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Reliability analysis shows that skewed redundant
reaction wheels have a significantly greater potential
for long life than orthogonally mounted redundant reaction
wheels for outer planet exploration (OPE) spacecraft
attitude control, Potential mechanization problems
associated with the implementation of skewed reaction
wheels are considered, The topics discussed include
skewed reaction wheel sizing, redundancy switching,
control laws, desaturation, and failure detection,
Control and fault isolation equations, and redundancy
switching logics are presented for skewed and orthogonal
systems, On-board computer software is defined for
solution of the control law, fault isolation and wheel
switching software, and a comparison between skewed
and orthogonal attitude control computer requirements

is made,

The mechanization difficulties associated with the skewed
configuration are minimal, because coordinate transforma-

tion switching are easily accomplished within
the o?f—%g‘:f; I:i(ieglintc;.}l’ computeg. It is shown that the impact of
the computational differences on computer reliability is small,
It is concluded that the skewed redundant reaction whe%l
configuration has greater potential for the long life OP
missions than orthogonal configurations.
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RODUCTION
outer planet Exploration spacecraft attitude ¢
st be focused on achieving long life, endyr

ontrol system design objectives
ance, and Operability, Reaction

wheel on each axis of an orthogonal triag, Two successive wheel failures could
result in loss <3)f fontrol. Recent investigations of skewed redundant sensor
configurations™* ~ motivated consideration of g skewed redundant reaction wheel

configuration. For such a set (of six wheels) any three wheels could fail without
loss of control,

Many skewed sensor configurations have been investigated with the objective of
choosing a skewed configuration to minimize measurement errors, It has been
shown5 that the optimum configuration is dependent upon the desired accuracy
envelope, In an analogous fashion, the skewed reaction wheel configuration is
dictated by the momentum storage envelope associated with the mission, It is
shown in reference (5) that accuracy is degraded for adjacent skewed sensors,
Similarly, momentum absorption and torque output capability are reduced for

adjacent skewed actuators.,

In this paper several orthogonal and skewed reaction wheel configurations are
Postulated which meet the OPE momentum storage envelope, An objective of the
Paper is to present a detailed assessment of the problem of momentum storage
d torque output reduction associated with skewed actuators. Reliability

“mparisons will be made between equal-performance orthogonal and skewed
Teaction Wheel systems,

e vesults of the reliability analysis indicate that skewed conﬂguraﬁor;: :::ﬁon
Preferred for OPE, Before this conclusion is finalized, however,i ‘;OZSWith e
st be glven to several possible implementation problems associate

reacti011 Wheels,



peel tOTAL commands formulated from error signals n a body fixed orth
. orthogonal
coordinate frame are directly related to reaction wheels mounted in the bod >
y

pordinatess Parallel operation of redundant orthogonal wheels is accomplished
" simple allocation of commands between two or more colinear wheels

Transformaﬁon of torque commands into skewed wheel coordinates varies for
sach combination of skewed actuators, The transformation is not unique for
parallel operated redundant skewed actuators. A pseudo-inverse skewed wheel
onizol law is presented in the paper, which minimizes computer storage
associated with coordinate transformation, and allows parallel operation of

skewed wheels.

For high maneuver rate missions, wheel gyroscopic cross coupling results in
increased power utilization and degraded experiment pointing accuracy. The
decoupled control law presented by Cannon ¢ can be utilized to minimize the
effects of cross coupling, An extension to this control law is suggested for
decoupled control of a skewed redundant reaction wheel control system.

Failure detection for actuators operated in parallel is less straightforward for

skewed than for orthogonal wheel configurations. Gilmore 3 discussed a parity
The parity test

test logic approach to failure isolation of redundant sensors.
scheme can be applied to the failure diagnosis of skewed reaction wheel, However,
an alternate scheme which makes use of a property of the pseudo-inverse control

law is recommended.

To evaluate the reliability impact of the computational differences between the
skewed and orthogonal configurations, computer programs were designed and
coded in a typical aerospace computer assembly language. Data are presented

Which indicate the implied differences in computer storage and cycle time require=

ag
Tents, From these data an assessment is made of the impact on computer
ntation.

Teliability by the skewed reaction wheel impleme
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ELIABILITY COMPARISON
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Fig. 1 SIX WHEEL CONICAL REACTION WHEEL CONFIGURATION
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where Sa, Cax are the sine and cosine functions of the cone half angle respectively.

There are twenty unique combinations of the six wheels taken three at a time
without respect to the ordering in the permutation, Therefore, there are twenty
3 x 3 matrix transformations to be examined to determine the skewed wheel
momentum requirements in terms of vehicle momentum requirements in body
axes, For example, if skewed wheels 1, 2, 3 are used for spacecraft control,

the wheel momentum requirements are defined as

—— - _] —
hi2z = Q123 hg

where

(ca  Ca Ca | a0 -2/V3Son

Wl w1 V3
Qp = s« Safz  -Sa/2 | amd Qg = |7V 1/sa V3/sa

|0 V3Sa/2 V3sa/2]

| 1ca -V/sa m1/V3Sa_

determine the largest
The rows -1 matrices must be examined to det
of the twenty Q There are twelve types of Tows

Momentum gain factor for each gkewed wheel.

Table 1.
“hich appear in the Q"' matrices as summarized in

inultiples are rows 2 and T,

B aximum
Y Inspection, the rows resulting in the ™ 4 with adjacent wheels.



Table 1
TYPES OF MOMENTUM REQUIREMENT TRANSFORMATION ROWS

A, /VSsa 20 0 2/vgs, 2 1/3Ca 1350 1354
g /ca V/sa V3/Sa 6 V2Ca 1/25a 12V3sy 0 0 Wy P
;I/Cot 1/Sa WWV3Ssa T V/Ca 2/sa 0
;l/ZCa 12Sa V3/25a 8 1/3Ca 2/35a 0

=

V2Ca 15 0
/2Ca 0 1/V35a

The momentum absorption envelope is based upon the requirement to maneuver
about any axis in the YZ plane at 1°/sec, The momentum multipliers of rows 2
and 7 require the skewed system to have four wheels each with 1,732 times the
momentum storage capacity, and two wheels each with 2 times the momentum
storage capacity of the comparable orthogonal wheel, For typical reaction

wheels of the size under consideration,

IS

Weight = KH "2

Hence, the skewed system would suffer a 1,35 weight factor penalty over a six
Wheel orthogonal system. The slightly heavier nine wheel orthogonal configuration

Would have g superior reliability.

Assuming that wheels are not sized for meeting the momentum absorption
Tequirement with adjacent wheels, the momentum requirement transformation
Vith the next largest momentum multiplier is row 5 with a momentum gain of

L2 and 5 resulting weight factor of 1.1.

In ‘Onsidering the reliability effects of minimizing the use of adjacent wheel sets
itig fecessary to postulate a wheel usage criterion that is relevant to the OPE
mission’ and to then develop a compatible wheel switching philosophy.

t durin
The Whee] sizing criteria d epend on the vehicle maneuverability requiremen g

legy ) a very minor fraction of the
A ®ncountey sequences, These periods constitute

i irements are
o lon time, During the long cruise periods wheel size txi'ezu; romens
; ilizatio
igmﬂcant. Consequently, the postulated three wheel utiliz e
; put will consider the necessity
t during a near encounter sequence to be
e

failure mode switching criterion has
a

0911(;?;‘ Wheel operation during cruise,
" With an adjacent three wheel s

beey e(l: faillure, with these constraints, .
®loped ang the reliability impact ass€s
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Fig. 2 FAILURE MODE SWITCHING LOGIC WHICH FORESTALLS ADJACENT
WHEEL FAILURE MODES TO THE 3rd WHEEL FAILURE

The initia] operating mode involves a configuration of three wheels with maximum
*Pacing and 4 dedicated backup for each operating wheel, After a single wheel
failu_re, only the dedicated backup for the failed wheel is switched into operation,
Atthe faqlyre of a second wheel, the backup wheel, situated closest to that which
hag falled, 15 switohed into operation, At the occurrence of the third wheel
of t;r ® one of twenty-seven equally likely operating modes will result. Ff ift:en
woulzse operating modes do not involve three adjacent wheels, and therefor iy
SHIl provide system operability, This failure mode switching approach 1s

Not
Pimum, for the six wheel skewed configuration.

s ted abili
Wl ab vehicle maneuver ty

T out ove, the OPE wheel sizing was based on ot

“Ments at near encounters It was assumed, for sizing purpose=s
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Fig. 3 DEFENSIVE DEGRADED FAILURE MODE SWITCHING LOGIC \;JI;IC(;
RESULTS IN NO ADJACENT WHEEL FAILURE MODES AT THE 3r
WHEEL FAILURE,

. tion, The
The system was initialized in a maximum wheel spacing conﬂsﬁathat e
dedicgteq backups to this initial configuration were selected

1s. At the second
“Ingle wheel failure modes resulted in adjacent reaction Whee's

vaee) fallure, the system was configured
"%0 adjacent wherever possible, If ane -
hee] fallure with the system in an adjacent W

nfigur
“dbe gy e a non-adjacent c0
itched to achiev tote

shOWn in Figc

ee
ar encounter occurred before a thr

el configuration, the wheels
ation. Therefore, only three
g the reliability impact.

*¢l faflure modes need be considered in 3 results in 10 three
Tedundant whee] switching philosopby

eelse
"hee] fallure modes consisting of adjacent WD
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Egl_i,a.b_ﬂ}iv— Enhancement Evaluation

tem which can tolerate an
A 8y8 Yy combination of up to n component failures has a
reliabﬂity

R(1) = 3 P,
iz0

- where P; 18 the probability of exactly i component failures occurring by time t,

Ingeneral the reliability of a system which can tolerate only certain combinations
ofup to n component failures is

R(H) = 2 k;P,
i=0

where k; is the probability of an i-failure situation being a viable combination

of component failures.

For the success criterion which tolerates any combination of up to three failures
except those which result in only three adjacent wheels being operable, k; = 1 ,

for i < 3, and kj depends on the failure mode switching philosophy applied.
For the simplified and optimum failure mode switching implementations illustrated
above for the six skewed wheel system, ks equals 15/27 and 1 respectively.

It is shown in reference (7) that for this case:

I
P; = Q)\'—tle'%* , where i=0,1,2,3
]

The resulting reliability curves are shown in Fig. 4,

It should be noted that the six wheel skewed system sized such that having only
three adjacent wheels operational at a near encounter represents a mission failure
Is as reliable as the system with no permutation limitations, if an orderly switch-

Ing scheme 1s used for degraded operating modes. Therefore, it can be said that
2 six wheel skewed scheme can be implemented which will have greater reliability,

More than equal performance, and only 10% increase in weight over the six wheel

Orthogonal system.
eel reliability data to the real world of

In congiq ix wh
ering the application of the S
liable OPE
Curpe it is obvious that a highly re
ntly available reaction wheels, Although the Orbiting

Attitude control system will require more than six wheels. e g
Geophysica) Observatory (OGO) reaction whaels have ’ Hon wheels will have
tesung In excess of eight yearss it is hard to belleve that reaction

9
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FIG. 4 SYSTEM RELIABILITY AS A FUNCTION OF At FOR 6 WHEEL ORTHOGONAL AND
SKEWED CONFIGURATIONS,

fallure rates so low that a six wheel system can achieve a .9 reliability for a
the above analysis was extended to consider

twelve year mission, Consequently,
ght skewed wheel systems. The compar-

nine orthogonal wheels, and seven and ei
able reliability versus At plots for these cases are shown in Fig., 5. The

skewed configurations are given for three wheel operability. Assuming an

intelligent switching philosophy, howevers situations resulting in only adjacent

operational wheels could be considered system failures for the clearly superior

eight wheel system, with no impact on reliability as shown for the six wheel
skewed system.

The weight factor associated with the eight_
Wheels {5 obtained from the appropriate Q

wheel skewed system allowing adjacent
| matrix, with

H,(14V2)

Hy L L B
hmax = E—&tgﬁ + .S-m * Sa(?’\/i)
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FIG, 5 SYSTEM RELIABILITY AS A FUNCTION OF At FOR EIGHT AND SEVEN WHEEL SKEWED
AND NINE WHEEL ORTHOGONAL CONFIGURATIONS,

The momentum absorption envelope is pill shaped with radius of 7.5 ft Ib sec.
The maximum momentum gain factor is associated with a maneuver about the
Zbody axis, For half cone angle, a = 75 deg, the momentum gain factor is

hmox = 4.2H

such that the welght factor 1s 2,05, For the next worse case conflguration, 1.e.;
tWo adjacent wheels, with the third displaced 90 deg from one of the two adjacent,

hx hy " hz(H'\/i)
hmax = Vaca t Vasa V25a

For a maximum rate maneuver about the Z axis,

1 skewed system, therefore, weighs 18%

Th t whee
®Welght factor is 1.3. The elgh but has a far better reliability

076 than the nine wheel orthogonal conf
11

guration,



tHon. It is expected th
expectd at a redundancy fafjype switching sch
developed which would allow g further redy g scheme could be

IMpLEMENT ATION CONSIDERATIQNS

re are T
Although the eliability advantages associated with skewed reaction wheel
conﬁgurations, there are implementation difficulties that need to be assessed
identifi .
This section identllies and analyzes potential skeweq reaction wheel implementation
problems.

_Iigr,a_lle_l Wheel Operation
spacecraft maneuvers and attitude error signals are most easily expressed in a
body..ﬂ_xed:)rthogonal coordinate system. Given a policy for formulating torque
required, Tp , as a function of attitude error and the nominal desired maneuver,
the orthogonally mounted reaction wheel inner loop command,—."BC » 1s simply:

Fac = T
Parallel operation of redundant orthogonal actuators requires a simple allocation
of torque commands between colinear wheels. It is not similarly obvious in
allocating the required torque to skewed wheels operating in parallel, The
orientation of each of the skewed reaction wheels with respect to the body axes can
be defined by a mounting matrix, C, with columns representing the direction
cosines of the wheel axes in body coordinates., The skewed wheel momentum states,

_h: , are therefore related to wheel momentum in body coordinates as follows:

hg = Chs

To derive the skewed wheel inner loop commands,_h'sc , it is necessary to solve

the matrix equation

Chye = Tr
loop commands
The py the torque required vector info innex
Problem of transforming arallel operation of redundant

for the skewed wheels 1s further complicated if p 1s is considered desir-
Vhee]s 1g required, Parallel operation 0 dantigiie™

f redun
ble to mintmize the effect of a single W1

eel failure on the important near encounter
Failure of a
e’(penments. and to maximize gpacecraft 2
12

gllity for those phases.




control at 2 critical stage of the migsion,

would provide the control authority necessary to compensate for disturbance

porques created by a failed reactjon Wheel. The higher spacecraft agility obtained

1 operation of whee]
py paralle S Would allow more experim
out at near encounter, xperimentation to be carried

Redundant paralle] operation of wheels

The mounting matrix in the inner loop control law is of dimension 3 x n for

pa_ra_uel gperation, where n is the number of parallel wheels. It is shown by
greville® that the control law solution can be defined in terms of a pseudo-

jnverse, 1.€e,

F-sc 8 CTﬂ + _f, where
ct = cT(ccT)!, and
7 = (|=CCYE

¢! 15 the pseudo inverse, Z 1s orthogonal to the column space of CT, and® 1s
m arbitrary vector of rank equal to the orthogonality constraint matrix, (|-cTC).
For @ = 0, the pseudo-inverse control law minimizes the norm of the wheel

torque command.,

For n = 3, the pseudo-inverse is the inverse, as normally defined, of a matrix.

The pseudo-inverse inner loop control law allows parallel operation of an arbitrary
mmber of redundant wheels. The software required to do this, however, is more
complex than the attitude control software required for orthogonal reaction wheels.
The impact of the software complexity on the skewed-versus-orthogonal reaction

wheel trade study is assessed later on in the paper.

Gyroscopic Cross Coupling
Gyroscopic torques act on a spacecraft when it maneuvers about an axis perpen-

deular to the angular momentum vectors of internal rotating parts. These
brques cause excessive pointing error and power consumption. The effect of
¥roscopic cross coupling is reduced by formulating the required torque in such
“fashion that gyroscopic torques are predicted and thus compensated. The

“ntrol law which accomplishes this task is called a decoupling control law. To
der1Ve the spacecraft decoupled control law, let us first define the system angular

momenmm H. as a function of vehicle moments of inertia (1, s ly »1z )s» cOmpon=
Sntg o ) and reaction wheel momentum
of inertia] angular velocity (p» q» "7
13




(hyr hy? h2)? all in body axes as follows:
H = (Ixp + hy)i + (Iyq+h,)*i' + (lr+h)k

he torque on the spacecraft is then
‘Fl' .
d—f = H + wa

Q.

The spacecraft’s body-fixed axes are nominally coincident with a suitabl

defined orbit reference coordinate system, Ignoring orbital rate whichyis ve
small for OPE missions, the linearized relationship between the ;pacecraft's v
iertial angular rates in body coordinates, and the orbit reference to body axes

Euler angle rate is,

-0

The spacecraft response to a control torque hy, hy, h,, derived from the above
spacecraft torque equation can be written as

; 0 X -0 [hy hy
|Y6 - -k 0 (i’ hY = |'.\y
IZX' é "d’ 0 hz l‘.\z

where the second order terms have been deleted. Thus, if a control torque is
generated about the X body axis by hys and wheel momentums hy and h, are
none-zero, undesired spacecraft response will result from the gyroscopic
torques about the Y and Z body axes. This Euler angle response differential

equation can be written in matrix form as,

I_(;T= Mhp * hip

.
——

The objective of decoupled control is 10 derive a wheel torque Tesponse;hp » such
> decoupled, and attitude errors,

that the E rential equationss 1w, e
uler angle diffe this the reaction wheel response for

(g, § ,X) are nulled, To accomplish

14




0 gonally mounted wheels must be of the form

_FB: M_FB + G.E.

Jhere Gisa suitable gain matrix which operates on the vector function of attitude

error.
for decoupled control of wheels on skewed axes, it is necessary to find a wheel
jorque command, h . , such that
Chy = hg
his will be the case if the skewed wheel response equation is of the form

. = CTIMCH, + GE1
The norm of the skewed wheel momentum vector in body coordinates would not
exceed the norm of the orthogonal wheel angular momentum vector. However,

2s noted earlier in this paper, the pseudo-inverse control law results in a weight
(or torque) gain factor greater than unity for some wheel combinations. This
means that decoupled control will require more power for skewed actuators. The
decoupled control law for skewed wheel configurations also requires the transfor-

mation of wheel angular momenta to body axes.

Skewed Wheel Desaturation

gaturated with a mass expulsion attitude control system,

Two methods of unloading reaction wheels 2 are: actlvating the mass expulsion
thrusters for a fixed interval, with the torque-time product equal to the momentum
stored in the wheel, or; applying voltage to the wheel to drive it toward zero speed,
dlowing the mass expulsion system to maintain attitude control while this operation

s being performed.

Reaction wheels are de

The first approach requires that the reaction wheel momentum state be transformed

hto the thruster coordinate system for the skewed system desaturation control
la, The second approach would be exactly the same for skewed or orthogonal

r ed be no
®ction wheels, Therefore, assuming the e

SOftwa‘re Impact for desaturation of skewed wheels.

gecond scheme,

15



oflure Detection

rely on a comparison between degireq

and
detectlon maneuvers can be performed hiacmal short period response, Failure
Which provide data f
or comparison of

esired and actual stead
d y state response, Such maneuvers result in significant
can

acecraft attitude W
sp excursions which could disrupt communi,
c cation with the space-

,zaiaf::'e ::te(;ﬁoz technique which minimizes spacecraft attitude disturbance

. ax:n ) veloped. This technique utilizes the pseudo-inverse orthogonality
cons matrix, The pseudo-inverse inner loop control law discussed above
{s of the form

Ec - CT-T—R i -z-

When a failure occurs the outer loop control law provides a torque required,

TR , which compensates for disturbance torques created by the failed wheel. The
7 vector represents a control which can be used to modify the reaction wheel
angular momentum state without imposing a torque on the spacecraft. This con-
trol vector can be utilized to detect and isolate reaction wheel failures without

significantly disturbing the attitude of the spacecrafte

For the conical configuration of six redundant reaction wheels it can be shown
trix is defined as follows:

that the orthogonality constraint ma
-2 a3 0 o 0 -3
/3 Ve B0 ve O

(1-cfe) =

16



1f no failure has occurred

» DO significant disturbance would be created on the

spacecralt by these six zero-net~torque output tests, 1f 4 wheel has failed, a
?

spacecraft disturbance would be sensed by the attitude reference system when
fonr of the six test control vectors were applied. The spacecraft disturbance
generated by the test control, when a failure was present, would be minimal
pecause the pass/fail criteria merely involves sensing a disturbance, with no
comparison of the magnitude of the disturbance with a predicted disturbance
required. For the failure detection test sequence defined by the six control
vectors above,the failed wheel can be isolated by observing the two test controls
for which the satellite is not perturbed, The simple logic shown in Table 2 is
used to isolate the failed wheel.

Table 2
SINGLE WHEEL FAILURE ISOLATION LOGIC

Failed Wheel Inertial Hold
Sequence

3,5
4,6
1,5
2,6
1,3
2,4

S O W DN =

m spacecraft disturbance failure detection testing

There 1s no equivalent minimu do-inverse failure isolation

‘for Orﬂlogonal redu_ndant rea,ction Whee]-So The pseu

; lexity.
does, however, represent an additional soffware comp ty

17



COMPU TATIONAL REQUIREMENTS COMPARISON

Tne apparent negative aspect of the skewed reaction wheel configurations is
jnoreased computational complexity, The more complex software requirements
for jmplementation of the skewed configurations detract from their inherent
reliability, so that a measure of the increase in computational capability must
be assessed prior to the selection of a skewed configuration, The reliability
implication of the added software requirement is of particular interest, since
reliability is the most difficult OPE design requirement,

The approach taken in this evaluation has been to model as parallel as possible

a computer implementation for both the orthogonal and skewed redundant
configurations. Their inherent differences have made completely parallel
modeling impossible in some areas (such as fault isolation-and redundancy
failure switching) for which the orthogonal configurations do not provide a
counterpart. Modeling in these areas has purposely been such that computations
are a worst case for the skewed configurations.

For purposes of concrete comparison, a six wheel dual redundant orthogonal
configuration has been taken as a standard. The six wheel skewed configuration
was studied to the same detail, Extrapolation of the results for these configura-
Hons has been made for configurations with more redundant wheels.

Control System Modeling
For the orthogonal configuration model, the angular momentum is input to the
computer each cycle for each of the six wheels and summed, for each set, into

angular momentum components along the three body axes. Operating on these
as dictated by the control law, a resulting command is obtained and output to

one or bhoth of the two wheels along each of the three axes.

In the skewed configuration, the angular momentum is input to the computer each

cycle from each of the six wheels and retained as a 6 x 1 matrix, hy . This is
converted to body coordinates by means of the six sets of direction cosines (the
3X 6 matrix, C )« The same control law is used as for the orthogonal configura-
Hon, except that the control law computations are followed by the pseudo-inverse
Tansformation to obtain the ‘;T,c command for each of the active wheels in the
Configurations, The 'rs . commands are output to the six wheels, null commands
going to inactivated or failed wheels which would previously have been switched

(o)
to ighore them,

18



o jymplementation was assumed which would Incorporate either or both of th
reaction wheels along each of the three orthogonal axes, This ig Zouohloth )
game versatility as allowing any (three or more) of the six skewed wfeei’s t: be
operating at any given time, In the skewed configuration, however, this
versatility can be provided by performing exactly the same calculat,ions and logic
each cycle, even when operating modes have changed, The reason for this is
that nonoperating wheels will have zeros stored in the column of the direction
cosine matrix associated with their orientation at the Hme of switching, This
will result in the command for that wheel being zero at each subsequent calcula-

tion.

since in the worst case timing problem all six wheels may be operating, it would
actually increase the timing to provide separate switching, rather than to go
through all the calculations for lesser operating modes. It would greatly increase
the execution time for the orthogonal configuration to employ a similar technique,
since no transformation from body axes to wheel orientation is required for that
configuration. Thus, the additional computational complexity of the skewed
jmplementation buys a simplification in the wheel switching logic. Fig. 6
{llustrates the control law implementations for the two configurations.

The wheel fault isolation mechanizations were implemented for both configurations.
In the implementation of the orthogonal configuration, faflure isolation results in
the switching of the failed wheel to ignore further commands, and the saving of the
failed wheel identification for use in future command allocations. For the skewed
configuration these actions are performed in addition to the execution of a defen-
sive failure mode switching technique following the second wheel failure, There

1s no analogous capability to be accommodated for orthogonal configurations.

Flow diagrams for the respective fault isolation and wheel switching logic are "

included in Fig, 7e

Computer Implementation
To obtain an assessment of computer cycle time and computer storage require=

Ments, computer programs were developed for what is felt to be a very typical

assumed to have double
aerospace . This hypothetical computer was
y computer > an A and Q register, and up to three

Precision fixed-point arithmetic capability,
ability.
Index registers, in addition to providing an {ndirect addressing cap ty
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was minimized in the fault 1so1ation and faflure gwi

in the skewed implementatlon, a matrix A = -1

o e o S i
the number of multiplications requireq In the control loop, The Sseido-r-nhilnhn o
control law requires the pseudo~inverge of all possible combinatll)ons of th::: i:-
more columns of the skewed whee] direction cosine matrix, A software trade
study was conducted to determine whether computation or storage of the matrices
minimized overall data storage, Computation of the matrices required a matrix
inversion subprogram, It was determined that computation of the inverses
reduced storage requirements from 486 to 3¢ words,

’ﬁching'programs. For example,

Comparative Results
For the programs that were coded, computer storage and cycle time requirements

were obtained and interpreted for the computer reliability implications.

Computer storage requirements for the orthogonal and skewed reaction wheel
configurations are respectively 175 and 420 locations, Table 3 contains a break-
down of storage requirements into data and instruction storage for the control
loop, failure isolation, and redundancy failure switching programs,

TABLE 3
COMPUTER REQUIREMENTS COMPARISON
System
Orthogonal Skewed
Program Redundant Redundant
Storage Configuration Configuration
Control loop: .
Instr, 62 100
Data 40 6
Gyro Failure:
Instr, 58 12;
Data 15
Defensive De |
graded
Mode Switohing: | 2
Instr, Not Applicable 22
Daty
\
420
Totay 175
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rhe additional 245 locatlons required to implement f1e skewed configurati

on
coftware will not require additional addregs decoding or memory accessing logl
The reliability impact is therefore proportional to the ratio of 245 to the togtal N

qumber of computer locations otherwige required for the OPE missions, Thi
ratio 18 felt to be a small number, ) i

cycle time requirements were obtained by assuming that the control law computa-
tions must be performed once each 100 milliseconds and that X9 of the total
o

computational capability of the computer 1s to be dedicated to attitude control for
worst case computer time loading,

The number of each type of instruction to be executed in the control loop was
tabulated. All instructions were assumed to require the same execution time,
except for the multiply and divide instructions which were assumed to require

n times as long. The resulting number of unit executions per cycle for the
orthogonal and skewed configurations are respectively N, = 169 + 18m, N, =238 + 631,
Typically, 7 is about five so that N, =259 and AN=N - N, = 294,
The equation for required unit execution time in microseconds is

Ty = ]03)( T = X
No+ TNp AN 0-259 +0.00204X

There are two ways to evaluate the impact of AN on the OPE missions, If it
is assumed that 7y is given, the impact of AN on the percentage of the |
computational capacity required by the attitude control subsystem can be deter-
mined, Or, if it assumed that X 1is specified, the impact of AN on the unit
execution ime can be determined, Taking the latter approach, if X is taken
as 10%, then 7, must be decreased from 38,7 to 34,6 pw.s. With subsystems
belng developed simultaneously, however, the first approach is probably the
most acceptable, If 7, is given as 5 U8, which is a reasonable add time, the
control subsystem percentage allocation would need to be further increased by

ll 4%0

For skewed configurations,
on data storage will be in the redundanc

more levels of switching loglc than that
i switching philosophy probably could be developed to

ad at g large saving in data storage.

involving more than six wheels, the primary impact

y failure switching since they require
required for the six wheel configuration,
give full reliability potential,
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Pl operations and Ny will ineregge by approximately 60 unit executions

e data presented above indicate that if elther a low-g
o7 D€ with more typical computationa] capability is ug

computer reliability due to the increased computational complexity of the skewed
reaction wheel configurations is not appreciable, The skewed reaction whee(:W
conﬂgul‘aﬁons do not require a basically different computer; at most one which

is ten peT cent faster (or alternatively, has more time allotted to attitude control)
ond contains five per cent more storage locations, This is especially the case
since software is usually sized ten to twenty per cent on the high side to allow a

margin of safety, and the impact of the more extensive computations is much

peed ultra reliable computer,
ed, the impact on the

CONCLUSIONS

skewed reaction wheel failure mode switching logic will minimize the probability
of having only adjacent wheel combinations available at the near encounter phases
of the OPE missions., The skewed wheel configurations can, therefore, be

utilized to greatly improve attitude control system reliability, for a slight wheel
welght increase over an orthogonal configuration with equal performance. Control
law, failure isolation, and redundancy switching software is more complex for the
skewed redundant reaction wheel system, The impact of this software complexity
on the computer timing and storage requirement is quite small, . The computer
reliability reduction due to skewed rather than orthogonal wheels for attitude
control will, therefore, also be small,

It1s concluded that skewed reaction wheels should be utilized for OPE spacecraft
to enhance long life, endurance, and operability.
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