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SECTION 1
INTRODUCTION

The basic function of the Orbiter navigation system is to maintain an accurate
estimate of the inertial position and velocity of the vehicle (called its state
vector) with respect to time. In addition, during a rendezvous mission, the
navigation system also must maintain an estimate of a target vehicle's position
and velocity. This information is then used by the on-board guidance system in
computing the commands required to transfer the vehicle from one position and
velocity to another and to point the vehicle at a specified target (Earth, Sun,
another orbiting vehicle, etc.). It is also used by the ground controllers for
monitoring the health of the on-board navigation system. Additionally, informa-
tion about the Orbiter and target state vectors is displayed to the crew on the
dedicated displays and GNC CRT displays.

This workbook will cover the commonly used terms and functions associated with
the navigation system. In addition, the ground and crew monitoring techniques
and procedures available to maintain the health of the on-board state vector
will be discussed.



SECTION 2
COORDINATE SYSTEMS

The position and velocity of the Shuttle must be uniquely defined in terms of an
inertial coordinate system - a reference frame which is neither rotating or ac-
celerating. This ensures that the normal equations of motion are valid. The
on-board navigation system uses the MSO (Mean of 1950) inertial system defined
in section 2.2. However, some quantities are much easier to define and some
computations are considerably simpler if done in other coordinate systems. For
example, when landing the Shuttle, it is more meaningful to give the position of
the Shuttle relative to the runway than it is to give its position in a coordi-
nate system fixed in space with its origin at the center of the Earth. Thus,
the on-board navigation system uses a number of different coordinate systems to
simplify the various inputs, outputs, and computations required. These inputs
and outputs can then be expressed in any coordinate system by using coordinate
transformations which are resident in the navigation software.

This workbook will not attempt to discuss the coordinate transformations or all
of the coordinate systems used by the navigation software. However, a few co-
ordinate systems do need to be understood, because they appear to the crew on
certain dedicated displays and CRT displays. Also, they may be used to clarify
certain aspects of navigation which will be discussed later.

A1l of the coordinate systems used are right-handed Cartesian systems. A right-
handed Cartesian system has three mutually perpendicular axes, sequentially
ordered such that each axis satisfies the application of the right-hand rule to
the other two axes (XYZ system - apply right-hand rule to X-Y gives Z, to Y-Z
gives X, to Z-X gives Y),
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2.1 BODY AXIS COORDINATE SYSTEM

This coordinate system has its origin at the Orbiter’'s center of mass and is
oriented such that:

e Its X axis is parallel to the X, axis of the Orbiter structural body
(Orbiter + External Tanks (ET) + Solid Rocket Boosters (SRB)). The Xo
axis is in the Orbiter plane of symmetry, 400 inches below the payload
bay centerline; positive is toward the nose

e Its Z axis is parallel to the Orbiter plane of symmetry and is perpendi-
cular to the X axis; positive is down with respect to the Orbiter
fuselage

e Its Y axis completes the right-handed orthogonal system.

Note that vehicle pitch is rotation about the Y body axis, roll
about the X body axis, and yaw is rotation about the Z body axis.

is rotation

+Pitch

of gravity

q

Z iYaw

Figure 2-1. Body Axis Coordinate System
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2.2 MEAN OF 1950 (M50) COORDINATE SYSTEM

The inertial coordinate system used by the on-board navigation system is the
Aries Mean of 1950 Cartesian coordinate system, which generally is called the
M50 system (figure 2-2). This system is used to establish and maintain the
inertial position and velocity of the Shuttle during all phases of flight. The
X-axis points towards the mean vernal equinox (apparent point on the celestial
sphere where the sun crosses the farth's eguator on its northward Journey) of
1950, the Z-axis is along the Earth's mean rotational axis of 1950, and the
y-axis completes the right-handed system. It is important to understand that
this is an inertial system and, although its origin is at the Earth's center, it
is completely independent of the Earth's rotation.

Although the M50 system uses Earth orientations for the year 1950, it differs
less than 19 from the analogous true-of-date system. The on-board system cor-
rects for this difference, so that one can say that the inertial X-axis points
to the current vernal equinox, the inertial Z-axis is along the current Earth
rotation axis, and the inertial X-Y plane is the current equatorial plane.

The crew can see Orbiter attitude and acceleration data with respect to the M5S0
coordinate system on the IMU ALIGN display (SPEC 21) in OPS 2 and 3. For other
display purposes, such as the Attitude Display Indicator (ADI) and the UNIV PTG
display, the vehicle's attitude is transformed into another coordinate system,
called the STARBALL reference frame, which is a variation of the M50 coordinate
system. See figure 2-3.
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NAME : Aries Mean of 1950, Cartesian coordinate system
ORIGIN: The center of the Earth
ORIENTATION: The epoch is the beginning of Besselian Year 1950

The Xm-YM plane is the mean Earth's equator of epoch.

The Xy axis is directed toward the mean vernal equinox of

epoch.

The Zy axis is directed along the Earth's mean rotational

axis of epoch and is positive north.

The Yy axis completes a right-handed system.
CHARACTERISTICS: Inertial, right-handed Cartesian system.

Figure 2-2. Aries Mean of 1950, Coordinate System
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of epoch (RA = 07, DEC = 0)
NAME : Starball reference frame
ORIGIN: Orbiter c.g.
ORIENTATION: +Xg axis points at 0° RA and 09 DEC on the celestial sphere

+Yg axis points at 09 RA and 909 DEC
+l5 axis points at 2700 RA, 00 DEC
PITCH = RIGHT ASCENSION

YAW = DECLINATION

Figure 2-3. Starball Reference Frame
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2.3 EARTH-FIXED SYSTEMS

For launch, landing, and Earth observation one needs to know the Shuttle po-
sition and velocity in coordinate systems fixed to the Earth., These are non-
inertial systems that are related to the M50 system by transformations that
depend on time, Earth rotation rate, and the latitude and longitude of the point
of interest.

2.3.1 Geodetic Coordinate System. One of the Earth-fixed coordinate systems
uses the geodetic parameters defined in figure 2-4. This system uses an
ellipsoidal model of the Earth called the Fischer ellipsoidal model. This model
takes into account the shape of the Earth and thus gives improved detail over a
spherical model of the Earth.
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2.3.2 Bunwal Coordinate System. Another example of an Earth-fixed coordinate
system is the runway coordinate system defined in figure 2-5. This system is

gﬁdhtby navigation and the crew during ascent, entry, and landing phases of
p ght.

3]
G
TRUE QF DATE
X EQUATOR
G T
PRIME (GREENWICH)
MERIDIAN
NAME ; Geodetic parameters
ORIGIN: This system consists of a set of parameters rather than a
coordinate system; therefore, no origin is specified.
ORIENTATION: This system of parameters is based on an ellipsoidal model .
of the Earth (e.g., the Fischer ellipse of 1960). For any NAME: Runway coordinate system
point of interest we define a line known as the geodetic lo- ORIGIN: R
cal vertical, which is perpendicular to the ellipsoid and : unway center at approach threshold
which contains the point of interest. ORIENTATION AND DEFINITIONS:
h, geodetic altitude, is the distance from the point of X .
interest to the reference ellipsoid, measured along the geo- Zir axis is normal to the ellipsoid model through the runway
detic local vertical, and is positive for points outside the centerline at the approach threshold and positive toward the
ellipsoid. center of the Earth.
A . is the longitude measured in the plane of the Earth's X(‘.F axis is perpendicular to the Z;jf axis and lies in a
true equator from the Prime (Greenwich) Meridian to the lo- plane containing the Z; ¢ axis and the runway centerline
cal meridian, measured positive eastward. (positive in the direction of landing).
?D is the geodetic latitude, measured in the plane of the YLF axis completes the right-handed system.
ocal meridian from the Earth's true equator to the geodetic
local vertical, measured positive north from the equator. AL 1s the runway azimuth measured in the X fYLF plane from
true north to the +Xif axis {positive clockwise).
CHARACTERISTICS: Rotating po]ar_coorginate parameters. Only position vectors )
are expressed in this coordinate system. CHARACTERISTICS: Rotating, Earth-referenced
Figure 2-4. Geodetic Coordinate System Figure 2-5. Runway Coordinate System
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2.3.3 UVW Coordinate System. The final coordinate system to be discussed is SECTION 3

the UVW system shown in figure 2-6. This is sometimes called the up-downrange-

crossrange system since this is descriptive of the directions along which the STATE VECTOR MANAGEMENT
axes lie.

The navigation system maintains its knowledge of the Orbiter's position and ve-

locity with a group of six numbers (x,v,z,vx,vy.vz> called the state vector.

Associated with this state vector is a time tag.” When rendezvous navigation is

used, knowledge of the target vehicle's state vector must also be maintained.

The navigation system uses the standard equations of motion along with the in-

formation it receives from the Inertial Measurement Units (IMU), the nav sensors

Direction (TACAN, ADTA, MLS, ST, RR, COAS), and the software models of the forces acting

of motion on the Orbiter (gravity, drag, vents, etc.) to predict the components of the

‘.\‘\\\ state vector at each time value. This process 1is called state vector

propagation. Inherent in this propagation scheme are errors. The equation of

motion and the propagation technique are approximations, as are the gravity,

drag, and vent models. In addition, the acceleration, position, and range rate

information received from the IMU's and nav sensors are also imperfect. To

correct these errors, which grow with time, the ground controllers periodically

v uplink a new state vector or a delta to the current on-board state based upon
the more accurate ground radar tracking data.

Geocentric radius

vector of vehic]’e7

u The above subjects will be discussed in more detail in the ensuing paragraphs,
as will the crew navigation monitoring tasks in each flight phase.
Vehicle orbital
plane
NAME : UVW coordinate system
ORIGIN: Point of interest
ORIENTATION: The U-V plane is the instantaneous orbit plane at epoch.

The U axis lies along the geocentric radius vector to the
vehicle and is positive radially outward ( = altitude)

The W axis lies along the instantaneous orbital angular mo-
mentum vector at epoch and is positive in the direction of
the angular momentum vector ( = crossrange)

The V axis completes a right-handed system (V = W x U)
{ = downrange)

Figure 2-6. UVW Coordinate System
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3.1 FORCES ON THE VEHICLE

The state vector of the vehicle changes with time due to the forces acting on
it. These forces include gravity, atmospheric drag and thrusting due to engine
firings and vents. In order to maintain its knowledge of the state vector,
navigation must maintain an estimate of each of the above forces. To do this,
it receives inputs from the IMU accelerometers and from software models of grav-
ity, drag, and vents. Note that an accelerometer cannot sense gravitational
force because the accelerometer itself is being acted upon by gravity. Instead,
it only can sense resistance to gravitational attraction. For example, an ac-
celerometer placed on the ground would measure 1 g. This is the force of the
ground on the accelerometer preventing it from falling. As another example, an
accelerometer attached to an airplane senses the force of the air on the air-
plane (1ift and drag). This is called drag force. Out of the atmosphere in
coasting flight, an accelerometer reads = 0 g's. Thus, accelerometers are used
to sense non-gravitational forces. Gravitational forces must be computed using
a2 model of gravity based upon the vehicle's position with respect to the Earth.
The navigation software uses a multi-term series expansion model of gravity,
each term of which adds to its accuracy, but also adds computational complexity.
The first term of the expansion is called the central force term. This term is
the expected gravitational force on the vehicle assuming the Earth is a perfect,
uniform sphere. The next term is called the J2 term, which adds in the delta in
gravitational attraction caused by the flattening of the Earth at the poles. It
is on the order of 1000 times smaller than the central term. In the expansion,
the third term is zero, so the next term of interest is the fourth order term
which corrects for the pear-shaped Earth. This term is on the order of 106
times smaller than the first, central term (figure 3-1). The other terms of the
series expansion are not modeled by navigation.

A second order, or J2, gravity model includes the central and J2 terms. A
fourth order gravity model uses the central, J2, and fourth order terms. The
value computed as the gravitational attraction on the vehicle is based upon nav-
igation's estimate of vehicle position. Note that the magnitude of gravitational
force on the vehicle changes less than 5% during a typical flight.

The other primary force on the vehicle is aerodynamic drag. Drag force varies
widely during the ascent and entry phases and is small, though not negligible,
on-orbit. Drag is a function of vehicle velocity, attitude, air density, and
the vehicle's aerodynamic surface area. The IMU accelerometers are used to
measure drag acceleration on the vehicle.
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Figure 3-1.

CENTRAL FIELD

(PERFECT SPHERE)

J 2 TERM

- -

-

g

(FLATTENING AT POLES)

4TH ORDER TERM

\-L”

(PEAR-SHAPED EARTH)

Gravitational Models Used by Navigation

3-3



IMU data is used only if it passes a threshold test, and in OPS 2 & 8, if
navigation is placed in the mode in which it can use IMU data. This will be
discussed in detail in Section 3.3

In cases in which IMU data is not used by navigation, a model of the vehicle's
drag acceleration is used in the state vector propagation process. This model
computes drag based upon the vehicle's nav-derived altitude (from which at-
mospheric density can be estimated), angle of attack, sidesiip angle, and
reference area. In OPS 2 and 8, the capability exists for the ground to uplink
a factor to modify the computed drag in the case that the vehicle's reference
area dramatically changes (such as if a large payload, a telescope for example,
were exposed in the payload bay while still attached to the vehicle). This
capability has not been required in the first STS flights.

If a vent, such as from the Auxiliary Power Units (APU) occurs,
may be under the IMU acceleration threshold. If such an event is expected in
0PS 2 or 8, it is possible for the Mission Control Center (MCC) to uplink a
magnitude, direction, start time and stop time for the vent which will then be
used by navigation in state vector propagation. This capability, also, has not
been used in the first STS flights.

its magnitude
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3.2 SENSOR MEASUREMENTS

Navigation uses measurements from on-board sensors to improve its estimate of
the state vector. In addition to IMU data (attitude and acceleration), navi-
gatfon can use information from the TACAN, ADS, MLS, ST, COAS and RR systems.
Also, it can use a model of the atmosphere to compute a pseudo-altitude measure-
ment called drag altitude. As a review, the types of data and the most im-
portant features of each of the sensors will be covered in the following
sections. More detail on each of these sensors can be found in the individual
detailed workbooks.

3.2.1 Inertial Measurement Unit (IMU). There are three IMU's on the Orbiter

located on a navigation base 55 feet ahead of the Orbiter center of gravity
(c.g.). At a 6.25 Hz rate, the General Purpose Computers (GPC's) acquire atti-
tude angles and sensed acceleration from each of the IMU's. Attitude data is
derived from the measured IMU gimbal angles. Acceleration data is obtained from
the two accelerometers in each IMU. Each accelerometer is a pendulous mass an-
chored to the IMU's case. An acceleration produces relative motion between the
mass and the case. This motion is sensed and a voltage is applied to counteract
it. The voltage required is proportional to the acceleration. This voltage is
electronically converted to pulses which are accumulated. The accumulated
pulses represent the changes in vehicle velocity during the time interval. Re-
dundancy Management (RM) software takes the individual IMU attitude and accumu-
lated AV data and uses it to form a single, more accurate value for vehicle
attitude and acceleration.

In OPS 1, 2, 8, and 6, navigation propagates the state vector based upon the RM-
computed acceleration value. In OPS 3, navigation propagates three state
vectors, one based upon each IMU, and then chooses from the individual state
vector components to form a “"selected" state vector. The Backup Flight System
(BFS) always uses the RM-selected acceleration value to propagate the state
vector.

The accuracy of the IMU acceleration data is affected by errors in the alignment
of the IMU. Thus, IMU data begins to degrade as the time from the last align-
ment increases because the IMU's drift with time. For this reason, an [MU
alignment is required shortly before deorbit and every 2-10 hours during orbit.

3.2.2. Drag Altitude. During the “"blackout" phase of entry (265K—160K ft. -
the time frame in which no ground or external sensor inputs are available due to
the fonization of the atmosphere caused by extreme heating), there is the po-
tential that the nav state could begin to diverge. As it is critical that navi-
gation be fairly accurate at the exit of blackout to preserve the Orbiter runway
landing potential, navigation uses an atmospheric model of altitude versus air
density to make corrections to the state vector. This computation of altitude is
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called “drag altitude," because air density s calculated using the drag
acceleration sensed by the IMU. The basic equation used is:

Drag Force = Mass - Drag accel
= % « Air Density- Velocity2- Ref area- Orag Coefficient
where Drag accel = Avyyy
-
Mass = Vehicle mass

Velocity = Derived from nav. state vector
Reference Area = aerodynamic area of the Orbiter (2690 £t2)

Drag Coefficient = function of angle of attack which is com-
puted based upon IMU attitude data and the current velocity
vector

Thus, given the current state vector, angle of attack, and IMU sensed AV
(ASVIMU), air density can be computed. The software then uses its model of
altitude versus air density (an atmosphere model) to compute the current alti-
tude.

The accuracy of drag altitude is dependent, then, upon the accuracy of the IMU
data and the atmospheric model.

vag altitude becomes available during entry when the sensed drag acceleration

reaches 11 ft/sec? (= 240K ft for nominal end of mission) and can be used in
navigation until air data is incorporated or altitude is less than 85K ft. The
Crew contrals whether navigation uses drag altitude via an item on the HORIZ SIT
display (HSD). This will be discussed in the section on the Kalman filter
(3.4.1) and the section on entry nav sensor management (4.4.1). It is con-
sidered mandatory for drag altitude data to be used by navigation prior to exit
from blackout.

3.2.3 Tactical Air Navigation (TACAN) System. Each of the three on-board Tact-

ical Air Navigation (TACAN) units provide slant range and bearing to the TACAN
ground station. TACAN redundancy management selects which of the TACAN data
will actually be used by navigation. While the software provides for up to 10
TACAN ground stations to be available during entry, only two slots are used for
any given landing site. The selection is set up so that one ground station is
available in T/R and the other in GPC. Which ground station is used by a TACAN
depends upon the TACAN channel selected via the TACAN CHANNEL thumbwheels on
Panel 08 if T/R is selected on the TAC MODE switch (figure 3-2). For entry, if
GPC is selected on the TAC MODE switch, the software automatically cycles
through a specified subset of the TACAN stations assigned to the selected land-
ing site until it establishes "lock-on". FEach TACAN also has UPPER and LOWER
antennas. Which of these should be used depends upon whether the Orbiter is
banking away from or toward the ground station. The antenna controls are aiso
on Panel 07. In the AUTO mode, the software determines which antenna is to be
used. In the MANUAL mode, the Crewmember can select the upper or lower antenna
via the TAC ANT SEL SW. Each TACAN's channel, range and bearing measurements
are displayed on the HORIZ SIT display (HSD). The range and bearing
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appear as the absolute range and bearing to the ground station if ABSOLUTE is
selected on the HSD or as the delta between the TACAN and NAV computed range and
bearing to the ground station if DELTA is selected (figure 3-3).

Because of the horizontal directivity of the TACAN ground antenna radiation pat-
tern, a volume of weak/poor radio frequency (RF) energy is created. The volume
has the shape of an inverted cone whose included angle is 110° (see figure 3-4).
This region is called the cone of confusion and, when in the cone, the TACAN
bearing data will be not be used by navigation.

Station passage indicated
when range indicator
stops decreasing.

TACAN
STATION

Figure 3-4. TACAN Cone of Confusion
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In order for TACAN range data to be a candidate for use by navigation, it must
be "locked on" for at least two TACAN's. Similarly, for TACAN-bearing data to
be used by navigation, it must be locked on by two TACAN's. It should be noted
that if range has not locked on, the antenna will cycle, which could make it
impossible for bearing to remain locked-on. In cases in which only one TACAN
has achieved lock and it is necessary to sidestep this requirement, the crew may
be asked to deselect the other two TACAN's via item entries to the HSD. This
situation could occur if one TACAN has "bad” data and another TACAN's data is
missing.  Once the original Tock-on requirement is met, (or bypassed), TACAN
data will be used by navigation only if the crew has enabled it via the HSD
“AUTO" item and the data passes a reasonableness test, or if the crew “forces"
the data. This topic will be explored in detail in sections 3.4.1 and 4.4.1.

TACAN data usually becomes available at = 160,000’ on a nominal entry, The
TACAN data can be used by navigation above 1500'. At 1500', TACAN data is in-
hibited due to ground reflection problems. In the PASS, TACAN data is also
inhibited from use once MLS data is acquired.

3.2.4 Air Data System (ADS). The ADS is composed of two air data probes, left
and right, with two Air Data Transducer Assemblies (ADTA) associated with each
probe. It is used to sense air pressures which relate to Orbiter movement
through the atmosphere. These are used to compute angle of attack ( o ), Mach
number (M), Equivalent Air Speed (EAS), True Air Speed (TAS), dynamic pressure
(T), altitude (h) and altitude rate (R). Only barometric altitude is used in
navigation. The other parameters can be used by guidance and flight control or
displayed to the crew on the CRT and dedicated displays. See figure 3-5.

‘D212/A221 3-¢



ADS PARAMETERS USED BY FLIGHT CONTROL

Parameter Use

Angle of attack,c Compute stability axis rates for lateral
channel

Lateral axis turn coordination term

Dynamic pressure,q Gain scheduling for all channels
Mach number, M Gain scheduling for all channe1§
Switching logic to inhibit yaw jets
Lateral axis turn coordination terms.

True Air Speed, TAS a r 0
Longitudinal axis gain on Nz command

ADS PARAMETERS USED BY GUIDANCE

Parameter Use

by RM between the individual ADTA's,

q TAEM normal acceleration limits.
TAEM speedbrake control

Il

M TAEM bank angle command limits.
Initiation of TAEM active speedbrake modula-
tion

TAS TAEM S-turn gain compensation.
Autoland acceleration command
during flare to shallow glide slope

calculation

EAS Autoland speedbrake control

ADS PARAMETERS DISPLAYED ON OEDICATED DISPLAYS

[

M

EAS

TAS

h(ALT)
h(ALT RATE)

AMI - Alpha Mach Indicator

}Avvr - Altitude Vertical Velocity Indicator

ADS PARAMETERS APPEARING ON CRT DISPLAYS

=X

}OVERRIDE DISPLAY

Figure 3-5. ADS Parameters used by Guidance, Flight Control,

Dedicated Displays and CRT Displays
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| ADTA RM goes through a special process to select the appropriate air data

parameters to be used by GNC. The selected set is called “center" air data.
The individual ADTA computations for o« , M, and h are displayed on the PASS
Override display (figqure 3-62. The Alpha/Mach Indicator (AMI) and Altimeter
Vertical Velocity Indicator (AVVI) can show the average of the left ADTA's, the

- average of the right ADTA's and either navigation-derived (NAVDAD) air data

parameters or the “center” air data values based upon the availability of air
data and the AIR DATA select switches next to these dedicated displays. These

'types of information can be used by the crew in troubleshooting air data

problems. More information on the air data system can be found in the ADS 2102

- workbook .

The air data probes are nominally deployed at Mach 5. The crew verifies that
the probes are deployed, as well as compares the ADTA data with navigation using

~the AMI and AVVI. They can also verify the individual ADTA outputs on the Over-

ride display. GNC does not begin to use air data, however, until Mach 2.5. In

addition, as the vehicle goes subsonic, from 1.1 <M <1.6, unstable air flow is

expected. During this time frame, called the “Mach jump region®, navigation
ignores air data. Air data is also ignored by GNC if a dilemma is encountered
Once these constraints are met, crew con-
trols exist on the HSD to govern whether air data will be used by navigation or
G&C (figure 3-7). This will be discussed in more detail in section 4.4.1.

In cases where air data is not incorporated into navigation or G&C via the HSD
due to air data dilemma, probe failures, bad data, etc., the software computes
the equivalent air data parameters ( « ,M,EAS, & ,etc.) using the current state
vector and IMU attitude information. These are referred to as Navigation-De-
rived Air Data (NAVDAD) parameters and are used by G8C if above M 1.5. The
NAVDAD data, particularly o , can be in significant error under wind or gust
conditions, which can have an effect on flight control. When air data is not
incorporated in G&C below Mach 1.5, "Default Air Data" is used by G&C in the
PASS, Default Air Data uses a constant o =7,50 and defines § as a function
of VReL. The other parameters are computed as in NAVDAD. Note that even when
Default Air Data is being used, NAVDAD data is being displayed to the crew on
the dedicated and CRT displays. In the Backup Flight System (BFS), NAVDAD data
is always used if ADTA data is not incorporated in GNC.
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3.2.5 Microwave Landing System (MLS). The three on-board MLS units determine
slant range, azimith, and elevation to the ground stations along the side of the
landing site runway (See figure 3-8). The MLS data is used only by the PASS
software and is available only at certain runways at Edwards, Northrup, and
Kennedy Spacecraft Center (KSC). MLS data becomes available when the vehicle is
within a specified azimuth and elevation beam which occurs at an altitude of
approximately 18,000 ft and the range to the runway is approximately 15 n.mi.
MLS RM software determines the best MLS data of the three, and this data is used
to replace TACAN and ADTA data in navigation.

ELEVATION BEAM
0 70 29° HIGH

+ 20° wIDE
guoesmps
ROUND

AZIMUTH/DME BEAM STATION

+ 13.5% wipe EXTENDED
RUNWAY ~ ~o-ce T -
0 70 23° HIGH CENTERLINE Y | AZIMUTH Y \_2%335
\ = T

Figure 3-8. MLS Ground Stations
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3.2.6 Star Tracker (ST). The Orbiter Star Tracker (ST) is an image dissector
electro-optical tracking device which is used to obtain precise angular measure-
ments of selected stars and sun-illuminated orbiting objects (targets). These
measurements are used to determine the Orbiter's attitude in inertial space, and
this data is used to align the IMU's. Also, the ST provides angular data from
the Orbiter to a target being tracked.

Two ST's, -Y and -Z, are located next to the IMU's on a beam attached to the
Orbiter's navigation base. They are slightly inclined off the vehicle axis for
which they are named. The -Y axis ST centerline is approximately 10.50 from the
Orbiter -Y axis, and the -Z axis ST centerline is approximately 30 from the
Orbiter -Z axis. (See figure 3-9).

The ST's total field of view is 100 x 109 square. The ST's can also be com-
manded to search a 10 x 19 square field within the field of view. The ST's
total error in measurement of star or target angles does not exceed 1 arc minute
(1 sigma). Star or target magnitude measurement errors do not exceed an abso-
lute maximum of 0.6 magnitude.

The ST's will acquire and track sunlit targets of 3.0 or greater magnitude. The
target must be no brighter than -7.0 magnitude. Target size must be no greater
than 8 arc minutes.

The ST's normally will not be used to track a target or star when the Sun is
within 300 of the ST centerline, the Moon is within 8° of the centerline, the
lighted Earth's horizon is within 200 of the centerline, the Earth's dark hori-
zon is within 20 of the centerline, or if the target is in darkness. In any of
the above situations, the ST centerline is said to be occulted (by the Sun,
Moon, or Earth).

The primary use of the ST's is to provide accurate data on star locations to be
used in aligning the IMU's. Also of importance in rendezvous is the capability
of the ST to locate a sunlit target in its field of view, to provide accurate
angle information to navigation, and then to track the target. This is called
the target track mode for the ST. For a target with reflectivity of -7.0, the
target may be acquired at up to 300 n.mi. if the lighting is correct.

The ST's are controlled onboard, using the S TRK/COAS CNTL SPEC (figure 3-10).
Before commanding the selected ST to begin tracking a target, the Orbiter will
be positioned so the selected ST is pointed toward the target (or navigation's
estimate of the target's position). This will be done in GNC Major Mode 201
(MM 201), using the Universal Pointing display (UNIV PTG). Then, the target
track (TGT TRK) item can be selected on the STRK/COAS CNTL SPEC. At this time,
navigation will send the coordinates of the target, based on its calculations.
The ST will go to these coordinates and will search a 19 x 10 square for up to 4
seconds. If the target is not found because of on-board navigation errors or
incorrect pointing of the ST axis, the ST will begin searching its entire field
of view (109 x 100) for 20 seconds before giving up. If the target is not
found, or if it is occulted, an appropriate message will be driven (NO TARGET,
OUT FOV, etc.). This status is also displayed on the REL NAV display. If the
target is found, the ST begins a track scan centered about the position at which

TD212/A221 3-14

STAR TRACKER DOORS

-Y AXIS TRACKER

Figure 3-9, Star Tracker Location
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Figure 3-10. S TRK/COAS CNTL Typical Display
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the target {s found. The target will continue to be tracked until the target
leaves the Field Of View (FOV), or until it is commanded by the crew to stop
tracking via the display. The ST data received while tracking a target is used
by navigation {f rendezvous navigation {s enabled, the ST is selected as
the external sensor to be used to provide target angle data (Item 12 on the REL
NAV display) and the ST data passes a nav filter tast (more on this in section
4.3). Note that if the Orbiter/Target relative states are in error by over 1/2
degree, the ST will have to search a 100 x 10° FOV for the target. In that
case, it is possible that the ST could erroneously begin tracking a star instead
of the target.

3.2.7 Crew Optical Alignment Sight. The Crew Optical Alignment Sight (COAS) 1is
an optical device which is used to manually sight stars or a target. The COAS
is used to align the IMU's when their misalignment is greater than the ST's can

handle, and to verify that the correct star or target is being tracked by the -2

tracker. Also, the crew can use the COAS to obtain the range and Line-of-Sight
(LOS) angle to a target, as well as obtain a qualitative idea of the range rate
and target LOS rate from the target. How well the crew will be able to see the
target against the lighted reticle is of concern and depends upon the size and
lighting conditions surrounding the target. [t is thought that the crew will be
able to see the target at distances up to 30 n.mi.

The COAS may be mounted in two locations defined by the vehicle axis along which
it sights, as shown in figure 3-11.

e +X above the commander's window

¢ -7 next to starboard overhead window.
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Before COAS data can be incorporated into navigation,
taken. The COAS must be mounted in either the +X or -Z position. Next, the
STRK/COAS CNTL SPEC (figure 3-10) must be called. Inputs to the display are
then made to specify what target is to be sighted, as well as to identify to the
software the position in which the COAS is mounted (+X or -Z). An input must
also be made to enable the COAS mark function (called the COAS SIGHT mode on the
display-Item 22). In this mode, the ADI ATT REF pushbutton is used to mark the
target. If the -Z ST is already tracking the target, a readout (X, Y) will
appear on this display to inform the crew of the ST-determined location of the
target in the COAS FOV. In any case, the crew must ensure that the Orbiter is
maneuvered so that the target is in the COAS FOV. Manual maneuvers are then
made so that the target will cross the center of the reticle. (See figure
3-12).

several steps must be

When the target crosses the center, the crewmember depresses the ATT REF button;
i.e., takes a mark. This causes the software to store the gimbal angles of the
three IMU's. However, the software will not process these angies until an ac-
cept command, Item 23 Exec, is received.. Thus, several marks may be taken
until the crew is satisfied that the target was properly centered at the instant
the ATT REF button was depressed. Even following an ACCEPT command, the COAS
data will not be utilized to update the Orbiter (or target) state vector unless
rendezvous navigation (in which external sensor data is allowed) has been en-
abled, COAS has been chosen as the source for target angle data via the REL NAV
display (Item 14), the COAS data is less than 2 minutes old, and the COAS data
has passed a NAV filter test.
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Figure 3-12. COAS Reticle Pattern
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3.2.8 Rendezvous Radar (RR). The Rendezvous Radar (RR) provides automatic tar-
get detection, acquisition, and tracking. It assists in reducing target loca-
tion uncertainties during rendezvous maneuvers. The radar tracks a target auto-
matically to determine range, range rate, roll (azimuth), and pitch (elevation)
relative to the Orbiter, as well as inertial target angle rates.

The RR operates as part of the Ku-band system which is controlled by the SM
(Systems Management) GPC. It should be noted that the Ku-band system is a dual
purpose system which will be used as either a wide band communications system
for data interchange with the ground or as an RR. The functions of Ku-band
communications and radar are not available simulitaneously. Whether the Ku-band
system is to be used for COMM or for rendezvous radar applications depends upon
the KU-BAND A MODE switch on Panel Al (Figure 3-13). In addition, in order to
be used as a RR, Item 2, KU ANT ENA, on the REL NAV display, must be selected.
This causes the GNC GPC's to send target-angle pointing data to the SM GPC
(using the Inter-Computer Communication (ICC) data bus). The SM GPC uses this
data to point the Ku-band antenna at the target (instead of a TDRS satellite).
Note that when the KU ANT ENA item is selected on REL NAV, the Ku-band system
cannot be used for ground communications through the TORS system, regardless of
the position of the KU-BAND A Mode switch. The capability does exist, however,
to go to the KU-BAND COMM mode and establish communications with a target.

The antenna associated with the Ku-band system is contained in a deployable
assembly, which is mounted on the starboard sill longeron. It is rotated in a
roll-pitch Euler angle sequence (also known as azimuth-elevation, respectively).
Because of the design, there are no pure azimuth or elevation movements of the
antenna.

For early STS flights, the RR will only be uséd to track passive targets, i.e.,
targets which do not have an active transponder. The radar will detect,
acquire, and track passive targets of 1 sq. mi. radar cross-section from about
100 ft to 10 n.mi. A greater cross-section will increase the maximum range but
not decrease the minimum. The maximum unambiguous range is 27 n.mi.

In addition to the possible limitations imposed by the short target acquisition
distance, the RR-detected LOS angle rates may be in error at short ranges where
the subtended angle of the target exceeds one-half of the beam width of the
radar (about 1.59). Also, the range and range rate accuracy requirements for
the RR are on the order of 78 feet in range (at distances under 1.3 n.mi.) and
1 ft/s in range rate in the worst case. It is thought that the radar will be
better than the requirements stipulate; however, the actual performance values
gge currently unknown. The RR angle data should have one-sigma error less than

As mentioned earlier, the RR system has its displays and controls on Panels Al
and A2 in the aft station. It can be used in either a GPC controlled mode or
one of several manual modes (GPC DESIG, AUTO TRACK, MAN SLEW). In the GPC mode,
assuming KU ANT ENA is selected on REL NAV and the Ku-band system is- in the RDR
passive or COOP mode, the software will command the RR to scan a specified area
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around the expected target location until it finds and "locks on" to the target.
At this time it displays range, range rate, elevation/azimuth angles and rates
on panel A2 and the REL/NAV display. The RR range and range rate data will be
used to update the Orbiter and target state vectors if, via the REL NAV display,
rendezvous navigation is enabled, the navigation filter is in AUTO or FORCE, and
the data pass a navigation filter test. The RR angle data are utilized if the
above criteria are met and the RR is selected as the navigation source for tar-
get angle data (Item 13 on REL NAV).
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Figure 3-13. RR Displays and Controls (Panels Al, Al)

TD212/A221 3-20

TD212/A221 3-21



Ll

3.3 STATE VECTOR PROPAGATION/SUPER G ALGORITHM

During the mission, navigation cyclically (once every 3.84 seconds) recomputes
the current state vector based upon the previously computed state vector. This

is referred to as state vector propagation. To do this, it uses the standard

equations of motion (EOM) expressed in a truncated Taylor series expansion in
which it assumes that the rate of change in acceleration on the vehicle is con-
stant. [t aiso uses a model of gravity and either the acceieration sensed by
the IMU's if in powered flight or the drag acceleration model if in coasting
flight. The numerical algorithm used by navigation is called Super-G. It was
designed to be computationally fast yet retain adequate accuracy to accomplish
mission goals. The algorithm essentialy works as follows:

1. Given the state vector and gravitatiomal acceleration from the last cycle,
estimate a new position vector this cycle using either modeled drag accelera-
tion or IMU sensed acceleration in the simplified Equation Of Motion (EOM)
(S = So + VQt + !idotz) .

2. Compute gravity at the new position.

3. Using the change in gravity (AG) from the past to current cycle, recompute
the new position and velocity vectors using an additional term in the EOM
which assumes a constant AG .

t

The name Super-G comes from the technique of estimating the new state vector
position in order to get a better idea of the change in gravity over time and
then using this to recompute the new state vector. See figure 3-14 for a more
detailed explanation of the algorithm. Note that if modeled drag acceleration
is used in the algorithm, the more complex fourth order gravity model is used.
If IMU sensed drag acceleration is used, the J2 gravity model is incorporated in
the algorithm.

Whether modeled or IMU-sensed drag acceleration is used depends upon several
factors. In OPS 1, 3, and 6, IMU-sensed drag acceleration is used during
thrusting or atmospheric flight as determined by the sensed acceleration exceed-
ing a specified threshold level (typically 1000 ug's). During coasting flight,
there is concern that the state vector would be polluted by using small IMy-
sensed accelerations due to the known low-level errors in the IMU's (particular-
1y accelerometer bias). Also, the nav base on which the IMU's are strapped is
located 55 ft forward of the Orbiter c.g. This results in erroneous small
translations being sensed when a pure rotation about the Orbiter c.g. is made.
The threshold level, then, is set at a level which should prevent these
erroneous translations and the low-level [MU-sensed acceleration errors from
polluting the state vector. When IMU-sensed acceleration does not exceed the
threshold, such as in coasting flight, modeled drag is used.
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During OPS 2 and 8, a more complex system is used to provide the more accurate
navigation required for the extended periods of time during orbit and to account
for the smaller sensed accelerations which result from vernier jet firina. This
includes a correction in the software to convert the nav base-referenced IMU
accelerations to Orbiter c.g. referenced accelerations. This eliminates the
errors caused by the c.g. to nav-base lever arm effects discussed earlier. This
computation is made based upon the current Orbiter angular rates as estimated by
the Orbit DAP. Also included in OPS 8 and Major Mode 201 is the capability for
the crew to inhibit navigation from using IMU-sensed acceleration via the "AVG
G" item located on the REL NAV display (figure 3-15) and the FCS DED DIS C/0
(figure 3-16). When AVG G is disabled, coasting flight nav is used, in which
only modeled drag acceleration is used. When AVG is enabled, as it typically
is, powered flight nav is used. In this mode, IMU-sensed acceleration is used
based upon the threshold tests. Note that AVG G is initialized enabled on the
transition to OPS 801 or 201. In Major Mode 202, AVG G is always enabled. The
threshold tests used by powered flight nav in OPS 2 and 8 include the following:

1. A test for an OMS burn in progress and for non-propulsive thrusting. In this
test, if the sensed acceleration over the last nav cycle (corrected to the
Orbiter c.g.) exceeds a pre-determined value, it is incorporated in the state
vector. This threshold value is initialized to 1000 wg. The 1000 ng value
was selected based upon expected uncompensated IMU accelerometer biases. The
crew can view and/or modify this threshold in OPS 2 via the A V THRESHOLD
item on the IMU ALIGN display (figure 3-17). Note that the displayed value
on this display is in terms of acceleration multiplied by time. Since the
nav cycle is 3.84 seconds, 1000 ug appears on the display as 3840. Changes
to the initial threshold value have not been made on previous missions and
there are currently no plans to use this capability in the future.

2. A test for translations resulting from RCS jet firings. In this test, if RCS
jet firings occur, the IMU-sensed acceleration is used to propagate the state
vector if the value of the acceleration accumulated over the jet firing
interval exceeds a threshold. This threshold is based upon the predicted IMU
accelerometer biases and is currently set at .09 fps. By comparing the IMU-
sensed acceleration accumulated over the jet firing interval to a threshold,
Tow Tevel translations which would not exceed the 1000 19 test threshold can
be detected. Unfortunately, the .09 fps threshold is too large to detect
vernier RCS jet uncoupled thrusting. (Uncoupled thrusting refers to the sit-
uation in which a commanded rotation results in both a rotation and a small
translation due to the placement of the jets). This could lead to a 2000’
error per rev following the maneuvers required to accomplish a star alignment
using the .2 deg/sec rotation rate in the vernier RCS system.

If AVG G is enabled but the sensed IMU accelerations do not pass either of the
two threshold tests, modeled drag is used in state vector propagation. Note
that originally only test 1 was made. Test 2 was added in version 20 flight soft-
ware to correct for errors which were found to accumulate in nav on orbit.
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In the BFS, only one state vector is propagated during the flight. It is com-
puted based upon the data from the IMU selection filter or modeled drag. Simi-
larly, in PASS OPS 1, 2, 6 and the final part of OPS 3 (after MLS acquisition),
only one Orbiter state vector is propagated. Prior to MLS acguisition in PASS
0PS 3, however, navigation computes three separate state vectors - one
associated with each IMU. Then, a selection process between the three state
vectors is made to choose the navigation selected state vector. [f all IMU's
are considered to be good, the selected state vector will be computed via a
component-by-component mid value selection process. If one IMU is failed, the
selected vector will be computed as the average of the remaining two valid state
vectors. Of course, if only one IMU is considered good, its associated state
vector will be used. In any case, the selected state vector is subsequently
improved with external sensor data when it becomes available. “Three-state nav-
igation® is used to give more protection to the on-board navigation system in
case of multiple IMU failures. In the worst case, if one IMU failed and the
second IMU had degraded data, the selected state vector would be based upon the
average of the degraded IMU's state vector and the remaining good IMU's state
vector, and thus would be in error. Upon deselection of the degraded IMU, the
selected state vector would become the state vector computed independently based
upon the good IMU. Thus, it would not have been polluted by the degraded IMU.

In the PASS during rendezvous, a target state vector is also computed using the
Super-G algorithm and modeled drag acceleration.
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3.4 ERRORS IN STATE VECTOR PROPAGATION

The state vector propagation techniques discussed thus far were designed to be
computationally quick and minimal in computer storage requirements yet provide
the necessary accuracy to accomplish mission goals. As there are built-in er-
rors in the state vector propagation algorithm due to inaccuracies in the models
(drag, gravity), possible bias in IMU data, and in the simplification of the
equations of motion, the on-board maintained state vector does begin to diverge
from the real-world state vector with time. This is corrected during flight
using state vector updates calculated by mission control based upon highly accu-
rate tracking data. In addition, during entry, the software can use drag alti-
tude, TACAN, ADTA and MLS data to improve the state vector. Ouring rendezvous,
ST, or COAS data may be used to add accuracy to either the vehicle or target
state vector. However, these external sensors also may have errors associated
with their data. To ensure that the state vector could not inadvertently become
polluted by incorporating erroneous sensor data, and to ensure the proper
weighting of the sensor data on the state vector, a scheme called Kalman
filtering is used to "filter” and "weight* incoming data. This process and
state vector updates will be discussed in the following sections.

3.4.1 Kalman Filter. Functionally, the Kalman filter is a mechanism wherein
inertial data and external measurements are blended in an optimum manner in or-
der to provide a more accurate estimate of vehicle position and velocity. To do
this, a matrix is maintained which represents the current uncertainties in the
vehicle state. The diagonal elements represent what is called the variance in
the state. This is the square of the statistical estimate of one sigma error in
the vehicle position or velocity. The off-diagonal elements represent the cross
correlation, or covariance, of the state errors. These would show how errors in
different components of position or velocity affect the other components. This
is the origin of the term covariance matrix. Another way of thinking of the
covariance matrix is that it represents the “cloud of uncertainty" about the
state vector. The Kalman filter, and thus the covariance matrix, are only used
during entry (OPS 3, 6) and rendezvous phases of flight. When rendezvous navi-
gation is active, the covariance matrix will be used with respect to either the
Orbiter or the target, depending upon a premission determination of which data
is assumed to be most accurate. This will be discussed in more detail in the
section on rendezvous navigation (4.3).

The general operation of the Kalman filter during entry is as follows:
1. Propagate the state vector to time, t, using Super-G algorithm

2. Propagate the covariance matrix to time, t, using a model of expected
noise based on the types of data sources (e.g. TACAN)

3. Get measurement, M, at time t (such as TACAN slant range)
4., Using the propagated state vector, compute the expected measurement, Me.

5. Form the residual, AM = M-Mg. Ths will be displayed to the crew on the
HSD (figure 3-18) in the RESID column.

TD212/A221



0e

T0212/A221

Figure 3-18.

HSD NAV EDIT TEST

3-28
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6. Using the propagated covariance matrix, compute the maximum acceptable
measurement error, ZSMA, at this time. This will be used to prevent the
Kalman filter from using bad sensor data.

o AM
7. Form rat‘°-2§nA. This will be displayed on the HSD in the RATIO column.

8. Check the HSD for the AUTO/INHIBIT/FORCE (A/I/F) selection for the type
of measurement.

e If in INHIBIT, ignore the measurement

¢ If in AUTO, perform the residual edit test. In this test, if the
ratio = 1, the data is not used, i.e., it is edited. If the ratio
is < 1, the data is used. If the ratio is greater than one n times,
a2 “|" will appear next to the ratio on the HSD. The “ | " will only
go away after the ratio passes the test “n" times (n is usually 3).
Note: The TACAN also must pass a 400 glitch filter.

e If in FORCE, the measurement data will be used regardless of the
ratio.

9. [If the measurement data is to be used, calculate its “weight” on the
state vector based upon the covariance matrix.

10. Update the state vector and covariance matrix using the measurement data.

Before any external sensor data is available, the covariance matrix is said to
be "open." This means that the first external sensor data to be received,
typically drag altitude, can be quite different from nav and still be able to
pass the residual edit test. For example, initially, drag altitude can differ
from navigation by 80,000 ft and still pass the residual edit test and thus be
used to update navigation (if in AUTO). Once drag altitude is incorporated,
however, the covariance matrix (the “"cloud of uncertainty") begins to "shrink."
This makes the residual edit test, which is a sensor reasonableness test, more
stringent. It also results in less "weight" being placed on later external
sensor data in updating the state vector. In other words, as data is incorpo-
rated from each nav sensor, the accuracy of the state vector improves, which in
;urn improves the state vector's credibility over subsequently received sensor
ata.

During entry, the covariance matrix is reinitialized when a delta state vector
update (one in which the crew or ground updates the state vector by "delta"
position or velocity - discussed in section 3.4.2.2) is done. Reinitialization
of the covariance matrix "opens” it and increases the weighting of external
sensor data. Note that simply forcing data does not affect its “weight” on the
state vector. Thus, as an extreme case, suppose navigation incorporates ex-
ternal sensor data such that the covariance matrix shrinks. Suppose then that
navigation begins to diverge due to erronecus sensor data. When good sensor
data is acquired, a "FORCE" would cause the software to use the new sensor's
data but might not give it enough weight on the state vector to stop it from
diverging. In such a case, a *“zero" delta state vector update could be
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performed (zeros are loaded as the deltas) prior to forcing the data which would
reinitialize the covariance matrix.

when rendezvous navigation is active, there are other ways to reinitialize the
covariance matrix. This will be discussed in section 4.3,

3.4,2 State Vector Updates. The MCC maintains an accurate knowledge of the
vehicle's position and velocity using radar tracking data and sophisticated
state vector prediction computations. It also receives the Orbiter's on-board
computed state vector via the downlist. From these, it keeps track of the dif-
ference between the two. Depending upon phase, the ground will attempt to cor-
rect the on-board state vector when the position or velocity delta exceeds a
specified magnitude. For example, when the vehicle altitude is less than 130K
ft during entry, the state vector is updated if it has velocity component er-
rors > 75 fps or downrange/crossrange/altitude errors > 6000 ft.

It is possible for the MCC to uplink either a completely new state vector (a
swhole state vector update") or simply deltas to the on-board state vector (a
vdelta" state vector update). which is used depends on the current flight
phase. In addition, if command uplink were unavailable during flight for some
reason, it may also be possible for the MCC to uplink by voice the required
changes to the state vector and have the crew implement the update via CRT in-
puts. The HSD is used for a delta state update in OPS 1, 3, or 6. The GPC
MEMORY display is used for a whole state vector update in OPS 2 or 8 (this is a
complex, time consuming procedure). There is also a procedure available in OPS
2 for the crew to transition to OPS 3, do a delta state vector update and then
transition back to OPS 2.

While both the whole and delta state vector update capability exists for both
the PASS and BFS, the pre-engaged BFS typically has its state vector updated
using a PASS to BFS state vector transfer as opposed te a direct uplink from the
ground. This will be discussed in section 3.4.2.3.

Another scheme using TACAN data is being incorporated between STS 15 and STS 24
to provide an independent on-board method of updating the state vector during
on-orbit operations.

3.4.2.1 Whole State Vector Update. In OPS 1, 2, and 3, it is possible for the
MCC to upTink a new state vector. The Orbiter must have TORS communication or
be over a ground station with S-band capability in order for the uplink to be
possible. The whole state vector update capability is not normally used during
powered or atmospheric flight as it involves taking the uplinked state vector
and "predicting" it forward or backwards to the current time without using any
IMU acceleration information. This can lead to errors in the new state if the
vehicle is accelerating. To avoid this, delta state vector updates are done
during powered and atmospheric flight.

In general, the on-board state vector propagation scheme can maintain the ve-
hicle state accurately enough to meet entry guidance requirements for three to
four hours. Periods of high Reaction Control System (RCS) activity (attitude
and small translation maneuvers), on-board water dumps and Auxiliary Power Unit
(APU) venting can increase the rate at which the state vector diverges. State
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vector updates are made periodically to maintain adequate on-board navigation to
provide contingency deorbit capability for the case that ground communication is
lost. In an1tion, state vector updates may be planned to satisfy mission or
payload requirements. As an example, during Orbital Flight Test (OFT) flights
whole state vector updates were made every 2 to 13 hours as well as during the
last rev prior to deorbit.

A whole state vector update is accomplished by uplinking all six components of
the new state vector plus a time tag. A special navigation software algorithm
the precise predictor, is used to propagate the uplinked state vector forward o;
backwards to the current time. As mentioned earlier, no IMU data is used.
Next, this state vector is substituted for the current on-board state vector.

If it is not possible to uplink a state vector, there exists on-board a GMEM
READ/NRITE procedure in which the crew loads the new state vector in the GPC
MEMQRY display (figure 3-19), one computer address at a time, based upon a voice
uplink of the new state vector. As this procedure is time consuming and a crew

$:r?r could have serious results, it will be used only if the situation is crit-
al.
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Figure 3-19. GPC MEMORY DISPLAY STATE VECTOR UPDATE
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3.4.2.2. Delta State Vector Update. During OPS 1, 3 and 6, it is possible for
the MCC to send uplink commands to update the position and/or velocity compo-
nents of the state vector by the difference, or delta, between the ground and
on-board computed state vectors expressed in runway coordinates. To do this,
mission control propagates the Orbiter's state vector to a specified future time
in two ways. One way propagates the downlisted state vector (as computed on-
board). The other propagates the state vector which is derived from ground
tracking data. Mission control computes the delta between these two values at
the specified future time and uplinks the delta such that the software will load
it near the specified time. This increases the accuracy of the update in case
the ground and on-board computed states are diverging.

Another capability available in OPS 3 is to correct downrange error by loading a
delta time (AT) in the on-board state vector. This is referred to as a "3&T
Update". Essentially, this technique tells the software that the present state
vector should really be the state vector a few seconds ear)ier or later. Be-
cause pre-TORS, this technique was typically done over the GUAM site post-
blackout during entry, it is sometimes referred to as the "Guam trick.*

It is also possible for the crew to enter a delta state vector update via the
HSD.  This would only be done if the ground Toses command uplink capability
while retaining voice uplink and downlist capability., See figure 3-20 for the
crew procedures to perform a delta state update. Note that the ground will
typically give a time at which the crew is to execute the "load" of the delta.
As mentioned before, the crew should execute the update as close to this time as
possible to increase the accuracy of the new state for the case where the on-
board and ground computed state vectors are diverging,

[4A
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e Verify that the correct values are entered

¢ Load the deltas with an Item 16 EXEC.
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¢ A similar procedure would be used in OPS 3 to LOAD a2 AT update. In that
case, the AT is entered via Item 18 and loaded with an Item 16 EXEC.

Figure 3-20.

Delta State Vector Update
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Note that the ground has the crew select Control Stick Steering (CSS) and in-
hibit drag altitude prior to execution of a delta state which involves velocity
components. Selection of CSS is done to prevent the possibility of there being
any excessive transient maneuvers caused by the delta velocity. Inhibiting on-
board drag altitude updating is done to ensure that the ground can make & valid
computation of the propagated velocity errors (recall that the way a delta up-
date is made involves propagating the on-board and ground radar computed vectors
to a future time, without the benefit of any drag altitude updates, and thus
computing the deltas to be uplinked at that future time). Any kind of a delta
state update performed near the TAEM interface also requires the crew to go CSS
to avoid potential transient maneuvers in this critical flight regime.

Per the current flight rules, the MCC will send a velocity update for an error
> 75 fps in any component and a position delta state vector update for the
following errors:

FOR RTLS A POSITION A FOR _NOMINAL A POSITION
- (FT) END OF MISSTON (FT)

x Y 7 x_ Y1
H > 100K FT..... 18 18K 6K H > 130K FT..... 48K 48K 12K
H < 100K fFT..... 6K 6K 3K H < 130K FT..... 6K 6K 3K

Also note that a delta state update made in OPS 303 results in the Range to
Entry Interface (REI) and Time to Free Fall (TFF) values being recomputed as
seen on the DEORB MNVR COAST display.

Of interest is that any time a state vector update is accomplished in OPS 3, the
covariance matrix is reinitialized. This makes it easier for nav sensor data tc
pass the residual edit test and also gives nav sensor data more weight in up-
dating the state vector. In addition, in three-state navigation (PASS OPS 3
prior to MSL acquisition), the three state vectors are reset to the last se-
lected state vector prior to the delta state being incorporated. This
characteristic is used in certain malfunction recovery procedures. For example,
in OPS 3, suppose IMU 1 is commfaulted (data loss) due to an
Multiplexer/Demultiplexer (MDM) FF1 failure, and that MOM FFl1 is later
recovered. The I/0 ERROR FFl pocket checklist procedure will call for a ZERO
DELTA STATE VECTOR UPDATE. This means that the crew will LOAD a zero update via
the HSD (all zeros in items 10-15 followed by an ITEM 16 EXEC). This results in
the state vector associated with IMU 1, (which is erroneous due to the previous
lack of data) being updated to the last selected state vector value (which was
the average of the state vectors associated with IMU's 2 and 3).

3.4.2.3 PASS TO BFS State Vector Transfer. The capability to update the BFS
state vector using whole and delta state vector updates exists in the BFS as in
the PASS. In addition, the capability exists for the BFS to update its state
vector using the PASS state vector, assuming the BFS is “tracking” the PASS.
Cyclically, the PASS GPC's send “transfer data" to the BFS GPC. This transfer
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data includes the current PASS state vector.
information. However, in two cases, the BFS uses this data to update its own
state vector. One case involves a manual crew input to the BFS HORIZ SIT dis-
play (figure 3-21). When an Item 17 PASS/BFS SV XFER is entered, the BFS snaps
the next.PASS state vector it receives and performs a reasonableness test. This
test vgr1f1es that the PASS state vector has a reasonable position vector, R,
(|R| is between the polar radius of the earth and 500 n.mi. orbital altitude),
ve!oc1ty vector, V, (0< V< 30,000 fps) and time tag. If the PASS state vector
fails this test, the fault message "RM FAIL XFER"™ will be annunciated by the
BFS. If it passes the test, the BFS computes the delta between it and the BFS
state vector and displays it in UVW coordinates (not the usual runway
coord1nates) to the crew in Items 10-15., The crew can observe the delta and
make a decision on whether to actually incorporate these deltas in the BFS by
executing a “LOAD" via an Item 16 EXEC. While waiting for the "LOAD," the BFS
propagates both the PASS and BFS state vectors using the usual super G
algorithm. Note that only the BFS state vector is updated with sensor data,
such as drag altitude, assuming it was being incorporated in nav. The delta
display on HORIZ SIT is cyclically updated to the difference between the BFS-
propagated PASS and BFS state vectors (the PASS transfer data is only used
once). When the crew executes a “LOAD," the BFS will substitute the propagated
PASS state vector for its own. Thus, in general, the crew should not delay
execgt1ng the LOAD of the PASS state vector. After the BFS completes its
loading of the PASS state vector, the displayed deltas will zero. A second
entry of ITEM 17 EXEC zeros the deltas. Thus, if the crew decides not to "load"
the deltas, they could zero the deltas by re-entering ITEM 17 EXEC.

Usually, the BFS ignores this

(" 304170507 HORIZ SIT S 003/01s 301 00 )
aFs 00000z 51 00

ALTH Vi
92332

RWY CTR Y 11

vt 4

NOR17 § ff 12

TAEM TGT (:) ft 13

: 0

Figure 3-21.

BFS HORIZ SIT DISPLAY - PASS/BFS SV XFER
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The other case in which the pre-engaged BFS uses the PASS state vector is on
transition to Major Mode 301 (from Major Mode 104, 105, 106, or OPS 0). Once
again, it snaps the PASS state vector and performs the reasonableness test. If
the PASS state vector fails the test, "RM FAIL XFER" is annunciated and the BFS
uses the last state vector stored at the end of OPS 1 unless it has been reload-
ed with software from mass memory. In that case, a default state vector is
used. If the PASS state vector passes the test, it will be substituted for the
BFS state vector.

3.5 USER PARAMETER PROCESSING (UPP)

Navigation state propagation advances the navigation state vectors at relatively
large intervals of time (typically once every 3.84 seconds), at the end of which
external sensor measurement data may be incorporated if appropriate. Since
other software users such as guidance, flight control, and displays require a
knowledge of the state vector at shorter intervals, another software module,
called User Parameter Processing (UPP), is called in to integrate the equations
of motion over shorter intervals of time. .To do this, it takes the most recent
state vector, the last computed value for gravity, and either IMU-sensed delta
velocity (if above the threshold) or modeled drag acceleration, and quickly
computes an updated state vector using the "Average G" technique. In this tech-
nique, if sg is the initial position, vg the initial velocity, ag the IM! or
modeled drag acceleration, gg the value of gravitational acceleration, and t
the time interval, the new position, sy, is computed as:

s] =50 + voAt + 1/2(ag + gg) At2.

The value of gravity, g1, at position s; is computed and the average of go and
9] is used to compute the velocity, v], at position sp:

vl = v] + a9 + 1/2(gg + q1) At.

This process is repeated until the next nav cycle when navigation computes a new
state vector.

The components of the state vector generated by UPP are transformed into other
frames of reference as needed by other software users. For example, it ex-
presses positions in terms of reference frames related to landmarks, radar bea-
cons, and way points to aid the crew's interpretation of the data. In addition,
it derives aerodynamic parameters from the state vector to be used by guidance,
flight control, and displays.

[\
'
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SECTION 4
NAVIGATION BY MISSION PHASE

Thus far, the software functions used in navigation have been discussed in gen-
eral terms. During different mission phases, variations on these exist. In
addition, crew visibility into the nav state and ability to interact with navi-
gation varies between mission phases. These topics will be addressed in subse-
quent paragraphs.

4.1 ASCENT NAVIGATION

Ascent navigation is initialized at T-8 seconds, at which time the geodetic lo-
cation of the navigation base (Y, A\, h ) and the Earth's angular velocity
vector are transformed to an M5S0 state vector. This vector is then propagated
using the Super-G algorithm throughout the ascent flight phase, using either
sensed A V's from the IMU's, or modeled drag to account for non-gravitational
accelerations. Ascent nav uses only the set of IMU AV's obtained from IMU RM.
No external measurements are incorporated. and no covariance matrix is propagat-
ed. At the end of MM 106, the state vector, IMU A V's and time tag are saved
to carry over into the next OPS sequence (OPS 2, nominal; or OPS 3 AQA or OPS 3
in the BFS) for initialization.

Pre-MECO, the MCC monitors the on-board PASS and BFS navigation performance and
is prepared to make state vector corrections as required to protect MECO condi-
tions (a small nav error at MECO could cause significant errors in the vehicle's
trajectory). If necessary, a delta state update to the PASS will be done by the
ground. Assuming the BFS is not engaged, the MCC will not send a delta state
correction directly to the BFS. Instead, they will request the crew do a
PASS/BFS SV FER. Of course, if the BFS were engaged, the MCC would directly
update the BFS.

Prior to each of OMS 1 and OMS 2, the MCC will determine if a whole vector
update is required. I[f a state vector update is made, the crew will be asked to
reload the OMS 1 or OMS 2 targets to check the results based upon the corrected
state vector. As before, the BFS state vector would be updated with a PASS/BFS
SV XFER if the BFS were not engaged.

As no external sensor data is available during ascent, the crew has little in-
sight into the health of the on-board nav system.

4.2 ORBIT (NON-RENDEZVOUS NAVIGATION)

Orbit navigation is active in OPS 2 and 8 when rendezvous navigation is not
selected. Once again, the Orbiter state vector is propagated with the Super-G
algorithm. As discussed in section 3.3, the crew has the capability in Major
Modes 201 and 801 to prevent navigation from using IMU-sensed acceleration by
disabling the AVG G item on the REL NAV display if in 201 or the FCS/DED OIS C/0
display if in 80l. Normally, however, AVG G will remain enabled and, in Major
Mode 202, it is always enabled. [n OPS 2, the crew will be able to monitor
translations via the thrust monitor portion of the REL NAV display. This shows
the velocity gained along the respective X, Y and Z body axes. It also displays
the total accumulated velocity along all axes. The component values increment
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or decrement based upon the direction of the sensed translation while the
A VTOT value represents the total sensed translation and thus always incre-
ments. In fact, it counts up even during coasting flight at approximately 1
fps/min. The individual components or the AVTOT may be reset to zero using
the "RESET COMPNT" items on the display. .

As mentioned in section 3.3, in both OPS 2 and 8, the accelerometer data re-
ceived from IMU RM has been corrected to an Orbiter c.g.-centered reference
frame instead of the IMU nav base-centered reference frame.

Recall that powered flight navigation is enabled in MM 201 and 801 when AVG G is
selected and is always enabled in MM 202. Powered flight navigation uses 1MU-
sensed acceleration if it exceeds a threshold (typically 1000 ug's) which will
occur during an OMS or RCS translation. It also uses IMU-sensed acceleration if
the AV accumulated over an attitude maneuver exceeds a threshold based upon
known IMU errors (currently .09 fps).

Once again, the crew has limited visibility into the health of the on-board nav
system, With an IMU alignment, the crew can determine if the IMU's have been
drifting in attitude. Attitude errors contribute to errors in the accelerometer
output, which could pollute the state vector. The crew can also compare the IMU
accelerometer outputs as shown on the IMU ALIGN display. Differences between
the three could indicate a problem. (Currently, no independent on-board tech-
nique is available on orbit to detect state vector errors. A system using the
TACAN ground stations is being developed and will be used by the on-board system
to update the state vector. As of now, the crew is dependent upon the ground
for state vector corrections. In OPS 2, mission control uses whole state vector
updates (not deltas). Mission control also has uplink command capability to
adjust the on-board nav state to compensate for Auxiliary Power Unit (APU)
venting and changes in the vehicle reference area (which is used in drag compu-
tations) due to certain payload configurations. This capability has not yet
been used by mission control.
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4.3 RENDEZVOUS NAVIGATION

Rendezvous navigation includes the software necessary to maintain an accurate
estimate of both the Orbiter and target state vectors. The primary crew inter-
face with rendezvous navigation is the REL NAV display (figure 4-2) which will
be referred to throughout the following discussion. A complete description of
the display can be found in section 6.

[ 2011/033/ 1 001/10s 20: 00 \
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Figure 4-2. Typical REL NAV DISPLAY

Rendezvous navigation is enabled in OPS 2 by execution of Item 1 on the display.
When enabled, both the Orbiter and target state vector are propagated using the
Super-G algorithm. Modeled drag acceleration is used to propagate the target
state vector. Modeled drag acceleration or IMU-sensed acceleration is used to
propagate the Orbiter state vector based upon the same criteria as in orbit nav-
igation (section 4.2).
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External sensor data is available using the RR, ST, or COAS during rendezvous
navigation. However, this sensor data is relative data; i.e., it is used by
making the assumption that either the Orbiter or target state vector is "good".
Preflight, it will be determined which of the two is expected to have the most
stable state vector. Typically, if the target does not have translation capa-
bility, it will be considered more stable. In that case, in addition to main-
taining a simple Super G propagated state vector (the PROP state vector), rendez-
vous navigation will also propagate a covariance matrix to be used with the
incorporation of sensor data in another Orbiter state vector called the FLTR
state vector. Conversely, if the Orbiter state vector was considered more
stable and well known, two target state vectors would be maintained - a simple
Super G propagated vector (the PROP vector) and a state vector which is updated
with external sensor data (the FLTR state vector). In the future, the cap-
ability may be added to change which of the two vectors, Orbiter or target, may
be updated with sensor data via a crew control. Currently, this decision must
be made preflight. To simplify later discussions, it is assumed that both a
“PROP" and a “FLTR" state vector will be maintained for the Orbiter.

Recall that the following data may be acquired from the external sensor data:

e The RR provides range (RNG), range rate (R), azimuth (AZ) and elevation
(EL) angles relative to the target (see section 3.2.8). Note that RR
selected mode, RNG, R, EL, AZ, pitch angle rate (wP), and roll angle
rate (wR) are displayed on REL NAV.

o The ST provides horizontal (H) and vertical (V) angles to the target when
in the TARGET TRACK mode (see section 3.2.6)

¢ The COAS provides horizontal (X) and vertical (Y) angles to the target
following a crew initiated MARK. Note that navigation checks the time
tag of a COAS mark and will not use the data if it is stale by over 2
minutes.

Only the RR provides range information although either the RR, ST, or COAS can
provide angular data concerning the position of the Orbiter relative to the
target. The crew selects the source of angular data via one of Items 12, 13, or
14 on the display. Only one can be selected. Which sensor is selected is based
upon the size, brightness and range of the target. Note that, if available, RR
data will be used for range and range rate regardless of whether the RR, ST, or
COAS is selected for angular data.

There are cases in which rendezvous navigation will ignore external sensor data.
If an acceleration greater than 20,000 ug's is detected, the software assumes a
burn is in progress and this inhibits navigation from using sensor data. The
rationale for this is that erratic or incorrect sensor data could sufficiently
degrade the state vector to impact burn computations. As additional protection,
in Major Mode 202, (the mode in which OMS or RCS burns are made) navigation will
ignore sensor data if the MEAS ENA item (ITEM 3) is deselected on REL NAV. This
item is initialized disabled on transition to Major Mode 202.

In MM 201 and in MM 202 with MEAS ENA selected

3 ; and no burn in progress, ren-
dezvous navigation uses a Kalman filter to

"filter" and “"weight" the RR, ST, or
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COAS data before incorporation in the Orbiter FLTR state vector. The rendezvous
Kalman filter works similarly to the entry Kalman filter which was discussed in
section 3.4.1. One difference is in the way the FORCE items work. This will be
explained later. An additional difference is that the Kalman filter only up-
dates the FLTR state vector (not the PROP state vector). The crew can monitor
the effect of the sensor data on the FLTR state vector under the SV UPDATE cap-
tion on the REL NAV display. The position and velocity updates to the FLTR
state vector are expressed in KFT and FPS, respectively.

The rendezvous Kalman filter works as follows: When an external sensor's data
becomes available and, for angle data, the sensor is selected for use by navi-
gation via items 12-14 on the display, the difference between navigation's esti-
mate of the sensor's measurement and the actual measurement is computed and dis-
played. This is called the residual (RESID). The ratic of the residual to the
maximum allowable residual at that time (computed using the covariance matrix)
is also computed and displayed. The residual and ratio for RR range and range
rate data are displayed next to RNG and R on the display. The residual and
ratio for the sensor selected to provide angular data appear next to the V/EL/Y
and H/AZ/X nomenclature on the display. This terminology comes from the ST ver-
tical (V) and Horizontal (H) components, RR elevation (EL) and azimuth (AZ)
angles and COAS X and Y components. If the EDIT OVRD function is in AUTO and
the RATIO is less than one, the data is used to update the FLTR state vector.
When this happens, the MARK HIST portion of the display reflects the acceptance
of the data. If the RATIQ is greater than one, the data would be rejected and
the Reject Counter on the display increments. [f the RATIO is greater than one
over three consecutive times, a " | “ appears on the display.

1f the EDIT OVRD function is in Inhibit (INH), the associated sensor data is
displayed but not incorporated in the FLTR state vector.

If FORCE is selected, the sensor data is incorporated in the FLTR state vector
based upon its passing a more lenient edit test. In this test, the data passes
if its ratio is less than either 1, or the sum of the last ratio value and a
pre-mission-defined constant (currently this is .2). Selection of FORCE only
stays in effect for one mark. The EDIT OVRD control then reverts back to the
previously selected item (AUTO or INH).

The FORCE item was designed to be used with COAS data which is acquired one mark
at a time. Typically, when COAS is selected as the angle data source, V/EL/Y
and H/AZ/X will be placed in INH {Item 24). After a COAS mark taken with the
ATT REF pushbutton is ACCEPTED on the ST/COAS CNTL display, the crewmember can
view the resultant RESID and RATIO on the REL NAV display. The COAS data is
then incorporated in navigation's computation of the FLTR state vector when
FORCE, Item 25, is selected, assuming it passes the edit test. If this is the
first time a COAS mark has been taken, the edit test involves a comparison of
the RATIO with "1®. As stated above, for subsequent marks, the edit test
involves a comparison of the RATIO with the greater of “1" and the sum of the
orevious ratio and a constant (.2). Thus, the potential exists that the edit

test becomes more lenient. For example, if the first mark led to a ratio of
1.5, it would not pass the edit test. If the second mark also led to a ratio of
1.5, it would pass the edit test, as this time the ratio would only have to be

less than 1.7 to pass the test. The convenient aspect of placing the COAS angle
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data in FORCE is that it automatically reverts back to INH after each mark is
processed. This saves the crewmember the effort of resetting it back to INH
between COAS marks.

Of interest is that execution of the AUTQ or FORCE item for ST or RR data
results in the incorporation of the next ST or RR mark if it passes the EDIT
OVRD test. Execution of the AUTO or FORCE item for COAS data results in the
incorporation of the currently displayed COAS mark assuming that it has passed
the EDIT QVRD test and that is is not stale by over 2 minutes.

Recall that the Kalman filter is only used in computing the FLTR state vector.
The PROP state vector is always available as a backup if erratic or bad sensor
data manages to pass the filter and pollute the FLTR state vector. The crew can
reset the FLTR state vector to the PROP state vector via item 9, PROP TO FLTR,
on the display. Conversely, if it is decided that the FLTR state vector is more
accurate than the PROP state vector after sensor data js processed, the PROP
state vector can be updated by the FLTR state vector via item 10, FLTR TO PROP,
on the display. The crew can monitor the difference between the FLTR and PROP
state vectors under the FLTR MINUS PROP caption on the display (expressed in KFT
and FPS). The crew controls whether the PROP or FLTR state vector is used by
guidance, Universal Pointing, flight control, CRT displays and downlist with
Item 4, SV SEL. One significance of this is that the selected state vector is
used by the target track submode of Universal Pointing. The selected state
vector is also used to compute the following parameters on REL NAV:

RNG Range from Orbiter to Target (KFT)

R ¢ Range rate (fps)

7} :  The angle between local horizontal and the projection of the
Orbiter body vector selected to track the target (via UNIV PTG)
into the orbit plane; i.e., the elevation angle if the Orbiter is
perfectly tracking the target.

Y :  Out of plane position (kft)

¥ :  QOut of plane velocity (fps)

NODE Time of the next Orbiter/target Nodal crossing in Mission Elapsed

Time (MET)

Prior to enabling rendezvous navigation, a pre-mission-determined state vector
for the target is loaded in GPC memory. It is possible for the MCC to uplink a
change to this initial target state vector which will then be used when ren-
dezvous navigation is enabled. After that, the MCC can uplink a new target
state vector. In addition, the crew has the capability to transfer the Orbiter
state vector to the target or vice versa via ITEMS 10 and 11 on the REL NAV

display. This capability could be used if the Orbiter deployed a payload, such
as a balloon, and then planned to do some rendezvous/prox 0ps maneuvers relative
to it.
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The MCC also has the capability to update the FLTR state vector via uplink. They
cannot update the PROP state vector (this was an oversight which eventually will
be fixed). This means that the crew will have to do a FLTR to PROP state vector
transfer after the ground uplinks the new FLTR state vector.

The Orbiter covariance matrix is reinitialized when a state vector update or
transfer is made to the Orbiter state vector. It can also be reinitialized by
the crew via ITEM 16 on REL NAV (this capability is not currently planned to be
utilized). Also, when rendezvous nav is first enabled (ITEM 1), the covariance
matrix is reinitialized. Portions of the covariance matrix are reinitialized
when the type of sensor being used for measurement data is changed. Reinitial-
ization of the covariance matrix results in the filter being “opened” and
increased weight being given to sensor data as discussed in section 3.4.1.
Also, the MARK HIST ACC/REJ counters are reset to zero. Note that changing
angle source (e.g., ST to COAS) would only zera the angle MARK HIST counters,
Note also that reinitialization of the Orbiter covariance matrix does not affect
the target state vector.

Currently, the SLOW RATE item on the display will not be used and will have no
effect on the software.

8¢
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4.4 0PS 3 NAVIGATION (ENTRY AND PRE-LAND)

The navigation available during PASS OPS 3 can be subdivided into Entry naviga-
tion and pre-landing navigation. Entry navigation is used prior to MLS acquisi-
tion. During this time frame, three state vectors are propagated using Super-G
based upon data from each of the IMU's. A vector selection process is then used
to build a composite state vector from the three individual ones. If all three
IMU's are considered good by IMU RM, a component-wise mid-value selection
process is used. If only two IMU's are good, the composite state vector is the
average of the two state vectors. Finally, if only one IMU passes RM, its
associated state vector is used. A covariance matrix is propagated, which is
used to "filter" and set “gains" for external sensor data (Drag altitude, TACAN,
ADTA) which will then be used to update each of the three state vectors. Pre-
land navigation, on the other hand, is used after MLS acquisition and, with it,
only one state vector is propagated. A Kalman filter is used to determine
incorporation of the MLS data, although the crew has no insight into this
process.

In the BFS, only a single state vector i$ propagated, based upon the selected
IMU data from IMU RM. Also, the BFS does not process MLS data.

Both delta and whole vector updates are possible during OPS 3. However, only
delta state vector updates are used during atmospheric flight. As
mentioned in section 3.4.2.2, the crew is required to go CSS prior to a velocity
delta state update or to any kind of delta state occurring near TAEM interface
to avoid excessive transient vehicle maneuvers. The MCC will ensure that an IMU
alignment is accomplished close to the deorbit time and will correct the Orbiter
state vector as required. As mentioned earlier, typically the MCC will not
update the BFS state vector directly if it is not engaged. [Instead, they will
have the crew execute a PASS BFS SV XFER. This was discussed in section 3.4.2.8

During OPS 3, external sensor data will become available.
summary of the available sensors.

See figure 4-3 for a
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Sensor

Drag Altitude

—_——————eee————

Available Beginning

Available Until

———
—— ——

Orag Accel < 11 fps?2
Altitude = 240K
Velocity ~ M22

85K Altitude or
ADTA H Incorporation

TACAN Altitude = 160K 1500' AGL Altitude
Velocity = 8000 fps or
MLS Acquisition*
ADTA-H (Deployed at MS) MLS Acquisition or
N Velocity < M2.5°* 1500' (STS 13 - this
o number changes to
500 ft.)*
MLS Altitude =~ 20K AZ and R through
(R <15 nm EL < 29° roll-out.
|AZ] < 13.59) EL until below

Runway heading and
Orbiter heading within
400

1.29 (RM uses
until under .59)

* [f TACAN data
whether MLS data
TACAN data.

is

is acquired. In

in FORCE, it
this case,

is used until

1500
ADTA-H

** Not available in Mach jump region, M1.1 < V< M1.6

Figure 4-3.
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AGL regardless of
is used with the

Sensor Availability During OPS 3

4.4.1 Crew Entry Nav Management. Prior to deorbit, the crew checks the HSD and
verifies that the Auto/Inhibit/Force (A/I/F) items on the HSD associated with
the nav sensors are properly set (figure 4-4). After the deorbit burn, the MCC
will check the Orbiter state vector and make corrections, if required. If the
MCC fs unable to make a delta state update via uplink, they will voice-up the
required change. Ouring coasting flight, the MCC is most concerned with down-
track errors which can be corrected with a At correction (see figure 4-5).

1: GNC DEORB MNVR COAST 2: GNC 50 HORIZ SIT
3: BFS, GNC 50 H
HORIZ SIT CONFIG
ALTM - ITEM 9 + [ ITIT]
PASS ITEM BFS_ITEM
PTI NH Y -
INDEX 1 ¥ -
RWY CTR BLANK - BLANK
RWY (DEL PAD) v v
TAEM TGT
G&N OVHD Y BLANK v
HSI BLANK Y BLANK
XEP NEP 7 ¥ NEP 7+
AIM NOM 8 y NOM 8
TAC INH 20 INH 20 v
DRAG H AUT 22 v AUT 22 v
ADTA H INH 26 v INH 26 v
ADTA to G&C INH 29 v AUT 28 ¥
DES any failed TACANs Y v
TAC DELTA 35y -
HUD BLANK -
* C If payload undeployed: *
* 3: GNC 53 ENTRY CONTROLS *
* ASC FCS - ITEM 32 EXEC *
* *
* 3: BFS, GNC 51 OVERRIDE *
* ASC FCS - ITEM 15 EXEC *
»* *-
* If BFS engaged: *
*  Set HSD BFS Items to PASS Config *

Figure 4-4. Entry Checklist Pre-deorbit HORIZ SIT CONFIG
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1: GNC DEORB MNVR COAST 2: GNC DEORB MNVR COAST]
l [3‘:‘EFS_SH'LI'HERPA, T 1

BURN REPORT (from 3-25)
STATE VECTOR CHANGE (if reqd)

HORIZ SIT

3: BFS, GNC 50 HORIZ SIT

CRT2 AT - ITEM 18 JHENEN
LOAD - ITEM 16 EXEC
CRT3 PASS/BFS SV XFER - ITEM 17 EXEC

LOAD - ITEM 16 EXEC

Figure 4-5. Entry Checklist Post Burn/ Pre £EI AT SV UPDATE PAD

Later in the entry, the crew or ground may perform a position or velocity delta
state update. Figure 4-6 shows the checklist procedure for this.

g = 50 RCS activity 1ts reconfig
ROLL 1ts - 3 or 4 Yaw jets
Pitch 1ts - OF rate sat

NAV DELTA PAD

aX 10
av 11
8z 12
ax 13
aY 14
82 15

()
()
()

()
()
()

For A STATE UPDATES that include
VELOCITY components (MCC call):
P, R/Y - CSS
DRAG A/1/F - I, then
back to AUTO af ter MCC
calls A STATE incorporated

Figure 4-6. Entry Checklist NAV DELTA STATE Procedure

TD212/A221
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In addition, the crew will be responsible for managing the use of drag altitude,
TACAN, and ADTA in GNC.

4.4.1.1 QOraq Updating. DOrag altitude updating occurs during blackout at ap-
proximately M = 22 (240,000 feet altitude). The ground can offer no assistance
in evaluating the external data or aiding the crew in deciding to allow drag to
update the vehicle state. The procedure is to enter with the crew
AUTO/INHIBIT/FORCE control in the AUTO mode. [f the combined navigation/drag
updating performance is within approximately 8¢ (equivalent to approximately
80,000 ft altitude) the drag data will pass the edit criteria and will be in-
corporated into the nav state without incident. [f the performance is worse
than 8¢, editing will occur and the crew procedure will be to mode the
AUTO/INHIBIT/FORCE (A/1/F) control to FORCE and incorporate the drag data even
though it is outside the edit threshold (see figure 4-7).

This procedure was adopted because of a tack of discriminators available to the
crew to determine the cause of the editing, plus an absolute requirement to in-
corporate the drag data if the navigation or update modeling is really off by
more than 80.

Jl: GNC ENTRY TRAJ 1
EEE

2: BFS, GNC ENTRY TRAJ 1|
19

(V = 24.5 - 17.0K)

g = 20 Pitch jets inactive
(ADI yaw needle now displays
scaled Ay )

0 = 11 Drag H update active

* [f Drag H editing occurs: *
* 3: GNC 50 HORIZ SIT *
* DRAG H FOR - ITEM 24 EXEC *

Figure 4-7. Entry Checklist DRAG H Update Procedure



4,4.1.2 TACAN Updating - Initial Acquisition. The TACAN updating criteria is
quite complex and may require ground/crew coordination in some cases. The rules
matrix associated with TACAN data management at initial acquisition is shown as
Figure 4-8. For the nominal entry, the following scenario will occur: Entry
will be initiated with the rotary switch in the T/R position and channel 111
(EDW) pretuned in the thumbwheels. At about 160k ft, shortly after blackout
exit, the on-board TACAN data for at least 2 Line Replaceable Units (LRU's)
should be acquired and passed to the nav filter. Since the A/I/F control for
TACAN will be initially in INHIBIT, the data will not be incorporated into navi-
gation. In inhibit, the residual and ratio values do appear on the HSD if TAC
azimuth or range is good. The MCC receives = 1.5 minutes of C-band radar skin
tracking data before acquiring S-band data post blackout. Using this data, the
MCC will assist the crew in evaluating the ratios prior to giving a "GO" for
moding the A/I/F control to AUTO. The primary reason for asking the crew to
wait for a ground "go" is to cover the unlikely case where the navigation errors
and TACAN errors are compensating. This could possibly result in erroneously
low ratios being observed and bag TACAN data being incorporated into navigation.
It also protects the validity of the ground delta state computation in the event
that a ground-initiated state vector update is required (the MCC may be com-
puting a delta state update and errors could result if the crew incorporated
TACAN data between the time that the MCC computed the uplink and the time the
uplink was accomplished).

The crew should wait for communications with the ground prior to taking TACAN.
However, there is a limit to how long the crew should wait before they decide to
take steps to troubleshoot the lack of good TACAN data independently. This
1imit has been established as Vpg| = 6000 fps. This was chosen because it is
associated with a nominal Acquisition Of Signal (AOS) plus approximately two
minutes and because the Orbiter ranging potential is shrinking to the point that
it is becoming more and more urgent to correct the vehicle state.

W
=
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B. NAV FILTER MANAGEMENT FOR TACAN/BARO/DRAG AUTO/INHIBIT/FORCE

1. TACAN - INITIAL PROCESSING (INITIALLY IN INHIBIT)

NOTE:  TACAN DATA WILL NOT BE INCORPORATED IN THE BFS PREENGAGE. VECTOR
TRANSFER FROM THE PASS IS REQUIRED WHEN BFS ERRORS EXCEED
A STATE MANAGEMENT LIMITS.
RATIO > 1
RATIO < 1 BAD TACAN  BAD STATE 1-L0CK
PRE-COMM
{(ASSUME NO COMM
IF VREL < 6000* | REMAIN IN REMAIN IN REMAIN IN REMAIN IN
FPS, NOM AOS
+2 MIN, INHIBIT INHIBIT INHIBIT INHIBIT
H = 130K FT)
COMM GROUND CALL; | GROUND CALL;| GROUND CALL; | GROUND CALL;
AUTO™™* INHIBIT FORCE PRIME SELECT
DESELECT
MISSING
TACAN's
FOLLOWED BY  (RETURN TO (RESELECT
A STATE AUTO WHEN NON-FAILED
UPDATE RATIO < 1) TACAN LRU's
WHEN 2 LOCK
NO COMM TROUBLESHOOT TO DETERMINE WAIT UNTIL
CAUSE OF EDITING VREL < 5500%%
: FPS
A. SWITCH GROUND STATIONS
AUTO 8. CHECK IMU STATUS THEN
C. OBSERVE RESIDUAL, RATIO PRIME SELECT
BEHAVIOR DESELECT
D. MONITOR WITH HSI MISSING
TACAN's
AUTO FORCE (DO NOT FORCE)

*FOR RTLS, VRel < 6500 FPS. **FOR RTLS, VRgL < 4700 FPS.
**EVEN THOUGH THE RATIO IS < 1, TACAN DATA WILL NOT BE ACCEPTED IF THE GROUND
RADAR INDICATES THAT INCORPORATION OF THE DATA WILL DEGRADE THE NAV STATE.

Figure 4-8. INITIAL TACAN PROCESSING FLIGHT RULES
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Once communication with the ground is established, one of two failures can cause
the TACAN ratios to be greater than one. The fault could lie with the TACAN
data or with the on-board vehicle state. [f the ground determines that the
TACAN data is bad by comparing the TACAN residuals with the on-board state and
the radar ground filter state, the recommendation will be to try a new ground
station. [f the original ground station was providing erroneous data, this will
solve the problem. I[f the on-board LRU's were performing improperly, switching
ground stations will not be a solution. In this case, the crew should remain in
INHIBIT, and a delta state command uplink will have to be performed when/if the
errors exceed the following tolerances:
A. H > 130K ft

e X/Y components > 48K ft
o 7 component > 12K ft

B. AT H < 130K ft
e X/Y components > 6K ft
o I components > 3K ft
C. X/Y/Z components > 75 ft/sec (high speed filter velocity compo-
nents).

[f the ground determines that the vehicle state is erroneous, the proper proce-
dure to recommend to the crew is to mode the A/I/F control to FORCE. This will
allow the data to be incorporated into navigation even though the vehicle esti-
mates that the data should be edited.

The only other case to be covered when the ground has communications involves
only one LRU locking onto a TACAN ground station at initial acquisition. At
initial acquisition, the on-board RM must have two LRU's locked on before it
will pass the data to the navigation filter. [f for any reason the vehicle only
locks up with one LRU and the crew and ground can verify that the data is really
good, the proper procedure is to incorporate that data into navigation rather
than perform a delta state update. The only way to incorporate that data into
navigation is to artificially remove the 2-lock requirement from RM. This is
done by deselecting the two LRU's which have not locked on. The RM then thinks
that only one good LRU remains and overrides the 2-lock requirement. The point
in the trajectory when this procedure will be done is a function of the navi-
gation errors present, i.e., if the errors are small, additional time may be
allowed for the RM 2-lock requirement to be met.

In the NO-COMM case, the crew must make decisions in the operation of the A/I/F
controls independently from the ground. The NO-COMM case may be assumed to
exist by the crewmembers if they are entering to a contingency landing site and
know that no communications with the ground are possible, or if they are enter-
ing to a site where communications should be available but have not established
communications by VRe{=6000 fps (NOM AOS + 2 min). If the ratios are less than

1, the crew should select AUTO and allow the data to be incorporated by naviga-
tion.

T0212/A221

If the ratio is greater than one, the crew must use the on-board ipdication to
decide whether the TACAN data is bad or if the vehicle state vector is bad. The
following procedures are available to the crew:

A. Switch ground stations. This is done by switching the TACAN from T/R to
GPC. If the new ratios come up greater than one it probably indicates a
bad nav state, although there may be a small probability that the problem
is really in the on-board TACAN LRU's.

8. Check IMU status. If the IMU mission performance has been nominal, and a
recent IMU alignment has occurred, and no IMU failures have been declared
during the entry, it is unlikely that the on-board nav state could be in
error by a sufficient magnitude to cause ratios greater than one. There-
fore, the crew should suspect TACAN errors. Alternatively, if the IMU's
have been a source of continuing problems during the mission, or if an
IMU alignment was not performed shortly before entry, or if an IMU has
been declared failed during entry, the crew should suspect that the nav
state is in error. :
Observe residual, ratio behavior. If the values of the residuals/ratios
are steady or show a constant trend, it is likely that the nav state is
the source of error; however, if the values of the residuals/ratios are
erratic, it is Tikely that the TACAN data is erroneous.

D. Monitor with HSI - This is another cumbersome procedure that theoret-
ically allows the crew to gain some insight into the validity of the
TACAN data. The crew can select raw TACAN data to drive the HSI and
compare the range and bearing to the TACAN station with the navigated
position and a visual estimate of the position. This will be a difficult
procedure for the crew because the values on the Horizontal Situation
Indicator (HSI) will be continually changing., As the magnitude of the
errors would have to be quite large to be detected with this technique,
the crew probably would have already decided the error source by one of
the other methods before trying this technique.

By one or more of the above procedures, the crew should be able to discriminate
independently between bad TACAN data and a bad state vector. If it is
determined that the TACAN data is in error, the crew should mode the A/I/F
control to AUTO and attempt to select another ground station.

If it is determined that the state vector is
valid, the crew should mode the A/I/F control
TACAN to be incorporated into navigation.

in error and the TACAN data is
to FORCE. This will cause the

The only other possible problem situation with NO COMM is the case where only
one LRU locks onto the TACAN station. In this case, the crew should wait as
long as it can to allow the auto antenna and station selection to work properly.
At approximately M = 5.5 they should deselect the two TACAN LRU's that have not
locked up and attempt to incorporate the TACAN data from the LRU that has locked
on. It has been decided that the crew should also switch the A/I/F control to
AUTO in this case and should not force the data into nav.
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4.4.1.3 TACAN Updatina - Post Convergence. The flight rule matrix associated
with TACAN data management after the on-board nav filter has processed some
TACAN data is shown on fiqure 4-9. For the nominal entry, the crew will leave
the TACAN's in AUTO and the TACAN data will continue to be processed. The ratio
should never grow greater than one during a nominal case.

If, for any reason, the ratio does become greater than one after the Orbiter has
processed some TACAN data, the ground or crew can utilize the same techniques as
were used at initial acquisition to determine if the cause is bad TACAN data or
if it is a bad state vector. In the event that the problem is bad TACAN, the
actions are the same as at initial acquisition. The procedures change, however,
if the problem is a bad state vector. In the initial acquisitior case the ac-
tion was to force the TACAN data into nav. In the post-convergence case, pro-
cessing previous TACAN data will have already converged the covariance matrix,
and even forcing the data will probably not have the desired effect. That is,
the covariance matrix will downweight the TACAN data to the extent that the
state  vector will not be corrected even if the A/I/F control is changed to
FORCE. The procedure to use in this case (either with or without comm) is to
first perform a zero delta state vector update to reinitialize the covariance
matrix, and then force the data.

The 1-lock column is deleted from the post-convergence matrix because the on-
board RM ceases to inhibit single TACAN data from being incorporated into navi-
gation after only a few TACAN measurements have been incorporated. This means
that after convergence, the two lock requirement is removed.

Figure 4-10 shows the abbreviated format of the Flight Rules Matrices, which are
part of the on-board checklist.

In order to provide protection for the case in which bad sensor data passes the
filter and pollutes both the PASS and BFS state vectors, TACAN data will not be
incorporated in the BFS pre-engage. A state vector transfer from the PASS will
be requested when the BFS exceeds the allowable errors,

To212/A221

FLIGHT RULES

ITEM
4-73 2. TACAN - POST CONVERGENCE (INITIALLY IN AUTO)
(Cont) RATIO >1
RATIO <1
BAD STATE
BAD TACAN VeCTOR
CoMM REMAIN IN | GROUND CALL; | REMAIN IN
AUTO INHIBIT AUTO
FOLLOWED BY | PERFORM A
A STATE UP- | ZERO A STATE
DATE IF RQ'0.| UPDATE IF
(BACK TO RATIO STILL
AUTO WHEN >1; FORCE
RATIO <1)
NO COMM REMAIN IN | TROUBLESHOOT TO DETERMINE
CAUSE OF EDITING
AUTO
A. OBSERVE RESIDUAL, RATIO
BEHAVIOR
B. CHECK IMU STATUS
C. MONITOR WITH HSI
D. SWITCH TACAN STATIONS
REMAIN IN REMAIN IN
AUTO AUTO
PERFORM A
ZERO A STATE
UPDATE, IF
RATIO STILL
>1; FORCE
) THIS RULE 1S CONTINUED ON THE NEXT PAGE
ALL 10/12/82 | 4 | TRAJ, GUID
ENTRY 4-25
!
MISSION REY DATE SECTION GROUP PAGE NO.
- 001 NASA-JSC
Figure 4-9. POST-CONVERGENCE TACAN FLIGHT RULES
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13: AORYZ ST

|

(V=105 - 8.0K)

Vv =8 vAileron trim. If > 2.0, anticipate
Lat/0ir problems through M = 2
TACAN MGMT

RATIO < 1 RATIO > 1 LOCKED NO LOCK
PRE-
COMM INH INH INH INH

McC: C: MCC: MCC:

AUTO INH (+a STATE)| DESELECT| TACAN

or or MISSING | MOOE

COMM| INH (if FORCE TACAN(S)| (three)
0K TACAN will or then - - GPC

degrade ZERO A STATE

NAV state) or AUTO

CHG TACAN CH |

Vv = 6K NO COMM TACAN MGMT
*|RATIO0 ONE TACAN *
o <1 RATIO > 1 LOCKED NO LOCK .
* BELOW V ={BELOW V = *
. TROUBLESHOOT 5. 5K 5.5K .
* IF BAD] IF BAD DESELECT [TAC (three) |=*
* TACAN | NAV_STATE |MISSING - GPC |*
* TACANS, *
*1AUTO | AUTO {IF lst acg-{then - *
* FORCE *
* IF NOT - AUTO *
* ZERO A *
* STATE *

Rol1 reversals below M = 8 may be in CSS at Crew

option

figure 4-10.

Entry Checklist TACAN MANAGEMENT PROCEDURE
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4.4.1.4 ADTA Management. Procedures for barometric (ADTA) altitude updating in
navigation are shown 1in figure 4-11 from the Flight Rules document. This
grocedure was written assuming the ADTA-H A/I/F control is in INHIBIT initially.
he ADTA probes are deployed by the crew at M = 5. At this time, the crew can
compare the data from the left and right air data probes with the nav estimate
of the data on the dedicated displays (AMI, AVVI), The crew can also compare
the individual ADTA's data on the PASS OVERRIDE display. With ADTA-H in
INHIBIT, the crew also can monitor the current residual and ratio on the HSD.
ADTA data is available into navigation from M = 2.5, except for an area near M=1
where unstable air flow is expected. This is called the Mach jump region and
extends fromM = 1.6 to M = 1.1.

The nominal procedure with ground communications is for the crew and ground to
evaluate the baro data. If the ratic is less than 1, and ground radar indicates
that incorporation of the ADTA data will not degrade the nav state, the crew
will be asked to mode the A/I/F control to AUTO. This will initiate processing
of baro altitude data into navigation beginning just after M = 2.5.

If the data indicates a ratio greater than 1 and communications with the ground
exists, the ground will be able to isolate the cause as being either a bad state
vector or bad baro data by using the ground radar as the independent vote. If
the baro data is bad, the ground call will be for the crew to leave the A/I/F
control in INHIBIT. This will prevent the already adequate on-board Nav state
from being polluted by bad baro altitude data. If the on-board state vector is
bad, the ground call will be to mode the A/I/F control to FORCE. This will
allow the bad state to be updated by the good baro data. If the ratio subse-
quently becomes less than 1, the crew will change the A/I/F control to AUTO to
allow editing of possible invalid data points.

If the data is not passing RM, i.e., is not even being made available for nav-
igation to edit, the ground will assist the crew in deselecting ADTA's such that

,only one will be prime selected.

For the NO-COMM case with the ratio < 1, the crew will go to AUTO.

For the NO-COMM case with the ratio > 1, the crew has very little on-board
information available to help decide whether the baro is bad or the nav state is
bad. Current procedures are for the crew to remain in INHIBIT if valid TACAN
data is being processed. If TACAN data is not being processed, the requirement
for baro altitude into navigation is even stronger. The only method of crew
evaluation is to monitor the HSD residuals. If the ADTA data appears steady and
reasonable considering the past navigation performance, the crew should mode the
A/1/F control to FORCE. If the residuals are erratic or unreasonable based on
past navigation system performance, the crew should mode the A/I/F control to
AUTO to allow the data to be processed if it becomes valid.

TD212/A221



[I%]
[3,]
NASA - JOHNSON SPACE CENTER
R ITEM
4-73 3. BARO (INITIALLY INHISIT)
(Cont)
RATIO <1 RATIO >1 NOT PASSING
AD BARD RADSTATE RM
VECTOR
CoMM GROUND CALL: sﬁgummlx"c?ku GROUND CALL: | GROUND CALL:
AUTO INHIBIT FORCE . | PRIME SELECT
NO COMM TACAN OK: WAIT UNTIL
REMIN IN INHIBIT M < .9, THEN
AUTO
N0 TAGAA: PRIME SELFCT
IF RATIO STEADY, FORCE |(0O NOT FORCE)
IF RATIO ERRATIC, AUTO
CDEVEN THOUGH THE RATIO IS <1, BARO DATA WILL NOT BE ACCEPTED IF THE
GROUND PADAR INDICATES THAT INCORPORATION OF THE DATA WILL DEGRADE
THE NAV STATE.
Figure 4-11. ADTA-H (BARO) FLIGHT RULES
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The only other possible situation is NO COMM along with the data not passing RM.
In this case, the crew should wait until M< 1.1 then deselect ADTA's until only
one remains. They should then mode the A/I/F control to AUTO and let the data be
edited if the ratio is still greater than 1. [f the data is not acceptable at
this point, it has been decided that the probabilities are that the ADTA data is
in error rather than the state vector, and forcing would be the wrong solution.

As discussed in section 3.2.4, ADTA data can also be used by guidance, flight
control, and the AMI/AVVI dedicated displays as controlled by the crew via the
ADTA to G&C A/I/F items on the HSD. In order for G&C to use ADTA data, the
following three conditions must be met: the velocity must be less than M 2.5,
an air data probe is deployed, and no air data dilemma exists. The checklist
has the crew place ADTA TO G&C in AUTO on the HSD if there are at least two good
ADTA's, air data altitude, ¢ , and M look reasonable and, if there is communi-
cation with MCC, the MCC has given a “go". Note that if only one ADTA is avail-
able, the crew should leave ADTA to G&C in INH and place P and R/Y in CSS. In
addition, if ADTA to G&4C is not incorporated prior to M 2.5, the crew is required
to go PITCH - CSS prior to its incorporation to avoid flight control transients.
Recall that while navigation uses only air data altitude, guidance and flight
control need the other air data parameters ( « , M, q, EAS) to be able to func-
tion correctly. The flight control system is very sensitive to a errors and to
g errors which are induced by o errors. As discussed in section 3.2.4, if air
data is not incorporated by G&C, flight control will use NAVDAD parameters down
to M 1.5. Errors are induced as navigation cannot account for winds or gusts.
At M 1.5, the possible wind-induced errors due to NAVDAD « are too large for
flight control, so "default air data” begins being used. Default air data
assumes « remains a constant 7.50 and q is a canned function of Vpgp. Note
that the dedicated and CRT displays still show the NAVDAD computation for q,
a and EAS. When default air data is used, the crew should take manual control
of the vehicle (P and R/Y-CSS, Speedbrake - MANUAL) and fly pitch attitude based
upon the @ limits displayed on the VERT SIT 1 and 2 displays. See figure
4-12.

Of interest is that if the ADTA's go into a dilemma while in FORCE or AUTO,
NAVDAD or default air data will be sent to G&C (NAVDAD if VRgp > M1.S5, defauilt
air data if VRgL < M 1.5).

Air data altitude (ADTA-H) is left in INHIBIT in the BFS pre-engage. This way,
BFS navigation cannot be polluted by erroneous ADTA data. If the BFS nav state
exceeds error tolerances, a PASS to BFS state vector transfer will be made by
the crew based upon a ground call. The BFS ADTA to G&C item is placed in AUTO
for entry. This is required in case the crew must quickly downmode to BFS. In
such a case, air data would immediately be available for flight control. In
BFS, only NAVDAD 1is available if ADTA data is not incorporated in G4 - no
default air data is computed.
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ADTA MGMT
NAV G&L
RATIO > T
RATIO < 1[IF BAD IF BAD NAV|Two or more
ADTA{ STATE o0od ADTAs
: wC: MCC: Eva!uaie h,a,M
COMM| or INH* INH FORCE [MCC:
0K 111) AUTO (G&C)
TACAN
NO TACAN| ADTA | ADTA |Evaluate h,a,M
COMM|AUTO OK {ERRATIC|STEADY [If reasonable:
. INH | AUTO | FoRCg | AUTO (6&C)
*(If ADTA H will degrade NAV state)

Entry Checklist ADTA MGMT Cue Card

4.4.1.5 MICROWAVE SCANNING BEAM LANDING SYSTEM (MLS). There are really no pro-
cedures or rules for MLS data incorporation. No controls are available to the
crew to inhibit or force MLS data. The auto edit threshold will be set at 8¢ ,
so the probability of editing will be very remote. Should editing occur, how-
ever, the crew wi{1 merely ignore the Nav Edit alarm and continue the landing in
CSS.  The ground will assist the crew by monitoring the MLS residuals and
ratios, and will advise them of the cause for the editing.

When MLS data is acquired, the TAC and ADTA H ratios and residuals blank. Also,
the * | " by MLS on the GNC SYS SUMM display will disappear. The only crew
interaction with the MLS is to ensure that the ML.S's are powered on, that no
commfault exists (I1/0 RESET if necessary) and the proper channel for the landing
site is selected.

4.5 RTLS NAVIGATION

RTLS navigation works similarly to Ascent and Entry navigation with the follow-
ing exceptions:

e Single state navigation is used throughout the Return To Launch Site
Abort (RTLS)

® The MCC will update the state vector with delta state vector updates only

e The MCC will do delta state updates to maintain the state vector more
stringently in an RTLS than a nominal entry

o TACAN is usually acquired by 220K. TACAN management is similar to entry.
See fiqure 4-13.

o ADTA's are handled as in entry

o The MLS is powered off for ascent. Thus, the crew will be required to
power on the MLS at = 85K and do an I/0 RESET to clear the MLS comm-
fault.

BFS navigation during an RTLS is similar to the PASS. MLS data, however, is not
used, Also, the pre-engage BFS state vector is updated via a PASS to BFS SV
XFER instead of a delta state update from the ground.
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Figure 4-13. ASCENT CHECKLIST RTLS TACAN MANAGEMEN
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SECTION §
LANDING SITE UPDATE

Space Shuttle missions require the capability to land at a variety of locations.
In addition to the landing site designed for a nominal End-Of-Mission (EOM),
there must also be landing sites for Abort Once Around (AOA), Transatlantic
Abort Landings (TAL), Return to Launch Site (RTLS), and contingency landings re-
quired for an emergency deorbit. For example, the following landing sites and
specific runway numbers were designated for STS 6.

Nominal EOM and AOA: Edwards Air Force Base, California

EOW 22 EDW 17

Backup AQA: Northrup Strip, New Mexico
NOR 17 NOR 35

RTLS: Kennedy Space Center, Florida
KSC 15 KSC 33

TAL: DAKAR Naval Station, SENEGAL
YOF 01 YOF 19

Contingency Landing: A1l runways above, plus Hickam Air Force
Base, Hawaii

HNL 08 HNL 26

Kadena Air Base, Okinawa, Japan
KAD 05 KAD 23

Edwards Air Force Base, California
EDOW 04 EDW 15

Northrup Strip, New Mexico
NOR 05 NOR 23

Rota Naval Station, Spain
AOG 10 AOG 28

The process of selecting a runway and the associated TACAN and MLS data is part
of the landing site update function - a subfunction of navigation.
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5.1 PASS LANDING SITE UPDATE

The data necessary to support a landing at each of the above runways is loaded
in the mass memory preflight in what is called the maxitable. This table can
contain up to 20 runways and 60 different TACAN stations. The maxitable is
subdivided into separate data sets called minitables. Only one minitable is
available for use during OPS 3 or 6. It contains a list of three runways which
can be viewed by the crew on the HORIZ SIT display (figure S5-1). The runways
are designated PRIMARY, SECONDARY and ALTERNATE. In OPS 3 or 6, the crew has
the freedom of selecting one of these three runways as the landing site. The
minitable also contains data concerning the three runways, data for ten TACAN
stations and MLS (also known as MSBLS) data for the primary and secondary runway
if available. The arrangement of data in the minitable is shown below:

Runway data for:

Primary Runway
Secondary Runway
Alternate Runway

MLS data for:

, Primary Runway (if it has MLS)
Secondary Runway (if it has MLS)

TACAN data for ten stations.

Runway data includes the following: runway name, geodetic latitude, longitude,
azimuth, altitude of runway above reference ellipsoid, altitude of reference el-
lipsoid above Mean Sea Level (MSL), magnetic variation, and MLS available flag.

MLS data includes: geodetic latitude, longitude, altitude and X-component in
runway coordinates for the elevation antenna; geodetic latitude, longitude, al-
titude, and X and Y-components in runway coordinates for the range/azimuth an-
tenna; elevation boresight; azimuth boresight relative to true north; and range,
elevation, and azimuth bias.

TACAN data includes: TACAN channel number, geodetic latitude, longitude, alti-
tude of station above reference ellipsoid, altitude of ellipsoid above mean sea
level, magnetic variation, and bearing and range bias. (Bias values are
currently constrained to zero.)
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Which of the available minitables is used in OPS 3 or 6 depends upon the se-
quence of OPS transitions which have occurred or upon crew changes to the Land-
ing Site Update function on the UNIV PTG display in OPS 2. In OPS 1, the RTLS
minitable is loaded. If an RTLS is selected, the RTLS minitable is immediately
available. Note that the RTLS minitable has one runway and two TACAN's at the
TAL landing site (for STS 6, DAKAR, SENEGAL). Thus the capability to perform
the manual contingency TAL procedure (used when a transition to OPS 3 cannot be
done such as when 3 main engines fail) is preserved. The AOA minitable is
loaded when the GPC's are transitioned directly from OPS 1 to OPS 3 unless a TAL
has been selected before Main Engine Cut Off (MECO). In this case, the TAL
runways overwrite the AQA runways although the selected TACAN stations remain
unchanged. The AOA minitable is designed, then, to provide TACAN coverage for
either AOA or TAL. In the nominal case, when the GPC's are transitioned to OPS
2, the nominal EQM minitable is loaded. While in OPS 2, the crew has the
capability to select a different minitable using the landing site update
capability (discussed later). Whichever minitable is selected in OPS 2 (nominal
EOM or contingency) is then carried over to OPS 3. A transition from OPS 3 back
to OPS 2 will reinitialize the selected runway to the nominal EOM table.

Figure 5-2 shows the available STS 6 minitables.

W
[Y-]
.9.’%;‘711&
£ TT | = LG TONY 1 TORY S
19, 20, 2 R7LS Aoa ™w [1.] xS KAD/MML SPAIN/EDM NOR
1.2,3 68, 8 7,8,9,10 | 11,12, 13, 14 | 1S, 16, 17, 18
Ru-PRY | EOW 22 xSC1s | eow 2z | vor o1 | £ow 22 KSC 1§ KAD 05 AGG 10 YOF 1§
R.SEL | EOM 17 ksC 33 | Eowi7 | vor 19 | mom 17 KSC 33 KAD 23 AOG 28 R 3§
WAl | MOR 1T voF 31 [ wom 17 | 06 26 | EOM 23 0F 01 we 08 €0w 15 w23
an, 2¢ EDv 04 MR 08
ws PR 8 [ [] " S ) [} a0 LY o s
mS SEC ] 6 ] [] 6
of et €ov i3l COF 97 | vor 68 | vor 88 | Eow 111 TS 534 KAD §7 A% 23 G 69
™w 2 G 69 YF 78 €0w 11| EOW 111] SWG 89 ¥ w100 YOF 68
0 (O OMY)
™ 3 YOF 68 | s 69 | e 69 OF 68
G| Tac e O 92 Trsse [vrrs | s | mpo9z CoF 97 LYC 98 0 9 92
R g5z | w92 XN 86 ¥ 18
4 A06 3 | A0 23
Figure 5-2. STS 6 Landing Site Data Chart
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In OPS 2, the crew can create a contin ency minitable, if necessary, with items
25, 26, and 27 on the UNIV PTG display ?figure 5-3). These items allow input of
the primary, secondary and alternate runways identifiers found in the OPS 2
maxitable. The identifiers which can be entered by the crew range from 1 to 18.
In figure 5-2, these numbers are listed under the CONT X runway name. For ex-
ample, runway identifier 4 goes with KSC 15, identifier 16 goes with NOR 35.
The nominal EOM runways and the associated minitable are specified with items
19, 20, and 21. These identifiers cannot be re-input to the UNIV PTG display
once changed. Thgy_can only be reinitialized back to the initial values of 19,
20, 21 upon transition OPS 2 — 3~ 2. However, the nominal EOM minitable can
usually be created by the appropriate selection of PRI, SEC and ALT runways.

2011 s
CUR MNVR COMPL 10 201 00
‘1 START TIME 002/10e10s00

% oozrioseon )

w0 002/10615000 o

MNVR OPTION  START MNVR 18%. . = °F
R I10.3 - UUYRK 19

SR
6 P 20i.1 ~ROT 20
. TvYoesiz - stoP. 2t
. TRK/ROT OPTIONS  ATT MON
8 TGT 102 . . 22 MON AXIS { +X
. ERR TOT 23%
ERR DAP 24 ..
N ROLL _PITCH  YAW
CUR_ 110.90 '205.10 020.00

110.30 201,10 005.20"
: +000. 50 ~006.00 +15.00:
RATE . .#00.2 - ~00.2+03.0

427 ALT 21 NOR1

Figure 5-3. UNIV PTG Display - LDG SITE UPDATE
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To aid the crew in loading a contingency minitable in OPS 2, the Deorbit Prep
Checklist contains a Landing Site Data Chart (figure 5-4).

Updating the primary runway in the minitable with a runway from the maxitable
does three things:

1. Runway data for the new runway is transferred to the minitable
2. If the runway has MLS data, then the data is transferred

3. TACAN station data is transferred for the set of TACAN's in the column
below the selected runway.

Updating the secondary runway in the minitable does two things:
1. Runway data for the new runway is transferred to the minitable
2. If the runway has MLS data, then the data is transferred.
Updating the alternate runway in the minitable transfers only runway data.

It is important to note that the choice of the primary runway completely con-
trols the selection of TACAN stations for the minitable. Since the minitable
holds three runways but only one set of ten TACAN stations, the runways should
be from the same geographic area to provide TACAN coverage. The maxitable has
the runways arranged in columns by geographic area for this purpose. In the
case of CONT minitables 3 and 4, in figure 5-4, there are runways from two
different geographic areas grouped together.

Notice that the CONT 3 minitable includes TACAN's for Kadena and for Hawaii.
Selection of any runway in that column as the primary runway will result in all
TACAN's in that column being transferred to the minitable. In the CONT 4 mini-
table, two contingency runways at Edwards AFB are grouped with the runways at
Rota, Spain; however, the TACAN's are for Rota. .

It also would be possible for the MCC to uplink changes to the OPS 2 maxitable,
although this capability is usually limited to replacing failed TACAN ground
stations or inputting data for a contingency landing runway not already con-
tained in the on-board tables. A transition from OPS 2 to OPS 8 and back to
OPS 2 does not affect any changes made to the Mini/Maxi tables. On the other
hand, a transition from OPS 2 to OPS 3 and back to OPS 2 retrieves the original
maxitable and clears any uplinked changes. The MCC can also uplink changes to
the minitable in OPS 3.
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NOTES:

« Landing site updates are made to PASS by Items 25, 26, & 27 (OPS 2) GNC UNIV
PTG display and BFS by Items 6, 7 & 8 (OPS 3) GNC 51 OVERRIDE display

.+ Minitable runways cannot be entered on the PASS display by [TEM entry.

. If no changes are made in OPS 2, the Minitable EOM sites are automatically
loaded; BFS EOM should match.

- The TACANs for the landing site are established by Item 25 (ITEM 6, BFS) PRI
RWY. If you choose a PRI RWY from the Maxitable, the TACANs listed in that
column will be loaded.

5. MLS is supported only in the PASS for the PRI and SEC slots and cannot be

uplinked. If an Item 25 or 26 PRI/SEC RNY is selected from the Maxitable, the
associated MMLS coordinates (if any) will be loaded.

- W -

Figure 5-4. STS 6 Landing Site Data Chart - D/0 PREP Checklist
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Any TACAN station in the minitable can be used if it is manually selected with
the TACAN thumbwheels while in the T/R mode. Typically, the TACAN selected via
T/R is the prime TACAN for a landing site. Only TACAN stations in slots 4

through 9 can be used by the automatic logic in the GPC mode. On the D/0 PREP
C/L Landing Site Data Chart, the TACAN's that will be used if GPC is selected (" souvos: BFS OVERRIDE rd S0V/0le20000 )
are indicated by the "GPC" annotation. This feature can be used in case of a égg l122 3
TACAN ground station problem. There are several items of interest regarding the
TACAN station listings. TTS 59Y is the prime TACAN ground station at KSC. A __VENT DOOR CNTL 4 _
TACAN station with a "Y" in its identifier will appear as "-59" on the HORIZ SIT e e A
display. All of the other TACAN stations in the tables have no minus sign, so . ’ S e i .ABORT t4
their ID numbers are followed by an X. For example, the mobile station at COOATETE G SR 48 EBVB2 ek ot 2¢
Northrup is 1isted as SNG 69 which means that its ID number is dialed in as *069 8 ALT 21 NORIT: g
X," and on the HORIZ SIT display it would appear as “0639." Ancother point of - Er sep ) : W =
interest {s that the Dakar Station YF 78 is only a OME, i.e., only range infor- ’ AUt 9
mation can be acquired instead of both range and bearing. T SEP 10
ET U8 DR
5.2 BFS LANDING SITE UPDATE CLOSE 11
The BFS landing site update capability is somewhat different than in the PASS.
The contents of the maxitable for the BFS are the same as in the PASS with the . o PR L  pes 18
exception that no MLS data is included. However, as all BFS OPS are loaded pre- ) I i ST
flight in the BFS GPC, all of the maxitable data is resident im the BFS \\k : ) o *f‘)
throughout the flight. The crew capability to select a contingency minitable is

available in OPS 3 via the BFS OVERRIDE display (figure 5-5). This functions as
in the PASS. The crew can only enter runway numbers 1-18 to the diiplay. al-
though the nominal EOM runways will appear with identifiers 19, 20, 21, the AOA s .
runwgys will have identifiers 22, 23, 24, and the TAL runways will have identi- Figure 5-5. BFS OVERRIDE Display - LAND SITE UPDATE
fiers 25, 26, 27. As in the PASS, the crew can select Primary (PRI), Secondary
(SEC), and Alternate (ALT) landing sites from the selected minitable via the BFS
HORIZ SIT display (figqure 5-6). Pre-engage, however, the BFS "listens” to

changes to the PASS HORIZ SIT display via ITEMS 3, 4 and 5 and thus will auto- 4 ' ) “\
matically stay consistent with the PASS. Note t'hat if the PASS minitable is 3vose HORIZ SiT ,ré %’8&?3}5‘3
modified by the crew via landing site update in OPS 2, the crew will need to ALTH NAV DELTA
repeat the procedure for the BFS after the BFS OPS 3 transition. S 972892 X 10

As with the PASS, a specified minitable is loaded in the BFS following certain
0PS transitions. Initially in OPS 1, the RTLS minitable is loaded. A transi-
tion from OPS 000 to Major Mode 301 results in the nominal EOM table. A transi-
tion from Major Mode 105 or 106 to 301 results in the AOA table. A transition
from 104 (i.e., pre ET SEP) to 301 results in the TAL table.

Also, as in the PASS, selection of a different runway to go in the PRIMARY run-
way slot in the LAND SITE UPDATE items on BFS OVERRIDE governs the selection of
TACAN stations.

Figure 5-6. BFS HORIZ SIT Display - Runway Designation
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5.3 LANDING SITE UPDATE EXAMPLE

In OPS 2, the UNIV PTG display 9initfally shows the I-loaded nominal EOM
minitable. _
LDG SIT UPDATE
25 PRI 19 EDW22
26 SEC 20 EDWL?
27  ALT 21  NOR17

If a decision were made to do a contingency landing at Kadena Air Base, the
following CRT entry might be made.

ITEM (25) + 7 EXEC
The runway identifier for KADOS is 7. The entry above loads KADOS as the
primary runway. [t also Toads the set of TACAN's listed below KADOS in calumn 4 of
figure 5-4. This set includes TACAN's for Kadena and Hawaii and all are loaded

in the minitable. There is no MLS data for KADOS and so no MLS data is
transferred.

The runway identifer for KAD23 is 8 and the entry below loads it as the second-
ary runway.
ITEM (26) + 8 EXEC

There are only two maxitable runways in the Kadena area, so there is no point in
updating the alternate runway.

The UNIV PTG display would now show:
LDG

SIT UPDATE
A 25 PRI 7 KADOS
N 26 SEC 8 KAD23
27 ALT 21  NORLZ

After proceeding to OPS 3, the HORIZ SIT display would show:

RWY

KADOS 3*
KAD23 4
NOR17 §

Since the update was done in OPS 2 (and can only be done in OPS 2 in the PASS),

the BFS will not have the same runways in its minitable. To update the BFS land-

ing site, the BFS is moded to OPS 301 and the BFS OVERRIDE display is called.

T0212/A221 5-10

The display initially will show the nominal EOM table:

LAND SITE 6 PRI 19  EDW22
UPDATE 7 SEC 20 EDW17
8 ALT 21 NOR17

The crew then would do an ITEM (6) + 7 EXEC to load KADOS as the primary runway.

This loads the TACAN listed in the CONT 3 minitable (figure 5-4). The runway

identifier for KAD23 is 8 and the entry below loads it as the secondary runway:
ITEM (7) + 8 EXEC

The OVERRIDE display would now show:

LAND SITE 6 PRI 7 KADOS
UPDATE 7 SEC 8 KAD23
8 ALT 21 NOR17
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SECTION 6
BFS NAVIGATION DELTAS

The following
navigation:

is a summary of the differences in BFS navigation from PASS

1. Single state nav is used throughout mission
2. PASS to BFS state vector transfer capability
P Ras croe perforn 3 PASS/BFS SV XFER insread of dieectly T intine oo
BFS.
3. BFS entry nav management
e ADTA-H and TACAN kept in INHIBIT to avoid possible state vector

degradation due to sensor errors. PASS to BFS state vector transfer
will be done as required to keep BFS state vector within tolerance

% 4

e ADTA TO G&C placed in AUTO to be prepared for potential engage
e If ADS unavailable, NAVDAD only (no default air data)
o No MLS
4. Landing site update capability available in OPS 3 on BFS OVERRIDE Display
e Same minitables as PASS (no MLS data)

¢ BFS "listens" to changes made to PRI, SEC, ALT RNWY selection on PASS
HSD

5. No orbit or rendezvous navigation.
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SECTION 7
NAVIGATION CRT DISPLAY DESCRIPTIONS

In the foliowing subsections, the primary CRT displays used with the navigation
system will be described. Only those items or parameters related to nav wiil be
included. The CRT displays to be covered include:

o  HORIZONTAL SITUATION (PASS)
e HORIZONTAL SITUATION (BFS)
e OVERRIDE (PASS)
e BFS OVERRIDE
o  RELATIVE NAVIGATION (PASS)
® S TRK/COAS CNTL (PASS)
7.1 HORIZONTAL SITUATION (PASS) SPEC SO

This CRT display provides Orbiter position and heading information with respect
to the ground plane. It is also used to select primary, secondary or alternate
runways and to manually load delta state vector updates. Also, it s used to
monitor TACAN performance. In addition, the crew uses this display to monitor
and control the Kalman filter with respect to drag altitude, ADTA, and TACAN
data (see figure 7-1).

7.1.1 Runway Designation. The display has a runway designation data field that
shows the designated landing site (RWY). Crew controls are also provided to
allow the crew to redesignate the intended landing runway. The primary runway
(Item 3), the secondary runway (Item 4), and the alternate runway (Item 5) are
indicated by displaying the appropriate mnemonic. If the display is called up
in MM 301-303, an "*" indicator will be displayed initially by the primary run-
way (Item 3) and thereafter shall reflect crew inputs.

7.1.2 Delta State Vector Update. Items 10 through 15 provide the capability to
enter delta position and velocity components in runway coordinates. Only com-

ponents requiring update need be entered, the remaining components being zeroed.

Item 16 (LOAD) provides the capability to execute a delta update to the navi-
gated state of the Orbiter using the data entered in Items 10 through 15. Upon

completion of the delta update by NAV, these items and their associated buffer
shall be zeroed.

Item 18 (A T) provides the capability to update state vector downtrack errors
by means of adding or subtracting a delta time in seconds. The update is per-
formed after a time value is entered via Item 18 (A T) and verified, followed
by the execution of control Item 16 (LOAD). The delta time display field is
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zeroed when the display is first called and will be rezeroed upon completion of
a delta time update by Entry Navigation. Item 18 is legal in OPS 3 only. Exe-
cuting this item in any other OPS will cause an ILLEGAL ENTRY message to be
generated.

Item 17 (PASS/BFS SV XFER) does not appear on the PASS display and is illegal in
the primary system. Any attempt to execute this item in the PASS will result in
an “ILLEGAL ENTRY" message.

7.1.3 Nav_Filter Controls. The RESID column contains the residual data value
for each component of each data type that is being processed by the Nav filter.
The residual is formed in navigation by subtracting the Nav estimate of the data
from the selection filter output of the data. (It should be noted here that
navigation uses the composite data output from the selection filter as inputs to
the navigation filter so that no distinctions are made as to the LRU source of
the data to the nav filter. In the two-LRU cases, the LRU data is averaged so
that the data cannot be distinguished as to LRU.) The residual value gives the
crew an indication as to how well the data and the nav estimate of the data
agree. However, this data alone cannot identify whether the data or the nav
estimate of the data is in error.

The RATIO column contains the edit ratio computed in navigation as the ratio of
the data residual to the maximum allowable residual. If this ratio is less than
one, the residual edit test performed by navigation on the data is passed, and
the data is subsequently used to update the state vector. If the data fails the
residual edit test, the ratio will be displayed as a number equal to or larger
than one and will not be used to update the state vector. Thus, the edit ratio
and the ratio parameter status indicators give the crew an indication of whether
a particular data type is being incorporated into the state vector. The resid-
uals and edit ratios are computed by navigation for each nav cycle and are
available for display. When data is not being processed by the nav filter, the
residual and ratio data fields for that parameter shall be blanked. A parameter
status indicator column to the right of the RATIO will contain a down arrow and
will disappear when the edit test is passed by a predefined percentage of "Good"
data. The parameters defining percentage of "Good" data are I-loaded.

There are three filter control options: Auto (AUT); Inhibit (INH); and Force
(FOR), which the crew can exercise on three data types: TACAN (TAC AZ and RNG),
drag altitude (DRAG H), and baro altitude (ADTA H) to update navigation. Items
19, 22, and 25 (AUT) allow navigation to automatically select data to be used if
it passes the edit test. Items 20, 23 and 26 (INH) preclude updating the state
vector with the RM-selected data, but this data is used to generate the dis-
played residual and ratio values. Items 21, 24, and 27 (FOR) override the edit
and force the data to be used to update the state vector if the data is being
processed by the nav filter, Items 19-21, 22-24, and 25-27 are mutually
exclusive. An asterisk(*) appears next to any Item (19-27) that has been se-
lected. The display will be initialized with Items 20 (INH), 22 (AUT) and 26
(INH) selected.

Items 28-30 provide control over the source of air data parameters to Guidance

and Flight Control. Item 28 (AUT) provides auto transition from Nav-derived air
data to ADTA. Item 29 (INH) inhibits the ADTA data. Item 30 (FOR) forces the
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use of ADTA data. These items are mutually exclusive. The display will be
initialized with Item 29 (INH) selected.

7.1.4 TACAN Management. The TACAN channel of the ground station that TAC 1, 2,
and 3 are Tlocked onto or are attempting to lock onto is displayed. TACAN
azimuth and range shall be displayed for the TACAN's in either absolute or delta
values as selected by Items 34 or 35, respectively. Items 34 and 35 are
mutually exclusive and an "** will be driven next to the item selected. A
parameter status findicator column is provided for the azimuth and range of each
TACAN. A blank in the column indicates normal operation. A down arrow will be
displayed if the parameter is declared failed by RM. An "M" will be displayed
if data is missing. A *?" will be displayed if a dilemma is declared by RM.

Items 31-33 provide the capability for each TACAN to be deselected or reselected
for use by the Selection Filter. Deselection of a TACAN will prevent RM from
using its range and azimuth as inputs to the selection filter. ODeselection will
be indicated by an asterisk adjacent to the DES item number and down arrows in
the range and azimuth parameter status indicator columns. When RM declares
either range or azimuth failed on an LRU, a down arrow will be displayed in the
parameter status indicator column. In order to reselect and use this parameter
again, the LRU has to be deselected and then reselected. The word “TEST" will
be displayed if a self test is being conducted to resolve a dilemma. The first
time the display is called in OPS 1, all TACAN's shall be initialized selected
and shall thereafter reflect crew inputs.

During Major Modes 601, 301, 302, and 303 the TACAN azimuth and range data and
the associated parameter status indicators for TAC 1, 2 and 3 shall be blanked.
When the DELTA values for TACAN data display have been selected and a TACAN
channel selected is invalid, the azimuth and range data and associated parameter
status indicators for that TACAN shall be blanked in Major Modes 602, 603, 304,
and 305.

7.2 HORIZONTAL SITUATION (BFS)/SPEC 50

The HORIZ SIT display (HSD) in the BFS is similar to the PASS HORIZ SIT display
(figure 7-2). Additional capabilities include the PASS/BFS SV XFER and the
capability to monitor certain entries to the PASS HORIZ SIT display (called
Display Keyboard data bus (DK) listen). The delta between the displays will be
described in the following subsections.

7.2.1 Runway Designation. The runway designation ftems (Items 3,4,5) on the
BFS display function as in the PASS. In addition, the BFS will DK-listen to
these items from the PASS assuming the BFS 1is tracking the PASS (normal
situation).

This means that if the crew makes a keyboard entry to the PASS HORIZ SIT display
(HSD) to redesignate runways, the BFS HSD will also automatically reflect the
change.
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7.2.2 Delta State Vector Update. Items 10-15 and Item 18 are used as in the
PASS for making deTta state vector updates (see 7.1.2).

Item 17 (PASS/BFS SV XFER) provides the capability to command the BFS to read
the PASS state vector information and display the deltas in UVW coordinates be-
tween the PASS and BFS state vectors in Items 10-15. If Item 16 (LOAD) is then
executed, the BFS state vector will be updated by the
gated to BFS current filter cycle time). An asterisk will be dispiayed next to
Item 17 to enable the PASS to BFS state vector update via Item 16. The asterisk
is reset when nav has completed the required state vector update or when the
Crew re-executes Item 17 which disables the PASS to BFS state vector update and
zeroes the deltas in Items 10-15.

Item 16 (LOAD) provides the capability to execute a delta update to the navi-
gated state of the Orbiter using the data entered in Items 10 through 15. It
also provides the capability to perform a PASS to BFS state vector transfer
using Item 17. Upon completion of the delta update by NAV, these items and
their associated buffer shall be zeroed.

7.2.3 Nav_Filter Controls. The nav filter control items, ITEMS 19-30, work
similarly as the PASS items (section 7.1.3). The only difference is that ADTA
to G&C is initialized in AUTO (ITEM 18).

7.2.4

TACAN Management. The TACAN channel of the ground station that each of
TAC 1, Z, and 3 1s Tocked onto or attempting to lock onto is displayed. The
sign of the channel is determined by the X/Y mode select bit, X mode being

positive. The absolute value of TACAN azimuth and range shall be displayed for
the three TACAN's.

A parameter status indicator column is provided for the azimuth and range of
each TACAN. A blank in the column indicates normal operation. A down arrow
will be displayed to indicate manual deselection of a TACAN via Items 31, 32, or
33, loss of lock, a commfault, loss of power, or self-test in progress. The
down arrow will be blanked if a TACAN is reselected via Items 31, 32 or 33, if
lock-on is reacquired, if the commfault is cleared, power is restored, or if the
self-test terminates.

Items 31-33 provide the capability for each TACAN to be deselected or reselected
for use by the selection filter. Deselection will be indicated by an asterisk
adjacent to the DES Item Number (31, 32, 33) and down arrows in the azimuth and
range parameter status indicator columns. The display shall be initialized with
all TACAN's selected upon entry into OPS 1 or OPS 3 from OPS 0 and shall there-
after reflect crew inputs. If a TACAN is manually deselected in the PASS it
must also be manually deselected in the BFS as Items 31-33 are not DK listened.

During Major Modes 601, 301, 302, and 303, the TACAN azimuth and range data for
TAC 1, TAC 2, and TAC 3 shall be blanked since lock-on cannot be achieved.
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PASS state vector (propa--

7.3 OVERRIDE (PASS)/SPEC 51

This display is used during OPS 1, 3, and 6 to allow the crew to deselect or
reselect an ADTA or IMU LRU in solving an RM dilemma or to force RM to recon-
sider a previously deselected LRU (figure 7-3).
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Figure 7-3. PASS OVERRIDE Display
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For each of the four ADTA LRU's, data is cyclically displayed to the crew to
allow them to determine whether an LRU failed by RM is in agreement with the
other LRU's and should be reselected and to aid in solving RM dilemmas. This
data includes altitude in feet, angle of attack in degrees, and Mach number. A
parameter status column after the LRU ID number shall be blank for normal opera-
tion, display a down arrow for an RM declared failure or crew deselection, dis-
play a question mark for an RM diiemma, or an "M" for missing data. There are
four item numbers which allow the crew to reselect an LRU for use by the ADTA
selection filter. These items are legal in MM 304, 305, 602 and 603. Execution

of these items in OPS 1, MM 301, 302, 303 or 601 will result in an ILLEGAL ENTRY
message.

For each of the IMU LRU's the following data is displayed cyclically to the crew
to aid in solving RM dilemmas. A parameter status column is provided after each
LRU ID number that shall be blank for normal operation, display a down arrow for
an RM declared failure or crew deselection, display a question mark for an RM
dilemma, or an "M" for missing data. The STAT column displays the output of
Buiit-in-Test Equipment (BITE) Status word (hardware and software). The STAT
column will either be blank for normal operation or display “BITE" to indicate a
problem detected in the LRU. The ATT column has two parameters displayed, in-
cluding which IMU is selected for use and whether the IMU data is good or not.
There are three item numbers which allow the crew to reselect an LRU that has

been declared failed by RM or to deselect an LRU for use by the IMU selection
filter.

When an ADTA or IMU has been declared failed by RM, a down arrow will be dis-
played in the status column and an asterisk will be driven after the
deselect/select item number to indicate that the LRU is failed and deselected.
If the deselect/select ftem number is then executed, the LRU will be reselected
and the down arrow and asterisk removed and the fail bit in RM is reset such
that this LRU is used by the selection filter until such time that RM declares
it failed again. If an LRU is deselected that is in a normal state or in a
dilemma an down arrow will be displayed in the status column and an asterisk
driven after the deselect/select item number.

The display will be initialized each time it is called with the current state of
the LRU's that are deselected or selected. If no previous failure had occurred
prior to calling this display in OPS 1 or 6, the display would show all LRU's
selected. I[f an LRU was deselected during OPS 2 or 8, this LRU would still be
deselected when this display is called in OPS 3. Ouring OPS 1, the ADTA data
will be blanked.
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7.4 BFS OVERRIDE/SPEC 51

The BFS OVERRIDE display (figure 7-4) provides the capability to control the
se1ect1gn or deselection of an IMU for use fn the IMU RM. It is available in
oPS 1, 3 and 6.

Items 1, 2, and 3 provide the crew with the capability to select or deselect an
IMU LRU for use by IMU RM. Execution of any of these items will cause the
associfated IMU to be deselected. An asterisk(*) is displayed beside the item
number indicating deselection. The capability exists to re-select an IMU for use
in RM although reselection of an IMU will not upmode the BFS IMU selection logic
to the 3-level, in which the mid value selection s done. Re-selection is
accomplished by re-executing the assocfated DES item. This action will also
cause the asterisk to be blanked. Items 1, 2, and 3 are active in OPS 1, 3, and
6. They are initialized blank and will thereafter reflect the current
select/deselect state as modified by crew entry.
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Figure 7-4. BFS OVERRIDE Display
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7.5 RELATIVE NAVIGATION/SPEC 33

The REL NAV display provides data and controls for on-orbit/rendezvous naviga-
tion operations with the S TRK, RR, and COAS. On-orbit/rendezvous nav filter
controls and state vector management controls are provided to allow manual con-
trol of navigation data from the S TRK, RR, or COAS depending on which instru-
ment is being used. Thrust monitoring and the capability to enable the software
to use the Ku-band for the rendezvous radar are also provided (figure 7-5).

@ The relative motion information portion of this display is divided into two
sections: current navigated relative state information, and relative motion
parameters provided by the radar system. The following current navigated
relative state information will be displayed if RNDZ NAV is enabled and up-
dated every two seconds until the display is terminated via crew command. If
RNDZ NAV is not enabled, these parameters will be blanked.

a. Line-of-sight range (kft) between vehicles

b. Range rate (fps) - the sign convention is negative for a closing rate and
positive for an opening rate

C. The angle between the projection of the Orbiter tracking body vector (se-
lected on UNIV PTG) into the orbit plane and the local horizontal plane
(0 to 360 degrees).

d. QOut-of-plane position - the current perpendicular distance between the
Orbiter and the orbital plane of the target vehicle (kft); positive along
the negative angular momentum vector of the target.

e. Out-of-plane velocity - the current rate at which the Orbiter is moving
relative to the target orbital plane (fps); positive along the negative
angular momentum vector of the target.

f. Time of the next Orbiter/target orbital nodal crossing (MET-hr:min:sec).

14

TD212/A221 7-10

Y
NODE 10y 301 01 WR +0. 1
( :)\\ L

( 2011/03%/ REL NAV

[~ RNDZ NAV ENA 1# SV UPDATE
8 KU ANT  ENA 2% POS 00.01
| MEAS ENA 3 VEL 10.01

NAV
g gx SEL 4 FLTR RR GPC

G 200.000 RNG  205.000
—% ¢ 5.00 R +5. 100
10.00 EL +10.0
y 0.00 A +0.5

0.01 wpP +0. 1

]
S_TRK 12* RR 13 COAS 14
STAT OFFSET X +1.2

T SLOW RATE 15 Y -0.3

—— COVAR REINIT 16 RATIO "é‘;'; PI‘QIESJT
RESID A

—% NG +00.50 0.2 4 1

R +00. 20 0.2 4 2

V/EL/Y +1.00 0.2 15 1

H/AZ/X +1.20 0.3 15 1

\—

1 001/00s 20: 00 \

001/10: 20: 00 @
AVG G ON 0 %0‘
AVX +10. 00
AVY +00. 00
AVZ +00. 00
AVTOT 10. 01

RESET COMPNT 6

A
FLTR MINUS PROP

PQOS
VEL

FLTR TO PROP 8
PROP_TO_FLTR 8

ORB TO TGT

T
DIT OVRD
auf

INH  DOR
17 18+ 19
20 21 22
23 24+ 25

00. 50
00. 20

1

1

J

Figure 7-5. REL NAV Display
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Item 4 allows the crew to control the source of the navigated relative state
data being displayed. The display is initialized with the data being derived
from the “propagated" state vector, i.e., a navigated state vector that is
not updated by the RNDZ NAV filter. This is indicated by the text PROP dis-
played next to item 4., Execution of item 4 changes the source of the navi-
gated relative state data to the “filtered” state vector, i.e, a navigated
state vector that incorporates RNDZ NAV filter data. This is indicated by
the text FLTR displayed next to item 4. Item 4 acts as a flip-flop, alter-
nately selecting the "propagated* and "filtered* state vectors as a data
source. Item 4 controls the source of navigation data to the Universal
Pointing specialist function and on-orbit guidance as well as the display.

The following current radar relative state information is initialized upon
display callup and subsequently updated once per second until the display is
terminated via crew command. A status symbol is provided to the right of
each parameter as follows: a down arrow indicates loss of good data; “M"
indicates that the radar system {is in the COMM MODE or commfaulted; and a
blank indicates that the data is good. The appropriate parameters are
blanked if the radar system is not operative or if a specific parameter has a
commfault associated with the data:

a. Line-of-sight range (kft) between the vehicles

b. Range rate (fps) - sign convention is the same as for the current navi-
gated state above

¢. Pitch position (elevation) of the radar antenna gimbal relative to its
null position (+90 deg); positive sense - antenna motion toward the +X

Orbiter axis

d. Roll position (azimuth) of the radar antenna gimbal relative to its null
position (+180 deg); positive sense - antenna motion toward the -Y
Orbiter axis

e. Pitch inertial angle rate (+ mr/sec); positive sense - antenna motion
toward the +X Orbiter axis (mr = milliradian)

The status of the radar system is displayed next to "RR." The status desig-

nation are discussed in detail in the KU RADAR 2102 lesson. In summary they

will be one of the following:

a. STST - Self test in progress. Any of the following status indicators
will be overridden by self-test.

b. COMM - Panel A7 Mode switch is in the COMM position indicating that the
Ku-band antenna is being used for communications instead of as a rendezvous
radar,

¢. GPC - The antenna steering switch is in the GPC position. Antenna point-
ing and search are under GPC control and the manual slew switches are
inhibited.
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d. GOSG - The antenna steering switch is in the GPC DESIG position. Antenna
pointing and inertial stabilization are under GPC Control. The manual
slew switches, programmed search function, and RF angle tracking are in-
hibited.

e. ATRK - The antenna steering switch is in the AUTO position. Antenna
pointing is done via the manual siew switches, which are disabled when RF
angle track is achieved.

f. MSLW - The antenna steering switch is in the MAN SLEW position.
pointing is done via the manual slew switches.
inertial stabilization are inhibited.

Antenna
RF Angle track and

This display contains data and controls required to monitor and select the
sensors to be used for angular data by the rendezvous filter in state vector
propagation (Items 12, 13, 14). The S TRK, RR, and COAS angle data are
mutually exclusive; i.e., if the RR is selected, the appropriate item number
will be tagged with an asterisk and the previously selected S TRK or COAS
will be deselected and the appropriate asterisk blanked. Upon initial dis-
play call-up, the S TRK shall be selected. The appearance or removal of an
asterisk will have a time delay depending on the RNOZ NAV processing rate.

This rendezvous angle sensor block contains other information used to monitor
S TRK and COAS operation. The “status" remote text readout indicates the
currently selected S TRK status (-Y or -Z S TRK previously selected to the
Target Track Mode on the S TRK/COAS CNTL display) and will display the
following:  (blank), ST FAIL, ST PASS, NO TARGET, FALSE TRK, OUT FOV, HI
RATE. A separate status display field provides a "BITE" indication on the
selected S TRK. Also displayed are two offset angles that represent the dis-
placement of the target being tracked by the -Z S TRK in the -Z COAS FOV.
This offset data is driven only when the -Z Star Tracker has been selected
for efther the Star Track mode (Item 4) or the Target Track mode (Item 6) on
the STRK/COAS control display. Otherwise, the dispiay is blanked.

On-Orbit/RNDZ NAV filter data, status, and controls are also displayed.
Since only a single instrument (RR, S TRK, or COAS) may be used at a time to
supply angle data, the angle data being displayed is only for the instrument
selected. RR range and range rate data are always available to nav as long
as their respective "data good" indications are present. RR range and range
rate data and S TRK, RR, or COAS angle data are used to update the state if
the respective data pass a residual edit test in nav. Data from the RR and S
TRK are automatically requested by nav for processing. COAS marks are exe-
cuted manually by the crew centering the target in the COAS FOV and pressing
the "ADI ATT REF" pushbutton. When the COAS is selected for input to nav,
the computation of a new ADI reference is inhibited.

The residuals formed in nav by subtracting the nav estimate of the measure-
ment from the cbserved measurement are displayed for RR range and range rate
and S TRK, RR, or COAS angle parameters for the instrument selected.

The ratio is computed by the on-orbit rendezvous navigation software and is
displayed and used for editing bad data. The edit test for the processing of
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measurement data is computed in one of two ways, depending upon the status of
the force control on the REL NAV display. The nominal residual edit test is
applied when the force control is "OFF". The edit test criterion is relaxed
when the force control is "ON". Data passing the residual edit test is used
to update the state vector and covariance matrix. If the data fails the
residual edit test, the residual and ratio data will be displayed but the
data will not be used in the update process. Residual and ratio data are
blanked anytime RNDZ NAV is inhibited.

MARK HIST data are also displayed. This data reflects the number of NAV
marks that have been accepted or rejected for a data type by the NAV filter.

A status indicator on the rejected data is driven as a down arrow when an
"I-loaded" number of sequential marks are rejected and removed when the mark

is forced and accepted or an “l-loaded" number of sequential acceptable
marks occur. The ACPT/REJ counters are reset to zero when a target or
orbiter state vector is changed by wuplink or by the crew; a

target-to-orbiter, Orbiter-to-target or PROP TO FLTR state vector transfer is
performed; rendezvous navigation is enabled; a covariance matrix
reinitialization is performed; or after a delta velocity burn. The ACPT/REJ
counters for angle data are also reset to zero whenever the input data source
is changed (e.g., COAS marks are selected in place of S TRK marks). The
ACPT/REJ counters are blanked when RNDZ navigation is inhibited.

There are three crew controls each for range, range rate, and angle data
which provide Auto (AUT), Inhibit (INH), and Force (FOR) capability. When a
crew selection is made, an asterisk is driven after the selected item number.
The appearance or removal of an asterisk will have a time delay depending on
the NAV processing rate. The AUT, INH, and "FOR" functions are mutually
exclusive for any one parameter set (i.e., V/EL/Y, H/AZ/X, RNG, R DOT); con-
sequently, an asterisk may never be tagged to more than one of these three
items simultaneously. When the display is initially called, the "INH" item
numbers will be automatically selected. The "INH" function causes data to be
presented to the filter for processing in order to generate residual and
ratio data for display, but it will not be used to update the state vector
nor will the reject counter be incremented. The "AUT" function allows for
automatic processing of data in the nav filter. The “FOR" function will
relax the edit test criterion based upon the value of the residual ratio from
the last data point. Oata will be processed if the current residual passes
the new edit test criteria. The “FOR" function, when executed, stays in
effect only for the next data point. Then control reverts to the previously
executed function (either "AUT" or “INH"). The asterisk will be driven in
the “FOR" column for only one nav processing cycle.

Two parameters, SV UPDATE POS and VEL, display the magnitude of the change to
the filtered data vector position (POS) and Velocity (VEL) made by the
Rendezvous Nav filter in the last computation cycle.

Also included on the display is a single item control (Item 15) that allows
the crew to switch the rate at which rendezvous navigation processes marks.
Execution of this item causes the other rate to be used (i.e., a flip-flop).
An asterisk is displayed next to item 15 when navigation is processing marks

Q:)A translation thrust monitor capability is also provided.

®@
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at the slower rate. The appearance or removal of the asterisk will have a
time delay depending on the processing rate. If rendezvous navigation is not
enabled, execution of this item will be illegal. This item is being made
nonfunctional as it has been determined that it is not necessary.

Item 16 (COVAR REINIT) provides the control for reinitialization of the co-
variance matrix. An asterisk(*) will be driven next to this item number
while the covariance matrix is being reinitialized. The appearance or
removal of this asterisk will have a time delay depending on the nav process-
ing rate. The asterisk(*) will be displayed for one nav cycle. This cap-
ability is required in addition to the reinitialization which occurs whenever
rendezvous navigations is enabled. If rendezvous navigation is not enabled,
execution of this item will be illegal.

Item 5 provides the capability to initiate and terminate powered-flight navi-
gation (AVG G) for thrust monitoring in MM 201. This item control is legal
only in MM 201. An asterisk will be driven after the item number when
powered flight navigation is enabled. The display will be initialized with
powered flight navigation ON each time MM 201 is entered. In Major Mode 202,
powered-flight navigation will be enabled and an asterisk will be displayed
after Item 5 whenever the display is called. The appearance or removal of
the asterisk will have a time delay depending on nav processing rate.

Four digital
counters (registers) are used to accumulate total velocity gained and the
velocities gained along the respective X, Y, and Z body component axis. The
component registers increment and decrement according to the sense of the
velocity change. The total velocity register accumulates all body axis
velocity changes and only increments, regardless of the sense of the velocity
change; i.e., AVTOT =|Avx| +|Avy| + |AVZ|. In addition, VTOT counts
up at a rate of 1 fps/min continuously and thus is next to useless. Two item
number controls are provided; one which simultaneously resets the component
registers to zero and one which only resets the total velocity register to
zero. These four registers are zeroed upon initial display callup. Subse-
quent display callups will reflect the current values of delta velocity.

Item 1 provides the control for enabling and disabling all the principal
functions required to support rendezvous navigation. When rendezvous naviga-
tion is enabled, an asterisk will be driven next to the item number. When
the item number is re-executed, the asterisk will be removed, rendezvous nav-
igation support software will be disabled, and orbit navigation will be en-
abled. When the display is first called, rendezvous navigation will be dis-
abled. The appearance or removal of this asterisk will have a time delay
depending on the nav processing rate.

Item 2 provides the control to enable or inhibit GNC angle pointing data from
being transferred between the GNC and the SM GPC's. This is accomplished
using the Intercomputer Communication (ICC) data buses. When the display is
first called, the GNC angle pointing data transfer will be inhibited. An
asterisk shall be displayed after the item number whenever GNC angle pointing
data transfer is enabled.



(:)Item 3 provides the control to enable/inhibit navigation from incorporating
measurements while in Major Mode 202. Upon return to Major Mode 201, this

item is set to inhibit.

If the measurement enable item is executed in Major

Mode 201, an operator error shall be generated. When the display is first
called, this item will be initialized inhibited. An asterisk will be driven
next to this item number whenever navigation measurement incorporation is
enabled in MM 202. The appearance or removal of this asterisk will have a
time delay depending on the nav processing rate. If rendezvous navigation is
not enabled in MM 202, execution of this item will be {1legal.

(!)Four item controls are provided for the transfer of state vectors. Item 8
transfers and overwrites the filtered state vector into the propagated state
vector slots, and, Item 9 transfers and overwrites the propagated state
vector into the filtered state vector slots. The filtered state vector is a
state vector that incorporates RNDZ NAV filter data derived from Rendezvous
Radar, Star Tracker or COAS measurements. The propagated state vector is a
separate state vector which is not updated by RNDZ NAV filter inputs. The
filtered and propagated state vectors will be either the Orbiter or target

state vector depending

on the value of a mission-dependent I-Load.

Typically, the Orbit state vector will be filtered.

Item 10 transfers and overwrites the Orbiter state vector into the target
state vector slots and Item 11 transfers and overwrites the target state
vector into the Orbiter state vector slots. For these two transfers, onily
the filtered state vector will be involved. Whenever any of the four trans-
fer items is executed, an asterisk will be displayed next to the appropriate
item number while the selected transfer is in progress. The appearance and
removal of the asterisk will have a time delay depending on the nav process-
ing rate; the asterisk being displayed for only one nav cycle. I[tems 8, 9,
10 and 11 are mutually exclusive; execution of any of these items while a
transfer is in progress will be iilegal. In addition, these four items are
legal only while rendezvous navigation 1is enabled. Two parameters, FLTR

MINUS PROP POS and VEL,
filtered state vectors.

indicate the difference between the propagated and
Once the nav filter has converged, these parameters

can be used to determine when to update the propagated state with the

filtered state.

wn
[
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7.6 STAR TRACKER/COAS CONTROL/SPEC 22

The purpose of this display is to monitor and control the Star Tracker operation
and moding. The display also provides data and controls necessary to perform

COAS sightings and calibration. It is available in the PASS in OPS 2 and 3
(figure 7-6).

The upper left-hand portion of the display contains the controls necessary to
mode the Star Trackers into the various submodes. Items 1 and 2 allow selection
of the self-test ﬂSELF-TEST) mode for the -Y and -Z star trackers, respectively.
An asterisk(*) will be displayed after each item number to indicate that the
self-test mode is active for that tracker. The self-test mode will remain ac-
tive until completed and will be restarted each time Item 1 or 2 is executed if

3:‘f;te5t is complete. The results of self-test will be shown elsewhere on the
splay.

f’> 20117022/ S TRK/COAS CNTL 1 goz/tonxs.oo \
o} t15:

S TRK CNTL -Y =2 S TABLE 1 2/13 1 og
SELF-TEST 1 2 TRK ID
STAR TRK I 4 A MiIN
TGT TRK 5 6« ANG DIF
BREAK TRK T 8 ERR
TERW IDLE 9 10 SEL 17 18 19

S TABLE CLR 20

S TRK -y -2z COAS
RECD 10 11 12 REQD 1D 21
TRK D ADEG X +1.3
zAngs Y -0.3

-0. 04 SIGHT MODE 22
THOLD 13 1 14 é ACCEPT 23
SHUTTER cL 0 CAL MODE 24
MAN OP 15 16 DES 25%
STATUS POS +X 26 -2 27#
AB1AS
UPDATE 28 29

Figure 7-6. S TRK/COAS CNTL Display
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Items 3 and 4 provide the crew with the means to select the ST mode of
operation. This mode is selected to accomplish star tracking whenever the ve-
hicle's attitude 1s known within 0.5 degree. Stars in both the -Y and -Z
trackers may be tracked simultaneously. Items 5 and 6 are used to select the
Target Track (TGT TRK) submode. This mode is used to perform target tracking
with the Star Tracker for rendezvous. The program will allow a star to be
tracked by one star tracker and the target by the other. An asterisk is dis-
played after each of these item numbers to indicate the current active mode.
The asterisks will remain until the appropriate submode {is terminated by the
selection of another submode.

Items 7 and 8 are crew controls used to force the Star Tracker to break track
(BREAK TRK). When this command is executed, the appropriate Star Tracker will
break lock with the star currently being tracked and will resume tracking the
next star encountered in the search pattern. Execution of a break track command
will not change the selected submode.

[tems 9 and 10 are the controls used to select the terminate/idle (TERM/IOLE)
submode. Selection of this mode will cause all Star Tracker processing to be
terminated except that required for Built-In Test Equipment (BITE) processing
and will terminate any other submode in progress. An asterisk(*) will be dis-
played after each item number to indicate when the TERM/IDLE mode is selected.

Below the submode controls, in the lower left-hand portion of the display, are
data and controls to monitor and control the ST functions. Identical data and
controls are provided for each ST independently. Items 11 and 12 are the inputs
used to enter the ID (REQD ID) of a desired star to be tracked. This input may
be used in conjunction with the Star Track or target track modes to select the
desired source. Entering zero into the ID location causes the software to com-
pute its own stars based on availability.

The Required ID data field shall be zeroed upon completion of the Star Tracker
manual mode processing. The star ID (TRK ID) outputs a code indicating which
star or target is currently being tracked. The output code corresponds to any
of the 50 catalog stars as well as to a rendezvous target. In the absence of a
valid star or target [D, the ID field shall be zeroed. The TRK ID data field
shall be zeroed upon completion of the Star Tracker manual mode processing. The
star present (S PRES) location outputs an asterisk(*) whenever a star is being
tracked by the Star Tracker.

Below the star ID and star present parameters are d1iglays of the star position
in the Star Tracker field of view. The delta angle ( A ANG) output displays the
angle between the expected star line-of-sight and the actual measured line-of-
sight. For stars, expected line-of-sight is based on vehicle attitude and Stgr
Tracker SOP-computed line-of-sight. For targets, expected line-of-sight is
based on vehicle attitude and nav estimates for the rendezvous target. This
parameter, (A ANG), is a measure of how well the vehicle's attitude is known
and may be used to indicate if an alignment is required when a star is being
tracked.

Items 13 and 14 are the control inputs used to enter a magnitude threshold for
star or target tracking. Valid inputs are 0, 1, 2, or 3.
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Below the threshold inputs are locations indicating the (SHUTTER) position for
each Star Tracker. The display will show either *0P* (for open) or “CL* (for
closed) to represent the current shutter position. Items 15 and 16 are controls
that allow the crew to select the manual operating mode (MAN OP) of the shutter.
Nominally, the shutter will operate in the automatic mode. Entry of efther
Items 15 or 16 will inhibit the automatic shutter mode for the appropriate star
tracker and cause the shutter to be commanded and held in the open position. An
asterisk(*) will be displayed next to the appropriate item number to indicate
that the shutter is being forced open. The automatic mode may be reselected by
re-executing the appropriate item number. This action will return control of

the shutter to the hardware/software system, and simultaneously cause the
associated asterisk(*) to be blanked.

Below the shutter controls, the display contains (STATUS) information from both
Star Trackers. The location displays any of the following as appropriate: *"ST
FAIL" to indicate that a Star Tracker has failed self-test: “ST PASS" if self-
test is passed; "FALSE TRK" if a star or target fails to pass position or rate
reasonableness tests; "OUT FOV" if the input star or target is determined to be
outside the Star Tracker FOV; “HI RATE" if the IMU-derived body rate exceeds 0.2
deg/sec (which results in deqraded Star Tracker operations); “NO TARGET" if a

target or a star is in the field-of-view but has not been acquired; and blank,
which is the normal status state.

Directly below the status display is the BITE output location. This location
displays "BITE" when any of the Built-In Test Equipment discretes indicates that
a failure has been detected. The output indication will be driven doublie over-

bright. If no BITE discrete indicates a failure, the display locations will be
blanked.

The outputs and item entries to monitor and control the Star Table (S TABLE) are
shown on the upper right-hand portion of the display. This data is presented in
three columns where the left-most column (1) represents the current or most re-
cent data. Columns 2 and 3 represent progressively older data. The track ID
(TRK ID) shows the star ID code associated with each star in the table. Below
the star [0 is an output ( A MIN) showing how old each input is in minutes. The
clock starts incrementing from the time tag associated with the saved data.

The angular difference (ANG DIF) output displays the measured separation angle
between the two stars. For example, the ANG DIF output in Column 1 shows the
angular difference between the line-of-sight vectors of the stars in Columns 1
and 2. The same relationship applies to the angle difference of Columns 2 and
3. Column 3 “"wraps around” to show the difference between Table Locations 3 and
1. Angle error (ANG ERR) is defined as the difference between the ANG DIF com-

puted from the star catalog and the ANG DIF computed from the Star Tracker
measurements.

Items 17, 18 and 19 are controls used to select which star pair is to be used by
the software to compute the alignment data. Nominally, the alignment software
picks the best star pair based on predefined criteria. The two automatically
selected stars will be indicated by asterisk's alongside the item numbers in the
associated star table column. The crew has the capability to modify the auto-
matic pair selection by executing the appropriate item entries. The item
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numbers will act as flip-flops; i.e., each subsequent item entry will cause the
selection logic to change states. For example, if the software logic had se-
lected star table entries 1 and 3 and the crew wanted to force Entries 2 and 3,
the initial display would show asterisks alongside Items 17 and 19. The crew
would first execute Item 17, which would deselect Entry 2 and blank the dis-
played asterisk. The next step would be to execute Item 18 which, since the
column was previously deselected, would cause the table entry 2 data to be se-
lected and would cause an asterisk to appear next to Item 18. Therefore, Column
1 has been deselected and Columns 2 and 3 (which were previously selected) are
used to compute the alignment. The selection will remain in force until a new
star is tracked and input to the table, at which time the system reverts to

automatic selection. Item 20 clears all data from the star table for both star
tracker and COAS sightings.

The lower right-hand portion of the display contains the controls and data nec-
essary to accomplish COAS sightings and calibration. Item 21 (REQD ID) allows
the crew the means to input the star or target on which COAS marks are to be

made. The star/target codes used are identical to those used in Items 11 and
12.

The ADEG X and Y output parameters display the equivalent -Z COAS offsets of a
star or target being tracked by the -Z star tracker. These parameters allow the
crew to visually locate in the -Z COAS the same object currently being tracked
by the star tracker.

Item 22 is the input used to select the COAS (SIGHT MODE).
ADI ATT REF button performs the COAS mark function. Star data obtained via COAS
sightings and marks go directly into the star table. An asterisk is displayed
alongside the item number to indicate that the sight mode is active. When the
ADI ATT REF pushbutton is used to take COAS marks, the computation of new ADI
reference is inhibited. Item 6 for the target track submode and [tem 22 for the
COAS SIGHT mode (with the -Z POS selected) are mutually exclusive; i.e., the
selection of any single optical instrument (ST or COAS) deselects the other
optical instrument and changes the asterisk configuration accordingly. Item 23
(ACCEPT) accepts the last COAS mark and allows processing of the “mark" data.
As long as the ACCEPT command has not been executed, subsequent marks will over-
ride the previous marks. The ACCEPT command applies to the COAS star sight mode
only and not when the COAS 1is being used for marking on a rendezvous target.
This display is driven from the STAR TRACKER or COAS submodes.

In this mode, the

Item 24 1is used to select the COAS calibration mode (CAL MODE). Selection of
this mode also reassigns the function of the ATT REF button as a COAS mark.
Marks taken in this mode are used to update the COAS line-of-sight in nav-base
coordinates. An asterisk is output alongside the item number to indicate that
the calibration mode has been selected. When the ADI ATT REF pushbutton is used
to take COAS marks, the computation of a new ADI reference is inhibited. Items
22, 24, and 25 are mutually exclusive.

[tem 25 (DES) is used to deselect the COAS. When the COAS is deselected, an
asterisk appears beside Item 25. Either Item 22 or 24 removes the COAS from
the deselect state and blanks the deselect asterisk. Items 26 and 27 are con-
trols used by the crew to specify the mounting position (POS) of the COAS,
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either +X or -7, respectively. An asterisk(*) is displayed alongside the ap-
propriate item number to indicate which location has been selected.

The calibration ( A BIAS) output displays the angular difference betwe_en the
pre-flight calibrated COAS line-of-sight and the in-flight measured cahprated
COAS line-of-sight in nav-base coordinates. The crew uses this information to
determine any change in the COAS mount due to launch loads (vehicle bending,
warp). Items 28 and 29 (UPDATE) are used to incorporate the new COAS A BIAS
for the associated mounting position (POS +X or -Z). Incorporation of the data
may be verified by noting that the A BIAS output is zeroed.
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