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ABSTRACT

The report contains a detailed evaluation of the Gemini 7
inertial guidance system accuracy during the ascent and
reentry phases of the mission. Total system error is
found to be approximately equal to its specification, one
standard deviation value. An analysis of the external
tracking instrumentation accuracy is also included. The
results of the error analyses are usedto construct a ref-
erence Gemini 7 trajectory for the ascent and reentry por-

tions of the mission.
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1. INTRODUCTION AND SUMMARY

Gemini Flight No. 7 was launched on 4 December 1965 from Com-
plex 19 at Cape Kennedy, Florida. It was a {4-day manned orbital flight
that included orbit adjustment maneuvers. This report, submitted to the
NASA Manned Spacecraft Center by TRW Systems in response to Task
MSC/TRW G-14 of the Mission Trajectory Control Program, presents
the results obtained from analysis of the inertial guidance system (IGS)
performance during ascent and reentry flight phases and provides a

reconstruction of the spacecraft trajectory during ascent and reentry.

The following is a brief summary of the analysis results:

. There was no evidence of IGS or component mal-
functions during the ascent and reentry flight
phases.

e The inertial guidance system (IGS) performance

during ascent was satisfactory. Best estimates
of IGS errors at injection are as follows:

ax = 1440 ft Ax = 7.3 ft/sec

Ay = 830 ft Ay = 10.0 ft/sec

Az = 230 ft Az = 0.3 ft/sec
° The dominant inertial measurement unit (IMU)

errors of the flight were:

(a) Y gyro (pitch) drifts of 0.55 deg/hr
constant drift rate and -0.26 deg/hr/g
input axis unbalance and

{(b) an X accelerometer scale factor error
of approximately 217 parts per million

. The tracking data was of satisfactory quality.
However, analysis indicated the presence of a
refraction type error of approximately 12 parts
per million in the index of refraction at the
MISTRAM 100 K Q site. There is considerable
uncertainty in this error magnitude and even in
analytical error model, nevertheless the effect
is clearly evident in the data. Also a 0.3 ft/sec
range sum rate bias in the passive MISTRAM
and approximate 0.1 milliradian azimuth bias
in the GE Mod III data was found.

CONEDENTA L.
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° The GE MOD III-Burroughs/inertial guidance update
procedure was correctly performed but the afore-
mentioned azimuth bias in MOD III data resulted in
a 20-second residual IGS azimuth misalignment
during ascent.

° Failure of the onboard, delayed-time-telemetry
tape recorder resulted in the loss of IGS data
during most of the dynamic portion of reentry,
making a detailed IGS evaluation impossible. How-
ever, a comparison of IGS data after telemetry
blackout with a segment of very low elevation ground
tracking data indicates an IGS navigation error of
approximately 3 n mi,

Section 2 of this report provides a detailed description of the
analysis performed for the ascent portion of flight; this includes a dis-

cussion of:

a) Inertial Measurement Unit (IMU) accelerometer and
platform errors

b) The radio guidance/inertial guidance update procedures
c) Airborne computer navigation errors

Section 3 provides a description of the IMU error analysis performed for
the reentry flight phase, Section 4 describes the external tracking system
performance and quality, and Section 5 presents a discussion of the
trajectory reconstruction for ascent and reentry. Appendix A contains
the Gemini 7 ascent and reentry reconstructed trajectory and support
data, including listings and plots of the thrust acceleration profile, and
Appendix B contains a discussion of alterations to the TRW regression

program (REMP).
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2. INERTIAL GUIDANCE SYSTEM PERFORMANCE ANALYSIS

Comparisons of IGS telemetered quantities and external tracking
data were made for the purpose of evaluating the Gemini 7 IGS perform-
ance. The IMU evaluation was based in part on thrust (sensed) velocity
comparisons (Figure 1) generated by scaling and biasing telemetered
accumulated accelerometer count data and comparing the results with
external tracking data adjusted for gravity and transformed to guidance
coordinates. The residuals from these comparisons were attributed

to IMU and tracking system errors,

Comparisons were also made between the telemetered total inertial
position and velocity outputs from the airborne computer and external
tracking data (Figures 2 and 3). These comparisons, called total iner-
tial comparisons, include IMU and tracking system errors as well as
airborne computer navigation errors caused by gravity approximations,
truncation errors, etc. The difference between the thrust and inertial
comparison sets are called delta-delta comparisons (Figure 4) and they

provide a measure of the airborne computer computational error alone.

The inertial and delta-delta comparisons are referenced to the
IGS computer coordinate system, which is an inertial, orthogonal,
right-handed system referenced to the center of the earth. The x and z
axes lie in a plane parallel to the geodetic tangent plane at the launch site
at the time of platform release, with the x axis defined by the launch
azimuth, positive downrange. The y axis is positive down along the
geodetic vertical, and the z axis is directed so as to complete the right-

handed x, y, z set,

Position and velocity comparisons were also made in the external
tracking measurement coordinates. These were made for the purpose
of isolating IMU and tracker error coefficients by performing computer

regressions on the differences,

External tracking data used in the evaluation included Quick- Look
MISTRAM I 10K and 100K, GE/Mod 1II/Final, GE/Mod 1II/Burroughs,
Final MISTRAM, Passive MISTRAM II, and BET. An analysis of these

data sources is described in Section 4.

- TS ONNDINPIN=
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Total Inertial Velocity Comparison in Computer Coordinates
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The plots enclosed are referenced to liftoff time (19 hr 30 min

03.702 sec GMT) which occurred 3.512 seconds after IGS ''go inertial. "
2.1 IGS ERROR

The indicated IGS errors immediately following SECO (337 seconds
from liftoff) and equally valid at separation (357 seconds from liftoff) are
given in Table 1. These values were obtained by evaluation of the posi-
tion and velocity comparisons (Figures 2 and 3). The column headed
"IMU Error' represents the error contributed by the accelerometer,
gyro, and platform alignment sources; the column headed '""Navigation
Equation Errors'' is the contribution due to various approximations within
the airborne computer as observed from the delta-delta comparisons*;
and the column titled '"Total Guidance Errors' is the sum of the two and
represents the total IGS error. These total errors result in velocity

magnitude and flight path angle errors at separation of the following

amounts:
V] = 9 ft/sec
Y = -0.014 deg
Table 1. Inertial Guidance Error at SECO
Navigation Equation Total Guidance
Observation Unit IMU Error Errors Errors
X ft/sec 5.6 0.5 1.7 £ 0.2 7.3 % 0.5
Y ft/sec 9.9 +3,0 1.0 £ 0.1 10.9 + 3.0
z ft/sec 0.2 1.0 0.1 % 0.1 0.3 £ 1,0
X ft 800 + 50 640 = 10 1440 + 51
Y ft 820 + 50 10 & 830 £ 50
Z ft 220 £ 10 10 £ 3 230 = 10

Note: The * numbers are 1-sigma estimates.

*Level changes at 107 seconds in the X and z curves are due to updating
the initial earth rate conditions by the onboard computer as a result of
the RGS/IGS update routine.

~FCONMBENTHE
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Table 2 is a comparison of the navigation errors observed on this

flight with those predicted by preflight simulation, #**

Table 2. IGS Navigation Errors at SECO

Position {ft) Velocity (ft/sec)
Trajectory X Y VA X Y zZ
Actual 640 10 10 1.7 1.0 0.1
Simulation 175 60 -18 1.9 0.9 -0.15

2.2 IMU ANALYSIS
2.2.1 IMU Error

Analyses to recover IMU error source coefficients were performed
by using the procedures and data processing programs as documented in
Reference 1 except that the Recursive Error Modelling Program (REMP)
was used for regression analysis. The IMU error source coefficients
recovered in the analysis are presented in Table 3. These were ulti-
mately derived from a hand fit to the MISTRAM and GE/Final thrust
velocity residuals (Figure 1) and later substantiated by a computer

regression analysis (see Section 2.2, 2).

The most significant indications of the thrust velocity comparison
plots are x and y velocity differences which build up to approximately 2.5
and 2 ft/sec at BECO and 6 and 10 ft/sec respectively at SECO. In addi-
tion, small z velocity errors are indicated until 310 seconds after which
a negative slope of approximately 0. 044 fi:/sec:2 is indicated by MISTRAM
data.

The dominant error sources which contributed to the x axis resid-
uals were an x accelerometer scale factor error of approximately 217

parts per million (ppm) and an IGS time scale factor error of -32.2 ppm.

#*The preflight values were determined from simulation results obtained
by telephone from IBM. Since no exact simulation of the Gemini 7 trajec-
tory was available, values were obtained by interpolating from a series
of simulations for similar trajectories with various launch azimuths.
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The time error was evidenced by 0.8 ft/sec and 2 ft/sec jumps in the
x velocity residuals at BECO and SECO respectively. The accelerometer
and time scale factor errors alone did not provide a satisfactory f{it to

the data however.

Table 3. IMU Analysis Recovered Error Coefficients

Recovered
Error Source Coefficient Units
X Accelerometer Scale Factor 217 ppm
Y Accelerometer Output Axis Sqd 100 ppm/cross g
Nonlinearity
Y Gyro Constant Drift Rate 0.55 deg/hr
Y Gyro Input Axis Unbalance -0.26 deg/hr/g
Platform Misalignment about Y 20 arc sec
Accelerometer Axis
Platform Misalignment about Z 20 arc sec
Accelerometer Axis
IGS Time Scale Factor -32.2 ppm
X Accelerometer Bias 19 ppm g
Y Accelerometer Bias 45 PpPmMm g
Z Accelerometer Bias -33 ppm g

Pitch type error sources were used to fit the y velocity residuals
because they provided the necessary coupling in the x axis to null out the
residual x axis velocity error. The pitch error sources which combined
with the time accelerometer scale factor error sources to provide the
best fit to both the x and y velocity residuals were: y gyro drifts of
0.55 degree per hour constant rate and -0.26 degree per hour per g input

axis unbalance, and a pitch misalignment (PHIY) of 20 arc seconds,

The small z velocity residuals indicate negligible IMU error propa-
gation in the z axis; however, a MISTRAM or GE/Mod III error is sug-
gested by the systematic difference between the MISTRAM and Mod II1
residuals. By comparison of the difference between the two with propa-
gations of possible MISTRAM and GE error sources, it was concluded
that the observed tracker residuals are attributable to a -0. 005 degree

azimuth bias in the GE Mod III data. Since IGS z velocity updating was
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accomplished with the Mod III data, the IGS experienced an equivalent

residual azimuth misalignment (PHIZ) of 20 seconds after updating.

The z velocity slope of the MISTRAM residuals which exist even
after SECO time suggests the presence of a MISTRAM error. Analyses
revealed that a Q channel refraction error of approximately 6 n units
would account for the velocity slope which occurred beyond SECO (see
Section 5). A small residual velocity error still existed in the data after
compensating for the refraction error. This was best fit by a z acceler-

ometer output axis squared nonlinearity of approximately 100 ppm/crossg.

The fit associated with the recovered coefficients is presented in
Figure 5, which also shows the preflight expected IMU errors presented
in Table 4, propagated with the observed timing errors. Comparisons
of the errors indicate that the actual pitch drift and resulting y velocity
error approximates the preflight values. Conversely, the x acceler-
ometer scale factor error and resulting x axis error was larger than the
preflight values and the expected z axis drift was not evident during
flight. However, the recovered scale factor error appears to be con-
sistent with the accelerometer scale factor history. This is evident in
Figure 6, which shows the variation of accelerometer scale factors
between calibrations. The y and z accelerometer scale factors were
somewhat constant for a three-month period just prior to launch and
were most likely near their desired value during flight since their errors
were not evidenced by the flight test data. The x accelerometer on the
other hand demonstrated considerable scale factor variations throughout

its calibration history.

Accelerometer biases were recovered during orbit phases of flight
by determining the slope of IGS thrust velocities during an interval after
insertion when no thrusting was being applied (Figure A-4 of Appendix A).
The recovered biases are also presented in Table 3. Their small mag-
nitudes are consistent with the accelerometer bias histories indicated

in Figure 7.
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Table 4. Preflight Expected Values of IMU Errors*

Error Source Magnitude Units
X Accelerometer Bias -38 ppmg
Y Accelerometer Bias 100 Ppmg
Z Accelerometer Bias 11.2 ppmg
X Accelerometer Scale Factor 40 ppm
Y Accelerometer Scale Factor 0 PPM
Z Accelerometer Scale Factor 10 ppm
X Gyro Constant Drift Rate 0.08 deg/hr
Y Gyro Constant Drift Rate -0.07 deg/hr
Z Gyro Constant Drift Rate 0.02 deg/hr
X Gyro Input Axis Unbalance -0.1 deg/hr/g
Y Gyro Input Axis Unbalance 0.22 deg/hr/g
Z Gyro Input Axis Unbalance -0.11 deg/hr/g
X Gyro Spin Axis Unbalance 0.26 deg/hr/g
Y Gyro Spin Axis Unbalance 0 deg/hr/g
Z Gyro Spin Axis Unbalance 0.07 deg/hr/g

*#Obtained from Honeywell.

2.2.2 Regression Analysis

A regression analysis was performed on the Gemini 7 IGS and
tracker data. The following error model was chosen as a result of the
hand fit. The regression program (REMP) assigned the coefficient values

and the covariance matrix for these terms.

XSF = X accelerometer scale factor error

TSF = Timing scale factor

POX = X position bias

POY = Y position bias

POZ = Z position bias

PHIY = Platform misalignment about ¥
YGIAU = Y gyro input axis unbalance
XGIAU = X gyro input axis unbalance
YGCDR = Y gyro constant drift rate

«“SONMBEALLA

-



3150-6024-R8-000

A2(1) = MISTRAM I timing bias
G2(4) = MISTRAM II timing bias
C2(3) = GE Mod III timing bias
G3(4) = MISTRAM 1I rate bias

Several other error sources were carried in the regression pro-
gram as unmodeled effects; i,e., their effect is examined in the statis-
tics of the recovered terms but no coefficients are solved for (see

Appendix B for explanation of this technique).

The regression domain chosen was the following:

P, Q, RSUM 10K MISTRAM
P, Q 100K MISTRAM
R, P, Q GE Final (Mod III)
RSUM Passive MISTRAM

Table 5 lists the assumed noise estimates for these parameters over

various time spans in the fit.

The velocity domain was selected for two main reasons: 1) it is
completely insensitive to tracker position bias (DC only), and 2) the IGS
errors are less correlated in this domain, which usually affords a more
reliable inversion of the normal matrix (i. e., less numerical errors in
inversion). The coefficients which were recovered fit the AV curves (in

IGS coordinates) quite well and are all of believable magnitudes.

The assumptions made inconjunction with the regression run are

as follows:
a) The data noise was white {Gaussian).

b) The selected error model is sufficient to model all
errors.

c) The tracker rate domain is the most desirable for
regression purposes.

The MISTRAM I and II and GE Mod III rate residuals were fit quite
well, The final recovered error coefficients are listed in Table 6 with

their associated a posteriori 1-sigma uncertainties.

wGONFEDENTFH—
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Table 6. Recovered Error Coefficients

Error Terms Coefficient 1 Sigma
XSF 189 100
PHIY 26 32
POX 27 11
POY -68 112
POZ 27 64
TSF -56 23
YGIAU -0.18 0.72
XGIAU -0.05 0.59
YGCDR 0.35 0.84
A2(1) 0.007 0.007
G2 (4) 0.007 0. 0066
C2(3) 0.007 0.0082
G3(4) 0.27 1.7
B5(2) -12. 4 30

The terms YGCDR, YGIAU, XGIAU, POY, G3(4), and B5(2) were
not well recovered since the ratios of a posteriori to a priori recovered
error coefficient uncertainties were large. The main cause for this is
that so many "unmodeled errors' were carried in the a posteriori statis-
tics. This means that these errors very likely represent some combina-
tion of the total error model; hawever, such 2 combimation is impassible
to determime using the data available. The term B5{Z}] is a refraction
error in the MISTRAM 100K Q Ieg.  This term was originzilty left out of
the fit but the residuals indicated that it was definitely present.

Examination of the histories of recovered error coefficients in the
fit as the error model is expanded reveals that the fit is very stable; little
cancellation exists and all variations are well within the estimated.
uncertainties.

Figures 8 through 10 are the tracker rate residuals used in the fit

with the fit itself superimposed on the residuals. It is obvious that some
error remains in the data, especially in Mod III and the passive MISTRAM
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range sum rate data. It was decided that a sufficiently good estimate of
IGS error was obtained and that further investigation would not benefit

this analysis effort appreciably.

Three timing errors A2(l), C2(3), G2{4) were carried, represent-
ing timing biases in the MISTRAM I, GE Mod III and Passive MISTRAM,
respectively. It is obvious that the tracking systems have little or no
relative timing error between themselves; thus, the =0.0070 second
recovered coefficient for all three trackers should be considered as a

bias in the IGS time word of the same amount.

2.3 AZIMUTH UPDATE

An azimuth alignment correction is calculated at three separate
times by the onboard computer. On the first pass through the navigation
equations after platform release, the roll gimbal angle reading is com-
pared with the desired value and the difference is used as a correction to
the intended flight azimuth. This correction is called An,, where a
positive value implies that the platform is rotated clockwise from the

desired azimuth.

Additional azimuth corrections are made during flight at 100 and
140 seconds after liftoff. These are calculated by comparing the cross-
range (z direction) velocity as measured by GE/Burroughs with that
derived from the airborne system and attributing the residual to a plat-

form misalignment.

The calculated updates are not telemetered; however, they are
obtained quite accurately from the data analysis. Table 7 summarizes
the updates determined by the following methods:

a) Calculated from the telemetry data and simulation
b) Calculated from the jumps in the inertial velocity
comparisons or the delta-delta curve.

c) .Derived by IBM during their postflight simmulation.

The value indicated at 100 seconds includes that at 0 seconds. The value
for 0 seconds in the delta-delta and TRW simulation column was deter-
mined from an observable jump in the IGS z velocity after Platform Go-

Inertial. This jump corresponds to the IGS first correction.
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Table 7. Azimuth Update

Time
(Sec from Flight Calculation IBM Postflight
liftoff) Simulation Delta-Delta Simulation Units

0 -0.00006 -0.00017 -0.00017 radians
100 -0.00834 -0.00857 -0.00849 radians
140 0.00003 0.00019 0.00012 radians
Total -0.00831 -0.00838 -0.00837 radians
(100 and 140) -0.4763 -0. 4766 -0.4766 degrees

The total azimuth correction of -0. 4763 has been included in all

plots contained in this report.
The history of initial alignment error is:

GT-2

Ny, = =0.29 degrees
GT-3 Ny = -0.52 degrees
GT-4 N, = -0.12 degrees
GT-5 Ny = -0.27 degrees
GT-7 n, = -0.48 degrees

Mean value = -0.34 degrees

l-sigma spec value = 0,25%

#*Honeywell
(Reverse of this page blank.)
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3. REENTRY

3.1 INITIAL CONDITIONS

The state vectors at retrofire, as calculated by the TRW postflight
trajectory reconstruction (ESPOD) and as computed real time by the

RTCC and used by the IGS, are given in Table 8.

Table 8. Reentry Initial Conditions™

IGS (RTCCQC) Postflight (ESPOD) IGS-Postflight
x 18, 485, 400 ft 18, 487, 851 ft -2,451 ft
y 11, 702, 400 ft 11, 699, 406 ft 2,994 ft
z -49, 500 ft -51, 845 ft 2, 345 ft
x -11, 874.9 {t/sec -11, 870. 4 ft/sec -4.5 ft/sec
v 18, 780. 6 ft/sec 18, 783. 1 ft/sec -2.5 ft/sec
z 12, 282. 3 ft/sec 12, 282.5 ft/sec -0.2 ft/sec

*t = 18 December 1965, 13h 28m g7s

The coordinate system of the above vectors is that used by the
RTCC: earth centered inertial, X through Greenwich at oh day of launch.
This initial condition difference is somewhat greater than has been found
on previous flights where the resultant differences have been less than
2,000 feet and 2 ft/sec. However, it was also noted that the quality of
the ''fit" to the pre-retro tracking station data was poorer than usual,
This problem is being investigated as part of the orbit phase trajectory

reconstruction.
3.2 POST-RETRO FREE FLIGHT

The best trajectory was fit to the post-retro fire tracking data
(HAW and WHS), and the trajectory compared to the IGS output at two
points under 400, 000 feet. The result is shown in Table 9.

Based upon the accuracy of the telemetry data, there is no
significant position difference between the IGS and postflight reconstruction

trajectories just prior to atmospheric reentry and telemetry blackout.
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Table 9. Comparison of Reconstructed Trajectory With IGS Output

Spacecraft Position

Time From Retro- Geocentric
Fire, Altitude Latitude (Deg) Longitude (Deg) Radius (Ft)

1307 sec, 383 K ft

Reconstruction 28.874 257,899 21,292,216

IGS 28,874 257,901 21,293,093
1360 sec, 352 K ft

Reconstruction 28,894 261,881 21, 261, 090

1GS 28,893 261.901 21,261,071

3.3 ATMOSPHERIC REENTRY

Because of the loss of the onboard tape recorder data, there is no
telemetry available on the portion of reentry between 1400 and 1800
seconds after retrofire, or from approximately 350, 000 to 120, 000 feet
altitude. Ground radar tracking during most of this interval has provided
reasonable position data but very poor velocity data. There is, however,
approximately 100 seconds of overlapping Grand Turk radar tracking and
telemetry data after blackout. The spacecraft covers an altitude range
from 120, 000 feet to just after drogue deploy at about 60, 000 feet.

Figure 11 shows the ground trace of the spacecraft as measured by the
IGS and as given by the GTI tracking data. The target and ship-
estimated-pickup points are also shown. An impact summary is given

in Table 10. The resultant IGS error at drogue deploy is 3 n mi.

Table 10. Gemini 7 Impact Summary

Longitude Geocentric
Source (Deg) Latitude (Deg)
Target Point -70.0 25,234
IGS (drogue deployment) -70.10 25,280
GTI Radar (drogue deployment) -70, 145 25,254
Ship (pickup) -70. 146 25.216

Figure 12 is a position comparison between IGS and GTI tracking

data in guidance coordinates. The spacecraft is almost due north of the
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GTI site at this time, but at an extremely low elevation angle. All the
data is below 3°; after 1840 seconds, the spacecraft is below 1%; and after
1875 seconds the spacecraft is indicated as being below the horizon.
Because of the low elevation, very large errors can be expected in the
elevation measurement, which is mostly the x direction in the IGS
coordinate set at this time. (The spacecraft has flown through a central
angle of 113° since retorfire.) However, the range and azimuth measure-
ment should be reasonable, resulting in valid z and y measurements,
respectively. The smooth z curve reflects the good range measurement,

The angular data after 1890 seconds is considered invalid.

As a rough measure of what this trend represents in terms of IGS
accuracy, it was assumed that all the difference was due to IGS platform
misalignment, that the spacecraft velocity could be considered a constant
over the interval, and that the slope of the difference was 1GS-sensed

velocity error. The following errors result:

AVx = 80 to 100 ft/sec Vx = 13,000 ft/sec
AVY = 90 ft/sec Vy = 18,000 ft/sec
AVz = 80 ft/sec Vz = 400 ft/sec

Equivalent IGS Platform Misalignment is:

Pitch up: 0.3% t0 0.4°

Roll positive: 0. 4°

The ratio of x to y error is only approximately correct for a pitch error;
however, the magnitude of the error is consistent with expected accuracies,
The data is too poor to speculate further about the sources. No attempt
was made to explain the initial position errors indicated on these curves

at 1800 seconds because of uncertainty in initializing the IGS data.

(Reverse of this page blank. )
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4. TRACKING SYSTEM PERFORMANCE

Tracking data available for analysis of the Gemini 7 IGS

performance included the following:
a) GE Mod III/Burroughs
b) GE Mod I1I/Syracuse/Final
c) MISTRAM I Quick Look 10K and 100K
d) Passive MISTRAM
e) Range BET

Each of the above sets was used for position and velocity comparisons,
as described in Section 2. The GE Mod III/Burroughs data were used
for quick look analyses; however, detailed analyses were subsequently
accomplished with the remaining sources., A TRW program (TOPS),
which is used to produce powered flight best estimates of trajectory

(BETs), was also used to aid the tracking data analysis.

For convenience, tracking system data were compared with inertial
guidance data which has been corrected for guidance system errors

derived from the hand fit results of Section 2. 2.

Three main tracking system errors were extracted from the

ensemble IMU/Tracker analysis scheme. These were:

a) An apparent refraction error in the Q MISTRAM I

system of & 12 n units, 100K

b) An azimuth bias of = 10”4 radians in the GE Mod III
data.

¢} A range sum rate (I.{) bias of &0.3 ft/sec in the
passive MISTRAM data.
These errors were extracted by using the regression program (see
Section 2.2) as well as by manually adjusting the observed residuals.
It should be noted, however, that the uncertainities of these errors are
large. The regression program included unmodeled effects for both the
IMU and the tracking system, which resulted in relatively large a

posteriori uncertainties.
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4,1 GE MOD III

4.1,1 GE Mod III/Burroughs

The Burroughs raw data received consisted of raw counts recorded
on punched paper tape at a rate of two data points per second. The data
were transferred to magnetic tape at TRW and processed in the data

reduction programs,

Figure 13 shows GE/Burroughs and GE/Final IGS coordinate
velocity comparisons superimposed, Significant differences exist
between them in the x and y directions, The x-difference is attributable
to a 0.01-second timing error in the Burroughs, and the y-difference is
most likely due to an incorrect refraction correction applied to the
Burroughs data, This refraction correction is based upon ground
refractometer measurements and is updated and refined by airborne

measurements in the GE/Final data reduction.

4,1.2 GE Mod II/Syracuse/Final

The GE/Final data were processed by GE/Syracuse from the ten
per second Flight Data Recorder output. The data were available raw
and unsmoothed in natural coordinates and as smoothed Cartesian
x, y, z data. The final GE natural coordinate data were used in the

computer regression analyses discussed in Section 3.

In general, the quality of the GE/Final data was quite good. No
major errors were apparent, although the moderately large
(approximately 10-4 radian) azimuth bias mentioned in Section 3,2
serves to explain part of the z-coordinate difference between GE and
MISTRAM comparisons (Figure 1). This azimuth error was verified
by the TRW TOPS BET analysis (Section 4.4), which also showed less
than 0.05-milliradian bias in the elevation measurements, and was further
verified by the GE Mod III data analysis presented by General Electric in

Reference 2.

Plots of the residuals between the GE/Final data and the corrected

IGS trajectory are presented in Figures 16 and 17.
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4.2 MISTRAM DATA

The quick look data received consisted of scaled and corrected but
unsmoothed position data measurements. These are: range sum measure-
ment, R; range difference measurements from 10, 000 foot baselines,

PIOK and QIOK; and range difference measurements from 100, 000 foot

baselines, P and QlOOK' Also range sum, P and Q, measurements

100K
from MISTRAM II (Passive mode) were obtained. The data were processed
and differentiated in TRW programs to give essentially three sets of

tracking data,
4.2,1 MISTRAMI

MISTRAM I/IGS compensated thrust coordinate comparisons are
presented in Figures 18 through 21. (Also see Figure | for uncompensated
IGS MISTRAM velocity comparisons.) These differences show a generally
good agreement with GE/Final data in the x coordinate, The z coordinate
plots, however, indicate an approximate 0,5 ft/sec difference with those
of GE/Final, and while part of this is due to the aforementioned GE
azimuth bias (Section 4.1), it was determined in the TOPS analysis
(Section 4.5) that the MISTRAM 100K Q channel exhibited an error arising
from an outlying site unaccounted refraction difference (see also the
regression results of Section 2.2). The effect of this error is to '"droop"
the z coordinate comparisons after about 300 seconds (compare with the
TOPS results of Figure 26). This error was not apparent in the 10K

measurements,

The TOPS BET results also showed an approximate 2 n-units
refraction error of the same type inthe MISTRAM 100K P channel. The
effect of this error is most pronounced in the vertical (y) direction, and
was of such a sign as to manifest itself also as a ''droop'’ beginning at
about 300 seconds. However, the Q refraction error also propagates
into the y channel and on this flight was of opposite sign to the P error,
thereby resulting in some cancellation. The net effect of these two errors
was to cause the y channel IGS/MISTRAM velocity differences to exhibit
a negative slope after SECO, a phenomenon which is clearly apparent

from Figure 7 and 18. The total magnitude of this combined refraction
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error in the vertical channel is estimated at about -2 ft/sec at SECO.

No other significant MISTRAM I errors were detected on this flight.

4,2,2 MISTRAM 1I (Passive Mode)

MISTRAM II/Compensated IGS comparisons are shown in
Figures 22 and 23, The regression results (Section 2.2) showed an
approximate 0.27 ft /sec range sum rate bias, which is confirmed by
the TOPS BET. However, although in general MISTRAM II performed
well on this flight compared to previous flights; its measurements could
not be considered accurate enough to be used without benefit of measure-
ments from other systems., For example, the P channel exhibited a
large (approximately -6 foot) time varying bias, the source of which is
unknown at present. Its character seemed to reflect both refraction and
survey errors; however, a detailed analysis was not performed since it
was not needed for the IMU analysis on this flight. The MISTRAM II
Q channel also exhibited a refraction error of the same type as that
found for MISTRAM I. The matnitude of this error was in the range

of 5 to 10 n-units,
4,3 RANGE BET

Figures 24 and 25 show comparisons between compensated IGS
and the AFETR Best Estimate of Trajectory (BET). This BET combined
the measurements from MISTRAM I, 10K and 100K, MISTRAM II,
GLOTRAC, GE Mod III, and C-band FPQ-6 radars Numbers 19.18
(Merritt Island), 3.18 (GBI), 7.18 (Grand Turk Island). The program
is a conventional least squares adjustment in which a constant bias error
model for each observation is specified. The problems of this model are
exemplified by the comparisons of Figures 18 and 24, in which the BET
shows remarkable agreement with the MISTRAM results, particularly in
the x and z coordinates. This arises primarily because the MISTRAM
data was heavily weighted in the adjustment, and because the program
did not account for a refraction error. Furthermore, the estimate of
MISTRAM 100K P bias was in gross error (by about 1 foot), thereby
causing the BET vertical velocity estimates to be in error by about
10 ft/sec at SECO. The reason for the erroneous P bias estimate is not
clear, but possibly arises from incorrect weighting of the other measure-

ments used in the adjustment,
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4.4 TOPS BET

Figures 26 and 27 show comparisons between compensated IGS
data and the TRW TOPS (Trajectory Optimization System) BET program.
The input to TOPS included MISTRAM I (Rguym Pror Q_IO’ _pl_OO' Q) 00)7
MISTRAM II (RSUM’ P, Q), and GE Mod III (R, A, E, R, P, Q) data
described previously. The IMU/TOPS comparisons show good agree-
ment, and the differences noted are within estimated 1-sigma limits.
Since the TOPS BET was derived without the use of IMU measurements,
these results serve to verify the conclusions reached in Section 2. 2 of

this report.
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5. TRAJECTORY RECONSTRUCTION

This section provides a description of the trajectory reconstruction
for the ascent and reentry flight phases presented in Tables A-1 and A-2
in Appendix A. The data are provided in an ECIG coordinate system with
the origin at the center of the earth, The z axis is the North Polar, and
the x-y plane is the equatorial plane with the x-z plane containing the
Greenwich Meridian at Go-Inertial time. Trajectory parameters such
as velocity magnitude, altitude, flight path angle, heading, latitude, and

longitude are also presented,

The ascent reconstruction consists of corrected guidance data.
Corrections applied to the ascent data were the IMU error source

magnitudes presented in Table 3 in Section 3,

The reentry trajectory reconstruction was obtained by making use
of the TOPS BET program. The BET was derived from four ETR

tracking radars, the coverage of which was as follows:

Data Spans {In sec from

Radar retrofire)

0:18 (Patrick AFB) 1545-1740

19:18 (Merritt Island) 1537-1707
3:18 (GBI) 1548-1751

7:18 (GTI) 1710-1943

TOPS BET 1551-1745

The TOPS program requires overlapping coverage of at least two radars
therefore the BET presented terminates at 1751 seconds.

Listings of the BET, uncorrected Grand Turk (7:18) and
reconstructed IGS reentry trajectories and their associated trajectory
parameters are presented in Appendix A, The IGS reentry trajectory
is uncorrected since no conclusive IMU error analysis for the reentry

flight phase was possible.
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APPENDIX B

TRW REGRESSION PROGRAM
(REMP) MODIFICATIONS

A change has been implemented in the TRW regression program
(REMP) that allows the effect of unmodeled error uncertainties to be
reflected in the a posteriori statistics ot the error coefficients. This
means that if a set of known functions are purposely omitted from the
solution due to correlation or restrictions on model size, the
uncertainties of these omitted errors can be effectively added to the
uncertainties in the errors that are solved for. This change is

mathematically sound and can be described in the following equations,

The usual expression for C the a posteriori covariance matrix

K’
of the error coefficients, is
T -1 1) -1
CK = B o'm B + CK (1)
o
where
B = partial derivations of measurements with respect to error
coefficients
o = assumed white noise covariance matrix of data
CK = a priori error coefficient uncertainties,

o
The more valid expression for CK' in light of functions which truly

exist but are not solved for, is
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o = assumed white noise covariance matrix of data
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o
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UNCLASSIFIED



Page Bop o000 UNCLASSIFIED

where
p = partial derivatives of measurements with respect to omitted
error coefficients
Zo = a priori statistics of omitted terms

with manipulation, Equation 2 can be written as

1 T

- T - -1 -
Cy = Cy* + Cp*B o ~"BE B g~ 'BCy* = Cp* + AC,

where

The REMP program now computes the ACK term and prints out
both CK and ACK, omitting the old CK* terms. It is obvious that the
uncertainties of the solved-for error coefficients will now be larger than
before (ACK being always positive), sometimes much larger, depending

of course on B and 20.

Table B-1 lists the unmodeled error sources considered in the
Gemini 7 analysis. The associated 1-sigma a priori uncertainties

are also listed.
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