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ABSTRACT

The proposed attitude control system addresses three major problem
areas:
(1) Operation within a high torque enviromment.

(2) The preservation of vehicle attitude in the event that the optical
attitude sensors are destroyed by external means.

(3) Longevity, the need for the vehicle to remain operational for

periods in excess of seven Yyears.

It is shown that for a given momentum wheel capacity, orthogonal triad
torquing will allow greater growth in the disturbance torque environment
than a biased momentum system. Orthogonal triad torquing is therefore to
be preferred for a general purpose platform where the external geometry of
the vehicle is variable.

Primary attitude sensing is accomplished by IR earth sensors for pitch
and roll, and processed sun elevation information for yaw. The normal opera-
ting mode uses these sensors to update a redundant inertial unit made up
of six SDF gyros, automatic update algorithms are suggested designed to pre-
vent a malfunctioning optical sensor from de-erecting the inertial system.

In the event that the inertial system suffers total failure, a backup
mode allows the optical sensors to feed the control system directly. The
inability of the sun elevation sensor to provide yaw information for short
periods centered on local midnight and midday means that the yaw channel
must operate in an open loop mode during these periods. A small pitch

momentum together with a compensating roll-yaw torque couple is used to

stiffen the yaw axis during these 'coast' periods.
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AN ATTITUDE CONTROL SYSTEM FOR A LARGE
GEOSYNCHRONOUS EARTH-POINTING SATELLITE

1. DISCUSSION

The term large in this instance refers to a satellite in the 2000 to 3000
1b. class, with external body torque in excess of S50 micro-ft.-1bs. Two of the
major issues to be considered when outlining an attitude control system of
this type are torquing methods and attitude sensing. In the case of torquing
methods the control system may be classified by the method employed to control
the attitude of the body fixed roll-yaw plane. If the system relies upon a
relatively large bias momentum to resist external torques, then the system,
not surprisingly, is categorized as a ''biased momentum' system. If orthogonal
triad attitude sensing and body torquing is employed, such that the system
does not rely upon a large resident momentum, then the system may be categor-
ized as '"'momentumless'.

Biased momentum systems are, in general, somewhat simpler in that correc-
ticnal torques need be produced about two axes only. Also, direct yaw sensing
is not necessary. However, biased momentum systems become a little unwieldy
in terms of bias requirement in a high torque environment. For example, if
we assume the simplest case where the momentum bias vector is normal to the
orbit plane, and forms a constant angle with the body fixed axes (i.e., rigidly

mounted) then it is quite straightforward to calculate the required bias.

rsin wot = hlEs + hlonz (m

LB =R & hleE

CoS o 12 3

h] = pitch bias momentum
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Let T = 40 x 10~ ft-1bs.




E 2
hl(Pk. Requ. ) = Ez E;'_ 1980 ft-1b-secs.

(4)

The peak level and the assumed form for the torques are appropriate for a
vehicle such as ATS-F. If the bias vector were gimballed, so decoupling the
roll and yaw errors, then yaw pointing becomes our criterion and some relaxa-
tion may be possible. In fact, the required bias is a linear ratio of permitted
roll to yaw error. If a yaw error of 0.6° were permitted then the bias require-
ments would reduce to 330 ft-1b-secs.

Both of these methods rely upon the bias momentum being very large compared
to the accumulated momentum for any single orbit, such that the vector sum pro-
duces an acceptably small error angle. Consequently, having chosen a given
bias, any further increase in the torque environment is paid for directly in
reduced pointing accuracy, or increased fuel consumption.

In the case of the rigidly mounted wheel the required bias is pushing the
frontiers of technology, consequently reliability data is minimal to non-
existent.

In the case of the gimballed wheel the bias is less breathtaking but still
forty times greater than LES-8/9, and we have the added complication of the
gimbal mechanism, whether it is a second wheel or a true gimbal.

The "momentumless' system on the other hand requires that correctional
torques be available about all three axes. Furthermore, attitude sensing is
required for all three axes, whereas the bias system requires attitude sensing
about two axes only. However, the volatile momentum storage requirements are
considerably less for the ''momentumless'' system. This is because the storage
capacity need only equal the peak momentum accumulations for any orbit. It is
quite straightforward to calculate the required storage capacity for a '"mom-
entumless' system assuming the same torque environment as above.

Assuming an idealized controller and zero pointing errors,

- h,w

. 1 =h'
T sin wot 5 39y (5)



Lo By = g sy (6)

h2, h3 = roll and yaw wheel momentum respectively

hz(t) = T « t ¢ sin wot (7)

hz(pk) = 3nT/2mo = 2.6 ft-1b-secs. (8)
- . . 9

ho(t) =T <t - cosut (9)

hs(pk) = 3.46 ft-1b-secs. (10)

The assumed torque would in practice contain several harmonics plus a DC
term, particularly during the solstice. However, this is not an attempt to
calculate the actual requirements of a satellite, but simply to comparec the
momentum storage needs of two different classes of control system when exposed
to the same torque environment. It is clear that the momentumless configura-
tion requires much less storage capacity than either of the biased systems,
and furthermore the attitude errors in all three axes can be zero, whereas
this is not possible with the biased systems. The price paid for this is the
need for three axis torquing and attitude sensing. The point to be considered
in this particular discussion is the uncertainty of the torque environment.

We are considering a control system suitable for a general-purpose
vehicle, hence the body geometry and therefore the torques must be considered
as unknown. 1f the body torques increased by an order of magnitude above those
figures mentioned, then the biased systems would be totally unfeasible with
present technology, whereas the storage requirements of the momentumless sys-
tem would remain relatively modest (< 30 ft-lb-secs) and well inside the
proven capabilities of the industry.

In general, the momentumless system configuration will permit operation
within the maximum torque environment for a given storage capability. The

small increase in complexity brought about by the necessity for one more




torquer, plus a small amount of processing in order to derive yaw attitude,

is a small price to pay for an optimal system configuration.

1.1 Body Torquers

In order to provide both adequate redundancy and margin for growth in the
torque environment, a configuration of four 10 ft-1b-sec. reaction wheels is
proposed. The wheels will be symmetrically configured about the three principal
axes of the vehicle, such that any wheel provides components of torque and
momentum about all three axes. Any three wheels will be able to fulfill the
three axes torquing requirement of the momentumless system. The fourth wheel
will be unpowered, unless a failure occurs in one of the active wheels. The

configuration is shown in Fig. 1.

ha TN 77-30(1) |

hy
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Fig. 1. Reaction wheel momentum vectors.

XYZ represent the vehicle principal axes. hj represent the torquing axes
of the momentum wheel.

If each torquer can provide equal effort, then:

h.
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h(xyz) &= (11)
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Where ¢ represents the angle made by the wheel spin axis with respect to
the body fixed principal axes of the vehicle.

If we assume the right-hand rule sign convention, then the momentum matrix

would be:

[z | .1 wil 4 +1 b 'hI"

. By (13)
el (T o] +1 +1 b,

3
Y +1 -1 -1 +1 h
L 5 4

JL

In order to determine net momentum about any principal axis the individual
wheel momentums are measured and simply plugged in. Inspection of the above

matrix reveals the torquing rules, which are tabulated below.

MISSING )

WHEEL +7 +X +Y
h4 +hi + h3 ~hs + hé +hi - hs
+h. . ~he . . .

By % =y hy + kg M - 15 |

/3
h2 +hi + hi —hi + h& ’h§ + h&
+he . ~he . ~he .
h1 he + h4 h2 + h3 h3 + h

Thus, this configuration is very simple to use and provides very signifi-
cant redundancy, in that any wheel may fail without degrading performance in
any way.

A further point is that the Draper Laboratory TCP treatment of ball
bearings appears to have solved the touchdown problem, so removing reliability

based objections to reaction wheels. On the other hand, it seems clear that

reaction wheels would be very much more efficient in terms of power usage.




1.2 Attitude Sensing

The decision to employ the momentumless configuration discussed in 1.0
implies the need for yaw sensing.

There are several methods of doing this. With an equatorial orbit a
strap-down 'star tracker viewing Polaris would appear to be a straightforward
approach, as used on ATS-F. However, there is no star tracker presently
available which shows any indication of possessing the reliability potential
which would justify its use on a 7 to 10 year mission. ATS-F is a case in
point. Solid State star transit sensors, on the other hand, appear to be
relatively simple, and inherently rugged. There are, however, several objec-
tions to their use. Heretofor they have been used at high transit rates (such
as on the DMS) if the same sensor were used at the body rates appropriate for
a stabilized geosynchronous satellite, the signal-noise ratio would be marginal.
Possibly this is surmountable, but earth rate star transit sensors are not
presently available. Furthermore, an on-board star map would be required,
together with an inertial memory to provide attitude data between star updates.
None of these objections are very serious, but there seems little point in
pursuing a discontinuous system based on a star transit sensor when the sun
is readily available together with well developed sun elevation sensors able
to provide virtually continuous data. 1t is proposed therefore that a 360°
sun elevation sensor be used to provide yaw sensing, and IR earth sensors
similar to the well proven TRW scanning type used to provide pitch and roll.
Provided that the orbit is known, yaw information may be derived from the sun
elevation sensor over a large part of the orbit. The two periods when yaw
derivation is not possible occur at local midnight and midday. The former,
because of sun obscuration, the latter due to kinemetic reasons, both periods
are of approximately 1 hour in duration. It should be possible then to pro-
vide three axis attitude information to the control system directly from the
body sensors once the orbit fit data is transmitted to the satellite. This
system is analyzed later in this note (Section 2.0, Backup Mode). However,
while the "backup mode' 1is able to fulfill the mission in terms of dynamic

performance, it suffers from several disadvantages. The first and major



disadvantage is that the optical sensors are subject to damage through enemy
action, either ground based or via killer satellite. If this occurred the
vehicle would lose orientation in a very short time.

Furthermore, while the pitch and roll IR sensors are separate, mutually
redundant items referenced to the earth, the yaw sensor has no redundancy, and
is referenced to ground derived orbit fit data. What is required is a second
yaw sensor, both to provide redundancy and a mutual operational check.

Gyroscopes overcome both of these disadvantages. A gyro triad updated
from the three axis body sensor would provide sufficient inertial memory to
preserve satellite attitude within acceptable limits for several months following
an optical sensor wipeout. In the event that the sun elevation sensor failed,
or a gross operational check was required, the gyros could be reconnected by
ground command into the gyro-compassing mode. This mode has the advantage
that it is self erecting, and does not require orbital data. Both of these
gyro based systems are discussed in greater detail in Section 3.0.

As an overview, it is proposed that the normal operational system derive
attitude data from a rate gyro triad. The gyros will be erected and updated
as required by a three axis body sensor which will consist of IR earth sensors
for pitch and roll and a sun elevation sensor plus microprocessor for yaw.

As an almost equal performance alternate to this configuration the gyvros and
earth sensors may be connected as an orbital gyrocompass.

In the event that the gyro system suffers catastrophic failure, the control
system may enter the '"backup mode', in which the optical sensors bypass the

gyros and supply the control loop directly.
2. BACKUP MODE

The '"backup system'" is intended to become operational in the mathemati-
cally unlikely event that the gyro package suffers total failure. If this
occurs, the pitch, roll and yaw body sensor outputs will bypass the gyro package
and feed the control system directly. However, the yaw sensor, as mentioned

previously, cannot operate throughout the orbit. For approximately one hour

centered on local midnight the sun is obscured. Also, if the sun elevation




angle is zero, then yaw cannot be measured at local midday for kinemetic
reasons, even for a non-zero elevation angle the sun elevation sensor becomes
progressively less sensitive to yaw motion as local midday is approached.

It is proposed then to deactivate the yaw sensor for approximately one hour
centered about local midnight and local midday. The satellite will ''coast"
through these periods with active pitch and roll control only. In order to
make the satellite appropriately stiff during these ''coast' periods, the
"backup mode' will operate with a relatively small momentum vector aligned
with the pitch axis. It is interesting to note at this point that in order
for the pitch momentum vector to be effective in providing yaw stiffness it

is necessary to effect a torque coupling between the roll and yaw axes. In
other words, the situation which exists during the coast period is as follows:
pitch and roll loops and sensors remain active, the yaw sensor is deactivated,
external body torques are occurring naturally about all three axes. If under
these circumstances a body fixed momentum vector is aligned with the pitch
axis in an attempt to provide yaw stiffness, its effect will be almost totally
nullified by the operation of the roll loop. In fact, the body motion about
the yaw axis will be governed only by the moment of inertia, with the momentum

vector playing no part. This is shown below.



2.1 Equations of Motion For a Zero Momentum Satellite

T, = Jlﬁl + h3é2 - hu E, - h2é3 = T B, (14)
T, = JZEZ S NP 1 NN N I w02E2
+ h1é3 + hywE, - h3é1 - haw (15)
2 . %
Ty = J3E3 + (J2 - J1 + J3) onz - (J2 - Jl) wo"E3
+h2f31 + hzwo - h1é2 + hlon3 (16)
T. = resultant axial torque for jth channel and represents the difference

between external disturbance torque and system control torque.

where G(j) represents the gain and shaping, and Ej represents the

euler error angle for the jth channel.

hj = The resultant principal axis angular momentum contained by the

reaction wheels.

Equations (15) and (16) are solved below for E3/T the yaw error angle-

D3>
yaw disturbance torque transfer function for the coast period, when
G(3) . E3 = 0.

Assuming pitch to be effectively decoupled from the roll-yaw plane
(él +~ 0).



1 2 2
E /T, = 5 °
3" D3 J 2 2 2
3 P4 p2(G(z) . Wy J2 hlub . hlwo . h1 o G(Z)hlwo . h1
J2 J3 J3 J2 J2J3 J2J3 J2J
P = Laplace Operator
Jj= moment of inertia of the jth axis.

G(2) represents the gain and shaping of the roll channel, and is

therefore a design parameter. If we assume typical values for J2, Jz, and

2 = g Uy s
2 2
G h,w h. “w
(3 J1 = 5B 3 3
273 273
2 - S
Q d Iy
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This will be recognized as the torque-inertia balance expression for an
unrestrained system.

Despite the simplications, it is clear that the pitch axis momentum
vector plays very little part in providing stiffness about the yaw axis.
Clearly the operation of a 'tight' roll loop is producing torque about the

yaw axis, this phenomenon is analyzed in 2.1.1.

28 Rol1l-Yaw Compensation

Let us set up the following conditions
(1) Roll loop continuously closed. (Ez-g 0)
(2) Yaw loop open.
(3) Torque applied about the yaw axis at t = 0.

At t = 0 therefore ES = E3 =) 105

Referring to equations (15) and (16), the roll and yaw equations of

motion respectively at t = 0.

T, = J2E2 - hswo

™~

g = JaBy ® T By * Bow, = i Ey

-
[

J353 % Ty = J2on2 - hzwo + hlEZ = total reactive torque.

11




o . i '8 e . O
5 % 8 R B 2% T TIFTTTP
T = TD3 - h3 = TD3 - TSC' Where T3C = yaw control torque.

If the total reactive torque about yaw is to be minimized, then the yaw axis

must be open loop torqued by TSC:

. -~ worz -wo h3 . thz . hlhswo
L P TP TR
T = lng = By 7 By
-wo wozh
5% Tyg = g ~ BBl -~ — 5~
h h.h_w
1 S o)
% Ra (55 = Capibiol = 3 (18)

T3C represents the torque which must be applied to the yaw axis during the
coast period in order to minimize the roll-yaw coupling. Notice that two
terms are proportional to the integral of net roll axis torque, suggesting
the need to know something about the roll disturbance torque during the

coast period. The terms in T3C which contain h3 clearly spring from the
momentum cross product term in the roll equation of motion. This would more
easily be nulled by torquing the roll axis. The compensating torques for
roll and yaw are shown below. They would be calculated on a continuous basis

and applied directly to the body torquing mechanism.

Roll Compensation: —hlonz + h3wo' (19)
Yaw Compensation: -h.,w — “o p2 + . G(Z)Ez + "1'po - hlG(z)Ez (20)
aw Lompen : 2% P P J,P I 0

12



TD2 in (20) above is a measured roll disturbance torque, in order to

track it we will designate it TDZO'

Inserting these compensation terms into the general equations of

motion we obtain:

Let J1 = Jz for arithmetic convenience.

TD? = JZEZ - J2w0E3 + hlE3 + G(Z) . E2

—
}

3 ” 5 -
= J3E3 + szoE2 - (J2 - Jl)wo E3 - hlEZ + hlon3

WoTozo . YotyPa  MiTpae MPer™

P P Jop J,p

Making similar assumptions and simplications as before we obtain:

I o O 1 (21)
D3 J3 h 2
p2 % 1
J2J3
Taking the inverse transform:
i
= e e — 5
E3(t) N > [1 cos (hl/ ‘,JZJS)t] (22)
1

The satellite would therefore nutate at hl/‘,JZJS rads/sec. with a

peak deviation of 2T /hl2 radians.

D3J2
In this case the pitch momentum vector (hl) does provide stiffness to
yaw body torques, the fact that nutation occurs during the coast period is

probably not important providing the excursion is within the system

pointing tolerance.




The effect of roll body torque on yaw attitude when the system is thus

compensated is shown below:

: ~ Tpp = Tpagt™Ceay
3(P) 2
Iy g
e Mpa - Tnao) 2 ' 5)
3(t) J 6J

Equation (23) reveals the fact that when compensated in this manner, the
yaw axis is somewhat sensitive to the difference between actual roll body

torque (TDZ) and estimated body torque (T This means that the compen-

DZO)'
sation scheme must be tailored to the disturbance torques which pertain
during the coast period. For example, if we consider the body torque forms
described by Egs. (1) and (2), we see that the yaw torque during the midday
coast period is quite high and changing rapidly, potentially difficult to
predict, the roll torque on the other hand is close to its maximum value
and changes very little during the coast period. This is the kind of
situation where the form of compensation described by Eq. (19) and (20)
would work very well. It would only be necessary to measure hé immediately
prior to the coast period and plug it into the compensators. The body torques
predicted for LES-10 indicate that yaw torque will approach zero, while roll
torque will be almost constant. In this situation it would not be appropri-
ate to include all the compensation terms described in Eq. (20), in fact
-hzwo would be the only relevant term, with zero pitch bias.

The required roll-yaw compensation is inestricably coupled to the
form and magnitudes of the roll-yaw body torques, the principal axis moments
of inertia, together with the actual coasting period. However, available
evidence would indicate that providing a measurement of hé is taken immed-
iately prior to the coast period, some version of Eqs. (19) and (20) will

cover the roll-yaw compensation requirements.

14



2hea2 Computer Model

In order to illustrate the foregoing analysis a linear-
ized three axis computer model was constructed on the IBM-370 using an exist-
ing numerical integration routine. The system equations of motion are shown
below. No particular effort was expended on the loop design other than to
assure stability. Apart from the torque compensation terms already dis-
cussed, the loop shaping in each case is on integral plus proportional

network, feeding a velocity loop to control wheel speed.

D1 | 181 = J1E; * hgEy - how Eq

—3

]
[Tie
-~

[}
m
w

u

- hyE. - hzonz (24)

: " ) :
Tpp ~ 105 = Bghy = dgfy = Wy = g, + T By + Ey = it By

+ hlES + hlon2 - h3E1 - hswo ¢25)

. i * 2

Thg = Ralsly = Bghaly B ilale ® [l =3y & dydup By = (g~ dy Jl iy

+ th1 + hz“’o - hlE2 + hlmoE3 (26)
Pitch Compensation: +h2on2
Roll Compensation: ‘ -hlmoE2 + hSwo
Yaw Compensation (1): -h. w

2 e 5 -
Yaw Compensation (2): wJTDZO dt + W, ('(,,)E2 dt




The compensation terms are added to the right side of system Eqgs.
(24), (25), and (26). The principal moments of inertia are based on mass

properties calculation for one version of the projected satellite.

[
(]
o
]
o
|

= 2,800 slug - ft2

1 2 3
Kl = K2 = K3 = 280 ft. lbs/radian/sec.
B1 = B2 = B3 = 28 ft. lbs/radian

The program listing, appropriately commented, is shown in the Appendix.
Figure 2 illustrates the conclusion that an unaided pitch momentum is
unable to provide yaw stiffness in the presence of a tight roll loop.

Figure 3 illustrates the effectiveness of the compensation scheme.

Conditions

Pitch: Loop closed, compensated.hl = 10 ft-1lb-secs.
Zero disturbance torque.

Roll: Loop closed, compensated. 50u-ft-lbs disturbance
torque throughout. hi == h3wo measured at coast
period inception (11.30 hrs local time).

Yaw: Loop open, compensators (1) and (2). 10u-ft-lbs

disturbance torque throughout.

Figure 4 illustrates the effectiveness of the compensation scheme in the

presence of the realistic body torques described by Eqs. (1) and (2).

Conditions (3)

Pd'rehs: Loop closed, compensated, hl = 5 ft-1b-secs.

50u-ft-1bs disturbance torque throughout.
Roll: Loop closed, compensated, disturbance torque =
50 x 10-6 sin wot ft-1bs, hs — h W measured at

2 3
coast period inception (11.30 hrs. local time).

16



Yaw: Loop open, compensators (1) and (2), disturbance
torque = 50 x 10—6 cos w t ft-1bs.

to = 0600 hrs. local time

Figure 5 shows the effect of the disturbance torques calculated for the
current LES-10 configuration. These torques are such that partial yaw comp-

ensation is appropriate.

Conditions (1)

Piteht Loop closed, compensated, disturbance torque =
40 x 107° sin w t ft-lbs. h; = 0 (initial value)
Roll: Loop closed, compensated, disturbance torque =
-12 x 107% fe-1bs.
Yaw: Loop open, compensator (1) only. Zero disturbance
torque.

Condition (2)

As for condition (1), with all channels uncompensated.
to = 0600 hrs. local time

Coast inception 11.30 hrs. local time

Figure 6 illustrates the major torque inputs for all three channels when

fully compensated.
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Fig. 2. Uncompensated yaw axis response to a disturbance torque.
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Fig. 4. Comparison of a compensated and uncompensated yaw axis response to

typical disturbance torques.
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Fig. 5. Comparison of a compensated and uncompensated yaw axis response to a
roll disturbance torque.

24




TN 77-30(6) |

'htong
FULLY COMPENSATED Tor courtep | By
AXIAL TORQUES DURING DYNAMICS
THE COAST PERIOD
h2o= ROLL WHEEL MOMENTUM
AT COAST INCEPTION } Gm ]
PITCH
- hswo ' +hiwo |el—————
coupLEp |t
DYNAMICS 1
Toz G -
ROL
*ewe (h:-hzo)(-h—‘-wo)
Je
Es
COUPLED [® o
DYNAMICS
Tis (wo-i-)fTozo dt
Y AW

Fig. 6. Fully compensated axial torques during the coast period.
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3. INERTIAL SYSTEM

It is proposed that the inertial system, in either of its two basic con-
figurations, form the normal or operational mode of the attitude control system.
The "backup mode'" described earlier will be used only in the event of a cata-

strophic failure in the inertial unit.

3.1 Inertial Unit

When considering an inertial system with a projected life of 5 to 7 years,
the reliability of the gyro instrument becomes the dominant question. Gyros
have not, as yet, been applied to extended missions of this type in any quan-
tity. Consequently, end-of-life failure mechanisms have not, in general, been
established. While theoretical MTBF is quoted in the millions of hours,
established MTBF based on actual performance is, for obvious reasons, an order
of magnitude less, and is in terms of instrument hours. If gyros are to have
any credence for a mission such as this, considerable redundancy will be
required. It is therefore proposed that the inertial unit be based on the
configuration suggested by Gilmore and McKern of CSDL in a 1970 AIAA paper.(S)
In this arrangement geometric redundancy is achieved by using a non-orthogonal
mounting configuration in which instrument input axes are oriented to corres-

pond to the array of normals to the faces of a dodecahedron. This is shown

dey i ge, 7

g
o8
F

B
- Tf ) z f___h\ —E ™ 77 ﬂ (7 1
/ // ~ ¢ .\.‘\
,.-/' i : 3’
£y

>4

b [ O— \

Fig. 7. Gyro axes with respect to a regular dodecahedron.




This arrangement yields a unique symmetry in which all instrument 1lA's

are at a spherical angle of 2¢ from each other.
g = 3J1* 48°' 2.8"

The matrix relating the gyro axes and the vehicle principal axes is shown

below.

wy sin ¢ 0 cos ¢
Wp -sin ¢ 0 cos ¢ wyl
We cos ¢ sin ¢ 0 wy
i (27)
wp cos ¢ -sin ¢ 0 Wy
Wp 0 cos ¢ sin ¢
Wg 0 cos ¢ =-sin ¢

It is clear from this relationship that any three gyros are able to supply
rate information about all three vehicle axes. It is proposed, therefore,
that six SDF gyros, each with an independent set of electronics, be arranged
in the hexad shown in Fig. 2. The selection of the gyro instrument is dif-
ficult, however, if we ignore for the present the TGG and the ESG, both of
which show great promise, the most mature and documented inertial grade gyro
available is the Northrop G1-K7G. This has a theoretical MTBF of 3 X 106 hrs,
and an established instrument-hours MTBF of 3.4 X 105 hrs (39 yrs). If we

use the established MIBF and a projected system life of 61,320 hrs (7 yrs) the

"all-live" hexad reliability equation gives us the probability of system

survival. (4)
B = 4gpe DAL _ e WE o g e e OAE (28)
At = system life/gyro MTBF = 0.18
R = 0.99122
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This shows a greater than 997 chance of system survival over a 7-yr
period. Survival is defined as any three instruments in operation. Further-
more, the above reliability equation assumes all six gyros are operating, if
three are closed down until a failure occurs in one of the three operational

instruments, then reliability is increased.

3.2 Inertial Sensor (1)

It is proposed that the following configuration be the normal day-day
sensing system. It is felt that this configuration will cope adequately with
a high gyro drift rate, and providing the updating algorithm is carefully
chosen, will survive an optical sensor wipeout.

¢Dj is a nonlinear combination of three drift rates, and consequently
has a greater variance than any single instrument. However, with

the rates we are concerned with this is not significant.

The equations of motion for this system are given below (for the update

loops closed).

(Ry + By [dt) (E; + n-— Eip) Wil ¥y * B,
(K, + B, [de) (B, + 0~ B,k + B, —w By * 0B, + oy = Byo
fR B, JaR) By ¥ a =8, )l veul, = nE & e = B

Solving these equations is straightforward if somewhat laborious; the results

are shown below.

2
. . (KlP - Bl)n N P ¢Dl
10 1 A1(P) A1(P)
AL(P) = P2 + PK., + B
J il
[KP3 + (K,K,+B.+w K.) P2 + (K,B,+B. K. +w B,) P + B.B_.] n
2ial 2 0.8 28 =Pgiie =g 2°3
E20 = E2 - N
23(P)
4 3 2 3
[P + K3P + B3P ] ¢D2 + woP ¢D3

+

A23(P)
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n= OPTICAL SENSOR NOISE
Ej= EULER ANGLE

Ejo =OUTPUT TO CONTROL
SYSTEM

UPDATE SWITCHES

ROW
SELECT

!

w1+qb5|=E.|+wo+qu| +

|OPHCAL SENSORSI

Es+n E,*n E;+n

+

| T~ 77-30¢8)

wy+ ¢‘:>2=E;'ona+¢|;z

L

o

wz+ ¢.03=E;+‘*’OE2+¢03

m
~
o]

s +

MATRIX SOLUTION

RATE GYRO HEXAD

Fig. 8

Inertial system (1).
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3 2
P +B.,- + -

. - [K3 2 (K2K3 By wOKz) P (K2B2+K2B3 woBz) P+ 3233] n

30 3 A23(P)

4 3 2 3

N - K,P” + B,P ] ¢p3 — W P ¢p9
o3 (p)

A [P4 + (K,+K.) P3 + (B,4B 4K K. +w 2) P2 + (K,K,+B.K.) P + B_B,]
23(P) 203 PR ey o il 253203 25

Notice that the system is self erecting in that in the absence of optical
sensor noise and gyro drift terms, the error integrator output is equal to
the euler angle. Notice also that gyro drift rate (éDj) is not present at
the integrator output, indicating that gyro drift rate will not produce

vehicle attitude errors, derivatives of drift rate will, the

However, mag-

nitude of rate derivative terms is likely to be very small. A further point

of interest is that the optical sensor noise term (n) will be operated on by

a low-pass filter before appearing at the error integrator output. It seems
clear that by suitable choice of loop constant (K&B) the control system can
be effectively insulated from sensor noise during the update period.

The update algorithm is vital to the success of this system and will be
discussed in a later section.

It is not unreasonable to expect, however, that

the update loop will be open most of the time.

3.3 1Inertial Sensor (2)

Inertial system (1) discussed in 3.2 suffers from one

If the optical sensors are indeed measuring the

system will self erect. However, the yaw error

vation sensor based on a knowledge of the orbit

solutions of several nonlinear equations. As a

true Fuler
is derived

parameters

slight disadvantage.
angles, then the
from the sun ele-

and the on-board

check on this fairly complex

procedure it would be convenient to have available a second method of meas-

uring yaw.

Gyrocompassing supplies this method providing the composite drift




rate associated with the roll channel body rate measurement is < 0.02° /5,

It is suggested therefore that gyrocompassing form an alternate method of using
the rate information produced by the gyro hexad. The method of connection is
shown in Fig. 9.

When comparing this configuration with inertial system (1) described in
Section 3.2, there are clearly three major changes. The most obvious is the
fact that both yaw and roll are erected by the roll optical sensor. This is
inherent to orbital gyro-compassing, in which the roll sensor provides the
necessary vertical reference for yaw. Secondly the integrator is no longer
present in the roll optical sensor channel. This is because in the orbital
gyro-compass configuration the integrator is no longer beneficial and does
not cancel drift rate.(s) The major yaw error source is the gyro drift rate
associated with the roll body rate measurement. With the hexad configuration
the drift term will depend upon which three gyros are in use. When using
inertial system (1) this is not important because the roll optical sensor
integrator will absorb whatever drift term is produced; however, with the
gyro-compass configuration (inertial system (2)) this is not true. The
drift term must either be known and programmed in from the ground, or we
must trust the yaw optical sensor, in which case we simply disconnect the
input of the roll optical sensor integrator when transferring from inertial
system (1). This situation is unlikely to produce any difficulty, in order
to cover 360° in pitch we will have four separate sun elevation sensors, in
extremis it would be a trivial matter to derive roll gyro drift rate bias from
any of these.

The equations of motion for inertial‘system (2) (Fig. 9) are shown below
(update mode) .

To make the point regarding drift bias cancellation quite clear, we will
assume in the following analysis that all three channels include an integral
plus proportional network in series with the optical sensor. That is, refer-
ring to Fig. 9, the box containing K

K, + B, [ dt.

2 only will be assumed to contain
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Fig. 9. 1Inertial system (2) (Gyro-compass).




E

(K1+Bl [ dt) (El+n—ElO) By + Urg

10
(K2+B2 [ dt) (E2+n—E20) + E, — By + w By + pn —-¢DC = By
(RytBy [ dt) (Bpin-Eyq) + Eg + wk) —uByg + 03 = Eyy

Once again the solution of these equations 1is simple, if incredibly laborious.
The pitch equation is identical with inertial system (1), therefore we will

ignore it.

2 G 3
[K,PC + (B,tw K)) P+ wBiln  w P 6,5 + P (6p,-6,.)
E20 = E2 + A” + I
(P) (P)
[P e B = B P> + k. P + B.P]
3 e B i) e gy © ;) 2F1 O3
By = By s s e
(P) (pP)
2
| [PRGgra) + B5P1 (Gpemtp))
5
A = P3 + K P2 + (B +K.,w + 2) P+ B
(P) ) e i Ws'3

Notice that despite the lack of an optical yaw sensor the system is self
erecting, such that in the absence of optical sensor noise and gyro drift
terms the error integrator outputs are equal to the Fuler angles. Notice
also that the optical sensor noise term (ﬁ) is filtered before appearing on
the error integrator output. As in the case of inertial system (1), with
proper selection of loop constants (K&B) the control system would receive

a very quiet error signal. The behavior of the composite gyro drift term is
interesting, in order to make this clear let us assume that the cancelling
term ¢DC = 0. In the case of the roll channel both roll and yaw drift terms
are present but in a rate derivative form, therefore drift rate does not

contribute in any way to roll error.
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In the case of yaw, if we let the rate derivative terms approach zero,
and solve for the yaw end value, ignoring sensor noise (n).

= B

. J22 %3 %2
30(s.5.) 3 B

w w
3 o o

In this case the optical sensor integrators have not cancelled the drift
rate term as they did for pitch and roll. In fact they have increased the
variance. It seems that we can only benefit by letting 82 = 0, that is by
removing the optical sensor integrator in the roll channel, as shown in

Fig. 9. 1If we therefore let

¢D2 ¢DC

82 o 0

The expressions for the error integrator outputs wll be as shown below.

Assuming drift rate derivatives - 0,

9
[KZP 4 woKzP + woB3] n
Y - A
(P)
2
[K3P + (B3—woK2)P] n .
Bag = B3t A
(P)
_ 3
A(P) = P7 + KZP + mo(K3+u)o) P + u)oB3
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3.4 The Inter-Update Period

In order to investigate the operation of the inertial systems between
updates, that is when the optical sensors are disconnected. We need only
consider inertial system (1).

As we are considering the inter-update period, then it is not unreason-
able to expect the composite gyro drift terms to be nulled by the integrators
in the optical sensor path. In this case the linearized equations of motion

reduce to:

| B A = By
E) = w,By + w ik = B,y
By + w,Ey —w By = Egy

Solving for the error integrator outputs,

R
Ero = E
Bsg = By

This highly desirable result is brought about by reproducing the kinematic

cross coupling within the inertial system configuration.
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3.5 Gyro System Update

The justification for the highly redundant gyro system proposed is the
assumption that the satellite will be attacked in a manner which will damage
the optical sensors but not the gyro system, which is assumed to be adequately
shielded by the satellite body. If this scenario is accepted then the gyro
system must be erected and operational at all times, and it must be shown, as
I think it has been, that the gyro system has a high probability of remaining
operational for the projected life of the satellite. Furthermore, any method
used to update the gyros from the optical sensors must be one which has a very
low probability of de-erecting the gyro system in the event that the optical
sensors are destroyed. Referring to Fig. 8, the update switches open or close
the connection between the optical sensors and the gyro system. It is intended
that this connection will be made when updating is required and broken only
when updating is deemed to be complete.

The update period, when the connection is made, is likely to be a very
small percentage of the total time. A high quality inertial grade gyro such
as the TGG or Gl-K7G, properly compensated, can be expected to remain erected
within the pointing tolerance for several months when operated in a zero
acceleration enviromment. Whereas updating, when required, will occupy a few
minutes. Furthermore, the method of drift correction suggested for Inertial
System (1) is inherently error free. So infrequent is updating likely to be
that consideration must be given to operating the update switches manually by
ground command.

However, other considerations may indicate the desirability of an auto-

matic system which is therefore discussed below.

Update Algorithm

Any automatic method of operating the update switches must make the

following decisions.
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1. Is an update required?
2. 1Is an update complete?

3. 1Is the optical sensor output valid?

The algorithm will not attempt to judge gyro validity. This is a quite sep-
arate problem which can also be automated to some limited extent; however, in
the interests of simplicity and reliability, it is recommended that this func-
tion be performed by multi-sensor observation followed by appropriate action

by ground control.

Condition (1)

In general a gyro update will be required whenever the optical
sensor error angle no longer equals the output of the gyro system error inte-
grator. However, optical sensor noise together with gyro short term random
drift rates will insure that this is always true. Fortunately our concern is
with relatively long term (several hours) changes in gyro drift rate bias. It

will therefore be possible to average this difference over some long period,

1 t=T _
b, - )
5 o UGB -E JET [6.17 (1)
t=o0
T = programmable averaging period
EOS = Optical Sensor Qutput
Eio = Gyro Error Integrator Output

Condition (2)

Condition (2) follows directly from (1). If the optical sensor
output error angle is equal to the gyro system error integrator output, then

irrespective of body rates, the gyro is erected.

S

t=T _
Eg% (E,,E; )t < [0.01°] (2)
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Condition (3)

This condition overrides the previous two, and is the most dif-
ficult to mechanize. It does, however, divide into two distinct areas, the
gross operation of the optical sensor and the characteristics of the output
signal.

‘ The gross operation is simply the measurement of the various characteristic
waveforms, voltages and currents, etc., which would characterize a normally
operating and appropriately stimulated optical sensor. The output character-
istic measurement would be an attempt to detect gross changes in the noise
envelope by measurement of threshold crossing rates. This would involve the

establishment of two symmetrical amplitude thresholds centered about the

average sensor output. The mean rate of threshold crossing would be measured
on a continuous basis and compared with stored programmable norms. 1f we
assume a Gaussian distribution for the noise this method would be very sensi-
tive to changes in RMS noise level. It would also detect, as noise, random
departures from the mean level due to other sensor malfunctions. This method
would assume that the change of sensor error would be very small during the

averaging time. During normal operation this would be true.

1 &
o T e S
t=0
1 t=T
= = +
s HL T §: (Eos)t B KL
t=o
KX
Mean Expected Time = exp — {HL)
B 29
HT, HL = absolute amplitude of high and low threshold respectively
KH’ = programmable high and low thresholds
@ = system bandwidth




The algorithm conditions are summarized below.

==

t=T _
o
t§o (E_-E; )t > [0.1°]

Grnd. Cmd.

é sy . _ Update Loop
M E 3 = s

Sensor Gross
Condition
True

(1)

Sensor Noise
Envelope True

|

t=T 3
>, (E,-E )t < |o.01°]
t=o

k////////crnd Cmd .
B

OR - — 5 Loop Open
h

Sensor Gross (override)

Condition True

Sensor Noise
Envelope True (2)

The foregoing has outlined the systeﬁ configuration and analyzed in a
general way the three major attitude sensing arrangements. The gyro instru-
ment tentatively suggested for the HEXAD, the Northrop G1-K7G, is probably
the most mature and documented inertial grade instrument presently available,
and as such is able to provide hard reliability data. However, the two axis
ESG presently under development by Honeywell and Autonetics has a theoretical
MTBF limited largely by the electronics. This clearly suggests a reliability
potential considerably in excess of present instruments. The ESG must therefore

be considered a very strong contender for the gyro system instrument.

36



ELLE:

G @R 6 G

N G

o &0

(o W ]

O A G

(g Nalg!

10¢

ceonvy FCRTHAN A 6/16,77 15:33 M.I.T. LINCOLN LABORATORY

WB S™IIH TEST HORDSIECK INTEGRATION ROUTINE

AAIN PRCGRAM FOR LDCYNAMIC SIMULATION BROUTINE. INITIALIZATION AND
SFECIFTICATION OF INTEGRAL PARAMETERS IS PERFORPEL.

IMELICIT REAL*8 (A-H,0-2) J
COMMON/ADAMS/DYDT (180,15) ,DYDTO (18C) , NPREDT, NCORET ,NEQ, NH

1 ,INTEMX,ITYPE

CUMMOC./INCON/HC, HMX,HMN,5PS, T, N, M ,L1
COMMON/STINT/VO (150) ,7T0,TSTCP

CCMMON/NMSTRT /A0 (160) ,B0¢180) ,C0(180),D0(180) ,EE0 (180) ,HSAVE,
1 GCTIH,.BCTH,NSIGN,FO (180)

CCMMOY ,TORQ/IC1,I22,TD3

ITYFE=1

NUMRER CF D.E. FCUATIONS

MINIMUM STEE SIZE
HMN=1.L-4

T INITIAL

IC=C. LD

1 FINAL

ToTCP=24,0LC*36GC.D0
NEIGN=1

tn

MAAT YN STEE SLiZE

INIIIALIZAZION OF INTEGRALS

LC 100 I#1,N
vC (1) =0.DC
VO(7)=-1000.020,28.D0

ICRVUES AKRE ENTESELD

WEITE (2,1)

FORMAL (* INPUT TCRQS IN MICRC-FT.LBS.')
FE¥AL (2,%) 7TD1,TC.,TD3

TL1=101*1.D-6

TL2=TC<i*1.D-6
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FILE:

[sNeXe!

cOOCon

NneCo

[eN N e

[N eNeNg! M @ [N aNe]

wOnnO

cchrl FORTRAN A 6/16,/77 15:33 MeI.T. LINCOLN LABORATORY

TL3=TL2*1.D-6
CALL TC INTEGRATION ROUTINE

CALL NUMINT
ELD

CUOMLUTAIION OF DSFIVATIVES IS PERFORMED IN THE FUNCTION FN

DCUBLE PRECISION LUNCTION FN(K,Jd,S)
INELICIT REAL*8 (A-H,0-2)

KEAL*8 WG/72.722351217D-6/,41/2800.D0/,32/280C.L0/,33/2800.D0,
FrAL*8 TL20/45.570-6/

REAL*E K1/.80.D0/,K2/280.DC/,£3/230.D0/

KREAL*S K1,280.D00/,K2/0.D0,,K3,C.DO/

RLAL*8 E1,28.D0/,E2/28.C0/,B3/28.D0/

FZAL*S F1/28.00,,B2/0.D0/,B3/C.D0/

RLAl*8 KT,0.0C0/,K11/1.L00/,K22/1.D0/,K33/1.D0/

REAL¥*8 K4/C.DC/,4%,1.D0/,K6,1.D0/
CCMMOL/CUTEUT/K1CUT, K20UT,V (180, 4) ,F (180, 3)

CCMMON/STINT/VO (1€0),TO,TSTOP

CCMPCN ,TOEC/TD1,102,TD3

CCMMON /KTERMS/H1,H2,H3

COMBON/INCON/HC,U¥X,HMN,EPS,T,N, N, L1

IHE VARIABLE K SELECTS THE DEFIVATIVE TC BE COMPUTED

GC 10 (19,20¢,30,40,50,60,70,82,90,100,1190) ,K
CCNTINDE

THE VALUES OF H1, H2, AND H3 ARE COMPUTED
E1=-K1*K11*#V(1,J) -BE1*K11*Vy (7,J)
He==K2®KZ22%V(2,Jd) -E2%K22%V (8, )

H3==K33% (K3*V (3,J) +B3*V (9,J))-KT*V (10,J) /J2
H1=C.LCO0 §

Hz=C(. D0

F3=0.L0

E1 IS CCMPUTEL FROM DE1/DT

EN=V (4, J)
GC 10 6CC

EZ2 IS CCMPUTEL FaCK DE2/LT

FN=V ({5,J)
GC TO 6CC

Ei IS COMPUTEC FRCM DE3/DT

FN=V (6,J)
GC 10 600
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FILE: CUMEH FCRTRAN A 6/16/77 15:33 M.I.T. LINCOLN LABORATORY

G
G Cr1,D1 I8 COMEUTLC
C
4C Flizs(=1 3%V ({5,J)+E2» (WO* (V (2,J) *K6+V (3,J)) +V (6,J))
* +TLA*DSIN (WOXT)-V(4,J)*K1-V (1,J)*B1) /J1
GC IL 6060
C
(G CE2/,DT IS CCMEUTEC
C
5iC Fh=(wl» ((J2-J1+J3)*V (6,T)-(J1-J3) *W0*V (2,J))
* -HI® (V(6,J)+W0*V (2,J)*K6) +HH3> (V(4,J) +H0*K5)
* +TL2*DSIN(WC2(T))-V(5,Jd) *Kc-V(2,J)%*B2) /a2
(: * +IL2-V (5,J)*K2-V (2,J)*B2)/d2
GC T0 o0C
&5
C [LE>/LT IS COMEUTECT
C
6C FN=(=w0® ((J2Z=J14J2)*V (5,0) - (J2-J1)*W0*V(3,))
* —H2% (V(4,J) +WCRKD) +HI1*(V(5,0)-W0*V (3,d))
C * 4w d% (Vv (11,0) +H2) -HI1* (V (11,J) +12) /J2
* +TD3»UCCS(WO*(T))-V(v,Jd) *K3I*xK4-V (3,J) *B3*K4) /J3
(o * +IN3-V (6, J)*K3*KU=-V (3,J)*B3*K4)/Jd3
GC 10 100
¢
C THE INTEGRAL OF EV1 IS COMPUTEC
@
70 EN=V (1,J)
GL Is o0C
C
C THE INTEGRAL CF EZ IS CCMPUTEL
C
EC TRV (L, u)
CC 10 uw(C
&
C THE INIEGRLL OF E: IS COMPUTED
30 EN=V (3,Jd)
GC 1¢C 6¢0C
C
& THE INIZGRAL CF H1*HZ2 IS CCMPUTED
(&
1CC F=H1*H2
GC TO tCO
G
G TiE INTEGRAL CF TL20 IS COMPUTED
G
110 CCNTINUE
C FN=TID2C*®DSIN (40% (1))
EN=TDZ0
C EN=1ID<
6G0 CCN1IKUE
(& WRITE (Z2,%*) K,Jd,V(K,J)
FETURN
END
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F1LE: CCNMPUY FCETRAN R 6/16/77 15:33 M.I.T. LINCOLN LABORATORY

TuZ QUIEUT FILE IS CALATED BY THE SUBROUTINE GIVOUT

el o eN®]

SUBRCUTINE GIVOUT

IMELICIT RFAL*8 (A-H,0-2)

INISGEE ICNT/0/

FEAL*S w0/72.722041217D~6/
CCMFKCN/INCCN/HC ,H¥X,HMN,EFS,T, N, M,L1
CCMMON/CUTPUT/K1,K2,V(180,4) ,F (180,3)
CCEMCN/STINT/VC (180) ,19,TSTCE

CCMMON /XTERMS/H1,HZ,H3

CCMMON ,T0K¢/1ID1,1C2,TLC3

ICNIzICNT+1

IF (ICNT.GT.1uCC) GO 7O 100

YGhE 1=EE

TCRUS=IC2¥LSIN (KJ¥ (T))
TCEL3=TLI*LCOS (WCH(T))

LaTA IS WRITTEN 1IN OUTIPUT FILL

nnon

WEITE (10,4) T.,(Vv(1,3),1=1,6),TORQ1,TORQZ,TCRQ3
FCR*AT (10A8)
IF (6u~(IUNT/¢0) o TQ.ICNT) WRIJE (2,*) ICNT,T
WL ITE (2,%) TCNT,T
WRIIE (2,3) T,(V(I,3),1=1,10)
WoIlE (z,4) H1,B2,H3
FCRMAT (1X,3(1X,F10.3))
FCEHAT (1X,F1C.2, 1C{1X,F10.4))
FCRMAI (8(1X,C15.4))
rETURMN
1CC WEITE (<,1) I,HC,(V(1,3),I=1,10)
S1CF

ELC

N

= wECn
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