

where Sisthe measured Sun vector, and Ky css isthe CSS precession control gain in amp-nt.

6.2.2 Fine Precession Control

The fine precession control logic utilizes the FSS-measured Sun vector and the Z, torque rod to precess the
spacecraft. The logic combines both precession control and active nutation control to drive the transverse
components of the Sun vector towards zero until the pointing error reaches a small value (i.e. 0.2 degrees). The

active nutation control logic requires an estimate of the transverse S/IC rates, which are determined from the
filtered and differentiated FSS outputs. The precession/nutation logic is as follows

If (SPl)pes ==1

S=Sgss)

S = xf _old a‘f h|gh . S :Syf_old +af_highhSy,
g & highh +1 ’ é & highh+1 ’

. 632%-4z+10 €322 .47+10

St =6————U5«; ;
Tg o2 g " Syfézh2 € oZ D

W, =W, +S; w, =WS, - S ;

W =fo_old+af_lowth . W = Wyf_old +af_|owhWy .
g af_lowh+1 ’ 4 a'f_Iowh-i-:I' 1

. ~1S, U i W, U

O:kp Fssvvi - kN Fssi J

B TSyfg T Wy
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q=cost Byt Skt +Byr Syt
\/(B)2<f +B)(Ss +S5)

M, =0;
M, =0;
If 0£qL%
2 | Byity- Bysty
M, = Ea) = M| E Mg
z pq B)2(f+B)2/f | z| high
Else
2 Bxfty'Byftx
M,=(2-Sq 2L XX M| EM pigh;
z pq B)2(f+B)2/f | z| high
End
Iv =SfrrM ;

End

where w, ,w, arethe transverse ratesinrad/sec, a; 4, ISthe high-frequency filter roll-off rate in rad/sec, t is
the 2" 1 torque vector in N-m, K s isthe FSS precession control gainin N-m-sec, Ky (<5 isthe FSS nutation
control gain in N-m-sec, q istheangleinthe X ;,Y, plane between the Sun vector and the magnetic field, and

Mg isthe high setting for TOR saturation. The “dipole de-weighting” parameter 2 g scales the control effort
p
depending upon the angle in the x-y plane formed by the B-field vector and the Sun vector.

6.3 Spin Mode Control Logic

The Spin Mode is utilized to establish a desired spin rate about the Z; axis using the estimated spin rate from the
MAG processing output. Simultaneoudly, the identical fine precession control logic for the Z, torque rod
implemented in the Precession Mode is used to maintain Sun pointing during spin rate correction. The X ; and
Y torque rod dipole moments and currents are determined using a simple proportional control law with a
minimum-norm solution of the form

A~

ks (VZVS- V\ZO Byf .
(B +By) i

i u
) I
) I
.I. .I.
_1 I, .
M __:__ Ke Ws - W) B }/ |M|£Mhigh1
) I
I '
1 b
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IM :SfTQRM ,

where kg isthe spin control gainin amp-m’-Teda-sec, W isthe desired spin rate in rad/sec, and M, isthefine
precession control dipole given in Section 6.2.2.

6.4 Normal Mode Control Logic

The Normal Mode represents the primary science-collecting mode and requires the tightest pointing accuracy and
spin rate stability. Two control functions are performed within this mode: precession/nutation control to maintain
the Z, axiswithin a deadzone of the Sun line using the Z; torque rod, and spin rate control to maintain the spin

rate within a small deadzone about 15 RPM using the X ; and Y torque rods.

6.4.1 Precession/Nutation Control

The precession/nutation control logic is very similar to that described under the Precession Mode logic, with the
addition of a pointing hysteresis deadzone. The precession/nutation logic is as follows

If (SPI)pes ==1

S, =Sss - SxFSS_bias;

S, = Syrss - Syrss_bias:

S, =1/1- St-82;

S xf _old a‘f h|gh S . = Syf_oId +af_highhSy .
g & highh +1 é & highh+1 ,
. 632%-4z+10 €322 -4z+10

—e—————

Sy =@ o2 quf Syt = & E———— USyf

w, =WS5; +$yf WV:V\BYI"SXf;

W, = fo_old +af _Iowth W = Wyf_old +af_|owh\Ny .
g a‘f_Iowh +1 4 a‘f_Iowh-l-:L ’

» TW, O

.1 BxiSx ¥ By Sy

q=0os '
JBZ +B2) (S +S%)
g=cos'(S,);
_ gf_old+a'f_lowhg_
gf B af_lowh+l 1
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If & 2% 0ugp OR [g * 0, AND point_check==1]

point_check=1;
If 0£q£%
Mz=(EQ)%E§T( [M_|£ Myign;
Else
Mz=(2-%CI)BX;[)2(:—+z§:tX IM,|£ M ign;
End
Else
point_check=0;
M, =0;
End
Else
M, =0;
End
| :SfTQRMz;

Where S,rss bias: Serss_ nias A€ the bias settings for the FSS, gisthe angle between the Z; axis and the Sun line,
Onigh ad g,,,, aethe high and low hysteresis bounds on g point_check is a bi-level parameter indicating the
previous state of the hysteresisloop, and M, » isthe low setting for TOR saturation in precession control in

amp-n. In the event of FSS failure, the Sun vector and SPI from the SAS will be utilized in place of the
corresponding FSS signals.

6.4.2 Spin Rate Control
The spin rate control logic is very similar to that described under the Spin Mode logic, with the addition of arate
hysteresis deadzone. The spin rate logic is as follows

It W, - W2 Dy, OR [

W, - W DW,, AND spin_check==1]

spin_check=1;
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}. kS (WS_\’I\V) Bf U
AN CERL N
|
|

;
| - y X, low_S»
TMVE; (Wi - W I ’
.I._ kS 25 2 B><f .I.
T (Bxf +Byf) b
Else
spin_check=0;
M, =0;
M, =0;
End
ilgyU iM, 0
i, y=Stroripg ¥
TIny\:/) TQRTMV

where DW,, 4, and DW,

low

are the high and low hysteresis bounds on DW in rad/sec, spin_check is a bi-leve
parameter indicating the previous state of the hysteresis loop, and M, s isthe low setting for TOR saturation in
spin control in amp-nr.

6.5 Idle Mode Control Logic

The Idle Mode represents a safe-hold or wait mode with al three torque rods disabled. The commanded TQR
dipoles and currents therefore become

M =0;
Iy =0;
until ground-command intervention.

6.6 Mode Transition Logic

The transition logic between each mode of operation isoutlined in Table 6-1. The left-most column of the table
represents the Mode the spacecraft is currently operating within and the upper-most row represents the Mode the
spacecraft will trangition to if the appropriate block logic is satisfied. For example, if the spacecraft isin Normal
Mode, the only possible transition isto Idle Mode if the pointing error between the measured Sun vector and the
spacecraft Z, axis, b, exceedsits allowable bound or if the estimated spin rate, W, exceeds its allowable bound.
Thelogic for transition from Acquistion Mode to Precession Mode is based on time from LV release and
estimated spin rate. It is aso observed that the bounds for transition to Normal Mode from either Precession
Mode or Spin Mode must be tighter than the corresponding bounds within Norma Mode or atranstion to Idle
Mode will immediately occur. If the spacecraft isin Idie Mode, the only transition to any other Mode is through
ground command. It should be stated that although the parameters are numerical in Table 6-1, they will actudly be
variables which can be modified and uploaded at any time during the mission life (see Section 7.1).
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Table6-1. Mode Transition Logic

Acquisition Precession Normal Spin Idle
) . b <5.0 deg
Acquisition Time i”;cg rl;(\)/urrzlease AND None Ground Command
' W>0.12 rpm
Ground Command
b <0.2 deg OR
Precession None AND None {b<5deg
14.5< W< 15.5 rpm AND NOT
14.5< W< 15.5 rpm }
Ground Command
OR
Normal None None None b>0.5 deg
ORNOT
13.5< W< 16.5 rpm
Ground Command
14.5< W< 155 rpm OR
Spin None None AND {145 < W< 155 rpm
b <0.2 deg AND NOT
b<0.2deg}
Idle Ground Command Ground Command Ground Command Ground Command

Note: Transition from Acquisition to Normal occursonly if b check isvalid continuously for 10 minutes.

6.7 On-Orbit Balance Operations

On-orbit balance operations are performed within Idle Mode after initial Sun acquisition and, if required,
periodicaly during the mission life. The balance procedure is performed entirely by ground command and
monitoring and, hence, adds no flight software code to the processor. The procedure utilizes the IAD on each of
the two postive-facing X and Y arrays to adjust the angle of the arrays such that the spin axis aligns itself with the
HESSI Imager boresight axis. The IAD isamicrometer displacement device with aresolution of 0.00043 cm
resulting in a spin axis angle resolution of 0.0022 degrees. Baancing is accomplished by monitoring the SAS Sun
vector output on the ground and removing any biases associated with the X and Y components of that vector. The
steps associated with this procedure are as follows

1. Cdculate the Imager unit Sun vector, (Sysas, Sysas: Sysas) » from the SAS output
2. Average S, and Syss Over ashort time period to obtain the X,Y biases (b, ,b,)
3. Caculatetherequired X,Y array angles, g, , to remove these biases using

- (Is - It)bx,y
(marray+ mtip)(R+ L)L

qx,y =

L
_ marrayE"' mtipl—
L=

rnarray + mtip
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where |, isthespininertia, 1, isthetransverseinertia, L isthe length of the array, R isthe radius of
the cylindrical S/C bus, m,,,, isthe mass of the array (minus the tip mass), and m;, isthe array tip
mass.

4. Determine commanded IAD displacements, d, ,, usng

dx,y =- qu,y

where f is the fulcrum arm length of 20.4 cm.
The above steps can be iterated if necessary until the desired balance accuracy is achieved.

7. COMMAND, INTERFACE, AND TELEMETRY PARAMETERS

Provided in this section are the wide range of uplinkable ACS command parameters, ACS flight software interface
variables, and ACS downlinkable telemetry parameters. The command parameters can be uplinked as an entire
table or, if desired, as asingle parameter a atime. The telemetry parameters will be monitored on the ground to
assess the on-orbit status and performance of the ACS and to assist in on-orbit troubleshooting.

7.1 ACS Command Parameters

The ACS command parameters are provided in Table 7-1. The table includes launch default values for each
parameter. These parameters will be adjustable by ground command throughout the mission. The parameters
with an asterisk vary autonomoudly during mission operation.
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Table 7-1. ACS Command Parameters
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Parameter Type Default Value Description Range
MODE_COMMAND* integer 1 Mode setting 1-5
CSS_THRESH float 0.0005 amps CSS threshold 0-0.001
FSS_BIAS_X float 0 FSS bias along x-axis +1
FSS_BIAS_Y float 0 FSS bias along y-axis +1
MAG_BIAS_X float 0 tesla MAG bias along x-axis +0.0001
MAG_BIAS_Y float 0 tesla MAG bias along y-axis +0.0001
SAS_DELAY float 2.5 sec SAS data delay 0-5.0
TQR_COMP11 float 0 volts/amp Torque rod compensation matrix component +20
TQR_COMP12 float 0 volts/amp Torque rod compensation matrix component +20
TQR_COMP13 float 0 volts/amp Torque rod compensation matrix component +20
TQR_COMP21 float 0 volts/amp Torque rod compensation matrix component +20
TQR_COMP22 float 0 volts/amp Torque rod compensation matrix component +20
TQR_COMP23 float 0 volts/amp Torque rod compensation matrix component +20
TQR_COMP31 float 0 volts/amp Torque rod compensation matrix component +20
TQR_COMP32 float 0 volts/amp Torque rod compensation matrix component +20
TQR_COMP33 float 0 volts/amp Torque rod compensation matrix component +20
TQR_SAT_HIGH float 60 amp-m 2 Torque rod high saturation level 0-100
TQR_SAT_POINT_LOW float 30 amp-m 2 Torque rod low saturation level in pointing 0 -100
TQR_SAT_SPIN_LOW float 10 amp-m 2 Torque rod low saturation level in spin 0-100
ACQ_SPIN_COM float 0.035 rad/sec Commanded spin rate during Acquisition 0-0.1
NORM_SPIN_COM float 1.57 rad/sec Commanded spin rate during normal operations 0-2
ACQ_GAIN float 100000000000 amp-m %sec/tesla Acquisition control gain 0-1.0e+11
COARSE_PREC_GAIN float 10000 amp-m? Coarse precession control gain 0 - 1.0e+06
FINE_PREC_GAIN float 1.5 N-m-sec Fine precession control gain 0-5
FINE_NUT_GAIN float 4.5 N-m-sec Fine nutation control gain 0-20
SPIN_GAIN float 1 amp-m 2-sec/tesla Spin control gain 0-10
POINT_HIGH float 0.001745 High setting for pointing hysteresis logic 0-0.004
POINT_LOW float 0.0008725 Low setting for pointing hysteresis logic 0-0.002
POINT_CHECK* integer 1 Initial state of pointing hysteresis logic 0,1
DELTA SPIN HIGH float 0.1 rad/sec High setting for spin hysteresis logic 0-0.4
DELTA_SPIN_LOW float 0.05 rad/sec Low setting for spin hysteresis logic 0-0.2
SPIN_CHECK* integer 1 Initial state of spin hysteresis logic 0,1
POINT _ACQ2NORM float 0.0873 Transition pointing error from Acquisition to Normal 0-0.2
POINT_PREC2NORM float 0.0035 Transition pointing error from Precession to Normal 0-0.01
POINT_NORM2IDLE float 0.0088 Transition pointing error from Normal to Idle 0-0.01
POINT_SPIN2NORM float 0.0035 Transition pointing error from Spin to Normal 0-0.01
RATE_ACQ2NORM float 0.0126 rad/sec Transition rate from Acquisition to Normal 0-0.1
DRATE_PREC2NORM float 0.05 rad/sec Transition rate error from Precession to Normal 0-0.5
DRATE _NORM2IDLE float 0.15 rad/sec Transition rate error from Normal to Idle 0-0.5
DRATE_SPIN2NORM float 0.05 rad/sec Transition rate error from Spin to Normal 0-0.5
TIME_ACQ2NORM float 600 sec Transition time from Acquisiton to Normal 0 - 1800
TIME_ACQ2PREC float 9000 sec Transition time from Acquisiton to Precession 0-11000

7.2 ACS Flight Software Interface Variables

The ACS flight software agorithms described in the previous sections will be converted into flight software C
code using the Autocode utility provided with the AC1000 realtime devel opment system (see Section 8). ThisC
code will then be integrated with the remaining CDHS code to generate the complete flight software. Provided in
Tables 7-2 and 7-3 are the input/output variables which interface to the CDHS code. Each input and output
variable name, type, description, and range are given. The difference between mode_command of Table 7-1 and
ground_mode of Table 7-2 is that mode_command smply initializes the mode, whereas ground_mode holds the

mode until it is reset to zero (its default).
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Table7-2. ACSFlight Software Input Variables

Variable Type Description Range
around mode integer Ground commanded maode 0-5
sun sensor toaale integer Sun sensor togale switch (0=FSS. 1=SAS) 01
MAG] float MAG x outout + 5 volts
MAG2 float MAG v output £ 5 volts
MAG3 float MAG z output + D5 volis
CSS1 float CSS1 output 0-0.0013 amps
CSS2 float CSS2 output 0-0.0013 amps
CSS3 float CSS3 output 0-00013 amps
CSs4 float CSS4 outout 0-0.0013 amps
CSSH float CSS5 output 0-0.0013 amps
CSS6 float CSS6 output 0-0.0013 amps
CSS7 float CSS7 outout 0-0.0013 amps
CSS8 float CSS8 output 0-0.0013 amps
coarsex integer ESS x-axis coarse data 0-64
coarsev integer ESS v-axis coarse data 0-64
sinx float ESS x-axis sin of anale + 5 volts
COSX float ESS x-axis cos of anale + 5 volis
sinv float ESS v-axis sin of anale + 5 volfs
COSV float ESS v-axis cos of angle + 5 volts
ESS SPI integer ESS Sun Presence Indicator 01
SC time float Sopacecraft time 0-1.0e+08sec
SASx] integer SAS x count 1 +128
SASX2 integer SAS x count 2 +128
SASx3 integer SAS xcount 3 +128
SASx4 integer SAS x count 4 +128
SASX5 integer SAS xcountb +128
SASx6 integer SAS xcount 6 +128
SASX7 integer SAS x count 7 +128
SASX8 integer SAS xcount 8 +128
SASv] integer SASvcountl +128
SASV2 integer SAS v count 2 +128
SASV3 integer SASvcount3 +128
SASv4 integer SASvcount4 +128
SASVS integer SASvcounth +128
SASV6 integer SASvcount 6 +128
SASVT7 integer SASvcount?7 +128
SASv8 integer SASvcount8 +128
SAS time float SAS time tag 0-1.0e+08 sec
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Table 7-3. ACSFlight Software Output Variables
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Variable Type Description Range
1X float Current 1o TORX + 025 amp
v float Currentto TORY + 025 amp
1z float Current to TORZ +025 amp
spin rate est float Spin rate estimate + 2 rad/sec
mode integer Maode 0-5
MAGx float Maanetic field alona x-axis +0.000]tesla |
MAGv float Maanetic field alona v-axis +0.0001 tesla
MAGZ float Maanetic field alona z-axis + 00001 tesla |
CSSx float CSS Sun vector along x-axis +1
CSSy float CSS Sun vector along v-axis +1
CSSz float CSS Sun vector along z-axis +1
ESSX float ESS Sun vector along x-axis +1
ESSv float ESS Sun vector along v-axis +1
ESSz float ESS Sun vector alona z-axis +1
CSS Sb) inteqger CSS Sun Presence Indicatar 01
WX float Transverse rate alona x-axis +0.1 rad/sec
WY float Transverse rate alona v-axis +0.1 rad/sec
SASX float SAS Sun vector alona x-axis +1
SASV float SAS Sun vector alonag v-axis +1
SASz float SAS Sun vector alona z-axis +1
SAS SPI integer SAS Sun Presence Indicator 0.1
to_idle flag integer Flag describing transition to |dle Mode 0-5

Theto_idle flag variablein Table 7-3 describes why atransition to Idle Mode has occurred. The definitions for

this flag are provided in Table 7-4.

Table7-4. To_ldle Flag Description

to_idle flag Description
0 No transition to Idle
1 Not used
2 Precession to Idle: h <5 dea AND NOT 14.5 <W<15.5 rpm
3 Normal to Idle: b > 0.5 dea
4 Normal to Idle: NOT 13.5 <\W<16.5 rom
5 Spin to Idle: 14.5 <W< 15.5 rpom_AND NOT b < 0.2 deg
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7.3 ACS Telemetry Parameters

Thelist of ACS tdlemetry parametersis identica to those 60 variables given in Tables 7-2 and 7-3, with the
addition of the FSS state-of -health (FSS_SOH) parameter which is afloat value ranging between 0 and 5 volts
(with anomina value of 3.5 volts), and the MAG temperature parameter which is afloat value ranging between O
and 5 valts (with anomina value of 2.5 volts).
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