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TECHNICAL MEMORANDUM X- 64746

SKYLAB ATTITUDE CONTROL AND ANGULAR MOMENTUM
DESATURATION WITH ONE DOUBLE-GIMBALED
CONTROL MOMENT GYRO

INTRODUCTION

The Skylab is a scientific space station in circular earth orbit w1th
more or less cylindrical moment-of-inertia distribution. The minimum
moment—of inertia axis is nominally in the orbital plane and perpendicular
to the sunline. The attitude is normally maintained by three double-gimbaled
control moment gyros (CMG) [1]. Several possibilities exist on how to

~ " control the attitude when two CMG's have failed and normal attitude control

and angular momentum desaturation [2, 3] have to be abandoned The
" possible attitude control concepts are the following: :

- Concept A. The nominal attitude reference is retained; the remaining

:-. CMG is also deactivated and the thruster attitude control system (TACS)

controls all axes to the specified attitude and rate deadbands.

. Concept B. The nominal attitude reference is retained; the remaining
- CMG controls sun-pointing (two axes) accurately and the TACS controls the
third axis within a specified attitude and rate deadband.

- - Concept C. The attitude reference follows an unstable limit cycle of
. about 0.3 rad amplitude which the vehicle exhibits if it is allowed to yield
under the influence of gravity-gradient torques; the remaining CMG is also -
deactivated and the TACS controls all axes to the specified attitude and rate
deadbands

4 Concept D. The attitude reference is commanded to oscillate in the
orbital plane with 0.2 rad amplitude and twice orbital frequency; the remaining

. CMG controls the commanded attitude about orbital north accurately as well as -

* the attitude about the vehicle minimum principal moment-of-inertia axis.and '
the TACS controls about the projection of the sunline into the orbital plane,
but to a rate deadband only.

, The advantages and disadvantages of the concepts are discussed in the
- following paragraphs. The numerical values are based on the vehicle data of
- Tables 1, 2, and 3.



TABLE 1. GENERAL DATA

- CMG Momentum Magnitude H = 3115.3 [N-m- s]
TACS Minimum Impulse Bit , MIB = 18 [N-s]
_Momentum Changé in x for one MIB AHX = 60 [N-m-s]

Mdn_ientutn Change in y or z for one MIB{ AH = 210 [N-m-s]

Total TACS Fuel Available (in Impulse I = 160000 [N"s]
. UnitS) : » tacs

. TABLE 2. COMMAND/SERVICE MODULE DOCKED TO SKYLAB

~Mi;iiinum'Moment-of-Inertia ' 1= 0.992. 106 [kg- m?] |
.:"Ir}.tei,"r.nec'liate Moment_df_lnertia I, = 6.168 108 [kg* m?]
- 'lr"'MaximLi'I-n Moment_of-lnértia ' 1y = 6.245-10% [kg- m?]
' '_A'mpAlitudebo'f Cyc':-lic Momentﬁ.m | H ~ 4500 [N-m-.s]
(Concepts A and B) eye '

TABLE 3. COMMAND/SERVICE MODULE NOT DOCKED TO SKYLAB

| Minimum Moment-of-Inertia I = 0.893 10° [kg- m?]
'I‘_ntermédiate Moment-of-Inertia Iy = 3.813-10° [kg- m?]
Maximum Moment-of-Inertia | 1 = 3.88210° [kg-m?]

_ 'Ampli_t_ude .of Cyclic Momentum Hcyc ~ 2800 [N. m-'s]‘

(Concepts A and B)




A - Concepts A and B require no modification of the attitude error genera-
‘tion. However, the cyclic angular momentum caused by the gravity-gradient
torque is so large that the available TACS fuel is exhausted within 3 days
(assuming 50 000 [N-.s] available at the beginning) for Concept A and within
about 5 days for Concept B; i.e., the mission would have to be terminated

" very soon. Concept A would not allow many solar experiments, whereas
‘Concept B would allow most. Concept C has been called quasi-inertial attitude
control [4,5] and for an ideal case the fuel consumption has been reduced

a drastically_. - The fuel consumption is unfortunately very sensitive to the know- -
ledge of the principal moment-of-inertia axes misalignment and to the know-

ledge of the attitude of the minimum principal moment-of-inertia axis with
- respect to the orbital plane (requiring a functioning star tracker) and-increases

~ with the addition of other disturbance torques besides the gravity-gradient
- torque. Only the biomedical experiments can be performed for Concepts C

- and D. The fuel consumption for Concept D, however, can be made.completely

-.insensitive to information on principal moment-of-inertia axes misalignment,

" and disturbance torques and does not require star tracker information since
. no attitude information is used for the TACS command, but only rate informa- -
~tion.. The worst case fuel consumption can be held below 50 [N-s] per orbit
" for all solar elevation angles with respect to the orbital plane and all projected
~disturbance tdrques. The control system parameters, however, are assumed
“to 'be rea'so'nably. close to their optimum. This compares very favorably with

’_lthe 100 [N:s] per orbit for Concept C, and the 1200 [N-s] per orbit for Con-
" - cept Av - It should be pointed out again that the low fuel consumption for

- Concept C only applies to the ideal case where the principal moment-of-
- .inertia axes misalignments are known exactly and where there are no disturb-
ance torques-other than the gravity gradient torque. A 50 [N-s] per orbit
figure is_equiva_lént_ to 66 days operation (assuming 50 000 [N.s] TACS fuel
available at the beginning) versus less than 3 days operation for 1200 [N. s]

" per orbit. The attitude reference oscillation is required for Concept D so
that part of the cyclic momentum is stored in the vehicle, reducing the'

- remainder to the point where one CMG can accommodate it and have some
margin for control. The details of Concépt D are set forth in the body of this
- report. .

| GRAVITY-GRADIENT TORQUES AND ACCUMULATED MOMENTUM B

When the gravity-gradient torque is expressed about vehicle principal
axis, one has [3]



(Iz - Iy)ryrz -l
T = 302 _
T 32| ( L IZ) r T (1)

I -
(-y Ix)rxry

L. .

A ‘where it is assumed that the space vehicle is in a circular orbit with angular
- velocity £ ; T ,I ,I areprincipal moments of inertia;and r , r, r
S . X y z X'y 'z

- aré thé ;compdnents of the local vertical in the principal coordinate system.
To brmg out the essentials of single CMG control for Skylab, it can be

. ._assumed that there is no mlsahgnment between geometric and prmmpal axes
'-jvand that . I IZ =1 or Al= Iy - IX = -(IX - Iz) which also allows one to

. ""dlsregard the solar elevation angle n (see Appendix A for definition) since

- now‘any two mutually perpendicular axes, which are also perpendicular to the
--_'principal_ x-axis, are principal axes. With this simplification, one has

T = 3Q%AlIr_ {-r | . (2)
g X

. Now, one assumes that the vehicle is rigidly controlled about orbital
-y to the angle ¢ and about vehicle x to zero, while it is allowed to have a

small error ¢zeo in orbital z. Then, one has

e 1 T - 17 10 o -
i 1 . -
‘?x » i ¢zeo 0 cntt 0 ST’tt 0 sT’tl: -l
r = - 1 0 0 0 = +
y ¢zeo 0 1 ¢zeo T’tt
r 0 0 1 - 0 -1 -
| "z | i IR M [ L | My |
(3)



where'-‘ 77 - ¢ and n, is the angle from orbivtal midhig‘ht. Small angle
) approxlmatlons have been assumed for (Pzéo with c¢> =1 and

e 1 tion of the r com ts into e ton 2 1elds
) S?ZAGQ ?,00 - Insertion ponents i quati ()y

1 :., : | |
Igg -3Q2 °Al S"tt,c"tt

s
‘zeo tt

. Transformatxon into orbltal coordmates and substitution of (n - ¢ ) for
t ylelds ' ' :

r~ .. ’ 0 ) »‘ M) od . _ - i r- 1
c¢yc ' S.q)‘yc - 1 ¢zeo 0 0 »
»_'.'i__;I,‘ggot' , SQAI .-0 4 (Pzeo ‘ 0 S (nt ' »“z’yc)/2
o . - 0 P 14 2y -
Sgbyc C?yc i 0 0 ] ¢zeos (nt ¢yc)J

- --Q_?AI . sz(nt-sbyc) . SN €

_ , The orbital y- forque will be discussed first, since it is not a function
' of the small angle ¢ 0" The angle sb allows the vehicle to yield some

‘ "under the mfluence of the gravity- gradlent torques and, therefore, absorb
‘angular momentum which otherwise would saturate the one operative CMG.
‘The following form is chosen for the orbltal y- command (A is a constant

- amphtude)



' ¢ye",= AAsZ(nt - (pyd)

.4which yields for the orbital y-torque [refer to equation (4)]

- ,Tyo = '2QMSZ~["t' As2(nt-‘_ ¢ )1

o The angle ¢ is a desaturation angle. This is shown in Append1x B

w1th the results that the momentum accumulated over half an orbit is (H oic is
the lmtlal cond1t1on) y :

: "‘Hyo - Hyoi_c = -6QAI 6/‘ . cZntc(KCSZnt-)s(KSczht)dnt - (5)

b‘w1th K = 2A02¢ and: K = 2As2¢ The actual integration in equatlon (5)

. s only from 0'to 7r/4 due to ut1hzat10n of symmetry properties (see Appendlx

o .B)‘ ._Hyo('r)t). for three different values of ¢. d is shown in Figure 1.. When

¢yd -is small, equation (5) simplifies to

Hoo ™ Hooie = %ya’ya | - (8)
o _ T/4 } _ .
With G d= - 24QAT A f c?(2n )C(ZASZh )dn . Equation (6) shows that the

0
'accumulated momentum is proportmnal to ¢ vd ? and the desaturation angle
effectlveness G

yd is roughly proportmnal to the amplitude A.
" ,The orbital z-torque of equation (4) is

Tzo -{3Q%ALs[n, - As2(n, - ? a5 0
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This torque has m general the opposite sign of ¢ . Only very temporarily

'(for ¢ # 0 and 7, small) can it have the same s1gn as ¢zeo . Itis,

t

therefore, a restoring torque which drives the minimum principal moment-

of-inertia axis toward the orbital plane. However, since the quantity in -

_ braces-is not a constant, instability occurs unless damping is provided. Non-
- linear damping is provided by the fact that thrusters are fired to reduce

- .o whenever it exceeds a specific deadband. The result is that the angular
"ze : A

~ excursions ‘of ¢zeo are kept within acceptable limits.

" The orbital x torque of equation (4) is

Txo - {30 AIs(nt <pyc)cnt}(“bzeo

Sinc'e ¢zéo_-is not directly controlled no_control is possible over the accu-

. mulated x momentum. It has to be absorbed by the CMG and thruster flrlngs

- ',=w1ll keep the momentum within acceptable limits.

ORB ITAL y-MOMENTUM DESATURATION

- 'The commanded orbital oscillation ¢ must be exactly in phase w1th

the direction of the gravity grad1ent or bias momentum accumulates as

- ‘shown in the section on Gravity-Gradient Torques and Accumulated Momentum.

. On the other hand, this fact can be used to desaturate orbital y-momentum, as
~well as seek the direction of the principal x-axis. ' The commanded oscillation

is

9 = As2(n, -6 ) o

where ¢ vd -is a desaturation angle to be updated every half orbit. Any change
.of gb “will also lead to a change in ¢ . This causes a maneuver requ1r1ng

.~momentum from the CMG. The start of the maneuver, i.e., the checkpomt



o should be placed at a point when ample momentum is available, i.e., away
- from the momentum peaks. The times when nt— m/4 and n = 5m1/4 have

' been selected as the two checkpoints per orbit. A typical momentum»_curve

(docked configuration) for no‘inertia misalignment and no other than gravity-
. gradient torques is shown in Figure 1.

' In general, a momentum ramp AHr will be superimposed on-the . -

c'yelic momentum. “The basic desire for the desaturation angle change A¢ vd

%
-
wo
>
<

‘KYd(é Hp +-AHr)

. Aw1th K _- - 1/G . Wh1le the steady-state effect of ¢ is given by equa-

_'—itlon (6) a A¢ also has’ other effects. One is the dlfferent momentum -

'stored in the veh1cle due to the difference in gb

5 (+) -5 ()

'.A(Pyc - ye yc

i

29Ac2(n, - (¢yd+ Asbyd)] - 2QAc2(n, - . | (8)

.For sufflelently smell A(Pyd (c2a ¢yd§ 1, s2A¢yd ~ 2A¢yd)', one has

{

AP

ve - 4QA52(77t - %am%d

Q

BTo) ¢yCA ?og



or

. (aH),., = K, A¢
A% g A" Tyd

With 'KA = -4Q1 ¢yc . The existing ramp can be established by

AHr Hyo Hyo(n-l) (9)

o ’ ) ] . .
_w1th H' (n-l) yo(n-l) A(n-l) vd(n1) ? where the (n-1) _1pelmates

- _the values at the last checkpomt To average the peaks, one uses

AH- = (H___+H_.)/2+ (0H /oH )AH » (10)
p max min p r r . :

_ : The effect of AH ‘on the peaks can be broken down into three dif-
- ferent parts: : : .-

= + K +
‘(ava/aHr) Kr AKyd K¢

: Looki,ré beck; fhe peaks should be adjusted to
H;nax - ‘Hmax‘+ [(t_tmax)/(o. 5"1‘01']0)]AHr
H;mn = H oo+ et o )/(0.5T  JIAH .
Both effects _can_. be combined into KrAH'r with

K. = (Zt-tmax-tmin)/ T oo (11)



Looking ahead, the elimination of the ramp will generate a momentum change

~of KA KydAHr and will affect the peaks some more by the phase shift and by

‘the change of form of the momentum curve. These effects are lumped into

‘ K¢AH . Since the value of K¢ depends on the angle ¢ , on the vent

v_torques, and on the value of the ramp, an acceptable qu has to be establlshed
by simulation. :

' "The final result is

' A¢yd - Kyd{ (Hmax+Hmin)/2 - (1+Kr+KAKyd+K¢)(Hyo_Hglo(n-l)_')}. )

(12)

: “/To avoid excessive maneuver momentum requirements or maneuver
'ti'me,, A¢ is limited to Agb . The larger the nongravitational disturb-

- ance torque, the larger the desaturatlon angle and the larger the peak-to-peak

'. -+ distance of the cyclic component of the orbital y-momentum. But the peak-to-

_peak distance (H -H . ) has to be kept below twice the orbital y-
. A max min : .

- momentum limit to avoid TACS firings which do not oppose the disturbance

- torques. ‘This can be achieved by a limit placed on " ¢yd . The value of the

" limit cannot be a constant, since it depends on the inertia misalignment and,
also, on the disturbance torque level. Therefore, the value of the limit has
-to be changed, when the changing conditions demand it. When the peak-to-

_peak distance is below its allowed maximum pr and the desaturation angle

A ¢yd' ‘was not on the limit for the past half orbit, no adjustment of the limit
B
"is too low and has to be increased.. If the peak-to-peak distance is more than

E ;pr the limiting value has to be decreased, whether ¢ - was limited or

is necessary. If, however, ¢y q wason its limit, the limiting value

not.- A minimum value is also imposed on the limit 1tself since its lowest

" reasonable value can easily be established, but transients could let the limit

~ drop ‘lower.
After ¢yd is updated by A¢yd , it is limited to the latest value of

. gby i - Details of the logic and equations are given in Appendix C.

11



: AT.TIVTUDE ERROR GENERATION AND CMG CONTROL LAW

- A double-gimbaled CMG with fixed angular momentum magnitude H
has only two degrees of freedom and, therefore, can control only two axes.
It was decided to select the vehicle geometric reference axis X, -and the

orbital north axis Vor (see Appendix A for coordinate system definitions).
~ Several other x-axis choices could have been made (x e %o ) but these

- would have resulted in more complex equations and would have required
additional information and angles (moment-of-inertia misalignment, princi-
pal zp-ams elevation). The orbital north axis is determined under the

assumption that the vehicle xv-axis is in the orbital plane. The resulting

error is small and can be tolerated. Otherwise, accurate angle information _
- about the sunline would be necessary, requiring the star tracker to be oper-
- ative. : : ‘

The commanded oscﬂlauon about the orbital north is' achJeved by
~-generation of the attitude error and rate error as’

¢Xe, o "%alul‘ 10

ye .2sgn(an4) Yaz| - Ey S - (13)

©
il

| %ze | | | Yas| %)

r. s ] e

¢xe ¢x 0

A . Br 14
bre b e (14)
_?’zej . _a’zJ : _.ez_j
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. with

w’héﬁreﬁ 90 (i=1, 2, 3, 4) are quaternions relating CS XV to CS Xr ,

Ey_': ‘¢yccn

; ;EZ’,_= -¢ycsnx

éy - 56y

GZ = -¢y¢snx

¢yc = :A"SZ(nt- ¢yd) |

24c2(n, - ¢ )

A is the amplitude of the commanded oscillation ¢yc , 2 is the average orbital

_ ra'te,"a‘nd ¢y(-i is an orbital y-momentum desaturation angle (see chapter on

desaturation).

The attitude and rate errors. have to be modified as follows:

‘. F ¢).<eow

X

yeo:

¢

"zeo

Xe

ye

ze_l
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Xeo ‘ .xe

iz.)yeo - '[nx]T §z,ye ‘ (18)
| %20 | Pe |

%] [P

Poe | = [ | %eo (19)
L%e_ L 0 ]
N

s'ﬁ)',e = [n 1 ¢yeo (20)
e o

The orbital z-component in ¢ and ¢ have been suppressed. The

attltude error can now be limited to a relatively small value, without the .
poss1b111ty that a possibly large orbital z-error becomes bothersome (would
" limit the commandable velocity when n #0). :

The normalized CMG torque command can now be-generated as usual

(5],

€ = ! ! . :
ec 1 ox¢xe le¢xr ‘ (2 1)
€ -= \J ] .

c2 oy¢ye 1y¢ye ‘ - (22)
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. '= 1 + ' . . AvA
_ec3 ' Kozqsze 1z¢ze (23)

" (The normally applied bending filter is neglected here. )

" A CMG steering law of the form

] T - o
“it] %1 el
w.i2 | =le, | x| ey i=1,2,3 (24)
| ©i3 |Ci3 3

(knownas the cross—product steering law) will provide a torque compénent

__in_‘thé desired direction, but its magnitude will always be smaller than

- desired. This gain reduction can be ignored because the gain drops only to
.70 percent (TACS firings prevent lower values) for the worst case orbital

A desaturation transient and is normally higher than 95 percent. While the CMG

-+ "will provide x- and y-cohtrol, the necessary change of its z-momentum

o ....component will act as a disturbance on the z-axis.

. " The cyclic orbital y_momentum and the commanded oscillation about

- orbltal y (it results in an oscillation of the CMG angular momentum vector
in vehicle space) can be accommodated by a "'window' of about +m/12 width in
the orbital plane and about +7/4 height along orbital north. This window is

. enforced through TACS firings (see TACS control). The center of the window
" has been selected as follows: (for 1x=0)

For CMG No. 1 operative

-

ey | [ +0.479]
e1'2 = 0 . (25)
e -0.877
= + - = R
61(1) (m-1)/2 1. 071 [rad]
5 =0

3(1)

15



'For CMG No. 2 operative

[ ey | [ 0]
L ezalj _-1J
(26)
| For CMG No. 3 operative
ey, ] [-0.479 ]
e.3'2 .= 0
633 -_-0. 877 )
L .J L i (27)
o) 3(3) " +(m - 0.5)[rad]

This window sélection insures that no gimbal stops are encountered for the
whole range of possible solar elevation angles n, (-1.265 [rad] to +1.265
[rad]). ,

TACS CONTROL

The thruster attitude control system (TACS) is used to insure that the -
'CMG angular momentum does not exceed the prescribed "window' and it also
insures that the vehicle angular rate about the axis not controlled by the GMG
remains within a specified deadband. |

16



The TACS consists of six cold gas thrusters, which are selected and
fired individually. The thrusters are mounted on Skylab as shown in Figure 2.
" The main torque polarities of the thrusters are shown in Table 4. It is also
shown in the table that there is a built-in cross-coupling between the vehicle

' x- and z-axis, and only firing of the appropriate pairs will eliminate this

s '_cross-coupling, as much as tolerances and misalignments allow.,

o The thruster attitude control system fires a mlnlmum lmpulse bit
. 'whenever Iz,b | = 1 for any axis [6]. This property is used in Table 5 by

. aliowing only three siates for q’)i : 0 and £1.
) The thruster's are selected according to Table 5.

For proper initial conditions and for no other than gravity-gradient

tofques .the cyclic gravity-gradient torques are absorbed by the CMG and
".-'.the nominal momenturm profile of Figure 1 results. The variation of the

_ “angular momentum of the CMG along the orbital z-axis (see Figure 3) acts as

- a disturbance and the gravity-gradient torque provides a restoring torque on
. . the minimum moment-of-inertia axis whenever a z-torgie drives it out of the
- '?'orb1tal plane by ¢ . The nominal profiles for ¢ 0~and §b co of Figures

-,'4 and 5 result if the proper initial conditions have been chosen. The nominal
3¢"zeo profile is an unstable limit cycle and will diverge until ¢zeo exceeds

' its deadband and is reduced by a thruster firing (Figs. 6 and 7). The objec-
tive of minimum fuel consumption requires that the deadband is wide enough
to allow the ideal limit cycle, but still narrow enough such that only one firing
is required whenever TACS is actuated, which should reset the initial condi-
tions as close as possible to the ideal case with the hope that there will be
“several orbits devoid of thruster firings. In other words, the value of the
deadband is very critical and will have to be set repeatedly during flight,
. especially since it is also dependent upon the momentum change due to a
minimum impulse bit from the thrusters, as well as disturbance torques and
~other influences. While a wrong deadband value (either too high or too low)
" is not disastrous, it does result in an increase of the thruster fuel consump_
“tion, ‘and should be corrected as soon as possible. !

-A constant z-forque results automatically in an average hang-off of
the x-axis out of the orbital plane. Several times the presently assumed vent

o ~ torques can be handled without an increase in the fuel consumption. The

"deadband, however, has to be adjusted if the torque varies.

~ 1.. The worst-case fuel consumption of 50 [N-s] per orbit (quoted in the
introduction) does not assume worst case for the deadband, but only for the
solar elevation angle and the disturbance torques.

17
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s _éauSed by_ Hyoi exceeding its limits, and a z-firing is caused by ibze

TABLE 4. MAIN TORQUE POLARITY

. .Th_ru'stelf : xv-AXis y,~Axis zV-AXis
1 0 , - 0
2 - 0 -
g 1 - 0 | +} 
4 0 + 0
5 + Y -
6 - 0 +

TABLE 5. THRUSTER SELECTION

Condition " Selected Thruster
+1 2
sz» 0 None
-1 3
+1 1
0 None
zpy
-1 4
+1 5
#}Z 0 None
-1 6

In the following discussion, reference to an x-firing indicates the

firing is caused by the momentum exceeding the limits set for Hxv , a y-firing

Co 0
exceeding its deadband.

4 Afconstant y-torqlie results in fhe éppropriate c'hange in the desatura-

- tion angle ¢yd and in an increase in the amplitude of the cyclic momentum.

19
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 Since thé amplitude is bounded, the desaturation angle ¢ yd has to be limited,
~and any excess momentum has to be desaturated by the thrusters. However,
™ the ¢ yd-limit can desaturate about twice the anticipated disturbance mdmentum.

A constant x-torque will have to be eliminated entirely by thruster
. firings. Since the z-limit cycle is very sensitive, any. cross-coupling from
x-firings would be highly undesirable and therefore pure x-firings will always
“be in pairs. However, when a thruster is fired on a zp ~command, it is also

.‘-utlhzed to reduce the x- momentum with respect to the nominal x-momentum.
" Due to the commanded oscillation in the orbital plane, the nominal X~

- momentum translates into a sinusoidal momentum H b in vehicle coordinates:
. X

H = Hs(¢yc (28)

X ¢yb)
o :whe_x_'e‘ ¢-};b 1s a bias angle that depends upon which of the CMG's is operative
- = =U, ' ) H = H = +0.
(?yb_ -0.5 ;rad] for CMG 1 ¢yb 0 for CMG 2 qbyb +0.5 [rad] for CMG
.._3.)” .
v A y-firing (1nd10ated by z,l) 9& 0) will, through its effect on the CMG
orbltal Z- momentum, also always decrease the magnitude of ¢ o It should,
fftherefore, receive priority over the other firings. If InXI > 7r/4 , the appro-
priate polanty zp is selected instead of zp A z-firing is not only called

. for whenever § exceeds its bounds, but also when it can be clearly estab—
- : zeo

lished that it has the wrong polarity with respect to the desired limit cycle.
Figure 3 in conJunctlon with Figure 1 shows that ¢ 260 should be positive for

IH | less than some lower value H and negatwe for [Hyol above some

yil

: Upper value H The values for these limits depend on the disturbance

_ yul” | o ,
- torques and have to be established during flight. Once the need for a z-firing
-has been established, it remains to be determined which conbination ef P

and z/) (which produce momentum changes in vehicle cbordinateS) is most
benef1cxal in reducing the magnitude of ¢> o while minimizing the cumulative

-effect of the z-firings on Hyo' The reason for the latter is ‘elimin'ziﬁen, as

95



- much as possible, of cross-coupling into Hyo . To do this, five firing-

combinations are evaluated in terms of their effect on H o and :pzeo . The
five combinations are y

‘The fd_llo_wing formulas are used (the latter is also in momentum rather than
angular velocity): ‘ s

_ AH= R};ft(AFmib+ ttd)’ o, (29)
| **A':ﬁ:’ _;AAA'».H[mf‘:lX(c}nx,Isnxl)] ' . | ‘ - | ('30)
AHyo ,_= Aﬁ@’?x% -sn4,) o A i (31)
‘AH.ZO = -AHc¢yc(snX¢y I+ cv};wz)-
+ J H? - Hio - (Hyo + AHyo)2
- N/.H2 - H - H;o | . | (32)

' Eq'uétion (29) represents the angular minimum impulse bit for a vehicle y-
orvz--_firirllg. RX is the thruster lever arm (a negative value), ft is the

- thruster force, Atm. is the commanded ON-time and t , isa correction

ib
- factor for thrust decay. AH' gives the nominal AHZO for a single engine

. firing and it is used in equation (33). The difference in the roots of equation

26
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(32) represents the effect of the orbital y-momentum change on fpzeo through

. -the CMG momentum change. Any firing combination which does not produce a
_.AHZO with at least half of AH' with the correct polarity will be disregarded.

Thé rest will be evaluated according to their demerits:

D= IEAHyOZ+AHy0 +Kdl_AHZolPZO-_AH . (83)

 where’ EA Hyoz- is the accumulated effect of the z-firings on Hyo since the

-last c‘h‘eckpoint. The first term results in demerits for increasing the effect
-on H_y‘o',_ the last term penalizes deviation from the most beneficial single

. 'éng_iné. firing, and Kd (<1) allows relative weighing of the two. The firing

- ‘,;4comb'in'ation with the smallest demerit D is selected.

- _"Simpler firing lbgic has been investigated, but large crossQCOupling

was ‘produced between the orbital y- and z-axis, resulting in strong positive
- feedback at certain n, angles, so that settling out of ¢yd was not guaran-
" teed. - .

L A flow chart of the logic with equations is given in Appendix D. To .
reduce coupling into the desaturation equations, the following quantities have

" .to be updated by the expected value of AHyo (= is here a FORTRAN equal):

H' - H' +
yo(n-1) Hyo(n-l) AHyo ’

‘H - =H + AH : R

" max max yo

H = H . +AH ,
min min yo

ZA ,Hyoz - ZA Hyoz * AHyo‘l wzdl ’
'AH = YAH__+AH

Z-. yoy Z yoy yoll,byol

27



DISCUSSION

- Long-term drift of the strapdown computation for the attitude reference
can be eliminated by slightly modifying the normal Skylab updating method,
where the output of the sun sensors is compared with the calculated attitude.

' Updating is possible whenever the magnitude of the sun sensor output is below
" 0.1rad. This occurs three' times per orbit (sunrise terminator, noon, and
' sunset terminator) and lasts for about 460 s (for an amplitude A of 0.2 rad).

~ Some TACS ONLY attitude control along the lines of References 4 and

 5 must be incorporated to be preparedin case the last of the three ATM CMG's
also fails. .

o8



C xmknl - Myanaform
moes .. . . a4 ransSioy

APPENDIX A

"DEFINITIONS OF SKYLAB COORD INATE SYSTEN\‘S'(CS'S)

- -Only the coordinate systems (CS's)
’ 'deflned All CS's are right-handed and orthogonal. All angles are defined -

mathema_tlcally positive.

y N/A '
e x g

' yer \ Xor_ - [nx] Xr

needed for this memorandum are

Basic orbital CS; zo toward

ascending node; Yo toward
orbital north.

Reference CS; zr toward sun;
X in the orbital plane; Y, in

northern orbital hemisphere.

Orbital references CS; Zor along
projection of z into orbital

plane; yor toward orbital north.

Vehicle geometric CS. Also the
attitude control system CS.
[qva] indicates the attitude

deviation from x (due to error
r

or commands). This CS is also
assumed . to.be the principal CS
for the development of the equa-
tions in this report.

29



Symbol |

30

X

yVC

Z

Ve

ve

X = [nxl[¢Ze

Transformation Matrix

ve O]‘[ <i>yc]x0

o
[

[T"t] Xor

Commanded vehicle CS. nx in

this transformation is only -

r numerically equal to the solar

elevation angle, but physically it
is a.different angle. -

Disturbance CS; -z, toward cenﬁer

d
of earth; y d toward orbital north-

(ni = 0 indicates orbital mid-

night; n, is a y angle).



APPENDIX B

DESATURATION EFFECTIVENESS

- The gravitational orbital y-torque is [refer to equation (4)]

LT = -20%Is20n, - As2(n, - ¢ )]
- yo 2 . L L ya

L -Whé're ¢yd is'the desaturation angle. The y-momentum after half an orbit

Lis (H . -is the initial momentum)
yoic T S /

_or

. : T
— 3 ’
o~ Hyoic = -3 0al Oj s2ln, - As2(nt- ¢yd)]dnt

- The integral is broken into two parts

o . 3
- L= = I, +1
Hyo ‘Hyoic 2 QAL (I 2)
with
' - T/2 :
11: = 0‘1 s2[1;t - As2(nt - gbyd)]dnt
| L = 7r/j2 s2[n, - Asz(nt- 9>yd)]dnt

31



A substitution of @ =7 - n, into I, yields

e .
1, = f()j s2la - As2(a +¢yd)]da

Since ¢ is only a dummy integration variable, any variable can be substituted.
‘The author elected to substitute 7 ¢ and get for the sum of the two integrals

o T/2
: A_(Hy—Hyo)/(-imAI/z) = Oj F(nt)dnt
. with |

F(Tlt) = SZIT)t - Asz(nt - ¢yd)] - s2'[77t - As2(17t + ¢yd)]

This expression shows that for ¢yd = 0 the integral is zero. Further

development of  F(n ) vields

.- AF_(nt)' s2{nt-A[s2nt02¢yd-02nts2¢yd]} - s2{nt-A[As2ntcz¢yd+c2ntsz¢>yd]}
=- sz(nt-Aszntcquyd)c(_ZAcznts2¢yd) + cz(nt-Aszntcztpyd)s(ZACZntszq&yd)
_sz(nt-Aszntcz¢Yd) c(ZAczntsquyd) + cz(nt-ASZntczsbyd) S(ZACZTIt52¢yd)

= -A
» 2c.2(nt sZnt02¢y d)s(ZAc2nt82¢y d)

= 2| c2ntc.( 2As2nt02¢yd) s( 2A02nts2¢yd)
o+ sznts(2As2nt02¢yd)s(2A02nt52¢yd)]

32
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" The last tern of F(nt) is antisymmetric with respect to nt =7/4 and does
'n_ot .result in a contribution when the integration is performed from nt =0 to

-m,=7/2. The final result is

T/4
- H = _6QAI [ c2 ’
?{yo - i Oj c ntc(KCSZnt)s(KSCZnt)dnt
-with
- K = 2Ac2¢
. C - yd
KS =A 2A82'¢Yd

e whei'e"the'integration is only from zero to /4 because of the symmetry with
: respect to m/4 and the result is doubled. The effectiveness.of sb d had to

“be establlshed by numencal integration, -but small angle approx1mat10n shows

that the accumulated momentum is proportional to ¢y q°

~-Hyo - Hyoic - Gyd¢yd
-with

o T/4
= 2
qyd_ 249A1A0j c (Znt)c(ZASZnt)dnt
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APPENDIX C

LOGIC FOR ORBITAL y-MOMENTUM DESATURATION

RETURN

-_(c = tc +T

orbit/ 2_

| ®ydnc1 = Pya

’ Kr ‘= (2¢ - Tmax ~ tmin)/Torbit

o "

:'Ac.:[’ '= § - e

vo~ “yo.

A’p = (".'

max +oe )2+ (K + Ky Kyd + ch) Ae, - e’“b,

AAe'd'- = Kp Aep + Ae-r

3¢

NOTE: THE FIRST TIME
THROUGH SET A¢y'd =0.



o

Adyan = Adya

Adygn = ~Ayq

Syar <
Sy

NO

YES

Syt = Pyl

35



36

+ A¢yd

¢yd = ¢ydn-1

YES

byd = Pydi

byd

= Pydi

e . = e

eyo = e;o + KA (¢yd - ¢ydn_1)

emax = eyo

min yo

. ZAeyoy =0

ZAeyoz =0

RETURN




LY

APPENDIX D

ENTER

. eyo

'
evo

®xb

: wyo

exo0 °

207

Ae' = Ae maxien . Isn, )

= ey c¢yc + s(byc (etZ Sy + 83 c-qx)
= e.t-2 €Ny - &g My,
= ey * U, g
-6y sd)yc + c¢y('; (etz s, + .;Zt3 en,)

= Si‘pvc - d)yb)

» .'\t’x‘:= sgn(eﬂ - exb)

Ae = RX ft (Atmlb + ttd)/H

" EXTREMA OF Hyo AND TACS FIRING LOGIC

NOTE:

exo = HyolH
o = Hyo/H
ETC.
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YES

)

]

(W, + ¥,)i2

W, - U2

Uy = ¥y
v, T ¥y

Aeyo = Ae [cnx \by - s dy, + v

,ZAevov = JAeyoy * deyg llygl

Yheyo, = Yheyq, + Aoy Wyl

= +
emax ~ ®max * 8¢yo
emin = ®min * Aeyo
" "
= +
Byo = Byo * Aey,

‘ RETURN ’
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Subroutine SUBZ

( ENTER ’

Belen, by, - s, ¥,)

> d
v
i

_ Aec¢yc(s‘nx wy + e, wz) 4 ezb + ﬁe)’(o - (EYO + Aeyo).

YES

* KdlAezo Vo = e

b= IZAeyoz + Aeyo

YES

D>D

( RETURN ’
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