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‘1.  INTRODUCTION

1.1 GENERAL

This report contains the conclusion of the analyses of the inflight
performance of the Guidance, Navigation and Control System of the AS-205/
CSM-101/Apollo 7 spacecraft and is intended as a supplement to the MSC
Mission Report for Apollo 7. Preparation and submittal of this report
was accomplished under MSC/TRW Task E-38B, "Guidance and Control Test
Analysis." Contributions to the anaiyses reported here-in were made
under MSC/TRW Task E-72 and MSC/TRW Task A-50, "Trajectory Reconstruction."
Specifically, Section 4 of this report, "Control System Evaluation," was
prepared by the Task E-72 personnel. The inertial system evaluation and
trajectory reconstruction tasks are highly interdependent, and Task A~50
personnel contributed significantly to Section 3.

The principal objectivé of the analysis depicted in Section 3 of
this report was the determination of error sources present in the Apollo 7
Inertial Measurement Unit (IMU) during the flight. A description of
the IMU error parameters considered appears in Table B-1. The parameters
examined included platform misalignments, gyro and accelerometer errors,
and accelerometer mounting errors. The errors were derived by com-
parison with the Best Estimate Trajectory (BET) during boost, orbital

maneuvers and entry. The results of these analyses appear in Section 3.

Section 3 also contains a discussion of the results of a series

of landmark tracking experiments performed during Apollo 7.

Section 4 presents discussions of several aspects of the control
system performance that were imcomplete at the editorial deadline for
the MSC Mission Report. The results are included here in the interest

of completeness.
1.2 BACKGROUND

The Apollo 7 mission was the first manned flight of the Apollo series.
The purpose of the flight was to demonstrate CSM operations and the capa-
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bility of the spacecraft, crew and MSFN support facilities to conduct an
earth orbital mission with the Apollo flight and ground hardware. The
principal objectives of this mission having impact on the GN&C systems
(in addition to fundamental spacecraft checkout and crew operations)

was to perform transposition and simulated docking, and evaluate CSM
active rendezvous activities. Overall spacecraft performance data and

mission event times are presented in the MSC Mission Report for Apollo 7.
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2.  SUMMARY

The inertial subsystem performance parameters were determined by
‘standard velocity comparison techniques using boost, orbital maneuver
and entry data. A set of error terms was derived which provided'a
satisfactory fit to the observed performance of the subsystem. Although
three of the derived error terms exceeded the one sigma tolerance
established by system specifications, no adverse effect on mission per-

formance was seen.

The control characteristics of the Block II spacecraft were suc—
cessfully demonstrated. Automatic control of the spacecraft for
attitude control, thrust vector control and entry stabilization were
succegsfully accomplished. The flight data indicated that existing
simulations of the entry control task in transsonic regions of flight
are inadequate to accurately predict Reaction Control System (RCS)
propellant consumption. Propellant margins were adequate for the flight

in spite of the disparity between expected and actual flight performance.



3. ONBOARD NAVIGATION EVALUATION

Analysis of the Apollo 7 guidance and navigation system accuracy was
based on satisfying several constraints simultaneously. These constraints
were the velocity errors accrued during the boost to orbit phase, the
measured biases for the accelerometers and gyros during flight, the
entry altitude and descent rate conditions, and the calibration history
of the inertial instruments during checkout at Kennedy Space Center prior
to the launch, Using these constraints, a satisfactory set of error terms
has been determined which made the G&N corrected trajectory fit the

external measurements.

3.1 BOOST TRAJECTORY EVALUATION

The external reference used to generate the velocity comparisons
used for these analyses was the Marshall Space Flight Center trajectory
designated "Edited S-IVB IU-TM." This trajectory presents in the engineer-
ing judgement of TRW, the most realistic representation of the boost
trajectory. The trajectory designated "Fira:. S-IVB Observed Mass Point
Trajectory" normally the best estimate trajectory for the boost phase
was considered, but rejected because of subtle differences in the
trajectory characteristics near insertion, which required unmodelable
G&N errors to fit satisfactorily.

The "Edited S-IVB IU-TM" is the MSFC estimate of the S-IVB guidance
system indicated trajectory with telemetry dropouts corrected and known
misalignments removed. As such, it may contain instrumental errors
attributable to the S-IVB inertial guidance system. No allowance has
been made for those errors: any that exist are included in the Apollo
G&N errors. Comparison of the S-IVB insertions conditions with other
trajectory sources indicate that these errors, if any, are small. For
the purpose of this document, they are wrongfully attributed to the
Apollo G&N system. ’

The analysis of the velocity differences was performed using the
methodology outlined in Appendix B, The velocity differences before
any compensation for errors appear in figures 3-1 through 3-3. The
related position differences appear in figures 3-4 through 3-6. G&N

error sources were selected to minimize these velocity differences.
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The Z velocity offset resulted from the accumulated velocity of the
spacecraft prior to computer recognition of lift-off (0.25 second after

first motion). This delay accounts for the vertical velocity error.

The acceleration biases reflect the difference between the prelaunch
estimate of bias, as loaded into the onboard computer for bias compensa-
tion, and those measured during flight. The Z-accelerometer scale factor
error reflects the difference between the final calibrated value and the

preflight load, adjusted to improve the fit to the flight data.

The gyro drift terms selected for the fit were chosen to satisfy
three criteria. First, the Y-axis velocity error appears to be primarily
influenced by the initial misalignment arising from X- and Y- gyro bias
drift and by the Y- gyro acceleration sensitive drift due to acceleration
along the spin reference axis. Next, the bias drift components were
chosen to be consistent with the inflight measurements derived from
successive (back-to-back) alignments. Finally, the dispersions of the
parameters were constrained to be consistent with preflight calibration
histories. The flight data only partially satisfied these constraints.
The inflight bias drift measurements were plus 0.7, minus 1.8, and minus
0.2 meru for the X, Y, and Z gyros, respectively. These values compare
favorably for the X~ and Z- gyro fit parameters but differ significantly
from the Y- gyro drift required to fit the velocity errors.

The acceleration sensitive drift terms (Table 3-I) indicates a
significant deviation from the prelaunch calibrated values; the error

terms were selected to optimize the fit to the velocity errors.

Early in the mission, observation of the Y-accelerometer register

indicated that no accelerometer pulses were accumulating, although the
preflight bias measurement showed 0.24 cm/sec?. A small plus and minus

Y-axis translation test verified that the accelerometer and associated
electronics were functioning satisfactorily. Thus, it appeared the
instrument bias had shifted from the preflight value to essentially zero.
Subsequently, the onboard computer compensation for the bias term was

updated to zero.

The most probable cause of the instrument bias shift is the null
coincidence phemomenon. The accelerometer contains a pulse torquing loop

»designed to mode 3:3 at null. Some loops tend to change moding (dual

3-8
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mode) near null, for example, from 3:3 to 2:2 (4:4). When this change
occurs, the bias for each mode is unique; this difference between the null
biases is called null coincidence and is manifested as an apparent instru-
ment dead zone that would mask a very small acceleration, either real

or bias., Preflight studies had determined that this dead zone might be

as much as 0.3 cm/sec2 for some instruments; thus, the operational
instrument bias, determined preflight to be 0.24 cm/secz, would be lost

in the dead zone. This preflight bias is determined in a one-g field.

It is impractical in the system configuration to measure the zero-g null
bias; hence, the cumulative effects of environment and buildup of system
‘tolerances tended to degrade the null coincidence from the laboratory-
adjusted values determined for zero-g conditions.'

During free-flight phases, the accelerometer bias can be determined
from the rate at which accelerometer pulses are accumulated in the accel-
erometer input registers. These results are contaminated by external
forces acting on the vehicle during flight, such as aerodynamic drag,
venting, and waste water dump, and by residual propulsive components from
attitude maneuvers with the center of mass displaced from the center of
rotation. The following table summarized the data from selected checks

of the inflight bias.

Time, hr:min Bias, cm/sec2
From To X Y 2
4:39 4:52 0.275 0 0.215
142:55 144:20 0.318 0 0.209
144:20 145:05 0.294 0 0.208
142:55 145:05 - 0.309 0 0.208

The first check lasted for 13 minutes and was performed after spacecraft
separation from the S-IVB, but before any orbital maneuvers or system
shutdowns, The latter series of checks determined the biases for essen-
tially complete revolutions; using a complete revolution for bias deter-
mination would tend to remove the influence of aerodynamic drag Sut it
does increase the effects of other disturbing forces. The results of
these bias determinations are considered to be satisfactory. The inflight
bias determinatioﬁ made early in the flight was given maximum influence
3-10



in the launch velocity cémparison analysis, since it would be least
affected by subsequent shutdowns of the inertial system.

Successive (back-to-back) inertial system alignments determined the
ability to measure zero-g bias drift. The inertial system was first
aligned prior to the rendezvous maneuver. Several revolutions later, the
gyro-torquing angles (the angles through which the stable member was
moved to re-achieve the desired inertial attitude) were recorded. This
test showed that the average stable member drift over that period was
plus'0.7, minus 1.8, énd minus 0.2 MERU, respectively, for the X, Y,
and Z gyro axes. The results indicate that the inflight drift deter-
‘mination. technique is satisfactory and that the stable membér drift met
mission requirements. '

The error set derived to fit the boost errors, and constrained
to satisfy the orbital maneuver evaluation and entry evaluation are
shown‘in Table 3-I "Summary of System Errors." The velocity residuals
resulting from a comparison of the Apollo G&N data, corrected for these
errors, compared to the reference trajectory, "Edited S-IVB IU-TM," are
shown in figures 3-7 through 3-9, The corrected position differences
are shown in figures 3-10 through 3-12,

' Table 3-1I indicates statistical data from prelaunch calibrations of
the Apollo IMU instruments. The time histories of the calibration data
are shown in Appendix A "Preflight Calibration Histories." These data
were extracted from TRW Project Technical Report 11176-H041-R0-00
"Apollo 7 GN&C Preflight Performance Summary," dated 20 September, 1968.
They are included here as supplementary data. Also included in the

vcalibration time histories are the prelaunch eraseable memory estimates

of the error terms and the postflight evaluation solution.

3.2 ORBITAL MANEUVER RECONSTRUCTION

The SPS-=5 burn (AVS = 1695.45 ft/sec) was the only SPS firing large
enough to afford a reasonable solution for platform misalignment angles
from thrust velocity data. The IGS-ESP@D program was used to obtain
the best-fit trajectory based on telemetered AGS PIPA data and MSFN
tracking data before, during and after the burn. The solution indicated

the following stable member misalignments:

3-11
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¢x =0 ¢Y = 73,6 sec, Gz = =51,9 sec

These misalignments are compaﬁible with the 1o MEI Spec. for in-flight
platform alignment errors (40 arc sec per axis). |

The following table presents a comparison of the velocity increments
in Apollo G&N platform coordinates actually applied, as measured by the
ESPOD trajectory reconstruction, and the velocity increment as measured

by the G&N System, These data indicate that the misalignments were in-

consequential.

VELOCITY COMPARISON

SPS-5 Burn
(ft/sec)
vXS VYS vZS
Actual - 1693.41 14,01 81.24
(ESPOD)
Measured 1693.41 14.44 81.84
(GaN)

3.3 ENTRY TRAJECTORY RECONSTRUCTION

“The entry trajectory was initialized on the ESPOD BET state vector
at t = 935600.77 sec GRR (approximately 6 sec before entry interface).

The 21-Day BET entry trajectory was corrected only for the
Y-platform axis misalignment necessary to force the trajectory to fit
the known altitude constraints. The ;equired misalignment was ¢Y =
135.5 sec.

Another fit was obtained using the ascent errors (Table 3-1) plus
a Y-axis platform misalignment of GY = 90.0 sec.

The results of these reconstructions are summarized in Table 3-II

The corrected entry trajectory shows acceptable comparison con-
sidering that it is the result of an open loop propagation of guidance
data for over fifteen minutes. The differences are attributable in
part to uncertainty in the initial conditions. Errors in the initial
position propagate into relatively large errors in position and

velocity at impact.
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The various estimates of the coordinates of the splashdown point
are shown in the table below. These results are also plotted in
Figure 3-13.

SPLASHDOWN COORDINATES

Planned Recovery BET
Ship Est.,
Latitude 27.6333 deg 27 .541 deg 27.6093 deg
Longitude 64,1667 deg -64,007 deg -64.1318 deg

»3.4 ESPOD

The principal source of trajectory information after CSM/Booster
separation is the ESPOD trajectory reconstruction program. This
program is a comprehensive model of the principal and disturbing
accelerations which act on the spacecraft during free fall (non-
thrusting, exoatmospheric flight), As such, it is used to generate
a continuous estimate of the free fall trajectory of an orbiting
spacecraft based on radar data and models of the earth potential
field, aerodynamic drag, solar, lunar and planetary perturbations,

and radiation pressure,

3.5 TIMING

The time base used in the velocity comparisons and guidance tra-
jectory analyses in this report is CMC time, which is referred to
Apollo G&N guidance reference release. This time base is used
exclusively in the guidance analysis and velocity comparison computer
programs.

In order to convert the time base used in this report to Range
Time or Ground Elapsed Time (GET) a constant bias of 0.42 seconds
should be added to the times in this section.
3.6 INERTIAL SUBSYSTEM ERROR ANA;YSIS

Of the forty error terms modeled for the Apollo Inertial Subsystem
analysis (see Table B-1 for a complete listing of errors) only three
exceeded the one sigma tolerance established by the system specification.
None of these errors nor any of the others that fell within system toler-
ances had a deleterious effect on the performance of the inertial sub-

system throughout the flight of APOLLO VII., Although several power-down-
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power-up sequences were performed during the Apollo 7 Mission, no shifts
in inertial instrument performance parameters were noted.
The following sections discuss the error terms which exceeded the
system performance specification,
3.6.1 Acceleration Sensitive Drift of the Z-Axis Gyro
Due to Acceleration Along the Input Axis (ADIAZ)
The results of the analysis shown in this report indicated that ADIAZ

differed from the prelaunch estimated value (prelaunch load) by minus 10.5
meru/g compared to the specification values of + 8 meru/g. This variation
can be explained in part by an apparent erroneous estimation of the term
‘preflight. The preflight mean value for this term was 16.2>meru/g cone
trasted with the preflight load of 20.8 meru/g. If this 4.6 meru bias is
considered, the inflight measured value falls within expected tolerance.

3.6.2 Acceleration Sensitive Drift of the X-Axis Gyro
Due to Acceleration Along the Input Axis (ADIAX)

Nothing in the preflight test history of ADIAX satisfactorily ex-
plains the large deviation noted in ADIAX in the flight data. This term
is rather insensitive in the derivation of the inertial system errors.
Although this drift term is exercised quite heavily by the thrust during
boost, the velocity accrued late in the ascent profile in the Y and Z axes
is small, making the exact drift difficult to define. While the error
term shown is larger than the one sigma specification, it carries a
relatively large uncertainty. The =12 meru/g value was selected because

it optimized the fit to the velocity residuals.

3.6.3 Non-Compensated Bias Drift of the Y-Gyro (NBDY)

The Y-gyro bias drift presents another paradox. The preflight cali-
brations of this term were very.well-behaved. The preflight estimate used
in the prelaunch load approximated very closely the mean of the prelaunch
calibrations. The measurement of platform drift during the flight
indicated a minus 1.8 meru drift. Each of the velocity comparisons
attempted yielded a positive value of this drift term. Both SPS burn 5
and entry trajectory reconstruction required a positive Y-axis misalign-
ment to fit the external reference data. These data, as well as the fit
to the boost trajectory, dictated the selection of 4.13 meru as the error

in NBDY.
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3.7 OPTICAL SUBSYSTEM EVALUATION
3.7.1 Landmark Tracking

Landmark tracking data were processed in the following manner.

Mark data were collected from the downlinked computer words tab
listings. Computer values used were mark time, shaft and trunnion
angles at mark time, X, Y, Z CDU's at mark time and REFSMMAT. These
values were used to compute a unit vector in the landmark to CSM
direction and transform the vector to an earth centered reference
coordinate system, AAweighted least squares procedure was used to arrive
at a best estimate for this pointing vector from all the mark data
‘taken on-a given landmark. Ephemeris data was taken from the TRW NAT
BET. Six points, at 30 second intervals which spanned the mark time
interval for a given landmark were used to interpolate for CSM state
vectors at the specific mark times. An iterative process was used to
adjust latitude and longitude until the computed adjustment was below
some predetermined epsilon. Changes in latitude and longitude, from
input values to computed values are shown in Tables 3-III and 3-1IV.

The first five entries in Table 3-III were tracked during Revs. 90
through 92. Five marks were taken on each landmark with the exception
of the unknown landmark in which case there were only three marks avail-
able. Data for the time interval immediately preceding the first
available mark were missing consequently it is unknown whether more
marks were taken or not on the unknown point.

The last three entries in Table 3-TII were tracked during Revs.
135/136. Landmark 225 was tracked in both sets of data and is differenti-
ated in the second set by 225%, The increase in delta latitude and
longitude during the second period of tracking is unexplained. Perhaps
lighting or a change in personnel caused a different point to be tracked.
Note in Table 3-VI that the RMS residuals are much larger for LMK 225%,
Also, only four marks were available for LMK 225% while five marks were
available for the rest of the targets in the secoﬁd set.

It should be noted that the residuals shown in Table 3-VI indicate
angular deviations of the pointing vectors and should not be compared

to changes in latitude and longitude,
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The sensitivities indicate that a cﬁénge in CSM position in cross
range or downrange translates to an equal change in landmark location.
A change in altitude has very little effect on the landmark location.

A guesstimate of the change in latitude and longitude, that would
result from an error in the pointing vector direction of a magnitude
equal to the RMS residuals from Table 3-VI, indicates that the change
is roughly of the same order of magnitude as the deltas from 3-III.
(Assuming a students T distribution and five data points the true value
lies within one sigma of the mean with 90% confidence.)

The following 1is a description of the data contained in Table
‘3T through 3-VI. |

Table 3-111
Col. 1. Landmark identification number

Col. 2. Estimated error of surveyed location of the
‘ landmark taken from survey data sheets, units-
feet.

Col. 3. Input latitude obtained from downlinked DSKY
display and converted from geodetic to geo-
centric to use in the computer program units-
degrees.

Col. 4, Horizontal displacement estimate caused by
adjusting the latitude of the landmark (A
Lat x 60 x 6000) units-feet.

Col. 5. Delta latitude (adjusted - input) units-
degrees,

Col. 6., Input longitude obtained from downlinked
DSKY display. Units-degrees.

Col. 7, Horizontal displacement estimate caused
by adjusting the longitude of the landmark
(A Long x 60 x 6000 x Cos(Lat) units-feet

Col. 8. Delta longitude (adjusted-input) units-degrees.

Table 3-IV contains the delta latitude and delta longitude result-
ing from perturbations in the BET state vectors representing 500 ft.
changes in downrange, crossrange and altitude. Plus a timing change

of 0.05 seconds in mark time. Delta's are computed Best Estimate-Input.
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Landmark identification number.

Delta latitude and delta longitude with + 500 ft.
in the down range direction.

Delta latitude and delta longitude with 500 ft;
in the cross range direction.

Col.

Col.
and

Col.
and

and in altitude.

Col,
and

Delta latitude and delta longitude with + 0.05
seconds in mark time.

Col.
and

Delta latitude and delta longitude with large (10,000
ft.) error in down range directions (LMK No. 11 has
10,000 ft error in altitude).

1
2
3
4
5
Col. 6 Delta latitude and delta longitude with 500 ft.
7
8
9
1
1

N )

Comparison of the deltas from Table 3-III to the deltas from Table

3-1IV gives an estimate of the sensitivity of landmark location to errors

in ephemeris data.

Table 3-V
Col. 1 Landmark identification number

Col, 2 Delta latitude with .4 milliradian error in
shaft angle.

Col. 3 Delta longitude with .4 milliradian error in
shaft angle.

Col. 4 Same as Col.'s 2 and 3 except with a .5 milliradian
and 5 trunnion angle error and no shaft angle error.
Comparison of the deltas from Table 3-V to the deltas from Table
3-1I1 gives a estimate of the sensitivity of landmark location to errors

in shaft and trunnion angles.

Table 3-VI

Col, 1 Landmark identification number.

Col. 2 RMS residuals in terms of hour angle and declination

and 3 for the unit vectors described above. (Since the unit
vectors are in the opposite direction to the pointing
vector, this is a measure of the accuracy with which
the pointing direction can be determined.)
Units-radians.

Col. 4 Same as Col. 2 and 3 except units are degrees.
and 5
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3.7.2 IMU Alignment

Analysis of alignment errors was not attempted for the following
reasons.

Check sightings were not made after an alignment and mark data were
not downlinked during the coast and align phases. Computed star vectors
were available but mark times, shaft, trunnion and CDU angles at mark
times were not. The net result was to preclude any statistical analysis
of shaft, trunnion and CDU angles or astronaut errors except by inference
from the results of burns with the platform aligned by star sightings.

These results are covered elsewhere and are not included here.



4., CONTROL SYSTEM EVALUATION

This section of the report presents the evaluation of the Digital
Autopilot of GN&C System. Subsections present in detail the evaluation
of the attitude control function, the thrust vector control function and
the stabilization of the command module during entry. 1In addition, the
attitude control function of the Stabilization and Control System is

discussed.,

4.1 RCS DAP ATTITUDE CONTROL _

Several -X and +Z translation maneuvers were executed during CSM-
~ S-1IVB rendezvous with the RCS DAP configured for narrow deadband attitude
hold. DAP performance was satisfactory throughout the sequence of
maneuvers. At GET 1:05:31:05.25, CSM RCS jets 3, 4, 7 and 8 fired
initiating a four jet -X translation. X axis velocity to be gained at
initiation of the maneuver was -4.5 ft/sec. A disturbance acceleration of
0.5 deg/sec2 was observed in the pitch axis while the -X translation
was in progress., CSM RCS jet number three was correctly turned off by
the DAP 1.3 seconds after initiation because the pitch attitude error
reached the 0.5 degree deadband. Pitch axis angular acceleration with
jet three turned off was =-.43 deg/secz. This value of acceleration
indicates that jet 4 of the CSM RCS was achieving approximately 50%
of nominal torque. The reduction in effective torque resulted from jet
impingement on the CM/SM umbilical cover. The ullage ended 2.4 seconds
after initiation.

Three additional four jet, -X translation maneuvers were performed
at GET 1:05:31:08.6, 10.3 and 12.4 with durations of 0.9, 1.0 and 0.5
seconds respectively. All three maneuvers required RCS jet number three
to be turned off periodically to counteract the pitch axis disturbance
torque. The X axis velocity to be gained at the end of this sequence of
maneuvers was -2,.4 ft/sec.

At GET 1:05:31:18.9 a plus Z translation maneuver was initiated by
the firing of RCS jets 9 and 10. Z axis velocity to be gained at ullage
initiation was 0.7 ft/sec. RCS jet number 10, (minus roll, plus Z) was
turned off for minimum impulse duration five times during the maneuver
as the roll attitude error approached the five degree deadband. A
pitch axis angular acceleration of .27 deg/sec2 required the firing of

minus pitch jets during the maneuver., This acceleration is attributed
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to the centér of mass being offset from the plane of action of the RCS
jets. The Z axis translation ended 3.4 seconds after initiation. Z
axis velocity to be gained at the end of the ullage was +0.1 ft/sec.
In summary, the RCS DAP successfully performed the attitude hold
mode function according to phase plane design during ullages in two
axes, Testing was quite brief as DAP attitude hold was performed less
than 30 seconds. DAP response to THC command inputs and jet selection
including rotational over translational priority was verified to a

limited extent as described above.

4,2 SCS ATTITUDE HOLD TEST

During SPS cold soak, the SCS was tested in minimum deadband, high
rate attitude hold. Figures 4-1, 4-2 and 4-3 present phase plane plots
of approximately five minutes of the test. The plots were constructed
from oscillograph data. The switching line for the minimum deadband,
high rate configuration intercepts 4.0 degrees attitude error for
zero rate and 2 deg/sec'rate for 0.0 degrees attitude error,

Allowing for errors in recording and measuring oscillograph data,
all RCS jet firings were in accordance with the SCS phase plane design
in the minimum deadband, high rate configuration, indicating nominal

performance of the SCS Attitude Hold function.

4,3 TVC DAP PERFORMANCE

Eight Service Propulsion System maneuvers were executed during the
Apollo 7 mission. Of these,six were controlled by the G&N System, in-
cluding two minimum iﬁpulse (half-second) burns, and the manual takeover,
"and two were controlled by the Stabilization and Control System,

These eight SPS burns are identified by downlink data source, time
of ignition and burn duration. A fairly detailed description of engine
angles and computer trim estimates is presented along with an extensive
table of trim activity. Attitude errors resulting from the mistrims
and other distrubances are discussed in the first section on autopilot

performance.

4,3.1 Autopilot Performance During SPS Burns
Autopilot performancé was excellent for all SPS burns during Mission

C. Peak attitude errors during SCS controlled burns were about one degree

4.2
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and TVC DAP errors were less than half a degree. During ullage, the
RCS DAP permitted attitude errors to build up to nearly one degree, but
the SCS held attitude to less than half a degree at SPS ignition.. A
list of these attitude errors for all the SPS burns appears in Table
4-1 along with peak attitude rates during ullage and the end-of-burn
attitude errors. The data indicates no malfunctions in either the

SCS or Digital Autopilots.

RCS DAP performance was remarkably consistent throughout the six
G&N controlled ullages. Pitch attitude errors at ignition were expected
to '"hang off" outside the negatiﬁe deadband at roughly the same value
for all burns during Mission C because of the constant c.g. offset
in the pitch plane., The 4-jet ullages (Burms 1, 2 and 8) yielded
identical attitude errors and the 2-jet ullages for Burns 4, 5 and 6
varied only slightly. Yaw attitude errors at ignition were within the
+0.5 degree deadband except for the 2-jet ullages. Roll firings during
ullage were few and of short duration.

TVC DAP attitude errors were very small for all DAP controlled burns.
Peak attitude errors were larger in yaw because initial engine mistrims
were larger. Final attitude errors in yaw result from a lag in the c.g-
tfacking loop which estimates trim changes at half-second intervals.
During the fifth SPS burn, the roll error exceeded the five degree dead-
band and the TVC Roll DAP commanded one short roll jet firing of 0.210
second duration with two jets. No other TVC DAP roll firings were
required during the mission.

Slosh oscillations dominated the attitude rate and engine angle
traces in the oscillographs for most of the burns but was almost com-
pletely absent in some cases. Burns 1 and 8 were nearly free of slosh
oscillations. Burn 3 produced an oscillation in pitch rate of + 0.7
deg/sec, but had no evident of yaw sloshing. Burn 5 exhibited pitch and
yaw slosh effects due to manual inputs as well as initial conditions.

Manual takeover during Burn 5 produced very small engine angle
transients which were detected at the time of takeover. These transients
were small and short-lived indicating a smooth switching in gimbal drives
when the hand controller was activated. Crew reports, confirmed by body

rate data, indicate MTVC operation was excellent.
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4,3,2 Durations and GET Times for SPS Burns

Tracking stations, ignition times and burn durations for the SPS
burns and the corresponding ullage maneuvers are given in Table 4-II.
All times are Ground Elapsed Time (GET) and are based upon solenoid
bilevel states which do not included delays in thrust buildup and decay.
Ullage overlap refers to the length of time between the SPS engine-on
command and the end of ullage. During Burn 3 ignition the engine was
commanded on at the same time that the ullage was terminated with no
adverse effect on ignition. ~

Manual takeover during Burn 5 occurred at GET 165:00:35,78 after

' 35.32 seconds of G&N control. Manual rate control was used for the
remaining 31.58 seconds of the burn. |

All the burns exhibited the same gimbal position transients at
ignition and termination. At ignition, the pitch gimbal moved sharply
positive by'about.0.25 deg, the yaw gimbal moved negative about 0.5 deg,
and then both gimbals returned to the initial trim position. At thrust
termination the transients were near mirror images of ignition transients,
but were much smaller in amplitude. These transients are attributed to
thrust misalignment and gimbal compliance acting on the actuator during
tﬁrust buildup and tail-off.

4.3.3 Engine Gimbal Trim Angles

A preliminary list of engine gimbal trim values has been tabulated
from Computer Word data at times near SPS burns. Two CMC variables
referred to as PACTOFF (pitch trim) and YACTOFF (yaw trim) represent
. the computer estimate of the trim thrust deflection required to compensate
for c.g. offset and other thrust alignment variables. A list of values
fér PACTOFF and YACTOFF before and during each SPS burn are given in
Table 4-1I1I,

Normally, before each burn, Routine 03 is performed to check on
engine trim angles and other DAP variables. The astronaut has the option
to change these variables at any time. The first two columns of the
table labeled "RO3 Display" give the initial and final values indicated
by a NOUN 48 in the Major Modes tab group of the Computer Words data

for the four cases so far discovered.
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The actual values of PACTOFF and YACTOFF are given at ignition,
after the single-shot correction (TIG+3.7 sec) and at the end of each
G&N burn. The measured gimbal angles are also given in the table at
ignition and cutoff for each burn. For G&N controlled burns the listed
values for PACTOFF and YACTOFF should be comparable to the measured
gimbal angles; for SCS controlled burns, the desired gimbal angles are
entered manually via thumbwheels and PACTOFF and YACTOFF are not used.
The bias between PACTOFF and the pitch gimbal angle measurement was
consistently 0.05 degree, and the yaw bias averaged 0.09 degree but
was highly variable. The crew apparently atfempted to bias the PACTOFF
value before the first burn and the YACTOFF value before the second
burn in order to obtain the desired gimbal angles bn the Gimbal Position
Indicator (GPI) which displays the measured gimbal angles. Results
indicate that the original values were better and that the biases
introduced By the crew had no effect on TVC performance. Burns 4 and
6 were only half-second burns and Burn 5 was divided between computer
and SCS control.,

After each burn, the values for PACTOFF and YACTOFF reverted to
their preburn values which indicates no automatic updates were ﬁade for
tﬁe next burn.

Mistrims were small, probably less than 0.2 degree for all burns.
These mistrims can be estimated by the size of the single-shot correction
during a G&N controlled burn as indicated by the table. Such small
mistrims would not be expected to provide much challenge to either the

TVC DAP or the pilot in controlling the spacecraft.

4.4 ENTRY DAP PERFORMANCE EVALUATION
| A brief chronological description of the reentry is presented,

comparing the actual entry to preflight simulation results. The bank
angle response to commands from guidance was investigated and the
history of the jet firings for rate damping in the pitch and yaw

axes was examined in detail. RCS propellant usage during reentry was
determined on a per axis basis, and contrasted to simulation results,

CM/SM separation occurred at 259:43:32,2 GET and the CM was placed

under SCS minimum impulse control with the A and B rings enabled.
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At 259:43:47.,5 GET fhe 45 degree yaw ammeuver to entry attitude
was performed. This maneuver and the subsequent 140 degreé pitch
maneuver to entry attitude appeared nominal. The B ring was disabled
at 259:45:46.1 GET and minimum impulse control with the A ring was
utilized. The roll maneuver to bring the CM ''heads down" was performed
at 259:49:32,5 GET during which time minimum impulse controlled the
dynamic coupling arising in the pitch and yaw axes. Minimum impulse
control was operative for several minutes following the roll maneuver and
on several occasions, ?ttitude excursions were intentionally induced by
commanding a series of minimum impulse firings. These excursions were
‘nulled by subsequent minimum impulse firings. These exercisés served
to determine the spacecraft response in the MIC mode. At 259:55:40.7
GET 0.05 g was sensed and 0.2 g was sensed at 259:55:06.7 GET., These
events were evidenced by the program changes occurring in the CMC, It
should be noted heré that although the DAP was not in control of the
spacecraft, the DAP was.initialized and program switchovers were made.

A roll maneuver to a bank angle of -55 degrees was performed at
259:56:13 GET.

Control of the CM changed from SCS to CMC at 259:57:29.6 GET and
the bank angle was automatically driven to -70 degrees by the Entry DAP,
Figure 4-4 illustrates the CMC roll commands and actual roll attitude during
reentry, Five major bank angle maneuvers were commanded by entry guidance
for cross-axis steering. During major roll maneuvers, the DAP correctly
accelerated the roll rate to the maximum maneuver rate of 20 degrees/
second. Correct jet on-time calculation by the DAP was demonstrated by
the DAP's ability to null both the roll attitude error, R-Rc, and the
roll rate. On the first roll maneuver ,which was performed single-ring,
a small attitude overshoot occurred at the end of the maneuver with no
rate overshoot. This characteristic appeared in preflight simulations.
On subsequent roll maneuvers,which were performed dual-ring, rate
overshoots of two to three degrees per second occurred at the end of
the maneuver. This is to be expected from dual ring operation since
the second jet on-time computation within the two-second Roll DAP is

computed assuming single-ring operation. The ability of the DAP to
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compute the ‘shortest angular path was demonstrated by the maneuver at
260:02:10 GET where the DAP correctly executed an "over-the-top" maneuver.

At 259:58:30.1 GET, the B-ring was enabled and both the A and B
rings were utilized during the remainder of the reentry phase. The
reason for this switch was an angular disturbance during which time the
commander thought the pitch rate was becoming excessive. Examination
of the data during this time period revealed a jump in the pitch and yaw
rates at 259:58:14.3 GET; however, the change in pitch rate was approxi-
mately 1.2 degrees per second while the change in yaw rate was .8 degrees
per second. No jets were firing'at this time and approximations of the
pitch and yaw disturbing accelerations yielded -8 degrees/second2 and
-10 degrees/secondz, respectively., The cause of tﬁese accelerations
are unexplained; however, no jet firing were required to control the
resultant rates and no stability problem was encountered.

An inveétigation of the time histories of the relative pitch and
yaw rates during the period of CMC control indicated smooth response
until approximately 260:01:35 GET. Prior to this time, rate damping
within the prescribed two degree per second deadbands was achieved by
single 100 ms pulses of the two ring system. The frequencies of oscil-
lgtion of these rates compared well with the values determined by
preflight simulations.

The spacecraft velocity at 260:01:48 GET was approximately Mach 1.6
and aerodynamic effects became quite noticeable thereafter. Indeed,

RCS jet firings for rate damping became more frequent and of longer
duration (multiples of 100 ms). The degree of increased jet activity
‘during the transonic phase of reentry is reflected in the breakdown

of RCS propellant consumption during reentry shown in Table 4;IV. A
total of 18.22 pounds of propellant was expended for pitch and yaw axis
control from the time of CM/SM separation. Two-thirds of tﬁis total
was expended in the last two minutes of reentry. The total RCS propellant
expenditure of 47,14 pounds exceeded the expected consumption based on
preflight simulation results. Several factors contributed to this
difference. The number of bank angle reversals exceeded the number
required in the simulations. The actual reentry utilized both the

A and B rings while the simulated reentry was for single-ring control.
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Also, no preflight simulations have produced the response exhibited
during the transonic phase where high jet activify was experiénced.

It should be noted that the "rough" behavior during the transsonic

phase was also exhibited in the reentries of spacecrafts 017 and 020.
The models of aerodynamics in the transsonic region as used in the entry
simulators for preflight did not- adequately déséribe the actual environ-
ment and propellant expenditures based on these simulations were low.
Postflight simulation runs which incorporated the measured wind profiles
. with the aerodynamic model yielded results comparable to flight con-
ditions. |

Examination of the rate gyro data during entry indicated possible
incompatibility with the RCS jet activity. However, the CMC utilizes
rate estimates instead of rate gyro data for determining jet firings.
Hence, to resolve the differences between ﬁhe rate gyro data and the
CMC rate estimates, a reconstruction of the CMC DAP compuations was
performed. To effect a detailed DAP analysis, certain variables were
required which were not included in the downlink data. The Entry DAP
routine "CM/POSE" was duplicated utilizing as input variables the
telemetered data, BN’ MVREL, CDU and the REFSMMAT matrix. The variables
obtained were the Euler angles R, 8, and a, the roll attitude about the
realtive velocity vector, the sideslip angle and the angle of attack
respectively, which measures the CM attitude relative to the entry
relative velocity vecfory and vy, the angle between the local horizontal
"and the relative velocity.vector. The data used in the reconstruction
was available to two-second intervals via the downlink and the CMC
incorporates corrections to the computations to account for changes
within the two-second period. This updating was not utilized in the
reconstruction of "CM/POSE" but comparisons of the computed roll angle
R to the value of R telemetered by the CMC were good. The rate estimator
values of p, q, and r, the angular rates a?out the body X, Y, and Z axes,
are incorporated with values of a, R, and Y to create the set, prel, qrel,

and rrel, the angular rates about the entry (wind) coordinate axes.
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During the atmospheric phase of reentry, the Entry DAP maintains the rates,
qrel and rrel-(prel<tana) with the deadbands of + 2 degrees per second.

Oscillograph records were aQailable during reentry which provided
information from the rate gyros. The analog signals defined the pitch
and roll rates and the relative yaw rate was computed as r-p tan a, by
passing the yaw and roll rate-gyro outputs through appropriate circuitry.
It should be noted that these analog signals did not dompensate for the
effect of ; as 1s done in the Entry DAP and computation of the relative
- yaw rate is based on a fixed values of o the nominal angles of attack
used in the SCS entry rate measurement circuitry. Attempts were made
comﬁuted values with these two factors. The time history of the angle
a is given in Figure 4-5 while Figure 4-6 represents the time histories
of vy and ;J

The oscillograph records revealed that, at times, pitch or yaw
jets were fired when the rate gyro signals indicated that the relative
rates were within the prescribed deadbands. On infrequent occasions, no
jets were fired when the rate was outside the deadband. However, since
the Entry DAP uses the rate estimator output to activate the jets, the
rate estimator values for the relative pitch and yaw rates were super-
imposed on time plots of the rate gyro outputs in Figures 4.7, 4-8 and
4-9, Although the Entry DAP generated rate estimates every 100 ms, -
telemetry data provided the values every 200 ms. Hence, only half of
the estimator values were available for investigation which precluded
a conclusive analysis. Iﬁ Figure 4.7, several + pitch firings occurred
even though the analog pitch rate remained within the -2 degrees per
second deadband. The rate estimator output validated two of these firings
by virtue of the fact that the estimator values were outside the deadband
at the times of the jet firings. Another estimator value appeared to
be at the deadband, but the time of its occurrence did not correspond
exactly to the time of the jet firing. However, as noted previously,

only half of the estimator values are available and rate estimates could
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have existed which caused the third and fourth + pitch firings shown
in Figure 4-7. The rate estimate which did not have a corresponding
jet firing only approached the rate deadband and the DAP may have
interpreted the value as being within the deadband. Part of the
differences between the analog signal and the estimator values could be
attributed to the y effect. The Entry DAP does not compensate for the
effect until ; exceeds 0.5 degrees per second. As indicated in Figure
4-6, vy did exceed this value for this period of time.

Examination of the rate gyro values for the relative yaw rate shown

in Figure 4-8 caused some concern since + yaw jets were fired when the
analog rate was positive. However, the rate estimates during that time

were negative; indeed, one of the + yaw firings was substantiated by a
rate estimator value. Again, lack of data precluded definite verification
of the other two firing;. Figure 4-8 indicates significant differences
between the analog values for rrel and the rate estimator values. Again,
Q exceeded 0.5 degrees per second and was incorporated in the DAP
computations. Also, the use of a fixed value for a, in the formation

of rrel from the rate-gyro outputs could cause significant differences
since rrel is quite sensitive to a variations.

Figure 4-9 {llustrates the pitch rate response during the transonic
phase of reentry. An important observation is that although the -pitch
firings did reverse the pitch acceleration and drive the pitch rate back
within the rate deadband (on the basis of rate estimator values), aero-
dynamics effects counteracted this effect. The pitch rate was driven
back beyond the deadband and a series of -pitch firings resulted before
the rate was completely reversed. This behavior was not duplicated in
any preflight simulations; that is, in the simulations, single firings
were sufficient to completely reverse the rate. Hence, the predicted
propellant consumption would definitly be lower than the actualvexpen-
diture. 1In Figure 4-9 all of the firings were substantiated by rate
estimator values, Whereas the analog signal remained outside the dead-

band despite jet firings, the rate estimator values toggled about the
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Although the rate gyros and the IMU are both-subjected to vibration
during reentry, their locations within the CM structure cause some
differences in the amplitudes and frequencies of the vibrations applied
to the individual pieces of equipment. Also, it is known that during
periods of high roll rate (greater than four degrees per second) the
CDU switches between a high and low-rate sampling frequency which can
create errors as high as one degree per second.

The Entry DAP controlef the CM about the roll axis appeared nominal

“both forbsingle and the dual-ring control. On the basis of partial data,

rate damping in the pitch and relative yaw axes appeared nominal although
complete verification was not possible. The multiple firings were not
DAP induced but were environment related. Several factors, such as ¥y
effects, a effects, vibrations, and CDU errors could contribute to the
differences between the rate-gyro outputs and the rate estimator out-
puts., Perhaps the most significant conclusion of this analysis is

that existing entry simulations are inadequate in modeling the transonic
aerodynamics, For propellant consumption estimates to be useful for
flight planning these models must be accurately defined and the influence
of transonic aerodynamics on propellant consumption clearly defined.
deadbénd. From Figure 4-6, it is noted that y was greater than 0.5
degrees per second during this time period and the Entry DAP performed
as designed and it was disturbing torque effects which caused the multiple
firings.

The time periods depicted in Figures 4-7, 4-8 and 4-9 were selected
because they were representive of the erratic response experienced
during the transonic phase of reentry. The available data indicates
that the DAP performed well and differences between the rate-gyro
outputs and the rate estimator values may generally be attributed to
vy and a effects. Two other potential sources for the differences in

the gyro and estimator values are structural vibrations and CDU errors.
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APPENDIX A

PREFLIGHT CALIBRATION TIME HISTORIES



A103STH SWIL uoI3IBIQITE) VAIdX
1-y 2an814

IRt spp s apass ppoas aages
T
T TTT Pes T [eee) ag pguss N3 T
T SRS b - -y [Sahe 64
L S8 e inae e $agks saage b jeiit aamsk f2 0 s, jSat:
s e = - S=es 24 2 T T Pl
+ b D Empms Eee PEE Gagin = pos S
¥ H- 4 e 303 1 o ==
1 Ty Hammp mpman mmudy = i
1 1 200 : e ==
T i cude as pooh 25 s Soant Spge
T 1 —=hi—tot 288 Fhat Sonl, : Ea ki o 23
: - rame sas: Hr— s S - - ! fex
T T puas S =P o 4 I . ahas bades obs -
¥ = i = —F-"F S5 et + lﬂms! Sab i b 3t =
> T T T jous chass pe e sawhy b s —- g - soy :
: 7 F = b I L es AAARARR! = ot ass e o +—b & o W E
T HE © H o F Y P H o™ ® AT BT &Y = ' q 4 e E UK £
: r 0 Y £ 0 E o ] ¢ 1 b 2z - N L6 H SO S3S 3
. § B o~ B 1 — 1 — = [F F o [ w
T H B T be ofr & o I+
T TR H N B 3 % i IE o o 1 85! E v OB o
? : 7 tH o §H ~ H W ] 3 e i i ' = - o b £
" : #H ¢ 8§ 1 H e A afF o T & H o F o T
$ . H = n T & o t 8 B bS
T : S 1 o o 1 SIS o S hE S H e 5 ® [ ™ H o H H ® F ®© =
5 & H oo = oo 1 el L r
® H @ 3 B . ; eme saaes se e il gt
L g 4 + i HH
ey et T e i 5
iy : jsesttise ot jessees :
e saas: + + +ret 2sas T H
0 s b 1 jS8es eoy 4 28 bl
& ! sisgageiss
1 T o sgas g 7 :
T
¥ T 1
! )
H 1
T : T
+ I t t ;e EHH
T : EHH
i S533308 1 i 1858 38 HE
7 pas t ]
HHHE e B HiH i =
Bt ogat 55 : : 1
+ I I 1
T t ¥ 8. 4 ¥ H T
1 a5,
: HiEH T s34 sack: H f Hih :
- : Ho t : i jisatstenscs: e :
Hq T o ¢ ¥ . 1 T T
HihH T T 1 b : T
1 1 1 1- 3
: = = =+ - sEss:
? T T T 1 1 T I8 =
: T T T 11 b
1 T T 1 1T Ha a8 -
T % 0 3nay 1 T + T T T
¥ H++ T T "1t T
T 1 T e w1 T e 1
F 1 o8
Frg ; = HHRT £ ; T Er T
T 1 1T T T Hi T T { -
7 I T } i T ] Beas aas: 1 I
1 . > + Tt s o H a8 HH e T 3
T H- *
o T 1 o 1 1 b8 us
T - THT 1 192232838 3% 1 i} EH HHH T t
! T t 1 o33 t
T T + e s T T + 26 9¢ 11+ T
os t I i 1 1 : i
: : } ! 1 s Shest : o T
¢ T T + : ? i o ;
* i ! i i i
T 1 ! 4 1 HEH
: T 2 F 1 B
1 HH
I < 17 H-4+++4
: : 18382885 ¢ T 141 ! 00€-g3H
! : Besst o T 4 T idsss
t : R + 1 1 s paase
> I
1 1 a6 de ey 1 + T : I
T
e et Hrt t esee o3: r T : : T :
; g sas: i a ! st 1 t f
F ] T i I 4
t T S T 7
1 T ? T j333 5% ass o5 H
] : ! T ao38ss 4
: 1 paeass : T o 3
+ s
T o HH T 28e s8¢ 1t X H
1 e T he + 8 T 35000 1 4
b Y i 32S3ss t bt
T T T T 3
323 3833S sase! tT
t 3822 33333 253: it vy -
t -
1} Hi
— 1
oa: fr t ? HHTH H
T
T T
B¢ e Hit 1 * Tt 1 1 1 T T T t
T 17T 3 T T : 1
) I T 1 T 888 1 H T H 1 1 15
H : 38 T He ! I - = T ~
! t 1§ 38585 s3as:
z jeas: e o T T 1 1 3 + T t 1 T
: : S eests sos abd dassan T 1 1 sssus
T 1 1 T } ¢ T amass
t - FHT T S3as S8 T 1 foat HHH
HiT 1 15t bess H T 2t o Nl ..imrx
1 T 1 2858 S e % ps y I O et
T 1 s ey ss2es
T R T 114 13583 1ast 3 T T ] : 52
208 Sao: H } s §eiss geast fapes o 1 + %
: : IR T 28 Senas bgt 13
it T e
1 38 e na: ! HH L 3536 bat aa3ba 0¥, 1
S Sesssassesia T H-H : PR SSEESS, 17 A5 San
T 1 . 1 8t 1 HrHrd 208 8¢ T
R HEE T t i - } el t
; . :
2 )
I 2Se5s 2332252353 33! 1 T T + " +
b s8¢ T 1 2ads sas: T T 14eas: e =
ad 7z + . T T - o T
et T i IS + ¥ T 3¢ T ¥
Tt ssse o + 1 1 I T
s o3 1 e { THT ¥ ¥ m ht
+ T
! H t t et t T oy H :
385t AT BT I } t HH :
: + H + §ed1s Singases : F sebadgosdasisngabgesangssagggss: fasdssiasitanss i :
L + - swas o T teses] 5321 1 13 13 T 1 T
+ ] seiiss : 1
T w be T s
o 881 ma T
H THiH
T E58 £55: 1 } I e
e : : T T fassse:
E 9585 a¢ s T :
T 533 st g% T i 3
+ Hrt oy T 1 t
1 . t bas 1 T T i
g =i e Hi " HH
i : = : 001~ $it
H emase : T
s Sops I ssaws
; : Xads o
i HH } :
—_— T T :
R
H 2! ! ! 8580 3t :
T as agege 2oons 1Y e
H SSegE00s S0e8s 41 23
i v 3 T
a8 T 1
a8 8t I > ot T
H . 2
I T uA 18 9 ¢
o I T Ans
-+ 1 + T
H 1 T
o T e 1
$
: T 1 HT :
1 =24 T T 8 a8
H = a2 T +
s : T o a8 1
yau: 114 1 1 : HE T 1 HH
i :
H B H gl t HiE
it T t o
HHHHH t




%Houm.m.m MW1], :OHUGHQHHGU VdI1dAX
¢~V 2an31Jg

— ywmap v3 TR 1
2 pags spanssanse [eass o
T jee s it i +HET e
1T e BEu s ryTn. HHTT T 4l v 22328 52538 anp el FoUbs sasas penss 8
Y TIOTRT gassssess: T i wHE o T L 35 H
: T R R st s GRS e BRgl Bl s : et b G S el 38
3o Saa: + 203 sTuas Saus i miesdants - 21 bas M:‘JN ecer anees T s -} a: T T i
= =3 S3032 aud R2dag i 88 & o4 3 jouss isste sasas ar
e e H— = shinp paude b foltds anags ofblimnnall inspaanans ya m.w of ~ 321 o (T3 T
a3 582 Frd e e e M e © = sE35% bouis Eoass pontt Sho sugla SRost AaaHE 3L: L Hy g 3238 Laseadeds saasashut] 1
288 Tasas & 3 Iae joscabas sbast =22 =+ s T T 7 325 ww[ a 1 H
e pas Toa3s 2ages s a8 sakas Sads 5 S5oee. T8 idksa T jpith! TR T HT Fenea be 3 2
> } - T e §338 SaSEs SaRs SRE sosit Sates Sassacass daaas duass sangrEans) & S Rpss! et = :
2 220as s0sa. = T T 1] + % dave - 535 aasss pmpes as : dhss 3 H
fass 1 =3 o= = R aefs sac sanes Sans s amas raans 3528 22 %M i ﬂamu, asast He Ty mﬂ.& et ] o Qfliw.mb 7-.v 38 S5 H
i H 1 o= amae [H * Sesas }os3y i25e¢ 2421, $37 O 3 T .
B 3 il 3 HE EH HH® Hie .WHQ, T g Y ¢ 1 it ~ien NEi N Skt csats
THEHHS 5 Ao RO FH0 #ro 15 P By B RS H1 fw ] HHN 1 R4 o O EHE O HH CHEE O
£ © 3 Ehy e 3 -y By 3 L g fag) g ¢ 1 b TR ] T EEEOH R §
a8esss: S ..14].1.-.6 i ...HUHHI =~ + HEY HE s Iy B on WW L %wwn.uu@ﬁn mummm ] = o m9““ H mQ,J N 1
e s B il B G e B B0 HE D B R R oA o oo 3 L oot o oo
T 8 poazss pRES=cti N s 4 Ty B 3B . o HJo T o HHT O 353 FiH oo e S T
VoREgl pE EE el Easss: tov TR B Hodos B o Hio oo [ 35353 i
: 23 ™ o™ 1 IHHO HED HEE HEE oo HAte Hido | 25 it H
H : Hov ] o TEHS By b b £ Hpoo H as3zsasss H
T pases Reeass o) H 283 asass Fromi s H = T HH
; i i sidisH o2 3 s ¥
) e Hr : b —+444 t14+41 ry++4 +
e H Tt
s 5; i 1 L Hi 38
T ) T e §
+ £ HHHH TR B e HHHTH i HYE
o - ] 288 B e 2 s b
: : SHE 4 £88 sscespens s = Bttt :
> : : i iag s : HHH S22 12428 20888 oos R HH
T +
_ ; ; Ht R 2 ; T SH T 00€~ H
e 81 T & o8 as. " o h t H
H T 3 3 28 wu Seoate: &% 3 280 T 3
3 : s tHH H + RAREES 1acst 135 : . i
? T I H
) 2 31 e
¥ * HHH 331 1Tk s e42d20as Iaga: :
: : T H R i , jsseansaat: i¥
2 ¥ &
2 8 -1t T T 1 1 8888 ans:
1 T ‘% 1. e nvw 31 o T I FHFHHH
> + 1 H 2 e SetRE SRt tonns !
T Y T Tt H t T 8ass SHTH
e 1 us T das seses
2 H Y
+ : Hrun + sE  feassss
o + 1
’e ¢ — T
: B b3 eie ot ; : :  igtitaeta ind
; 531 d5isedic HHE 2 tasassiim aias :
e anas 1 o 1 1 T
b . s & e g . T ass
i jais e e ek i T i H :
+ - ¥
e > T ~1 T € | +
e : T xx:iluinuw Ioa s on: ! 5 3 :
¥ ) be 88 a8 R ol
1 : : 52 2 1 :
1 T f 1114 ] £ : s
+ HHE H H HHE 2 s HEH
: : 3 e 008380008 HHHHT -
+ 3 Hhat d 1 : T
: +
7 t e eeaas 882 szess T I as
. 3 e o T = 188 9880 ao o H
: + 2 g
: t + T 3y -
! : Tt 2 $ H00C
T T HHT 5 L) Sae H H
1 + 5 S eesddanees sus
: i ek : [¢14 H
T T T . ¥ 8
o H
1 jesas i3 i s 3
1 T 223252 os 355358088 o2t THRTHT FH
S $35%s 53 Him S jeas; 8280 snass &t
s 8 ase3saa8ss 32t + 2235; 3352232228 ot e
s @ T 3
o o i Jensases: ¥ 1 )
T ree) o T 3 Suse: 1 T H
+ ot Seave sesss Sesses: T ¥ T T ! 3 :
$ 1t HE pewes: e 1 acips
¥ R P T : Z
BO'] 1 v L H T I 1 3
P 1 $ 3 Hio + + e H
i 3t : o satosezsaz e N HinH i H
o0 e ++ 3 13 i 2 ) R a0 %
B IQ3T14 : 3 sS3sEseiaisas: N 1 !
HH = ¥ I ae: 1 st s
HH 3 ! 3 1 + T o4
sor R & : _ i : i
: = T T geesss T o HaHH 1 T T
1 T 3833 53 222 HEHEE : H it H : : i
1 T = ] 1 :: T e 3sssssas: t £ t
s 7 r 28 gos T ve H
e 1 T oga ot o ¥ ¥ 23833 - T ) #
35 HH t 28 2 2 < s B t ¥ sast ' "
Snas 80, , cees o8 g H T e T
s : ? T £ 2eascsahet 1 B, 3t s 82 i T ST T t T 1t
: ; R HHHEOH SSass t ] L HH ? i 15 3 001~ 3
pes; seseyass T p33228s 83t a I 1 : 1 T T fasas s H
tes : 3e sa5s et C b s 3t 4 i T T 1 s '} Seseee, s
: : : i PR =3 o521 tay o o R £ t iy ;| 3
23923 s3ees0gess 8 23s2 8333008 3 3 e + "
ot 7 : H +H T 53 JEBats S : : 1 : |
3 = f
: 3 e 1
: 00 T 1 L T be 382 H 3 Sases 1351 1 1 + e H
& HaT : oY T i i
T F T e H b 2 a8 su0es sgass 1
~ T 1 TR 7 328 s ‘2 88 T
4 deeadsutas satn ; %
1 T 1 88032
o o joasses SERRHERHEHEY e
Ht i Seateasiatecaseat Sseigice: 5
t m 2% Sss3ides: - H
- s 3900 T 1 h T
: T 5 T 5 32sse28ass sEnecesdss. ; : trt
2 seet ] I 3 q8sas: ue 18 1 = e t 3 H 2
+ e ses32el: ++ : ks 7 1 t R sas s
¥ T 1T 1 e T e 1 Seede eas, saganad §38! —4 H
' 1 0804 3 T e s¢ o b 1 Peeds ot 1 o .
¥ g & ) & +1
! * : : + R + b Jiohiiay Hit 11 i
T asas: e T v Soe, o o =y o 2995 & T b }
st om s t ; 888 4 2 B : 3
T THiT 3 3 Tt T ¥ A s
H aaiiing 3 e AR
: aoe a3 HH : i ot s 3
t Rt = : ;i T 33 SiEgE, i ;
it s s i ioih $is :
tenne ee + I hw E‘Hr T : 3 1T
by ve 900 84 +- 14 984 : T
< T =T : 33 becsd m‘ < H Het
- e IRES 8! - - T
pos: ¥ RESEEES Aasi b fEs +
ot s j232 92222 Tt T
3 e +
sa80s sane 23005 a: pirs S o s aes: roes
: 3 BRI + - < A T
o be T Ih 14 1
Py T rest 25t i 5805 o
R tr HH isoat fasss N : HIT 20 5. <
Saoussam e t T : T o 3
T » ¢ s e
+ T T s o 2
¥ : u 1S T
e =
H o : 3 ;
! S25ss: : : : s
puns 02223 0353 boe ot
T : ot o
ne » B 1T a7
e + pos T
e 8¢ - 3 T +
Hr T 3 2esass
T e b
- 1 ++ nas o
ERan s iE et
T b
: i nH Test T
R + %J« I L 1 .
:
: -
1 T T 1 1
> 222022 2050t s000s:
T 3 Siiszansistisestlt
T HHY




£103STH SWIL UOTIRAIQIT[®) VAIdZ
. €~V °2and1j

7
: 7
TH T
5 age gas sEEse) 1 i
T e =3 4EE e
.wn beg 4T e oas: H
T | i i bl
T o i B g i e
i i A S et e R R B T
+ ! 1 <14 aen e A =
x e 238 13 £ S T et FETET T B Hrt
: H s Ht 1 2t THEHIEE EE 5 2 : :
H T ; Hy Mhﬁ s it =H ] BSEbe: M b oo i mu,u wb E o
3 T a8 aant 2 aas 32 soess e 1HH J=ess posiad m o ™ cesdll s 1
7+ e 5t +H Hod 2 5254 =5 D YHE 0 ﬂu o 70 mhh i HE wiEN
A H 3 ¥ 154 2 T H s 35 ssaglogesas a H
H B HH e ? S8t i wm 85es Had —§ 3 &Mw ZW THS & Hm /.+,mwn“ mv n.um..umm. 4 .0
ERHH BT Y et e H R PR e S L C E Vi HHE QT QI o HE &
T t Bese: 22528 BN ® o 7 Seass H 52 1 .mw ' & o mvunnn o¥i o HH o H-H nHu, oo gt @IEL o
5 Innwmb“ Vo) 6%&& E ' i 2 s 2! o i ot o 11 oHEL oo il o HET i ¥
H = 3 Y o paass H I
e of v 3 v B pisessf CRtss o B2 ‘Hm t oo [ i3 Raess i
H v B8 3 H FHE th 2 o tH + E T
— HERHN 3 o 5222 C_w i HHEO 3 5 4 23 s - : 43 888t
HHH o Paktsas BaF e 3] 23 H 2832
g e HHE 3 HH o 3 EPeN ety Nifiiis : H Seassi e seanis
] mmg.,uxgimvoﬁl H U Y oo HHT a5 s
S it Fh & Bk S HhE o Ht OO H § =
> o H siss: e 3 Y :
2 s :
: i e ¢ i : T :
3 H
2% T o 1 s
. 11 .
313 B 1 s Jﬁam i H THER t 3 e tHH
- :
t T g + 13833 3he: be F 1 = e .
4 S $ 382 :
B T HHH -+ LR fiEd1 dicat i H T
: HizL T 3 i e e T &
ass yos b8 22588 pas 1 1 T HHHT T s
17 1T HOH ac ol vogsl 1 T
] e Tt + 82 2etet ﬂﬂ H H =+ 35 3s: T vm T £
Y : HE
nEa +3 580 1836 4 yaasne 20 00 T *
T T 85ss peERe setse mx% gas Sasas w.r T I T
+ 26 84 T Sot sgansseds e3as Sans H SRR ,ﬂm Hydis
¥ 1 frrer TR e Tessesese casia b 22922 Saans
t fos S2200 a0as cREal Ho RS BT
- T s TH 288! 22t iesai NIt 82 e 3233 88208 S0 x eas: 1533
: A St s st e T s35dstsls sk gt ot e i
T { ot : s3d sooss IR THH: B i :
isenas t agas soeen souas t 389 = ee o *
i HHr t : Y i = gatasascss f t :
T I - S +H i san 3 + s
: as SEEsEEisi BE: it S T $5itease oLt augs: i H . 3
8 t : HISHE = ot R : :
ot 2oas a000s 235025 o Sasse e sedes 208 1 a3 88 28 S5e88 883 1 e t
5 T FHH AR R :
< T T 1 ,WMHJHT .M.»th g T :: x.rrx“ixx 32 ﬁrf 3% 1
$ : 2 St : R HYH A s sepetsesns popass et < 55 5323:
g i L Sl R in e mnRnlEn peoT By dH k, :
52 5t i T geagfg2sssages soaess 1 H : ¥
Al ST am ate lata i, I T e taset sesstasses 1 : +(x”m1 . H Bgse! . ¥ 2
ne saans ssassye e T es 111t
Tt HH T PP T H H 2 3
: Al S i
h : G i S i « i i
T : : 5 ek HHEEEE R o IR ssEntEn st sas s taatas: H i HEE
} : 548 gasd fSssedssesisseisoed: in T 2 ﬁ L eseet HHHH T
! TS i 2= Qi 11223 S18at d5251 1523 2 HHHHTHE 3 :
: w 3 BHE R HRE R AT T P ; : ]
: 2 i it it iR T sstei st et SRR e o i e
T+ S onss ot 1 HEHE §3520 5 108 seustisgst sos HE i H Hi [¢] L —r T 1 I T
i e e Hr Jesss it e 3eR3 Sexas s T T =+ T
assaasis : R o : iiiaai i 1o G thegd L et 3 £ 5321 a0 : !
oRos 1 173 T t T 1 Fi3T 43
3 jiis sn s dsan $saas t i3 :m §838802283 188228008 82205 L‘ﬁfuf T i :
e 3 : bt H THETRT ¥ 3538 8t Ras
883 s Y 3 aRat e 12888 dEligmEkac BRi5 7 : i
T < HRT es: HgEe T sesagseses : sagesasse tHi a2s T 7 H
3 3 tes: fass: SES i85S SOTER ESRES a2k LS B P HiH : : | v H
PeOT 3IY3T14 ; g = R T R HH 25 I 5 + 9
T 3 HH 34 !
1 I AT T i H : : : X
- , ; 1 Hrre H T
? HE ¥ 1 0z HHF H T t .
3 asgpzas a8kt H 1 o
T tH H HH B 3 T : t I
¥ 1 e H e St soe f H i
1 1 1 . e ¥ 1 +
38 S3sasses 4350 22 A t HHHE = B O T H Rt
+ 1§ Sages sooveaass suacs $5¢ SEssisRes deisunts, " EgR Shet .t T
T B s e : e R R e H i
T ? 288 53 a: ;
1 base “ be T : be HE 1 % ¥ tH ssswes
11 thiter 3 : i H 338 Stastinsisianss 2 HH
° H 1 I i 7 ¥ HHH
B SSSse e T AWT
I B t : $82: 1ans: H H
5ss dResss S35 e eas delt ; T a2 T
HHERT JM__ = T 8 St 1 .
ensesas co08) S3RsE SamEaane sassd T s +
a8 T 3 1 va = b HH
384 senes f E 7 seas «H_
3
1 + i HHH .o
jogst it = t35s 8 iy :
1 5 i¥ H ese H T
t - e 0"y 28 I ssagasas o T :
: s i : 12se: T f
+ 11 soupe w;rd 04888 su
et 3 oe SETEsReeys S8STS, Hi jaess 33322222 1
HE Shed it et ety = i3 it 7 i ! :
Y e 28ou w‘ 1 i 350 . o 3 :
HinHy 58s: T h t : !
oo HHH t am 3042 2ds : T
3 1 s ﬂ.r 3 3of - s 7 Tt
3! H 22! -+t nmm T 1 a5
t H 3t i : i
;: - i i ity :
e 1 A i1 12351 Fe - T 1
e Jasli t X >
i i A
§ 3385 g} H P ! T
#5 T e3d s T T
R t ot
T o i
A T H
T It 1
A it
it HiT
e T
s i el st taakt :
T -+ 13 £ 1
T : :
G R A




A103sTH aw1l uor3lBaqII®) HIYI X
-V 3an31d

g pags sepes sumes 00 sa: - 37z o
W EE o i T ¥ 32253 5
5 : tf it
S Bm bt T : Feae o
t : it t
= = = 3 5 HH
S ~H s
= 3 : :
= T T
: T T sireed HH
== sest 3 o SR 34
I = — Tt T T T g8sss
R e T 83 S355s == . 3 ¥ = 8t
B T Soagmns et b Gn s pase T s ees,
= AT oo oo P o H oo 1 = < 2 TRV} o Fit Hoo 1 oo Y
T T ofiE oofiE ofiffie oF o Foof e Hot o T oo FH @ F T o ;
o OUTE ¢ Ty B Ry B v E (e £ E==R N i o HiRE ' S Ty EH OV HEH :
=+ ¢ T NG NoFet —HHT — 1 [ %=1 Het1 2 = —Q B o Hap N TH— R T B T
F U nr Lt O O~ 3 ~F Wiy e S B O HEE WHTE O 3 Y HEH oM :
s ! o S L ) B 1 e 3 L3 PR S IR e H R "Hnuu. B
= IR o HE O\HEE ONHE o - ol HEr o 3 o Hit O H O i O B o HHHHH
tHH oot m ot ool ol ooff] H o HH oo HiHE oo (HHH tHoo $H oo il oo HiilE
o] ess Bt OHHT PHHH o = £ 00 B HH H® T 0 Gh o=
 sessssasss sas }: paaes ! L HH ¥
8 9! enck Joss I
S3sissasses e
: HAp ¥ * ; :
T — 3 352!
Hy T = Ht
:
2t T
T
T e T 1
3 o2
Ty : HHY =
T T } B
o :
t T
T
- :
- "
hen Hows T oe
T
= : T
s gus 28 o
e ThT
i THY T T
T : 1
== : : : T s
iy T T Sags ot Hc =
T T T 2as ¢ T T T HH
$33%% s o 1 2. 528 SaT 28 ot o
= : boss T + T :
T : : 8 sst : E T
S3: fase: aee : Ht
T T
T T
3383 seaa: 17 a3 !
HEErma 2
i H
: B3 832 ? : HE 7=
= Test pRas 3 ) o HE
: 3 T
1 n pe e 1T
T ¥ + : T ¥ H
: e T : + : T Hi
¥ T 1T ¥ _ : . ssiiiss
1 : Soees T ¥ B
T 3 a8ase oe: S ¥
o : HH
T = -
Hipeo] T T " &
t I e 5288 S3%%: o= = 3
i HrT T 1~
2 e i s S : i i
: + e 22e o : $ taitt
T ¥ ¥ s I t 1 f AR :
3 u T 1t 2 ] s ; d
1 : t H d - t H HH T FHTH H
¥ T b = 1 : HHHHHHE 2 H
= fhose BRI & B
tr t t H
2ase ou
: . e HhO
1 T -t muux HH
i ; i 3 Sie Ea3i) .3 s
T }
T s =
t
f i :
t : . -
T : T
T T i : ¥
+ ¢ o ¥
t : Hor : =2
Sieoan: maat mseadl + izt 338 {3 : : HH T
17 T T H
s : : 38 53358 : T . >
i v 1 e
T bost J Ses T T 3 T T
F L 3 t
S e : } i e :
o e o + + T < IT
T 3 TF T T
88 .
3538 & t T El 1 T
5253553 = t s
s : THEH
1 T
pat T T T
T T
= et T
e o= 52! ¥
s se et 533! 23! : !
T f=t 7 2%
1 t s3o1
+ < s
T 3 T T
H ot
00 comse SaTos + Ht 1 i ot m
3232 SSEES Soo88 S0, B = T T 3
t o b T : st 158 sasedsints
T : 358 s st s
a23 se=s: : T = ¥
¥ s T 3
T ! : t 3 T
T : + i
: 1 1 ¥ T i H
z : s ses -1 T
T T frre— o5, T
T = : T 254
HE 3232 3884 S33: 353 so=ss oot : 35 b 8a2s: : + 24
1 § o3 XA
ooy ¢ T+ - ppyen
= os: T :
1 223 o % I 3 oo 5 3
e Sovue anose sss: 17 T T jas o T
i h ¥ j3i2s 52t - = XTIN ¥ =4 :
T 2e s3o¢ e Seddl vl H 1
ot 1 T T 1 w3 oy
1 s
1 1 e n i E - x I
: bas $
¥ : ¥
It foas T T
+ f + ?
13° 3 Suat
T T
3 : - o e Ies!
: ! T 1 E
:
0 1 RIS o
H 22308 HT H
Teees oot HH T asss Svas T £
Tt i — T H ¥




£103STH Bwy] uorjeaqITe) SHIYI X
G-y 2an31g

T TITT g3 PR T }
23 o H g 5o Bl T +3 B Ts ET T T =
ot ST H T 1 } i f7s aagss *: Mﬂ H I + T
T tHT e =+ T~ " i doHET 2asa Sastess
T : 1 LSS 5730 13538 af H T as g 2o gl T T
T R BTagt (483: + esRE Iveei Hts: 7 434 1 T
jeTes seas! gt 33 ad B2 H Bsteasss &5 !
1 9 P ; o2 sages - 7
ases sos sy ot s suue = Saga: T I Y 5] gaa ! 1551 H3H 1T
o +H 85t ; . iy Hi 1 35 1
H s es ! !
o 85, ! A Lt T 3t saset
a 0e seu: p 3 R : b 55l
i — £ HHH . Hap g9 VW et1 ; di e i B 281 B o252 jou: JURE s so o e
ove ove H Fi oo = 3 ol 3 8 2 8 sasss . sagsi e I i
oo i o 5 ”.mnmg IR i T T o f oo T ") o Ho i 1 .&8 HHH Hoo T+ t
¢ By BEHYy B O HHFy IHHEY FHHAY F 8 pos N ] i [Velss [ Ims [] 3 311 Fdo #39 ssms sl Bl snsad T
S352: R Sts: ==y B B, L B 1 o e ol SN S8 HHH 3 H H F5HY. HH e !
> H FHEN FHAN HH 3+ +HH— A : — FHA N Ht = o H NHH e — 3N Lo L 38N B S Fr
- .0 HHH uuum »~ q “: HnHEHHva e Hi1 N i o BiRY st FHAHRHE o HE ..7 Pt o Hisr ol WiH ,.9 O fiH u?“x”ﬂn » uﬂxmgummﬂmf HH HHN T o
A\ FHH 35 850 R FRHY FRE Y FRHe ¥ ’ 3 [ ccecs B scseay | nw. + L3 asas: L b o et 3o e e HE 8 T
' o e s eunsal FHH sssas x T H pes: H T s s on o foecod it b eace. T T
o o Fif o umﬂn, o it o (O B ;xmx HHo 7 ol o Hi oot o[ o HTT T o o oo it oo F Fron o
1] oo HEE oo 3 O HAE oo B o0 T o 3 oo oo F:HH o HE oo it oottt oo H Y i oot oo HrtE O 3+ oo 31 oo HiHi oo HH u_” H+Hoo
Hor © HH - L HH
+ N *t T M»m nwﬂ 06 884 4 Am e H- T T
HR 83 Sas T 1
Josbt 5212 H 38 1 +
T T 1 11 T
z 332858 gy )
: g2ct SERdtEd tisiise it t
T —4 ++14 - |
> 1 1nea 3 354
! 238 :
t R8s ot i
; w paas 2 8
3 as T
s HI 523535 0081 H
! 3 9C.e} -t
3 HH B9 o 8 8 .: e &1 S - S
1 -+ A = T HH7 HHH
T T ? 3ot eaags spess SRey T o3 ssaaas
? t 1 1 T { t B
+ 1 AT% 8 18255252 SaBac et 1
: 3 os sos: -
THEH : g285c igasasands gRoy : saagl sianig;
: o s e o HHH
+ 1t De
1T ¥ 1 1 jobs it ¥ T
eas ot e i T
1 HEH L + 1 H
: H T qodt
I 1 ' oo 1 - ssessas
H +HHH B
i 3 + 13838 §3a5 521 1 B
T » & 88 ¥ &
1 e - B x
T T > s $ g # H
= T t : t bt HHH . :
T g 8 {57
t 2x: : t Hi
7 : ? = T ,
8 : : : : i T 333380 825
T 1 T - T e 5 4 y boass 8 T
¢ 88 ot L4 - ;‘
T t ja: : 18830 sbagas: 1 1 ts :va.H 3 0
3T T o HJ . T s
. T ) i RS REUESF
398808 68 1 1T 22 08 H
"
Y 17 v++1 + TH+H b
= i
i & + 1 HH B33 sbeagaata { H HH
1 m T ? 13558 ane tHHERE T 884!
T T T pessgcague snspgesses o 18338 goops spe ey 04 8
1 T T ¥ e 0as o5e So) 3520 sones paast b1 m 3 =z
T 3 i 2sgssgsns: 133 H b 8 81 (=
T _ t H 2 gonr .. 33!
1 T " HRE H4 RS Y 1 (ool
1 0 pas 8 825880 + t t ~ 3 3
B ass T T o :
)t ! ¥
HH :
bt 833888 1
T i T T t ; :
I ::
o - peoq :
T EHE = T
& Baned P e
: : 343114 :
s SEITT i i 2
> HH t
+ 158 51 1 r 1
w I - o : s
T T 1 i : o HHET R 4
! L a8 i : e 283342 825
: S B t : : T :
: ¥ : s o o Y e o 1
- o a 1 4 1 Had T 98s anep
: T e
: e 1 HH dopau dal 1 8ge susps gou 8
’e ¢ T 2 5 Loty -+ 4 ‘- 8988 s IBES S 5.0y
T :: = T H . + i 12835 22% : HIE I
oessss = 5 5ERsg0es:s sous H t 1 T HHHHTTHT R REER T o
4 T 1 pot H ! 1 sbges seses i
2 2 1l : 3 1 3 111 4 H {143 b ¥4
t : : T = T ! H -
T t t Bt 3 a8s & 1 . pe peasfaasas T
s t T e &t T T Bo: : Ht I THIH Ra3s i
t ¥ HH H s HH
117 1 T > : ¥ : pelalss 1 S ge: w el §gdes ridp 1 3
ot T b )2 ot 23+ - 0 a8ss 588 538 H 1 3 3 o
> + o+ . 22135, } T
H =+ ;53 58t ;: 33! % T Tt : : ;
+ T 3 1 w be 3 + 2~ 17 v o 244
e
i proT = i : T T :
H ¥
= 1 t as ass F et H s8ss
5 : 1
uu_.—m..nﬁ.m Ht s o ; T T it ot T
o T T 1 $ : 11 HiH F t
8802 8500 sas: T ; tH T 1 £ 114 I 1
=+ : T T 1 bs 5383 Y 1 t * HH ¢
T o o T 1 + Ho et e B135s ke aotas 3638 323 8332 H: He i HH 2
- T Tt T 25 + * Ht :
2 sa5e T 1 i
: 52 8e Saass sav: svass shsss sasss it i§ i i 1 :
1 106 1 s e ressss s anaes e 35 4 H poy rbad ungs o
T 't - + T T 13r
T T 1 ¢ i3 aBees o2t T T it Hh Bt :
3T 3
Hett : i HH 38t 2 Hi ﬁ: -
et iy T +
1 1t ¢
aees e H s 1 AViSav o i 11 e
} H e
: 3 T +
s 1 g !
e — g )
e —
jisdicim e g 1 i
2323225052 Samad Poaas o2 i H T
SasEnaet: siapeanpat e 4
: 3 *
T
H +
1 1l.u‘— 9! pe
5283 Soous aoes: H }
- s :
b T E H
Hy ) !
5s: 3 T I
S55ss +
12583 Soe s sasa: t Shaba g
§o883 22t afes U o
s28 T o : Saq2Eussaass Spanasapss snssagsns SLNstssans
I FEY it . H
T HiEt ‘ 2
Tt = 4 Ssaes
. 4 s t ]
T i L 1
+ T T 1 1 Ty 1
Seoss ot i 1 a: Lttt t




0L-0p8T DSW
DOSW — VSVYN

£103sTH dwW1] UOT3IBIQIIED HINWI 72
9~y 2an8tg

T HTH
hid : Ssissicie!
Hm # T
: | H
7 £3: EHHHIHEE T
Y 22 BT HEHR T
b3) Hyd e p 2225 guazs samws aagas summe =33
T ! . R R 3 ja s
! 4 1 + bd pans r
g die al pan T Jasdsd ﬁzfﬂ HHTE R as pas) 2 H
T 1 23 10553 H; \wq 22455 JSeas asians: %w £ ’ mnmm .mm 3 mmm =
TIITTY 2 e 1280 : 2 Y OEE
5 = ik e i i L
1 : st Sags s ; e — FU 3 T ook um BA ] ]
s : 25 fadss s 1 aT OurL.rk \0 o 3o uﬁ N:: AP ittt R H — Bty
L H T i : pesen g 3y BEH ARE HKN 1 — 14 i o 1 HH
pos ot 1ess & tis - g 2ogt o H e 12321 SESEi A 1 T D HHAN 1 O3 N f
T B34 33 — 1 E 0 L s -3 i~ m.r/u Cf.u;.c.uﬁ M wumwwm- M B £ 3
3 seags 3 3 e & k= ]
fSEaais : : olE v iE L, o ik § iR L o HE o
t 1] 3 E o Reosas 2
s 1 : [ ;= 2 228! 3 1 ] o3 o Tt o T 3 oo 3 oo
T 1 R oo 53 H - <)) 2288 T ON F-1+ 00 357 oo - oo 15 00 3 Hm
3 1 4 3 ol — N T 1 Tt o HEE H @ £ o e
st y R s o s ] : ‘ 5T o HHI &3 Iy 28§15 o t 0 11 HiHt
e o 3HT ' Saes) 1 ¥ o ! —3 HHH h ] MMW% e ssas: HHHH e . .
s T ! 3 N ’ E i 30, Tt (o] o feei e, i I :
S RIS miEE Wf v ERH R T o $ii oo did i i BB il i
H A HHEHF 1 ] b 3 e ast s 3 HIaHtH o ! &
l"f..“.mw..lun.9uuﬂ1;9 © HH HHHE R 3 HHIn 1 Bs i % i
H " T o wngnmwa:} o e} + I X 3e THH it 3832 22508 B3 :
H ? H H pes 7 4
R e 00 1T oot e : ] + H T T :
: 25 o 1 = T g & i 3388 suape Daa: hatiiese: s HH T :
ag8es seaas ot + T T 2 Senes senee Shet e 13 H T ) &
5353820 T : : Y 235Se0s: iangisss o 5% Stsctssios prevsssas: i3saas HH s scht a5} sastssasatls 4 H i
gEgcs HH 2225 HH T sgsasizas: Hycetts U
- 1920 sanua sasns 1 ous T 1 1
u ! 1 388¢ 881 e T juds egel 5 T 3 197 adags ds T
s se08s e - T Igs. HHtEE s 52 H H
T T 1 1t J\L.m e e cscat 1aess ] -~ .
: T Bass be 28, + 13 t e o a8 mﬁ
e ot e 2823 ot t I adds - . ﬁww _ t - N
32 i : i ; ; HE H : : Y u
T - S Ht 1 i T —1F + 3 s
s ? 3 H .
R 4 553 2 : H Sstices tocs: i H Ha : 53882258 : B
B £ T Hr EHHHEH HeH Hi : pas Re38esass poaadanss o 22852 382%! 3 ¥
o 988 & T es $ad ‘ 3 H HH
: 1 H } i setgsss oy 1T HHE - e B 4 T : HiHH 3
: 1 tHH 3588 8588 & 3itzessey e T 3 t
T § x% m~ 3000 34 $S eot as HH T T - diiats t . eeeis 1
1. e HHEH H st iatst
Ht T FH R TIr as
3 3 I i t H 285 32852 (398232852 853 1] 222325324 ot = HH
? AR 7 HoE 58 : h HE HH
HEY s 2 : jasases e : : HHHTT T M-
T 5§52 35820 2o e 2 T HHH : o5 Ht
o o 1T T t 3 < A e
o 888 e 85 T m 1 I3t 2 HOZ = n se
3 ; = HH H 2% ia: f3ast pREas $a85 LE -3ovin] R fesedtes H
35 82882 20das enate o4 HY + 1 H 5 11T H eeas Sa s L
T s St ; i et Satuiss i s it :
+ 352 =58 T Had o s : ! , s misszasy cessssases sesgzgass: dsase H skt 5 i
3 S8 + B I HHH 1 ssasets e HHHH M 3835 jSsas 288 HH 3 i atattst: 8 ] H
i : 133 pucatsaad] Sees tehs : : H: £ SRR 1338 500e easa tants tage: 1 B53 isEies 8253 Hro mHze
= ﬁxilyﬂ 23 sseses t T * 283 35003 BEas 382s. H BRI HH HHH asse HHHH
=2 3 sfsss sssatinss ; T i HEE i H HH
¥ T t 88a0s ™ 8 800! T 3 3EH v
T ge852: : $ . s i T aesahgss soass
HHH S 1 1 Sinnd fhantdsgte shissistads -H 2 8 H
¥ HIHT 1 + w 58 202 888 S 08 s0me 1isseagfiasian: diats sataaseiat Hassantts ~111 1
: H £33, 1 ss: H
- 38 3523 3351 a8 seses o 28§00 & 3 HRH HH
T ¥ HiE e filtiaanss tpenets
> HH JM s3pes sase,
I 238253 20200 $3383 2HL: Sedgans. gas o
; : it T Hi R~ 35
essssss g ST HH 3
H 89 88 s 11 vmu T 44 8
1 28530 S0 asdRs s00as e (o]
822 8 3 By (=]
HH T s = 28 188 ?
$ T 1 1 8 + 1 H H o |
tHE t THH e g H
s $ > : Sesss! 338 .3 H 5 peo 3
o - hg 2pa ~HH » 8
T SRR 3 T H. 1T o .uu_.ﬂwwﬂh =
T HHHLIETE HHH Hi : 1= S §: 55 H
3 tH HAH st T 13 :: O
j5385234 7 b § £ OH
1 T S3338ss HH t o B soats i
H : ¥ I3 33uss Races o HE T 1 e saa! T B Bt
. j88ss §eas i HHH 8 33558 setet =
} iy H ;i issde: T R
2 1 + e + T 8 s eeaes saes: T 1 1 b &
T s 09 Hi+4 111 1 e 11 1 1+ HH " &
= + 44 t 1 8882 o8 T P
8k i1 33 113 19ee g b 8
32 85! ! F5estesaess faas ou: i T it H d i3sepevs: 1+
S Sae : 11 33 1 Seestite 3 > 13 232s, 258 H
hne 1080 ses! 1 . H H. He H 3
£ i 5 i HH R HAY t: Han T H
555 > T : ass Ht ¢ 25 $382: 2e. T sasa
! ? ] T * i 3353 2e: ssgEzatsepas s ST H m...uu._
T ¢ 3 } HHHE i HEEEE 2 t Hi
1T T a 1 1 3 113 11 3
S aes sons 4 + T 1 1 Fos oo o U Hi t 7
225t 3 7 1 25! s ¥ > ¥
ot e T Sas ¥ i s 13 s aope: 3325388 (Sassass H Jﬂr wlw Seees sa0
: : e “ u i HHE i i EEHEE : 5
1 ’ 1 t ¥ 13
a2, ¥ 2 as
R 3 $aTs Snes saass & 3 : i sestsens . 3 1 HH 5 4a1 faan
F F os 1 e £ 1 1T 1 ot SagTLTALL B s s
F o - >
1 oot Frr s SenEt 3 T 5 4 e 11 T S H HuI .: 1 Z
e T 1 < 1T 1 T ove| I
+H : 13 3338} IEzsest T s
1 t114~ T fe 0 da 44er-
T TR H HE t + t + be &2 229 FHH] X 1
: T T ' +
i T H : i ! i H i iy + : :
= : : T iy
£ Sesas seosy 1 I i 314 . 3
: F b b H
= i Rt g sati i et : i HIL figsigy T ; :
¥ T + B2 3253 Y
AT 1311 ' o4 + T H t =
sasns « s 4 2 ¢ 1 T + 3
saas ) ot Snss Sisee o e T +H 1
b T et 88 sTR S oUW spBwe sume H oo he HHH ] 1T
o o S8 e sous HHh 3 22y, t 33 2528 > t
- JOSES Su T ¥ 13 - 1 o
i s o % 1 4! 53 83" : g 4 T
1 ~ + TH R - A ¥
: 1 it B 38 + T T
- ey - 3
T BRI i @1% HH H !
3 »m.ﬂﬁ e oo ¥ ¥
=t T 252 T +
2223 f
o $35a; $+ 7
~+ b 1 T T a
¥ T i H T T
eaaslveas i 24 b het e 1
28 6 3 0t 11 + :
e : T T s +
T 2 354 T ;
Seass. H T 183 T
3 sk it 1 : H Sass otl:
o : T
1t T [ T i £ <+ i T
ax g3 84 T ++4 H
S i wu,rv i3ad88 HEHHE T 1 }
as T 1 L {r @u b g 1 T 1
; BT i3 TntH !
=T T 11 3232238 1
seusssusey suat T ;I nass
oo !
»OOO s ana ¢
i i _ i
s 222 Seass saes 25l
ey o ¥ 13 T
1 bt 354 soes
T HEOHHT
_ + 193] 3358 F2itssat :m
t T + $essiem
¥ 1t T
it




APPENDIX B

ANALYTIC METHODOLOGY




APPENDIX B
METHODOLOGY

1. METHODOLOGY

1.1 Trajectory Reconstruction

There are two available measures of G&N performance which have
cardinal significance in the spacecraft (S/C) postflight error analysis.
During non-G&N controlled mission phases (GRR and Boost through Coast:
S-IVB attached), the measurement of greatest significance is the accuracy
with which the S/C IMU and CMC sense and record actual trajectory
parameters. During G&N controlled phases, focus shifts to a measure of
_the accuracy with which targeted trajectory parameters (the nominal
trajectory) are attained by the spacecraft. For both situations, reliable
knowledge of the actual trajectory is an essential tool. To this end,
analysis is centered on a reconstructed, best estimate trajectory (BET).
This trajectory was obtained via a working interface between this task and
Task A-50 (Trajectory Reconstruction, MSC/MPAD). The reconstruction

and related error analysis proceed as follows.
a) Basic Data Processing and EAP

Before trajectory reconstruction or IMU error analysis
can be undertaken, the basic data tapes must be edited
and processed so that they are compatible with the
trajectory computing programs. The configuration for
the processing of the basic data sources, and the
production of an EAP tape, is shown in Figure B-1,
This is a straightforward procedure, and the function of
each of the four programs involved is explained in the
following subsections.

b) G&N Processor Program

The G&N Processor reads total position, total velocity,
jncremental PIPA counts, and time (PT, VT, AN, t)
from the input CMC telemetry tape. The program
editing capability provides for correcting data in
individual records, deleting records, inserting new
records, and reconstructing lost data by interpolating
between the values of ﬁ'r and VT bounding the specified
dropout interval.
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Processing of the edited data proceeds in two phases:

{) Phasel

The incremental PIPA counts, AN, are used to

compute sensed position, velocity, and acceleration

(Bs, Vs, Ag). The desired values of each PIPA

scale factor and bias may be loaded into the program

for this computation, Total position and velocity
are rotated into ECIG coordinates.

2) Update Phase

If desired, a total position and velocity may be
specified at any time in the trajectory, and the
program will re-compute the trajectory from this
""update state vector' and the incremental PIPA

counts. This capability is useful for reconstructing
short burns. The following quantities are computed:

o

a) . P, ‘\7T in G&N coordinates

b) TD’T, Vo X in ECIG coordinates
c) G - acceleration due to gravity in G&N
coordinates. ’

S-IVB Processor Program

The S-IVB Processor reads sensed velocity and
acceleration, total inertial position and velocity, and
time

Vs(S-IVB), A’(S-IVB). PT(S-IVB). VT(S-IVB), t(S-1VB)

d)

from the S-IVB telemetry tape, and G2N time, TGN,
from the G&N coordinate frame and interpolated to
the GZN time base. The time history (G&N time) of
the following quantities are computed:

1) Vs, 7\’5 in G&N coordinates
2) PT' VT in G&N coordinates
3) ?T' VT in ECIG coordinates

General Data Processor Program

The General Data Processor, as used in Apollo postflight

evaluation, reads position and velocity (usually RAE or
XYZ surface fixed) and time from a tracking data tape,

B-3



e)

f)

and G&N time from the G&N processor tape. The
tracking data is transformed into a Cartesian coor-
dinate frame and interpolated to the G&N time base.
The output tape contains the following trajectories
in the G&N time base,

1) Total position, velocity, and acceleration in
ECIG coordinates.

2) Position, velocity, and acceleration in the
tracking system coordinates.

c) Position, velocity, and acceleration in an
ESF coordinate frame (ENU or Downrange -
Crossrange -Up).

Apollo IMU Error Analysis Program (EAP)

The EAP Program reads sensed acceleration, :A..s,
in guidance coordinates, and time, T, from the
Gi%N processor tape. The output program is
position and velocity error partial derivatives (in
guidance coordinates) with respect to each of 40

IMU error sources. These error sources are
defined in Table B-1.

If the guidance coordinates are not coincident with
the accelerometer coordinates, Ag is rotated into
accelerometer coordinates, and acceleration errors,
3A/3dej, are computed for each of the 40 error
sources, ej. These acceleration errors are then
trapezoidally integrated to obtain velocity and
position errors which are rotated back into guidance
coordinates and written on the output tape. The
values of each ej are input to any of the programs
which employ an EAP output to construct a corrected
trajectory.

Boost Phase Trajectory Reconstruction

The configuration for computing corrected G&N tra-
jectories, and comparing G&N with other trajectory
data is shown below and in Figure B-2.

The Velocity Comparison Program (VELCOMP)
corrects the G&N trajectory using the EAP partials
and the values of IMU errors input by load sheet.
The corrected G&N trajectory is differenced in both
sensed and total ''coordinates'' with either S-IVB or
high speed tracking data.




eleQ Aduepiny jsoog JuizAjeuy pue Jurzedwo) ‘3uridsxron xoj uoreindiyjuoy °z-g aandi g

3dvl 1VYN

1014
viva
INILNOY
dWO0D 11VD
(
3dv1 dWOD13IA
WV 390¥d
WWN[™

3dvi dv3

F)

1

3dvi ONIIDVIL

G

3dvl 9AI-S

WV3OO0Ud
NOSI¥VIWOD
ALIDOT3IA

IdVIN?® O




" The con.figuiation of Figure.B-Z can also be used to
reconstruct burns, provided accurate, high speed
position data is available throughout the burn.

The VELCOMP program may be used in several

configurations (selected by load sheet options) in

correcting and reconstructing the G&N trajectory.
The following diagram shows the general config-

uration,

VELCQMP

20 (o)

(A) Corrected

¥

A minimum of two tapes are required as input.

e (A) - Sensed position and velocity and total position
and velocity (P.. V'. VT) in G&N coordinates
are read from the G&N Processor output.

° @ - The tape@ may be an output from either the
S-IVB Processor or the General Data Processor.
The program reads total position and velocity in
ECIG coordinates from this tape.

Generally, an EAP output, '(E). will also be included, in which case
the program reads the position and velocity partials for each of the IMU
error sources, The values of the errors themselves are input to the
VELCOMP program via load sheet.

If neither of the tapes (A) or@ being compared contains accurate
position information, another tape.@. may be input. The program reads
total position in ECIG coordinates from this tape and uses this information
only in computing the gravity profile.

B-6




In the discussion of the computations made by the VELCOMP pro-
gram, the following notation will be used:

B, V are position and velocity data from the G&N tape;

TF, TV are position and velocity data from tape @;

M is the matrix which transforms from ECIG to G&N coordinates;
1-31, VI are initial conditions in ECIG coordinates.

‘Each of the following quantities are computed and written on the
VELCOMP output tape.

Guidance Computations

] = af-?s
(6P = T e
GeN T 9% k
v
[6vV_] =2 2.

Gravity Profile

= o - sae
[PG, VG' AG]ECIG - These quantities are computed from total
position data on any of the tapes, (A), @,@. for any specified segment
of the trajectory. The gravity model assumes the Fisher Ellipsoid.

"Tracking' Data (Tape @ ) in Sensed Coordinates

[TPg TVglgen =M {[TPn TV 1pci6 - LPe Vo leero
- [P VI]ECIGI

"Tracking' Data (Tape @) in Total Coordinates

(TP TV lgen = MITFp TV Iprg



Sensed Position and Velocity Comparison

Note: Let the compensated G&N data be represented by

"=—4 _ —s —o'=—o -
?s P, 6?"8 V&LV =V, 6Vs

[P, aV 1o,y = LB, V,' gy - (TP, Tvst&N

Total Position and Velocity Comparison

Note: ''Compensated' total G&N data is defined by

— - 8 . — — ' s _ —
B'=Fp -8B, V1=V, -6V

—e - . o T _ — —
(aPL AVplgen = [P Vi dgen - (TP TVr)gen

Delta of Delta Com’périson
[a2B, A%V ., . = [AB,, AV.] -[aP, aV )
! G&N T T “G&N s’ 8 “G&N

Reconstructed G&N Trajectory

The total corrected G&N trajectory in ECIG coordinates is computed

from

-1 =, , - o —
[Brer Vocleews =M [B V. 'lgan + [Per Va1 + [Py vl

g) Orbital Maneuver Reconstruction

Since continuous (and accurate) high speed tracking is
not expected during the orbital maneuvers, the con-
figuration of Figure B-2 cannot be used to compensate
and reconstruct the G&N trajectory. The trajectory
reconstruction program has the capability of recon-
structing an entire G&N trajectory using only sensed
velocity (and EAP partials) as an input. The configu-
ration for reconstructing burns (and entry if applicable)
is shown in Figure B-3.

If tracking is available over segments of a burn,
position and velocity comparisons may be generated
with the VELCOMP program using the configuration
shown in Figure B-3, The Trajectory Reconstruction
Program output (which contains corrected total position

B-8




ejeq uang Suizdjeuy pue Surredwor ‘8uridsiion 1oj uorjerngdiyjuoy ‘¢-g sandi g

INLLNOY
dWODTVO

idvl

dWODT3IA

idvl 1VN

idvl

ONINDVIL 30 AI-S

WVYIOOWd |
- NOSRVIWO D ps———
ALIDOMA ™
idvl
NODJ3¥ fvil
WVYYIOOUd

1VN

IdViIN? O

idvi dv3

(3)

" WY¥90Ud
w NOILONIISNODIY
A¥O123rvil

dVINTO



-data) is used to generate the‘gravity profile, and the
comparisons are made as explained earlier.

The trajectory reconstruction program utilizes two
input tapes: sensed velocity is read from the G&N
processor tape; 3Vg/dey is read from the EAP tape.

The error magnitudes, ey, initial position and velocity,
Pl and V] in ECIG coordinates, and the Matrix, M, which
transforms from ECIG to G&N coordinates are input to
the program via load sheet.

The progr‘am output consist of the following quantities:

¢ Pt V7 At in ECIG coordinates. This is the
reconstructed trajectory which is computed as
follows: The sensed velocity corrections are
computes from

vV

i} °'s
5V, =, Se, °k

Total velocity at time "i' is computed from

- -1
vTi = VI + M (VSi - 6VSi) + VGi
A..  +A..
- Gi-1 Gi
Where vGi = VGi-l + S S and
Agi * Agi (P Prio4)
Vo + V..
‘s . _ Ti-1 Ti .
Total position is computed from PTi = PI t———=—ot
V,. -V

Total acceleration is computed from ATi = —t—1+1-1

o PT, VT rotated into G&N coordinates,

e Several NAT output quantities, viz., Nos. 9, 10, 11, 12,
13, 14, 15, 16, 19, 20, 21, 50 - 55.




h) 'NAT Prograrh

The NAT (NASA Apollo Trajectory) Program accepts
the output tapes from the G&N Processor, VELCOMP
Program, Trajectory Reconstruction Program, and
ESPOD. The program also accepts input tables of
atmospheric data which is used for computation during
entry. The output tape contains 112 parameters which
are listed in the NAT Index.

1.2 IMU Evaluation

The VELCOMP program was a ba.sic tool used in érriving at a set
of ''most probable' IMU errors. Trial values of the error quantities were
loaded into this program and the output for each trial was examined for
conformance with the BET. That set of errors which reduced the '"cor-
rected" G&N trajectory residuals to a minimum for all accurate BET inter-
vals was postulated as the most probab1e> set of error values. Prelaunch
Gé&N calibration data provided a source of most probable errors for initial
trial values. Su.bsequent trial errors were selected based upon an exami-
nation of the preceding VELCOMP position and velocity residuals (deltas
with respect to the BET). A final most probable set of error values was

obtained from the earlier estimates using a Kalman filter technique.

The boost phase of any mission is most important for determining
IMU errors because acceleration levels are high and good high speed
tracking is available. For this reason, comparisons of ''corrected"
(trial) G&N trajectories with the boost phase BET will yield the most
reliable estimates of IMU errors.

2. ESPOD

As will be noted, the principal source referred to for trajectory
data during coasting phases of the flight is ESPOD. ESPOD denotes
"Editing and Special Perturbation Orbit Determination.' This program
is a comprehensive model of the principal and perturbing accelerations
which act on a vehicle during free fall (non-thrusting, exo-atmospheric
flight). As such, it is used to generate a continuous estimate of the free
fall trajectory of an orbiting spacecraft based upon radar data and models
of the earth's potential field, aerodynamic drég. lunar, solar, and plan-
etary perturbations, and radiation pressure,
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Ta'ble B-1. IMU Error Sources

Accelerometer Errors

vVOoxX
A'4®) ¢
vOozZ

ACBX
-ACBY
ACBZ

SFEX
'SFEY
SFEZ

NCX
NCY
NCZ

XICRO
YICRO
ZICRO

MXAZ
MXAY
MYAZ
MYAX
MZAY
MZAX

Velocity Offset (CM/sec)

Bias (CM/secz)

Scale Factor (parts/
million, ppm)

SF sensitivity to input

.acceleration squared

(ppm/ g)

SF sensitivity to coupling
of acceleration along
input and output axes

(ppm/ g)

MIAK is the misalign-
ment of accelerometer
"I'" input axis about the
"K'"th platform axis.
Sign convention is posi-
tive when misalignment
reduces the angle

between the positive axes.

{arc-sec)

NBDX
NBDY
NBDZ
ADIAX
ADIAY
ADIAZ

ADSRAX

ADSRAY -

ADSRAZ

. ADOAX

ADOAY
ADOAZ

A2DIAX
A2DIAY
A2DIAZ

Gyro Errors

Constant drift rate
(meru/g)

Drift rate sensitivity
to acceleration along
input axis (meru/g).

Drift rate sensitivity
to acceleration along
spin axis (meru/g)

Drift rate sensitivity
to acceleration along
output axis (meru/g)

Drift rate sensitivity
to acceleration
squared along input
axis (meru/g2)

Platformm Errors

MLMX
MLMY
MLMZ

DT

Platform misalignment
(arc-sec)

Timing error (sec)
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