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ABSTRACT

This report presents candidate designs and their software imple-
mentation for the Orbital Maneuvering System (OMS) Failure Detection
and Identification (FDI) algorithms in the Redundancy Management (RM)
module of the Space Shuttle Guidance, Navigation, and Control (GN&C)
software. The OMS engine FDI algorithm monitors OMS engine thrust
performance, and the OMS actuator FDI algorithm monitors OMS gimbal
actuator performance.

Section 1 describes the software functional requirements of the
algorithms. It contains a statement of the objective of each algorithm,
a list of the assumptions which have governed its design, input-output
requirements, a functional description of the algorithm (including a
functional block diagram), and input interface requirements. Section 2
is concerned with the HAL* software formulation of the algorithms. This
section contains structured flowcharts of the procedures, estimates of
flight computer core storage and CPU time, and processing requirements.
Section 3 contains a glossary of the symbols used to define the soft-
ware requirements and formulation, and the Appendi-:es contain material
which is supportive in nature to the preceding sections.

*
HAL is the language of the Space Shuttle flight computer.
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FOREWORD

This document details a preliminary baseline design for the
Orbita. Maneuveriag System (OMS) Failure Detection and Identification
(FDI) algorithms. This report is intended to be a comprehensive pre-
sentation of the material introduced by The Charles Stark Draper
Laboratory, Inc. SSV Memo 75-10C-43, "Preliminary OMS FDI Algorithm
Description Report."”

This publication describes the design of the OMS FDI software in
its present state of development. The primary intent of this document
is to provide a reference for the OMS FDI algorithms incorporated into
the Redundancy Management (RM) module. It does not specify either the
structure or the design of the entire RM module, but presents the soft-~
ware functional requirements and softwiare formulation of that portion
of the RM module which is concerned with OMS FDI. The design of the
OMS FDI software is continually undergoing revision, and the integra-
tion of OMS FDI software with the remainder of the RM software is a
concern to be addressed in the future. Consequently, the material con-

tained herein should be considered a srapshot of an evolving process.

The OMS FDI system presented in this report consists of an OMS FDI
executive, an OMS engine FDI procedure, an OMS actuator FDI procedure,
and two input interface routines. The OMS FDI executive interrogates
the status of mode or event flags set by higher-~level software, performs
various initialization actions, and calls the OMS engine and actuator
FDI procedures and their respective input interface routines. The OMS
engine and actuator FDI procedures monitor OMS engine thrust performance
and OMS gimbal actuator performance, respectively, and set failure flags
which signify the fault status of these OMS components. The function
of an input interface routine is to restructure RM input data into a
form acceptable to its corresponding OMS FDI procedure.

The OMS FDI algorithms have been coded in HAL ana will be imple-
mented and tested on the Statement Level Simulator (SLS) which is being
developed at the Draper Laboratory for the testing of Space Shuttle flight

programs written in HAL.
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SECTION 1

SOFTWARE FUNCTIONAL REQUIREMENTS

The functional requirements of the Orbital Maneuvering System (OMS)
Failure Detection and Identification (FDI) algorithms in the Redundancy
Ma- agement (RM) module are described in this section. The description
begins with an overview which relates the RM module to the other Guidance,
Navigation, and Control (GN&C) major functions, and defines its internal
structure and interfaces only to the extent necessary for a clear under-
standing of the OMS FDI system. An illustration of the relationship be-
tween the OMS FDI procedures in the RM module and the Flight Control (FC)
functions and vehicle systems with which it interacts completes the
overview. The section continues with a discussion of the functional re-
quirements of the OMS FDI executive. The OMS engine and actuator FDI
algorithms are then discussed individually. For each algorithm, its
objectives, assumptions, input-output requirements, and a functional
description illustrated by a functional block diagram are presented.

Also included is a discussion of the functional requirements of each
algorithm's input interface routine. The functional block diagrams in
this section relate on a one-for-one basis with the actual HAL procedure
flowcharts in Section 2. A glossary of the symbols used in this section
to represent computer variables appears in Section 3.

1.1 Overview

The FC module controls the attitude and translation of the Space
Shuttle Orbiter (SSO) during the on-orbit flight phase by utilizing as
effectors the Reacticn Control System (RCS) and/or Thrust Vector Control
(TVC) of the OMS. The RCS consists of 38 primary fixed jets (900-pound
thrust) and 6 vernier fixed jets (25-pound thrust). The OMS is a pair
of 6000-pound-thrust rocket engines which can be gimballed independently
of one another in pitch and yaw by electromechanical gimbal actuators.
The OMS provides the propulsive thrust for orbit insertion, orbit cir-
cularization, orbit transfer, rendezvous, and deorbit. The OMS FDI



function, however, is contained within the RM module. Figure l-1 shows
the relationship of the RM and FC modules to one another, to the other
GN&C major functions, and to the Space Shuttle sensors, effectors, con-
trols, and displays. The RM module is scheduled by the Moding, Sequencinq,
and Control (M5C) software via the Flight Computer Operating System (FCOS).

The primary OMS FDI processing is accomplished by two procedures:
the OMS engine FDI procedure, which monitors OMS engine thrust performance,
and the OMS actuator FDI procedure, which monitors OMS gimbal actuator
performance. Other OMS FDI-related functions in the RM module are the
OMS FDI executive and the input interface routines. The internal struc-
ture and interfaces of the RM module (only insofar as they relate to
OMS FDI) are shown in Figure 1-2. The OMS FDI executive is responsible
for scheduling the OMS engine and actuator FDI procedures and the input
interface routines, whose general function is to translate data supplied
externally to the RM module into a form acceotable to the FDI procedure.
The OMS engine and actuator FDI proceaures may run concurrently.

The interactions between the OMS FDI procedures, the relevant func-
tions of the FC module, and other related vehicle components and systems
are shown in Figure 1-3, OMS TVC steering commands (from the Guidance
module) drive the OMS TVC Digita) A:topilot (DAP) in the FC module. The
OMS TVC DAP supplies OMS gimbal deflection commands to the OMS gimbal
actuator servomechanism.* The actuator output extension causes the
engine to deflect and the resulting vehicle rotational and translational
dynamics are sensed by the IMU. The IMU attitude signals are returned to
the FC module for use in the state estimator and various other submodules
(not shown). The roll disturbance acceleration estimate >f “he FC state
estimator, the FC-generated OMS engine ON/OFF commands, and IMU velocity
signals are inputs to the OMS engine FDI procedure in the RM module.

The FC-~gensrated OMS gimbal deflection commands and the OMS actuator
output extension (sensed by a positicr. transducer) are inputs to the
OM5 actuator FDI procedure. Note that in additicn to their function
as crew display failure indicators, the OMS engine failure flags are
used to automatically reconfigure “<he FC module. Similarly, the OMS
actuator failure flags are used by RM to activate redundant actuator

components.

*
Only one OMS gimbal actuator channel is shown here for simplicity.
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1.2 oMS FDI Executive

The OMS FDI executive is that subset of the RM =xecutive which
performs the following functions:

(1) OMS engine and actuator FDI procedure calls.
(2) Input interface routine calls.
(3) Initialization.

It should be noted here that at the time of publication of this report
it is not clear whether the OMS FDI executive will be a separate procedure
or part of the RM executive.

The primary task of the OMS FDI executive software is to interrogate
the status of mode or event flags in order to schedule the OMS FDI pro-
cedures and the input interlace routines during those flight phases for
which 04S FDI processing is needed. 1In general, these mode or event
flags are set or cleared by higher-level software associated with crew
interface and mission sequencing. For example, during normal OMS opera-
tion, a mode or event flag would be set indicating that an OMS burn is
in progress, and the OMS FDI executive would beqin invoking both the OMS
engine and actuator FDI procedures and the input interface routines. To
carry the example further, if an OMS burn and OMS FDI processing are in
progress and a mode or event flag is set indicating the initiative of
RCS-assist for attitude control, then the OMS FDI executive would termi-
nate OMS engine FDI processing (for reasons explained in Section 2.3.3).
As one final example, if a test of the OMS gimbal actuators were to be
performed before each OMS burn, a mode or event flag indicating that
situation would be set, and the OMS FDI execut:ive would begin only OMS
actuator FDI processing. To summarize, in response to the status of
various mode or event flags, the OMS FDI executive pe:fcrms calls to the
FDI procedures and the input interface routines. These calls are per-
formed in the proper sequence and with the proper frequency such that
OMS engine and actuator performance are monitored correctly.

The OMS FDI executive is also responsible for certair initializa-

tion actions:

(1) Before the first entry into the OMS engine and actuator FDI
procedures (i.e., before the first instance of OMS operation),
the OMS tDI executive must ensure that the OMS engine and
actuator failure flags are initialized to OFF.



(2) The OM3 FDI executive will also have to reinitialize OMS
engine or actuator failure flags in response to crew input.
For example, if an OMS engine or actuator failure flag had been
turned ON in the past, the crew night decide to override the
flag either to force the use of a previously failed component
or because it was thought that a false alarm had occurred.

(3) The OMS FDI cxecutive is responsible for setting individual
initialization flags used as inputs to the OMS engine and
actuator FDI procedures upon first entry into each of the
procedures, or upon entry after a period during which a
procedure was not being scheduled. (The initialization flag
is set for only one call to the procedure each time and is
cleared immediately thereafter.)

The actual software formulation of the OMS FDI executive will de-
pend upon the general reguirements discussed in this section and the
more specific processing requirements discussed in Sections 2.3.3
and 2.4.3.

1.3 OMS Engine FDI

1.3.1 Objective

The objective of the OMS engine FDI algorithm is to detect and
identify off-nominal thrust performance of the two OMS engines.

Off-failures of one or both engines are detected by comparing
the actual increment in the added velocity due to OMS thrust over a
specified time interval to one-engine and two-engine threshold values.
This velocity increment is derived from IMU-mounted accelerometer data.
Ignition of eitler engine (if not commanded) is considered to be an
o.-failure, and is detected in the same manner.

Identification, or pinpointing a failure to a specific engine,
is accomplished by testing the roll disturbance acceleration estimate
as generated by the on-orbit FC3 state estimator. The roll disturb-
ances acceleration estimate is essentially the difference between
the measured acceleration and the predicted (modelled) acceleration.



If a failure is detected but not yet identified, a single failure-
detection flag will be activated. 1Identified failures, on the other hand,
cause individual failure flags, one for each engine, to be activated.

1.3.2 Assumptions
The following assumptions apply to the OMS engine FDI alqorithm:

(1) The OMS engine FDI algorithm is capable of detecting and
identifying hard failures only; i.e., full-off or full-on
failures.

(a) A full-off failure is defined as the case in which an
engine is providing essentially zero thrust whan com-
manded ON.

(h) A full-on failure is defined as the case in which an
engine is providing essentially full thrust when com-
manded OFF.

(2} The OMS engine FDI algorithm is capable of detecting and
identifying single engine failures and failures of both
engines whether simultane us or sequential.

(3) The nominal operational alignment of the OMS engines is such
that the OMS thrust vectors are parallel and point in a direc-
tion which results in zero net torque on the vehicle. (For
this alignment, the thrust vectors will be in or near the
vekicle XZ plane.)

(4) OMS engine FDI processing is inhibited during RCS jet firings.

1.3.3 Input-Output Requirements

The inputs to the OMS engine FDI procedure are:

(1) The IMU measured added velocity since the beginning of the
OMS burn.

(2) The roll disturbance acceleration estimate from the on-orbit
FC state estimator.

(3) The OMS engine ON/OFF commands.

(4) An initialization flag.



The outputs of the OMS engine FDI procedure are:

(1)

(2)

An OMS detect flag which indicates that an OMS engine failure
has been detected.

Two OMS failure flags which indicate that an OMS engine
failure has been identified.

Table 1-1 lists these parameters. Included for each variable or

constant are its computer and mathematical notation, description, units,

value or range, and sampling rate.

Table 1-1. Input-output requirements for OMS_ENGINE FDI.

Name of Variable or Constant Sample
Computer Mathematical Description of Value of | Rate
Category] Notation Notation Variable or Constant| Units | Range (words/s)
Inputs ACCUE_ Xa Added velocity due to ft/s 0< x<3.0 25
DELTA_V OMS thrust
- 2
ROLL DISTURB ad Roll disturbance deg/s -2.0<x 25
ACCEL r acceleration <2.n
estimate
OMS1_ON_CMD OMS1 ON_CMD OMS Engine 1 ON/OFF None 0,1 25
command
OMS2_ON_CMD OMS2_ON_CMD OMS Engine 2 O /OFF None |0,1 25
command
OMSE_INIT OMSE_INIT _ Initialization flag None | 0,1 1
FLAG FLAG
Outputs | OMS1 FAIL OMsl_FAIL OMS Engine 1 failure None |01 25
flag
OMS2_FAIL OMS2_FAIL OMS Engine 2 failure None 0,1 25
flag
OMS_FAIL_ OMS _FAII OMS engine failure None 0,1 25
DETECT DETECT detection flag

2 REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR



1.3.4 Funccional Description

The logic for activating the three failure flags which can be set
for off-nominal performance of the OMS engines is shown in Figure 1-4.

Note that the OMS engine FDI procedure makes two basic tests
(explaine?d in the following) during its cycle. The procedure is called
once per :-acond, and the variables involved in the tests are:

(1) The computed increment in the added velocity due to OMS thrust
which has occurred (as sensed by IMU-mounted accelerometers)
over the l-second interval since the last call.

(2) The roll disturbance acceleration estimate from the FC state
estimator.

By omparing the actual sensed increment in added velocity with
th:eshold values for one and two engines, the number of engines
that are truly firing is determined. By inspecting the roll disturb-
ance acceleration estimate a fdilure of either engine, if one has
occurred, can be identified. In the case of a failure, the failure flag
for Engine 1, OMS1 FAIL, or for Engine 2, OMS2 FAIL, will be activated
if the roll disturbance acceleration estimate is outside a deadzone.
The siyn of the roll disturbance acceleration estimate determines which
engine has failed. 1If Engine 1 is firing, the roll disturbance accelera-
tion it always negative, and if Engine 2 is firing, the roll disturbance
accelertion is always positive, provided that the disturbance is caused
bv a failure of a sincole engine during a two-engine burn or when neither
engine iz conmanded . (Assumption 3 in Section 1.3.2 ensures that
there will be a disturbance acceleration.)

If the roll disturbance acceleration estimate is inside the dead-
zone, either the failed engine cannot be identified, or there has been
no failure (i.e., single-engine burn). However, the third flag, OMS_
FAIL DETECT w:1ll be activitnd if both engines have the same ON/OFF com-

mand (i.e., not a sincl :-engine burn).

Latching fea. .res are incorporated in the logic so that a failure
flag is not cleared if it were set during any previous cycle. That is,
a failure flag which had been previously set to ON will not be reset to
OFF when ! e engine command for that failed engine is reset to OFF.

10
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When two engines are firing, the failure flags will be set to OFF
as long as both engines have been commanded to fire. However, if it is
determined that two engines are firing, but only one engine has been
commanded to fire, then the failure flag of the engine not commanded to
fire will be set to ON.

Similarly, when one engine is firing, a failure flag will not be
activated as long as the commanded engine is firing. It it is deter-
mined that one engine is firing and the roll disturbance test indicates
that the wrong engine is firing, the appropriate failure flag will be
set to ON.

Note that since the OMS FAIL DETECT flag is activated by an
exclusive-or function in the single-engine-firing case (with no appre-
ciable roll disturbance), it will be set to ON only if both engines have
the same firing commands. That is, the flag will come ON i. either both
engine commands are ON or both engine commands are OFF. Those two
possible combinations of commands in conjunction with thrust from only
a single engine imply a failure.

Possible combinations of failure flags generated by the OMS_ENGINE_
FDI procedure for the cases of two, one, or zero engines firing are dis-
cussed further and illustrated in Section A.3 of the Appendix.

1.3.5 OMS Engine FDI Input Interface Routine

The OMS engine FDI input interface routine accepts IMU accelerom-
eter data rrom the Subsystem Operating Programs (SOP) and derives
from that data the velocity added to the vehicle due to OMS thrust
since the beginning of the current OMS burn.

Essentially, this input interface routine reformats SOP velocity
information into the quantity, v_, specified in the input-output require-
ments of the OMS engine FDI procedure given in Section 1.3.3.

1.4 OMS Actuator FDI1

1.4.1 Objective
The objective of the OMS actuator FDI algorithm is to detect and

identify off-nominal performance of the pitch and yaw gimbal actuators
of the two OMS engines. Since inputs for performance monitoring of the
four actuators are made available and processed separately for each
actuator, the failure detection and idertification problem reduces to

12



one of detection only. Failures are detected by testing the increment
in the measured gimbal deflection over a specified interval of time if,
during that time, the actuator is commanded to deflect the engine gimbal
continuously in the same direction, and the gimbal is not driven to a
stop. Two successive failure indications are necessary before an OMS
actuator failure fiag is set.

The fcur OMS actuator failure flags are monitored for activation
of redundant actuator channels and for display to the crew.

1.4.2 Assumptions
The following assumptions apply to the OMS actuator FDI algorithm:

(1) The OMS actuator FDI algorithm is capable of detecting and
identifying full-off failures only.

(2) An unfailed OMS actuator achieves a steady-state nominal
extension rate within two minor cycles (80 ms) in response
to an applied voltage.

(3) The accuracy of the OMS actuatcr output position transducer
is sufficient to permit the use of gimbal deflection incre-
ments over six minor cycles (240 ms) to detect full-off
failures with zero probability of a false alarm.

(4) The OMS actuator FDI algorithm is not capable of detecting
failures downstream of the actuator output, i.e., in the
gimbal mounting structure.

1.4.3 Input-Output Requirements

The inputs to the OMS actuator FDI procedure are:

(1) The OMS gimbal deflection commanded for each actuator from
the Thrust Vector Control (TVC) DAP in the FC module.

(2) The OMS gimbal deflection for each actuator as measured by
the actuator output position transducer, a linear voltage
differential transformer.*

(3) A procedure call counter.

(4) An initialization flag.

*
The actuator extension length (measured from null), rather than the
OMS gimbal angle itself, is the sensed quantity.

13



The outputs of the OMS actuator procedure are:

(1) Four OMS actuator failure flags.

(2) Four OMS actuator extension indicators, which signify whether

each actuator is being commanded to extend, retract, or re-

main stationary.

Table 1-2 lists these parameters.

Included for each variable or

constant are its computer and mathematical notation, description, units,

value or range, and sampling rate.

Table 1-2. Input-output requirements for OMS_ACTUATOR_FDI.
Name of Variable or Constant Sample
Computer Mathematical Description of Value cf | Rate
Category| Notation Notation Variable or Constant| Units] Range (words/s)
Inputs |iCMS_GIMBAL] | (8 ] Array of measured OMS | deg |-8.0<x<8.01 25
gimbal deflections
[OMS GIMBAL _ [Gc] Array of commanded OMS) deg |-8.0<X<B.0} 25
cMpl gimbal deflections
OMSA CALL OMSA_CALL Procedure .11 counter| None |1,2,3,4,5, 1
COUNTER COUNTER 6.7.,8,9
OMSA_INIT OMSA_INIT Initialization flag None 0,1 1
FLAG FLAG
Qutpur - | {OMS [F] Array of OMS actuator | None |0O,1 25
*~TUATOR _ failure flags
FAIL]
fomMs_ (El Array of OMS actuator | None (~1,0,1 1
ACTUATOR _ extension indicators
EXTEND]
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1.4.4 Functional Description

Each of the OMS engines is equipped with two gimbal actuators which
are used to control nozzle deflections in pitch and yaw. The pitch and
yaw actuators are identical in design except for the stroke length, and
contain redundant channels which couple to a common drive assembly.

The OMS gimbal actuator servo loop is described in more detail in
References 2, 3, 4, and 5. However, familiarity with its operation will
aid in understanding the OMS actuator FDI procedure. Figure 1-5 is a
simplified block diagram of an OMS gimbal actuator servo loop. The
gimbal deflection command is differenced with the measured gimbal deflec-
tion to obtain the gimbal deflection error. The deflection error is
then supplied to a servo amplifier which is a bang-bang amplifier with
deadzone and hysteresis. The output of the servo amplifier is the
actuator input voltage which drives the actuator motor. The output ot
the actuator motor is the actuator extension measured from null. A
Linear Voltage Differential Transformer (LVDT) position transducer
senses the actuator output extension and converts it to the measured
gimbal deflection. The actual gimbal deflection is the out»nut of the
OMS gimbal mounting structure dynamics, while the measured gimbal deflec-
tion is inferred from the actuator output extension.

If the gimbal deflection error is outside the servo amplifier
deadzone, the actuator is being commanded to extend or retract. If the
gimbal deflection error is within the servo amplifier deadzone, the
actuator may or may not be commanded to extend or retract depending
upon the past history of the gimbal deflection error. For purposes of
OMS actuator failure detection, the actuator is assumed to be continuously
extending or retracting only if the gimbal deflection error remains out-
side the servo amplifier deadzone.

The OMS actuator FDI algorithm determines whether an actuator has
failed by testing the increment in the measured gimbal deflection which
occurs over six minor cycles, if the actuator is being commanded to ex-
tend or retract continuously for that period (according to the definition
given immediately above), and if the engine gimbal is not driven to a
stop. The OMS actuator FDI procedure is called at least once every
second. Tt may be called on eight successive minor cycles after the
first pass, depending upon the results of the first and subsequent
passes. The "procedure call counter" input indicates to the procedure
which of the nine possible passes is occurring. The "actuator extension

15
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indicator" outputs are used by the OMS FDI executive to determine whether
the next call should be executed. An explanation of what occurs on each
pass is given in Sections 1.4.4.1 through 1.4.4.5.

1.4.4.1 First Pass

Once per seccnd a first call is made to the procedure. Figure 1-6
is a functional bicck diagram of this first pass, and illustrates actua-
tor FDI actions at this point of the procedure. Note that the actuator

extension indication, is established on this pass. Note also that

EOLD'
the actuator failure flag, F, does not change status.

On this pass, and on all subsequent passes, the gimbal deflection
error of each actuator is computed and checked as shown in Figure 1-7.
The extension indicator for each actuator is set to -1, 0, or +l, accord-
ing to whether that actuator is being commanded to retract, remain sta-
tionary, or extend, respectively. Also, the extension indicator is set
to zero to inhibit gimbal deflection increment threshold testing if the
measured gimbal deflection indicates that the engine gimbal is at a stop.
The failure counter is set to zero only if the gimbal deflection error
is within the servo amplifier deadzone.

j COMPUTATION r
| OFEANDC |
1 (Figure 1-7)

-t

s

o
(g]

PREVIOUS
VAL#UE OF -

e

Figure 1-6. Functional block diagram of the first pass
of OMS_ACTUATOR_FT
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Figure 1-7. Functional block diagram of the computation of
E and C within OMS_ACTUATOR_FDI.

1.4.4.2 Second Pass

One minor cycle (40 ms) after the first call, the second call is
made by the OMS FDI executive if any actuator extension indicator output
from the previous pass is nonzero. On this pass, the gimbal deflection
error and extension indicator are recomputed for those actuators which
had a nonzero extension ind ~cator output from the first pass. If the
second-pass value differs from the first-pass value, the extension indi-
cator and the fz-‘lure counter are set to zero. The actuator failure
flag does not change status.

These actions are illustrated in Figure 1-8, and are identical to
those occurring during the fourth through eighth passes.

1.4.4.3 Third Pass

One minor cycle after the second call, the third call i- made by
the executive procedure if any actuator extension indicator output from
the previous pass is still nonzero. On this pass, the nimbal deflec .on
error and extension indicator are computed for those actuatcis which had
a nonzero extension indicator output from the second pass.

18
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Figure 1-8. Functiunal block diagram of the second and fourth
through eighth passes of OMS_ACTUATOR FDI.*

Note from Figure 1-9 that if the third-pass value of the extension
indicator is equal to the first-pass value, the rresent measured gimbal
deflection is saved as GNOLD’ Otherwise, the extension indi-:ator and ®
failure counter are set to zero.

The actuator failure flag does not change status.

1.4.4.4 Fourth througnh Eighth Passes

These passes perform « - same operations as the secon. pass.

1.4.4.5 Ninth Pacs

One minor cycle after the eighth call, the ninth call is mad~ by
the OMS FDI executive if any actuator extension indicator output ~“rcm
the previous pass is still nonzero. On this pass, the gimbal defiection
error and extension indicator are recomputed for those actuators which
had a nonzero extension indicator output from the eighth pass.
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FPigure 1-9. Functional block diagram of the third pass of
OMS_ACTUATOR_FDI.*

Refer o Figure 1-10. If thz2 ninth-pass value of the extension
indicator differs from the first-pass value, the extension indicator
and the failure counter are sa2t *o zero. If the ninth-pass value is
the same as the first-pass value and the product of the extension indi-
cator and gimba. deflection increment is less than a threshold value,
the failure counter will be incremented by one; ctherwise the faiiure
counter is set to zero. The actuator failure flag, P, is 3et to ON
if the failure counter has reached two.

The primary functions of eacn pass can be summarized on a time
scale (see Figure 1-11).

The OMS actuator rDI algorithn waits two minor cyclas (80 ms)

after the first call before recording the first measured gimbal deflec-
tion becaus2 an unfailad OMS actuator regquires a finite time to achieve

a steady-state nominal extension rate in response tu an applied voltage.
Results published in References 2 and 5 and aiso unpublished results

(by . A. D'Amario) oi simvlated OMS actuator behavior indicate that

it requires less than 4uv ms (one minor cycle! for an OMS actuator to
achieve a steady-state nominal deflection rate starting from a rest initial
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condition. PFurther, it requires between 40 mg (one minor cycle) and
80 ms (two minor cycles) if, ag an initial condition, the actuator is
extending at a steady-state rate in a direction opposite to the sense
of the applied voltage

The OMS actuator FDI algorithm waits gix minor cycles (240 ms)
after recording the first measured gimbal deflection before recording
the second measuremert and testing the computed increment, so that the
error in the measured increment relative to the nominal size of the in-
crement is low enough that:

(1) An actuator which has experienced a full-off fajlure ard is
not moving has zexro prcbability of passing the threshold test.

(2) An actuator which is performing nominally has zexro probability
of failing the threshold test.

The accuracy of the computed gimbal deflection increment is directly de-
pendent on the accuracy of the OMS actuator position transducer. The ef-
fects of OMS actuator position transducer accuracy on FDI CP! time and the
justification for waitina six minor cycles is discussed in Section 2.4.2.

In summary, if any OMS actuator is being commanded to extend or
retract continuously (as previously defined in this sectinn) for eight
minor cyclegs, and if the engine gimbal is not driven to a step, ther the
computed increment in the mersured gimbal deflection over the last six
cycles is compared to a threshold value to test actuator perxformance.
Two successive failure indications (one second apart) are necessary
before an actuator failure flag is set to ON. If the gimba! derflection
error of any actuator ig inside the deadzone on the first pass or moves
into or through tr.. deadzone after the first pass, cr if the crgine gimbal
is indicated to be at a stop on any pass, then no gimbal deflection in-
¢ ement threshold test is performed during that second.

One of the assumptions in Section 1.4.2 was that the OMS actuator
FDI algorichm is capable of detecting full-off failures only. Full-on
failures will also be detected, but not directly. That is, the test per-
formed or the measured gimbal deflection incremeit determires only whether
the gimbal has deflected far enough, not whether it has deflected too far.
For instance, if a full-on extension failure occurs, the gimbal a-*nator
servc Mpop will eventually sense that the gimbal has exterded toc fa- and
will command i. to retract. At this point, a test under commanded re-
traction will be performed and failed. 1In other woids, a full-on failure
in gimbal extension becomes a full-off failure in gimbal retraction
through the actions of the gimbal actLuator servo loop.
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1.4.5 ONS Actuator FDI Input Interface Routine

The OMS actuator PDI input interface routine accepts commanded
OoMS gimbal deflections from the FC TVC DAP and measured OMS gimbal deflec-
tions from the SOP. The measured ONS gimbal deflections are obtained
from the OMS actuator output position transducer.

The commanded OMS gimbal deflections are provided by the OMS TVC
DAP as two 2-dimensional arrays containing the pitch and yaw deflection
commands for each engine. The actuator FDI input interface routine
reformats the gimbal deflection commands into one 4-dimensional array,
as gpecified in the input-output requirements in Section 1.4.3.

In addition, this input interface routine formats the measured OMS
gimbal deflections into one 4-dimensional array, as specified also in
Section 1.4.3.
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SECTION 2

SOFTWARE FORMULATION

The software formulation of the OMS FDI algn~ thms is described
in this section. A structured flowchart, estimates of flight computer
core storage and TPU time, and processing requirements are presented
for the OMS enyine and actuator FDI procedures. A glossary of the
symbols used in this section appears in Section 3.

2.1 Overview

2.2 OMS FDI Executive

The software of the OMS FDI executive has not yet been formulated.
The OMS FDI executive may be a separalte procedure, or it may be simply
part of the larger RM executive. The actual software formulations, must
satigfy the general functional reguirements given in Section 1.2 and the
more specific processing requirements discussed in Sections 2.3.3
and 2.4.3.

2.3 OMS Engine FDI

2.3.1 OMS_ENGINE_FDI: PROCEDURE

A structural flowchart for HAL procedure OMS_ENGINE_FDI is shown
in Pigure 2-1. A functional description of the operations illustrated
in Figure 2-1 is given in Section 1.3.4.

Definitions of the computer variables and constants are given in
the glossary in Section 3. Estimates of flight computer core storage
and maximum possible CPU time derived from HAL-FC compilations are given
in Section 2.3.2.
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2.3.2 Flight Computer Core Storage and CPU Time
The following OMS engine FDI algorithm data is derived from HAL-FC
compilations:

Flight Computer Core Storage:

Data = 1] words
Procedure = 70 words
Total = 3l words

Flight Computer CPU Time: 0.341 ms/s (0.034%)

Core storage requirements are computed by the HAL compiler and
printed out as part of the compilation, while the CPU time is an estimate
of the maximum possible time required to execute all the computations of
the procedure.

The maximum time estimate is based on combining the CPU times for
each statement in the longest possible path (timewise) through the
procedure's logic. The CPU times for each statement are also computed
as part of the compilation.

2.3.3 Processing Requirements

The procedure OMS_ENGINE_FDI is normally called once per second
during an OMS burn. It may also be called prior to and after an OMS
burn for on-failure detection. There are three situations, however, in
which OMS engine FDI processing should be inhibited:

(1) During OMS thrust buildup immediately after commanded engine
ignition.

{2) During OMS thrust tailoff immediately after commanded engine
shutdown.

{3} During RCS DAP operation.

With respect to the first two situations, the problem ig that
thrugt buildup and tailoff are not modeled in the computation of the
increment in the added velocity due to OMS thrust. Because the procedure
is designed to detect and identify full-off or full-on failures only, it
implicitly assumes that the thrust from an OMS engine is either at the
nominal design level or at zero. Thus, for example, during thrust build-
up in a two-engine burn, it might appear to the OMS engine FDI procedure

30



that the velocity increment over the last second indicates that only one
engine ig firing. This incorrect indication would cause a false alarm.
Therefore, the procedure OMS_ENGINE_FDI should not be called during a
l-second interval immediately after commanded engine ignition or shut-
down. The l-second interval, which allows for thrust buildup or tailoff,
is based on OMS data in Reference 3.

The third situation occurs whenever the RCS DAP is operating, thus
causing RCS jets to fire. 1In tﬂé event of RCS jet firings, the incre-
ment in the added velocity due to OMS thrust, which is computed directly
from IMU-mounted acceleromete:r information, would mistakenly contain con-
tributions from RCS jet thrust also. The incorrect velocity increment
could cause an incorrect determination of the number of engines which
are firing, thus leading to misalarms or false alarms. This third situa-
tion, in which there is a conflict between RCS DAP operation and desired
OMS engine FDI processing, can be identified for several flight control
modes:

(1) RCS attitude-hold prior to OMS ignition (prevents pre-burn
OMS on-failure detection).

{2) RCS attitude-hold after an OMS kurn (prevents post-burn OM3
on~failure detection).

(3) General RCS-assist for attiiude ~ontrol immediately after a
single OMS failure during a two-engine burn (preverts FDI
*
on the remainini good en¢ine).

(4) Roll-only RCS-assist during single-engine CMS operation:

(2) For the remainder of a two-engine burn after a single
failure.

(b) For a single-engine burn (prevents FDI during single-
engine operation).

The OMS engine FDI procedure should not be called during RCS DAP opera-
tion in any of these four situatic:.s.

Two qualificaticns of these statements should be noted here. The
first involves the specific restrictions on OMS engine FDI prccessing
given in items (1), (2), and (4). It may be possible to adjust the.
velocity increment threshold; (i.e., provide enough margin) to allow
OMS engine FDI processing during these flight control modes. The

¥ The RCS DAP is not activated until a failure has been identified.
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reasong are that during RCS attitude-hold and roll-only RCS-assist,

the frequency and duration of RCS jet firings, relative to the l-second
interval over which the velocity increment is calculated, are such that
the AV contrcibution due to RCS jet firings should be small relative to
that of an OMS engine. Also, the candidate jets for use in roll-only
RCS operation (itvem (4)) are limited. The direction and magnitude ...
their thrust is known, and if their AV contribution is small enough,

it may be ignored. Purther analysis and simulation results will resolve
the question of the need for the restriction listed in items (1), (2),
and (4).

The second qualification involves the restriction of items (1)
through (4) in genera’. If the RCS DAP would compute on a periodic
basis the expected AV due to RCS jet firings, then OMS engine FDI pro-
- caessing could nontinue in any situation of RCS DAP operation. The rea-
son ig that tl. AV contribution of RCS jet firings could then be sub-
tracted from the IMU-derived velocity increment in order to obtain the
contribution from OMS thrust only. This computation could be performed
in either the FC or RM module.

2.4 OMS Actuator FDI

2.4.1 OMS_ACTUATOR_FDI: PROCEDURE

A structured flowchart for HAL procedure 0..5_ACTUATOR_FDI is shown
in FPigure 2-2. A functional description of the operations illustrated in
the Pigure 2-2 is given in Section 1.4.4.

Definitions of the computer variables and constants are given in
the glossary in Section 3. Estimates of flight computer core storage
and maximum possible CPU time derived from HAL-FC compilations are
given in Section 2.4.2.

2.4.2 Flight Computer Core Storage and CPU Time

The following OMS actuator FDI algorithm data are derived from
HAL-FC compilations.

Flight Computer Core Storage:

Data = 21 words
Procedure = 83 words
Total = 104 words

Flight Computer CPU Time = 7,665 ma/s (0.767%)
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Core gtorage requiremgents are computed by the HAL compiler and
printed out as part of the compilation, while the CPU time is an esti-
mate of the maximum possible time required to execute all the computa-
tiong of the procedure.

The maximum time estimate is based on combining the CPU times for
each statement in the longest possible path (timewise) through the
procedure's logic. The CPU times for each statement are also computed
as part of the compilation.

The maximum possible actuator FDI CPU time as summarized above
can be reduced if the OMS actuator position transducer accuracy speci-
fication is upgraded. The method of determining the effect of position
transducer accuracy on OMS actuator FDI CPU time is described in detail
in Section 4.4 and in Reference 6. Only the results will be presented
here.

According to the accuracy specification stated in Reference 7, the
accuracy is 30.1 volt for a transducer scale factor of 2.0 volts per inch,
or $0.05 inch of actuator extension, which translates to 30.157° of
gimbal deflection. The OMS actuator FDI algorithm described herein has
been designed with such an accuracy constraint, and it requires wait-
ing six minor cycles to compute a measured gimbal deflection. If the po-
sition transducer accuracy can be upgraded to :0.019 volt with the same
scale factor, thus yielding $0.0095 inch or :0.03°, the actuator FDI
algorithm can be modified to wait only ohe minor cycle, and the maximum
possible CPU time can be reduced to 3.476 ms/s or 0.348%. This is a
decrease in CPU time of a factor of about 2.2 for an increase in posi-
tion transducer accuracy of about 5. For an earlier version of the
OMS actuator FDI algorithm (evaluated in Reference 6), the decrease in
CPU time was about a factor of 2.5.

2.4.3 Processing Requirements

The first call to the procedure OMS_ACTUATOR_FDI is made once per
second during OMS gimbal actuator operation. Each subhsequent call to
the procedure, at intervals of one minor cycle (40 ms), is performed
by the OMS FDI executive only if at least one of the four actuator
extension indicator outputs from the previous call is nonzero. Nine
calls would be necessary during any l-second interval for a complete
actuator performance test.
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SECTION 3

GLOSSARY

This section is a glossary of the constants and variables used
in this document. (See Table 3-1 for the OMS engine FDI constants and
variables and Table 3-2 for the OMS actuator FDI constants and vari-
ables.) Included for each variable and constant are its name, type/
attribute, description, units, and value or range. The modules where
the constant or variable is declared, assigned, and referenced are
also given. Codes and definitions of the symbols used in the type/
attribute designation appear in Table 3-3.

41



(44

nnaouddEd

Table 3-1,

OMS engine FDI glossary.

Name of Variable or Constant|

AUTIEL

Computer Mathematical Type/ Value or
Notation Sotation Attribute Description Units Range Declared in Assignad in Referenced in
ROLL DISTURS_| ‘;a 8c/sP Roll disturbance accel~ | deg/s” | -2.0<x€2.0 | cCoMPOOL PART1_PILTER | ov8_gnGIng_sbt
[ 4 eration estimate
ACCEL
BOLL ACCEL_ |a, Sc/8P,C | Roll acceleration deg/s” | TBO" OMB_BNGINS_FDI| OMS_ENGINE_FDI | OMB_ENGINE_FDI
THRERSHOLD threshold
oS o Om | oSy o cwo | e/- OM3 Engine 1 ON/OFP none | 0,1 COMPOOL OMB._ENG_CMD OMB_ENGINE_FDI
cozmand
oms2 on cwp | oMs2 w o | B/- OMS Engine 2 ON/OFF none |0,1 COMPOOL oNS_RNG_CvD ONS_ENGINE_FDIX
command
accuu_oetta_ | |y | Sc/8P,A | Increment in the added te/e | 0<x<3.0 OME_ENGINE_PDI| OMS_ENGINE_FOI | OMS_BNGINE_FDI
v INCR = velocity due to OMS
- thruse -
ONB_ENGINE_ | 8, 8¢/9p,C | One-engine welocity tz/e | TBO OMB_BNGINE_POX| OMS_ENGINE_FDI | ONS_ENGINE_FDI
THRRSHOLD 1 increment threshold .
™o BNGINE_ | dv, . 8c/8P,¢ | Two-engine velocity fe/s | TBD OM3_ENGINE_PDI| OMS_SNGINE_FDI | OMS_ENGINE_FDI
P LD 2 increment threshold
OME1 FAIL OMg1_PAIL B/~ oMS Engine L failure flag| none 0,1 COMPOQL OMB_SNGYNE_PDI | ONB PDI Bxecutive
OMS2 PAIL QM52 _FAIL B/~ OM3 Engine 2 failure flag] none 0,1 COMPOOL OMS_ENGINE FDI ) OMB PDI Bxecutive
OMSE_INST OMSR_INIT_ B/~ Initialization flag none 0,1 COMPOOL oMB FDI OMS_ENGINE_FDI
FLAG PLAG Exscutive
accum_ Y v(3)/sp Added velocity due to £t/8 =1000<x<1000] cOMPOOL Hardware/SoP/ | OMS_BNGINR_FDI
DELTA V M8 thrust oMS Bngine FODT
- IIR
OLD_ACCUR %, v(3)/3P, | Last value of added £t /8 =1000<%<1000 cm_m_mq OM3_RNGINE PDI{ OMS_ENGINE_FOI
oD st velocity due to OMB
CELTA_V ¥ .

g1 GOV TVNIOIEO

¥00d
gHI J0
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Table 3-2.

OMS actuator FDI glossary.

Nazme of Variable or Coastant
Computer Mathematical Type/ Value or
Notation Notation Attribute Description Units Range Declared in hssigned in Reterenced in
{oMs_GIMBAL) 16.1 Ald),5c/SP] Array of OMS gimbal deg -B.0<x<08.U ! COMPOOL Eardware/sSOP/ OMS_ACTUATOR_FDI
deflections OMS Actuator
FDI IIR
\OLD_ows_ LI A(4),8¢c/ | Array of values of mea- deg -8.0<x<8.0 OMS_ACTUATOR_ | OMS_ACTUATOR_ | OMS_ACTUATOR_PDI
oLd sP,8t sured OMS gimbal deflec~
GIMBAL} tions PDI DI
[OM5_GIMBAL_ Ncl A{4),Sc/ | Array of cormanded OMS deg -8.0<%<8.0 COMPOOL TVC_DAF/ONS Ac-| OMB_ACTUATOR_FDI
o) SP gimbal deflections tuator FDI IIR
{OMS ACTU~ [3:3] At4),1/5P | Array of OM actuator none -1,0,1 COMPOOL OM8_ACTUATOR_ | OMS_ACTUATOR_FDI,
ATOR_EXTERD] extensior. :ndicators [ - OME FDI Executive
{OLD_oms_ (zowl A(4),3/5P, Array of firct-pass none -1,0,1 OMS_ACTUATOR_ | OMS ACTUATOR_ | OMS_ACTUATOR FDI
ACTUA St valuss of OMS actuator
TOR_ extensjor indicators oz FoI
EXTEND)
ORS_SERVO_ ée Sc/sP,C OM5 servo ampli.ier deg 0,43 OMS_ACTUATOR OMS_ACTUATOR_ | OMS_ACTUATOR_FDI
A t deadzone FDI FOI
DEADBAND
(OMS_ACTUATOR_ [F) Al4) B/ Array of OV actuator none 0,1 COMPOOL OME_ACTUATOR_ | OMS PDI Executive
FAIL] fajlure flags PDI
1 1 1/SP,A Index variable and none | 1,2,3,4 OME_ACTUATOR_ | OMS_ACTUATOR_ | OMS_ACTUATOR_FDX
counte- 71 .
OMSA_INIT_ (OMSA_INIT_FLAG { B/~ Initialization flag none 0,1 COMPOOL OMS PDI Execu- | OMB_ACTUATOR_FD1
PLAG tive
{ACTUATOR _ cl A(4),1/SP | Array of OMS actuator none 0,1,2 OMB_ACTUATOR_ | OMS_ACTUATOR_ | OMS_ACTUATOR_FDI
FAIL_COUNTER] failure counters D1 POI
ONSA_CALL OMSA_CALL_ 1/59 Procedure call counter none 1,2,3,4,5,6,| coMpoOL OMS FDI Bwecu- | OMS_ACTUATOR_FOUI,
COUNTER COUNTER .83 tive OMS PDI Executive
OMS_GIMBAL_ Mt Sc/SP,C OMS gindal deflection in-| deg 0.360 OMS_ACTUATOR | OMS ACTUATOR_ | OMS_MCTURTOR_FDI
_ crement threshold 01 DI
THRESHOLD
{OMS_GIMBAL “s’l‘@l A(4),5¢/ Array of OMS gimbal stop | deg {5.98,6.98, O#18_ACTUATOR OME_ACTUATOR OMS_ACTUATOR_PDI
- - sp,C values 5.98,6.98) - - - - - -
STOP) ’ TR 1429 PDI
" [OMS_GIMBAL [6'1 A(4),Sc/ | Array of OMS gimbal de- deg -16.0<x<16.0} OMS_ACTUARTOR_| OMS_ACTUATOR_ | OMS_ACTUATOR FDI
ERROR] sp flection errors N PDI D1




Table 3-3. Codes for type/attribute column.

Key for Type
A(i) - Array (1)

V(i) - Vector (i)
Sc - Scalar
I - Integer

B - Boolean
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Key for Attribute

SP - Single Precision
A - Automatic
C - Constant

st - Static



APPENDIX A

SUPPLEMENTARY MATERIAL TC OMS FAILURE DETECTION
AND IDENTIFICATION ALGORITHM DESIGNS

This appendix contains material supportive to the OMS Failure
Detection and Identification Algorithm designs presented in Sections 1
and 2.

A.l Overview

A.2 Appendix to OMS FDI Executive

A.3 Appendix to OMS Engine FDI
Failure Flag Summary Charts

The three charts in Figures A-1 and A-2 illustrate the failure
flac ortputs produced by OMS_ENGINE FDI as a result of all possible
combinations of procedure inputs (engine firing commands and roll dis-
turbance acceleration estimate) and the actual engine firing conditions
(two, one, or zero engines firing). Each chart corresponds to one of
the engine firing conditions.

The OMS1 and OMS2 failure flag outputs are given in the row
entitled "present failure fl: values" for the columns headed by each
possible combination of engine commands. The OMS_FAIL _DETECT flag
output is listed in Figure A-2 for the case of one engine firing. For
all of the charts, logic "0" is defined herein as a flag or command
set to OFF, and logic "1" ig a flag or command set to ON. Note that the
logic symbols in each case are located in a hox. Each box is divided
by a diagonal where the upper-left value corresponds to OMS Engine 1,
and the lower right value corresponds to OMS Engine 2.

Included with the One-Engine-Firing chart on Figure A~2 is a
diagram which defines the three regions A, B, and C of the roll distur-
bance acceleration eatimate which are used in that chart. The diagram
also indicates that a positive roll disturbance acceleration estimate
occurs when OMS1 is OFF and OM52 is ON, and a negative roll disturbance
acceleration eatimate occurs when OMS1 is ON and OMS2 is OFF. This
relationship between the sign of the roll disturbance acceleration
estimate and the ON/OFF status of the OMS may be explained as follows.
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Figure A-1l.

Failure flag summary charts:
and zero engines firing.

two engines firing

In the OMS engine FDI procedure, the roll disturbance acceleration
estimate is used to identify which engine has failed in the situations
where only one engine is firing and both engines are commanded ON or OFF.
Under the assumption that in those situations the alignment of the
engines is at or near crim,* then the yaw deflection of each engine
would be such that neither engine could point behind the center of

gravity in the yaw plane.

Therefore the sign of the roll acceleration

produced by each engine is the same for all possible pitch 'eflections:
negative for OMS1l and positive for OMS2.

* That is, near the vehicle XZ plane.
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The roll disturbance acceleration estimate is essentially defined

adr = o - a;_ (a-1)

where

&r = measured roll acceleration

a; = extrapolate +~ll acceleration¥*

Hence, if both engines are commanded ON or OFF, the roll disturbance
acceleration will be approximately equal to

(1) The negative of the extrapolated roll acceleration of a
failed-off encine.**

or
(2) The measured roll acceleration of a failed-on engine.

Combining these two definitions with the fact that OMS1 produces nega-
tive roll acceleration and OMS2 positive roll acceleration yields the
relationship between the sign of the roll disturbancc acceleration
estimate and the ON/OFF status of the engines as

OMS1 commanded OFF )

OMS2 commanded OFF

oMS1 fails ON £

)
it
=]
[

, = )

OMS] <commanded OFF
QOMS2 >ommanded OFF
OMS2 fails ON r

2>
1}

OMS1 commanded ON
2 commanded ON
OMS1 fails OFF

= (+)

>
1}

]
[~}

*
An extrapolated quantity .s defined as the extrapolation of the
gquantity's previous estimate, and it may be thought of as 2 predic-
tion of the quantity.
L 1.3
Here it is assumed that the measured and extrapolated roll accelera-
tion of an unfailed engine are nearly equal.
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OMS) commanded ON
OMS2 commanded ON a = -ai = (=)
oMS2 fails OFF r

To illustrate the way the charts may be used and to verify the
correctness of the outputs, consider two cases for which the OMS1_FAIL
flag should be set to ON:

(1) OMS1 fails OFF when boti: engines are commanded ON.
(2) OMS1 fails ON when both engines are commanded OFF.

Ir both cases, since one engine is firing, the chart in Figure A-2 is
applicable. Also, it is assumed that adr is outride the d=adzone.

Case 1l:
oMSl CMD = 1
oMS2 CMD = 1
OMS1 is OFF %

OMS2 is ON

Previous OMS1l_FAIL 0 (assumed}

Previous OMS2 FAIL

0 (assumed)

.» Present OMS1 FAIL = 1

Pregsent OMS2 FAIL = 0
Case 2:
OMS1 CMD = 0
oMS2 CMD = C
OMS1 is ON R
ad < —al + A

OMS2 is OFF r

Previous OMS1 FAIL

0 (assumed)

Previous OMS2_FAIL 0 (assumed)
.+ Present OMS1 FAIL = 1
Present OMS2 FAIL = 0
In botl cases, when OMS]1 failed (assuming both OMS1 and OMS2 had not
failet in the past), OMS1 FAIL was set to ON and OMS2_FAIL was left OFF.
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A.4 Appendix to OMS Actuator FDI

The OMS actuator FDI procedure compares the increment in the meas-
ured cimbal deflection over six minor cycles (240 ms) to a threshold
value to determine if an actuator has failed. Two successive failed
threshold tests result in activation of a failure flag. The threshold
value is set such that the measured gimbal deflection of an actuator
which has experienced a full-off failure is less than the threshold,
and the measured gimbal deflection of an actuator which is performing
nominally is greater than the threshold. The desired result of no
full-off micalarms or full-on false alarms is thus achieved. The
accuracy of the OMS actuator outpnt extension position transducer*
dire:-tly affects rnot only tle number of minor cycles over which the
deflection increment is computed, but also the value at which the
threshold is set.

The measured increment in the OMS gimbal deflection is given by
AGm = Gm(t + n AT) ~ om(t) (A-2)

where AT is the miror cycle time (40 ms), and n is the number of minor
cycles over which the increment. is computed. The error in the deflec-
tion increment is therefore

€ps = 66(t + n AT) - ed(t) (A-3)

where Ed(t) is the error in the ..easured gimbal deflection at time t
introduced by the OMS LVDT position transducer. (The additional error
introduced by *be A/D conversion of the position transducer output
signal is an order of magn.tude les: and is neglected).

A pessimistic upper bound on the error in the deflection incre-
ment is found by assuming that the errors in the gimb:l deflection
measurements at the two times are negatively correlated and of maximum
magnitude

Je 2)e (A-4)

Aé’max 6lmax

*®
The measured gimbal deflection is equal to the measured actuator
output position scaled to angular measure.
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In reality, if the actual position transducer output is a sufficiently
“smooth” function of the actuator extension, then the error in the gimbal
deflection measurement at time t + nAT would be positively correlated
with the error at time t, provided that n were not too large. However,
in the absence of a realistic model of the position transducer srror
sources, the more congervative »pproach of assuming negative correla-
tion is taken.

The OMS actuator position transducer accuracy specification in
Reference 7 lists the accuracy of the LVDT as $0.1 volt.* The scale factor
of the LVDT is 2.0 volt per inch, an-. there are 3.14 degrees of gimbal
deflection per inch of actuator extension.(3'7)** Combining this data
and referri..; to Eq. (A-4), one obtains

le 0.314° (a-5)

Adlmax

The lower limit of acceptable performance in the OMS actuwator procure-
ment specification(7) is 3.0°/s. 1In order that there be no misalarms
in the case of a full-off failure and no false alarms in the case of
lower-limit nominal performance, the error in the deflection incre-
ment must be less than one half the increment itself. Otherwise, a
deflection rate of 0.0°/s could not be distinguished from 3.0°/s by
means of a measured gimbal deflection increment.

For a constant deflection rate of 3.0°/s, the actual gimbal
deflection (in degrees) is

A6 = 3 n AT = 0.12 n (A-6)

1i order that IeMImax be ‘ess than 0.545, n must be at least 6.
Thus, the accuracy of the OMS ac:vator position transducer is such that
it requires waiting six minor cycles (240 ms) to compute a gimbal

After the algorithm designs presented in this report were completed,
but before publication, a new OMS actuator math model, a new OMS
position transduc.r accuracy specification, and new OMS actuator per-
formance requirements were received. The analysis of this section
and the design of the OMS actuator FDI procedure will be reworked

in light of the new data. However, only minor changes of parameter
values are anticipated. The basic algorithm structure will be
unchanged.

*R

Superscript numerals refer to similarly numbered references in the
List of References.
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deflection increment which can only distinguish between a full-off
failure (0.0°/s) and a lower-limit nominal performance (3.0°/s).

Ideally, one would want to wait only one minor cycle between the
two samples of the measured gimbal deflection foi1 .he increment compu-
tation. The reason is that the CPU time consumed by the OMS actuator
FDI procedure in any l-second interval is directly proportional to the
number of minor cycles between the two samples, because at each of
those minor cycles the procedure must be called to check the gimbal
deflection error to determine if the actuator input voltage is being
continuously applied over the interval. Otherwise the actuator is not
extending continuoaisly, and the threshold test should not be performed.
To wait only one cvcie (n = 1), the accuracy of the measured gimbal
deflection would hcve to be *0.03°, implying an OMS position transducer
accuracy of $0.019 volt for the same scale factor. This represents an
increase in accuracy of about a factor of 5. The CPU time savings which
can be obtained by this increased position transducer accuracy are
described in Section 2.4.2.

Returning to the situation based on the accuracy specifications of
Reference 7 for which n = 6, the actual gimbal deflection increment over
six minor cycles for a constant rate of 3.0°/s is 0.72° (see Eg. (A-6)).
Given that the error in the deflection increment can be as large as 0.314°
(see Eq. (A-5)), the permissible range for the threshold AGQ is

0.314° < A61 < 0.406° (A-7)

That is, if AGQ were less than 0.314°, a full-off failure might pass
the test, and if Aég were greater than 0.406°, an actuator performing
nominally at 3.0°/s might fail the test. The threshold is arbitrarily
set at the midpoint of the permissible range

AGR = 0.360° (A~8)

To ¢ mmarize the possibilities:

(1) An OMS actuator performing below 0.192°/s will always
cause a failure indication.

(2) Thexre will never be a false alarm for an OMS actuator
which is performing above 2.808°/s.

(3) OMS actuators performing between 0.192°/s and 2.808°/s may
or may not cause failure indications.
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Of course, if either the accuracy of the OMS pogition transducer is
upgraded or more than six minor cycles are used for the gimbal deflec-~
tion increment computation, the area of uncertainty will shrink and
more specific information about actuator performance can be deduced
from the threshold test.
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LIST OF ABBREVIATIONS

Symbol Description
cg center of gravity
Co checkout
CPU centra® processing unit
CRT cathode ray tube
DAP digital autopilot
D&C displays & controls
FC flight control
FCS flight control system
FCOS flight computer operating system
FD1 failure dect=ction and identification
GN&C guidance, navigation, & control
GPC general-pucrpose corputer
GUID guidance
HC hand controller
IIR input interface routine
IMU inertial measuring unit
LVDT linear voltage differential transformer
MSC moGing, sequencing, & control
MTU master timing unit
NAV navigation
OFC on-orbit flight control
OMS orbital maneuvering system
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Symbol

sop
TBD
THC
TVC

LIST OF ABBREVIATIONS (Cont.)

Description
performance monitoring
reaction control system
rotational hand controller
redundancy management
system management
subsystem operating programs
to be determined
translational hand controller

thrust vector control

NOTATION CONVENTIONS

estimated quantity

' extrapolated guantity

or vector

(

measured quantity

e matrix
] array
. Boolean
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