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Postflight Guidance Accuracy Analysis of
Atlas/Centaur/Surveyor Flights

JEROME L. GREENSTEIN*
Convair Division of General Dynamics, San Diego, Calif.

The Atlas/Centaur launch vehicle successfully injected seven Surveyor spacecraft into lunar
trajectories with injection errors well below the nominal Surveyor midcourse correction ca-
pability of 50 m/sec. The maximum midcourse correction required was 6.4 m/sec and the
minimum was 1.2 m/sec. The maximum lunar target miss, prior to the midcourse correc-
tion, was 468 km. The minimum was 41 km. An analysis was performed on each flight to
separate the injection error into error components due to the guidance hardware, guidance
software, and the propulsion system. This was accomplished by reconstructing the guidance
trajectory with telemetered guidance sensor data and then comparing this reconstructed
trajectory with the nominal trajectory and the trajectory determined from ground tracking
data. The injection error results are given in terms of midcourse correction requirements for
the guidance hardware, guidance software, and propulsion errors and in terms of trajectory
errors for the guidance hardware and propulsion errors. The size of the software error was
about as expected. The total guidance hardware error was smaller than expected and was
generally equivalent in magnitude to the total software error.

Nomenclature

BET = best estimated trajectory from Eastern Test
Range

DSN = JPL Deep Space Net
ETR = Eastern Test Range
GRT = guidance reconstructed trajectory
FOM = figure of merit, square root of the trace of the cor-

rection velocity covariance matrix
MCR = midcourse correction requirement
MO = miss correction only
M -f- TOF = miss plus time of flight correction
a = acceleration vector
A = operator denoting error term
T = flight-path angle, measured relative to the local

horizontal
R0 = mean equatorial radius
f — position vector from earth center
R = magnitude of position vector
M = rotation matrix to correct for platform drift
\l/ = range angle in flight plane
t = time from "go-inertial"
v_ = velocity vector
V,R = vehicle inertial velocity and position vectors de-

termined from tracking data
V = vehicle inertial velocity magnitude
W = cross range position measured perpendicular to

the reference flight plane
W = cross range velocity measured perpendicular to

the reference flight plane
X = range measured along the surface of the earth in

the reference flight plane

Subscripts
G = gravity

a
T

= vehicle
= normal to flight plane
= sigmator quantity
= thrust, nongravity forces
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Superscript
( )' = measured in drifting coordinate system

Introduction

I^HE Surveyor mission was to soft-land Surveyor spacecraft
on the moon to provide basic data for the Apollo program

and to contribute new scientific knowledge about the moon.
Seven spacecraft were injected into precise lunar trajec-

tories by Atlas/Centaur launch vehicles. A small midcourse
correction was applied to the spacecraft after injection to cor-
rect for injection errors and to make adjustments to landing
conditions. All seven Surveyors successfully achieved the re-
quired injection conditions; the midcourse corrections re-
quired were all well belowr the spacecraft midcourse correction
capability of 50 m/sec. Five of the seven spacecraft achieved
successful soft landings; two spacecraft developed problems
en route and did not soft-land.

The Centaur guidance system, manufactured by Honey-
well, consists of a four-gimbal inertial platform stabilized by
three single-degree-of-freedom rate integrating gyros (type
DGG49D26). The platform contains three mutually per-
pendicular single-axis hinged pendulum type pulse-rebalanced
accelerometers (type DGG177) that measure the thrust and
aerodynamic forces acting on the vehicle. A Kearfott digital
computer integrates accelerometer pulse data, performs the
navigational and guidance equations, and issues steering com-
mands and engine cutoff discretes. The computer memory
consists of a 48-track magnetic drum; each track can store
sixty-four, 25-bit words. The drum rotates at 100 rps.
Critical sensor parameters such as accelerometer bias, scale
factor and misalignments, and gyro drift are calibrated prior
to launch and used in the navigation equations to correct the
accelerometer pulse data.

After each Atlas/Centaur flight, a study was conducted to
verify correct performance of the guidance hardware and soft-
ware and to separate the injection error into individual com-
ponents of guidance hardware, guidance software, and pro-
pulsion error.la~1J A unique computer program was de-
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Fig. I R&D lunar impacts.

veloped to help separate out these error components. The
program used telemetered guidance sensor data as input,
recomputing the trajectory measured by the guidance sys-
tem. The program-computed trajectory was then compared
with the desired trajectory and also the trajectory derived
from ground tracking data. A discussion of the computer
program, postflight analysis procedures, and results achieved
are presented in this paper.

Surveyor Injection Accuracy

A summary of the successfully guided flights in order of
launch date is given in Table 1. AC-6 and AC-9 were re-
search and development (R&D) flights and did not have
actual Surveyor spacecrafts. On early flights, a single burn,
direct-ascent trajectory was flown. On later flights, utilizing
the restart capability of the Centaur stage, a two-burn trajec-
tory was flown having a parking orbit coast altitude of 90
naut miles and parking orbit coast durations up to 24 min.

Soon after injection, the Surveyor spacecraft was separated
from the Centaur stage and tracked by the Jet Propulsion
Laboratory (JPL) Deep Space Net (DSN). A midcourse cor-
rection was applied to the spacecraft 16 or more hours after
injection, to make any desired last-minute changes to the
lunar landing point and to correct for target miss due to
Atlas/Centaur injection errors. A time-of-flight correction
was also required on some trajectories to meet DSN antenna
viewing constraints during the soft landing and to adjust the
Surveyor main retro burnout velocity.

The target miss for the two R&D flights is shown in Fig 1.
AC-6 and AC-9 were the first successful single-burn and two-
burn flights, respectively. On these flights no lunar impact
was planned. The actual target aimed at was a point in space
simulating a target on the moon.

The target miss, prior to the midcourse correction, for the
seven actual Surveyor flights is shown in Fig. 2. The maxi-
mum target miss, 468 km, occurred on mission C. The mini-
mum, 41 km, occurred on the final flight, mission G. To il-
lustrate the excellent injection accuracy achieved on this final
flight, an injection velocity error of 0.1 m/sec corresponds to a
target miss of approximately 36 km. The obviously improved
accuracy on later missions is explained by continuous improve-

Fig. 2 Surveyor impact points prior to^the midcourse
correction.

ments that were made in the guidance hardware, guidance
software, and in the sensor calibration techniques. Feedback
based upon the postflight guidance analysis also resulted in
accuracy improvements.

The injection accuracy required of the Atlas/Centaur was
that the midcourse correction requirement (MCR) at 20 hr
after injection, to correct target miss and time of flight errors,
be less than the nominal Surveyor spacecraft correction ca-
pability of 50 m/sec. The actual midcourse correction re-
quired on each flight was considerably below this. The mid-
course corrections required at 20 hr to correct for miss only
(MO) and miss plus time of flight (M -f- TOF) injection errors
are shown in Table 1. Also given are the uncorrected target
miss distances in kilometers. The first flight, AC-6, had an
earlier type accelerometer (DGG116) with large cross-coupling
errors. Subsequent flights had the much improved type
DGG177. The corrections shown for AC-6 and AC-9 are
theoretical only since no corrections were actually applied to
the pay load.

The largest Surveyor MCR, 6.4 m/sec, occurred on mission
A (AC-10). Missions B, E, and G required only 1.2 m/sec.

Postflight Guidance Analysis

Briefly the postflight analysis consisted of:
1) Analog data analysis of a) platform gimbal servo loop

data to verify inertial platform stability, b) guidance steering
commands and autopilot attitude error signals to verify proper
guidance steering loop behavior, c) accelerometer pulse re-
balance data to verify stability of accelerometer rebalance
loop, and d) power supply stability.

2) Digital computer data analysis as follows:
a) Duplication of the airborne computer calculations on a

laboratory computer using telemetered sensor data, to verify
correct computer operation and obtain histories of intermedi-
ate calculations.

b) Analysis of in-plane and out-of-plane position and
velocity steering errors to verify proper performance of
guidance steering equations. Also analyzed was the ability
of the equations and steering loop to maintain the vehicle
thrust vector along the desired velocity-to-be-gained direc-
tion.

c) Comparison of guidance and tracking trajectory data to
determine injection errors and to separate the injection errors
into guidance hardware, software, and propulsion components.
When precision tracker data was available, further error
separation was attempted in order to determine the individual
guidance hardware error sources.

d) Statistical analysis of guidance system calibration
history to determine stability of guidance system in terms of
shifts in accelerometer scale factor, bias, misalignmentsr
and gyro drifts.

A large effort was directed to item 2c, the error separation.
The remainder of this paper is devoted to a further discussion
of that portion of the postflight guidance analysis.

Guidance Error Separation

Each major error source had a specific error specification it
was required to meet. Although the total injection error on
each flight was well below its requirement, it was important to
verify by postflight analysis that each individual error source
did in fact meet its specification. It was possible that two
large errors could have occurred of opposite sign resulting in a
cancellation of errors. On subsequent flights cancellation
might not have occurred, resulting in a large injection in-
accuracy.

Postflight guidance accuracy analysis was desirable for the
following additional requirements: 1) determine which
errors were most significant and therefore might be candidates
for improvements; 2) determine whether any consistent
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Table 1 Flight summary

Launch
Date

8/11/65

5/30/66

9/20/66

10/26/66

4/17/67

7/14/67

9/8/67

11/7/67

1/7/68

Atlas
Centaur

No.

AC-6

AC-10

AC-7

AC-9

AC- 12

AC-11

AC-13

AC-14

AC- 15

Surveyor
Spacecraft

No.

Dyn Model

SC-1

SC-2

Mass Model

SC-3

SC-4

SC-5

SC-6

SC-7

Surveyor
Mission

A

B

C

D

E

F

G

Launch
Azimuth

(deg E of N)

94.5

102.3

114.4

99.7

100.8

103.8

79.5

83.0

102.9

Trajectory*

DA

DA

DA

POA

POA

DA

POA

POA

POA

Parking
Orbit

Length
(min)

0

0

0

24

22

0

7

13

22

Lunar
Lat
(deg)

3.84S

3.25S

0.00

0.00

3.33S

0.58N

0.83N

0.42N

4.95St

Target
Long
(deg)

23.65W

43.83W

0.67W

0.67W

23.17W

0.83W

24.00E

1.33W

3.88Et

Target
Miss
(km)

454

400

141

1180

468

174

47

126

41

MCR
MO

(m/sec)

4.7

3.8

1.2

6.5

3.9

1.5

0.6

1.4

0.3

MCR
M+TOF
(m/sec)

13.1

6.4

1.2

7.5

6.1

2.0

1.2

2.2

1.2

*DA = Direct ascent (single-burn)
POA = Parking orbit ascent (two-burn)

tAfter injection, the landing point was moved to 40.9°S Lat and 11.4°W Long

errors occurred which might be biased out; 3) acquire statis-
tical data on accuracy for future missions.

The total injection error was made up of the following three
major components: guidance hardware and software errors,
and propulsion error.

The hardware errors primarily consisted of uncompensated
gyro drifts, shifts in accelerometer scale factor and bias, and
uncertainties in platform and accelerometer alignments.
The guidance software errors primarily consisted of computa-
tion inaccuracies, guidance equation approximations, and
extrapolation errors when determining engine cutoff time.
Propulsion errors included uncertainties in the Centaur engine
shutdown impulse, uncertainties in the spacecraft separation
impulse, and dispersions in the coast thrust. (During the
parking orbit coast, accelerometer data is not used in order to
avoid accelerometer bias errors. Two small engines, with
three pounds of thrust each, thrust continuously during park-
ing orbit coast to keep propellants settled.)

The trajectory data available for analysis after each flight
normally consisted of:

1) Trajectory computed by airborne computer using guid-
ance sensor data. This trajectory was approximate since it
was derived using a simplified gravity model. The limited
size and speed of the computer also caused some computation
errors.

2) Eastern Test Range best estimated trajectory (BET)
derived from ground tracking data. This trajectory normally
covered only portions of powered flight and contained some
noise and tracker errors, the extent of which depended upon
the precision of tracker used (i.e., Glotrac vs radar data).
Precision data, from Glotrac, was available on only the initial
R&D flights.

3) Surveyor spacecraft lunar transfer orbit based upon 15
or more hours of tracking by the JPL DSN.2>3a~3c These
data gave the best indication of the spacecraft position and
velocity at injection.

4) Nominal simulation of the launch trajectory based as
much as possible on actual launch conditions. This gave the
injection conditions required to land at the planned lunar
target.

In order to accomplish a separation of guidance errors into
its major components, it was found a comparison of the
preceding data alone was not adequate. For example, to find
the total injection error at separation due to guidance hard-
ware error it is necessary to compare the guidance system de-
rived injection conditions with the JPL DSN injection condi-

tions. The only guidance-derived trajectory is generated by
the airborne computer, but this trajectory contains software
errors and gravity approximations. Therefore, it was found
necessary to develop a new computer program that could re-
construct the trajectory based upon guidance sensor data
alone. This computer program, called the Guidance-Recon-
structed Trajectory (GRT) program, served as the basis for
the postflight guidance evaluation of each Surveyor flight and
permitted the separation of the guidance error into its three
major components of hardware, software, and propulsion
error. As shown in Fig. 3, the GRT was compared with the
tracking data to obtain the guidance hardware errors, and
compared with the nominal trajectory data to find the soft-
ware and propulsion errors.

Guidance-Reconstructed Trajectory
(GRT) Program

During flight, pulses from the three pulse-rebalanced ac-
celerometers and a time standard are summed on a track of
the airborne computer drum. This track is called the sigma-
tor track. Therefore, the velocity components are called sig-
mator velocity (vff) and the time called sigmator time (tff).
Each velocity pulse has a weight of approximately 0.1 fps and
each time pulse a weight of 0.77 msec. During flight, at the
beginning of each compute cycle, the sigmator velocity and
time are sampled and then used in the navigation equations
to update the trajectory and generate required steering and
engine cutoff commands. Sampling intervals ranged from
1.0 to 1.5 sec. The sampled values of sigmator velocity and
time were telemetered. It was this sensor data, stored on
tape, that was used as input to the GRT program.

A simplified diagram of the GRT program is shown in
Fig. 4. The input is the telemetered sigmator velocity and

GROUND TRACKING DATA -
(ETR BET AND JPL DSN)

GUIDANCE

TELEMETERED
GUIDANCE ——»
SENSOR DATA

NOMINAL TRAJECTORY

Fig. 3 Trajectory comparison for error separation*
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time. The velocity must first be compensated for accelerom-
eter bias, scale factor, and misalignments. The compensa-
tions are obtained from prelaunch calibrations of the guidance
system. The result v'T, called "thrust velocity/7 is primarily
the vehicle velocity due to thrust and aerodynamic forces.
The thrust velocity components are then corrected for plat-
form drift. During most flights, torquing was not applied to
the gyros to correct for known fixed torque drifts and mass
unbalances and thereby keep the accelerometer triad in a
fixed orientation during flight. These drifts were calibrated
prior to launch and rotational corrections were applied
analytically during flight in the airborne computer. There-
fore, in the GET program the thrust velocity v'T is corrected
for platform drift to obtain a thrust velocity VT which is in a
fixed inertial coordinate system. Since the inertial guidance
system does not sense the gravity acceleration, the gravity
acceleration is computed and integrated to obtain velocity and
position components due to gravity. These are added to the
thrust components to obtain the vehicle velocity vm and the
vehicle position fm. A differentiation of VT is performed to
obtain "thrust acceleration" ar.

The GRT program performs the navigation equations as
they would be performed by an almost unlimited capacity
airborne computer, assuming perfect sensor data. The air-
borne computer also assumes perfect sensor data, but its
equations contain integration approximations, a simpler
gravity model, truncation and roundoff errors, and time lags.
The GRT program, therefore, reconstructs the trajectory as
measured by the guidance system.

The GRT program contains various additional capabilities
that a) extrapolate trajectory data to engine cutoff times, b)
compute orbital parameters at injection, c) compute Centaur
engine shutdown impulse, d) compute spacecraft separation
impulse, e) substitute a nominal shutdown and separation im-
pulse for the actual impulses, f) substitute a nominal coast
thrust for the actual coast thrust, and g) integrate over por-
tions of the flight where data dropouts occur.

Separation of Guidance Hardware Errors

The total guidance hardware error in terms of trajectory
errors at injection was determined by comparing the GRT
and the DSN injection data. The separation of guidance
hardware errors into individual sensor errors such as gyro
drift, accelerometer bias, etc. was attempted by comparing
the GRT with the ETR BET during powered flight.

Comparison of JPL, DSN, and GRT Data

The JPL DSN data,2'3a~3e since it was based upon 15 or
more hours of tracking the Surveyor, gave a precise indication
of the spacecraft injection state vector. The injection state
vector derived from the GRT program contains trajectory
errors due to guidance hardware errors. The preflight 3a
estimate of guidance hardware errors was approximately a
factor of ten larger than the reported state vector errors of the
DSN.1*-1* Therefore, the difference between the DSN and
the GRT injection state vectors was expected to give a good

A1 COMPUTE

GRAVITY

.,..„.. —— b r ,

indication of the guidance hardware injection errors. The
resulting errors for each flight are given in Table 2, part A,
referenced to flight plane coordinates, X, R, V, F, W, W.
The mean and standard deviation of the flight errors (exclud-
ing AC-6) are also given in the table.

The reference flight plane is defined by the velocity vector
vm and the position vector fm at injection, determined by the
GRT program. Defining V and R as the injection state vec-
tors determined from the JPL DSN, then letting

In = fm X Vm/\fm X (1)

cos(90 - X ln/\R X ln\)fn/\fm\ (2)

Fig. 4 Guidance-reconstructed trajectory program.

AX = R0A$ (3)
AR = \R\ - \fm\ (4)

AF = \V\ - \vm\ (5)

AF « cos(90 - AF) = (In X V/\ln X V\)Sm/\vn\ (6)
AW = R-ln (7)
AW = V-ln (8)

The largest errors listed in Table 2A were J to ^ of the So-
preflight error estimates. The smaller errors were on the order
of the DSN tracking uncertainties.

Since some flights were single-burn and others were two-
burn with varying parking orbit lengths, the propagation of
sensor errors is different for each trajectory. Therefore, the
mean and standard deviations given are not necessarily valid
for a whole population of flights but are just provided to give a
general indication of the guidance system performance.
Similarly, the values given are not necessarily representative
of performance expected on other missions.

The magnitude of injection velocity V was consistently
high on each flight (mean AF = 0.44 m/sec). Excluding the
first flight, the largest velocity error was 0.95 m/sec. The
position vector R was consistently low on every flight except
the last (mean AR = —0.42 km). The largest position error
was —0.94 km. Flight-path angle F was also consistently low
(mean AF = —0.13 mrad). On mission C, a small error com-
ponent is included due to a coast thrust error.

Comparison of GRT and BET Data

After each flight, a best estimated trajectory (BET) was
computed by ETR based upon ground tracking of the launch
vehicle, primarily during powered flight. The difference be-
tween the BET and GRT gave a time history of trajectory
error due to tracker and guidance errors.

On early flights, precision tracking equipment (Glotrac)
was used that provided an accurate history of the vehicle
trajectory (small tracker errors). This permitted an attempt
to separate the guidance errors into components of accelerom-
eter bias, scale factor, gyro drift, etc. It is not the intention
of this paper to go into much detail on this aspect of the
postflight guidance analysis. Some general comments and
conclusions are felt necessary to help the novice who might be
unwary of the pitfalls involved.

Since the guidance sensor errors are generated in the
"thrust" domain, it was decided to subtract out from the
BET the gravity component of velocity, VG, to perform the
error separation on the thrust velocity VT. The gravity ac-
celeration was computed from the BET position vector fm.

The GRT thrust velocity is obtained by correcting the
sigmator velocity, as shown in Fig. 4. The difference be-
tween the GRT and BET velocities AvT, representing the
time history of total guidance sensor error, was fed into an
error separation program.

The error separation program, using a weighted least-
squares technique, chooses the best combination of sensor
errors that, added together, match the time history of total
sensor error observed on each trajectory component. A
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Table 2 Error separation summary

Error
Component

Dynamic
Model
(AC-6)

Mass
Model
(AC-9)

Surveyor Mission

A
(AC-10)

B
(AC-7)

c(a)

(AC-12)
D

(AC-11)
E

(AC-13)
F

(AC-14)
G

(AC-15) Mean(b> ,*>

A. Injection Errors Due to Guidance Hardware

AX (km)

AR (km)

AV (m/sec)

AF (mrad)

AW (km)

AW (m/sec)

4.50

-2.14

1.02

-0.81

0.09

-1.97

-1.70

-0.57

0.55

0.04

-0.88

1.94

0.24

-0.41

0.03

-0.08

0.43

3.12

0.17

-0.94

0.19

-0.27

-2.01

-5.87

4.61

-0.78

0.95

-0.49

-1.81

4.36

-0.09

-0.34

0.52

-0.10

-0.17

-1.57

-0.09

-0.60

0.63

-0.12

-0.18

-0.26

0.28

0

0.38

-0.02

2.10

0.23

0.10

0.28

0.24

-0.01

-0.19

-0.13

0.44

-0.42

0.44

-0.13

-0.34

0.23

1.69

0.37

0.27

0.16

1.22

2.95

B. Engine Shutdown Impulse Errors

AV (m/sec) (c)

C. MCR Error Separation Summary — M+TOF (M/Sec)

Hardware

Software

Impulse

Vector
Total
Preflight
FOM

11.8

(c)

(c)

13.1

26.1

0.6

3.0

2.9

7.5«"

5.0

2.9

1.7

11.0

6.4

5.5

5.0

0.2

5.4

1.2

7.7

3.9

2.8

1.4

6a(e)

5.6

1.4

0.6

1.2

2.0

5.1

0.7

0.0

1.4

1.2

6.2

2.8

2.7

1.4

2.2

6.0

1.6

1.1

1.8

1.2

3.2

(a) Injection error includes some coast thrust error
(b) AC-6 not included
(c) Not computed
(d) Includes coast thrust error of 1.6 m/sec
(e) Includes coast thrust error of 2.0 m/sec

typical example from the AC-6 flight is shown in Fig. 5.
The error on the u component of thrust velocity is shown
building up during powered flight to approximately 3 m/sec.
Tracker noise is apparent in the curve. The error curve ap-
peared to be due to three sensor error sources: acceleromenter
scale factor, accelerometer bias, and platform misalignment.
The sum of these errors, in terms of velocity error, closely
matched the total sensor error curve.

The error separation technique was successful when large
sensor errors occurred. For example, an accelerometer cross-
coupling error 11 times the specification value was found on an
early flight (this type of accelerometer was later replaced with
a much improved model). It was also successful when some
of the errors could be deduced from other data to remove the
number of possible variables. For example, 1) accelerometer
bias errors could bed etermined from free-fall data, 2) plat-form
gimbal demodulator outputs indicated a portion of the plat-
form misalignment error, and 3) guidance system calibration
history indicated the least stable sensor correction terms.

On most flights, because the sensor errors were small, the
error separation program produced results with very large
uncertainties. There was poor correlation between the re-
sults of the program and errors observed from other data.
For example, inertial platform misalignments indicated by
platform gimbal error signals did not necessarily show up in
the error separation program results.

Some of the problems encountered with the error separation
techniques are listed below:

1) Each sensor error tends to vary with flight environment,
but was assumed constant in the error separation program.
For example, a shift in accelerometer scale factor which might
occur prior to or at launch is assumed to remain fixed through-
out the powered portion of the flight. This is generally not
the case since scale factor can vary as a function of the vary-
ing thermal and vibration environment.

2) A large number of possible error sources (approximately
30 in the Centaur guidance system error model) made a choice
of specific error cause difficult.

3) There was a similarity of error histories for many of the
guidance error sources.

4) Tracker errors were mixed in with the data. There was
a similarity of guidance error histories for some of the tracker
error sources.

5) High tracking noise and error often occurred during
critical portions of the error curves (e.g., during separation of
stages after engines have cutoff).

6) There were missing tracking data during critical por-
tions of the error curves (e.g., early and late portions of the
flight). In order to distinguish between different types of
sensor errors, a total error history during powered flight is very
desirable.

0 100 200 300 400 500 600 700
TIME (sec)

Fig. 5 Sensor error separation.
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TOTAL INJECTION ERROR

TOTAL SOFTWARE ERROR

- TOTAL
GUIDANCE
HARDWARE
ERROR

Ib© >^Tn.(GRT ———
WITH
NOM.
IMPULSE)

^ SHUTDOWN
-IMPULSE -

ERROR

I (GRT WITH
ACTUAL IMPULSE)

6°W 5eW 4°W 3°W 2"W 1°W 0" 1°E
SELENOCENTRIC LONGITUDE

Fig. 6 Mission D lunar impact data.

7) Tracker and guidance measurements occurred in dif-
ferent frames of reference (earth relative vs inertial causing
small errors due to gravity model and vehicle angular mo-
tions) .

8) Errors of opposite sign tend to cancel if their error
histories are similar and therefore they might not be apparent
in the error separation.

9) Discontinuities in tracking data and error curves oc-
curred when a second tracking transmitter was substituted at
a point downrange (called "handover")-

Separation of Propulsion Errors

The major source of propulsion error was the Centaur en-
gine shutdown impulse. Two other error sources investigated
were the separation impulse and the coast thrust. The pro-
pulsion error was determined by comparing the GRT with the
nominal trajectory.

Shutdown Impulse

The Centaur engine cutoff criterion was injection energy.
When the airborne computer determined that the required
energy had been reached, a command was sent to shut off
the main Centaur engines. Dispersions occurred in the
amount of impulse provided by the engine after the cutoff
command was issued. The GRT program extrapolated the
thrust velocity to the engine cutoff time. This thrust velocity
was differenced with the thrust velocity several seconds after
cutoff, and the engine shutdown impulse was thereby calcu-
lated. A comparison of the nominal impulse with the flight
value gave the impulse error. The impulse error results for
each flight, converted into an injection velocity error, are
given in Table 2, part B. The value of shutdown impulse had
a greater uncertainty on early flights. On mission A, the error
was 1.15 m/sec. On later flights, as knowledge of the shut-
down impulse improved, the error reduced to values in the
range of 0.16-0.23 m/sec.

Separation Impulse

The nominal separation impulse applied to the Surveyor at
separation from the Centaur stage was 0.23 m/sec. The
GRT program computed the Centaur change in velocity at
separation and, assuming conservation of momentum, com-
puted the equivalent spacecraft Av. No significant spacecraft
separation impulse error was found to occur on any of the
flights.

Coast Thrust

On two-burn flights, the Centaur was first injected into a
nearly circular parking orbit at an altitude of approximately
90 naut miles. Six pounds of thrust was maintained during
coast to keep the main engine propellants settled. The sig-
mator velocity was not accepted by the navigation equations

during this period because of the possibility of introducing
accelerometer bias errors during a long coast. The guidance
equations assumed the coast thrust was nominal since the
expected thrust dispersions were less than the expected ac-
celerometer bias errors.

The coast trajectory was reconstructed by the GRT pro-
gram using the sigmator velocity. This permitted the
determination of coast thrust and accelerometer bias errors
by comparing the actual and expected coast thrust velocity.
Small errors in the nominal value of coast thrust were ob-
served on early flights. On later flights, by changing the
assumed nominal value, the error became negligible.

Software Error Separation and MCR Analysis

The total software error was not defineable in terms of in-
jection trajectory components as given for the hardware and
impulse errors in Table 2. Most of the errors occurred in
terms of injection energy. Some error was due to flying a dif-
ferent trajectory than nominal. The approach used in this
study was to define the total software error in terms of the
lunar target miss and the 20-hr midcourse correction require-
ment. The MCR for the guidance hardware error and the
MCR for the shutdown impulse error were also determined.

Software Error Separation

The guidance equations, assuming the guidance sensor data
to be exact, commanded vehicle steering and engine cutoff to
achieve the proper Surveyor injection conditions. If the cut-
off conditions commanded by the software were perfect, and
were followed by nominal shutdown and separation impulses,
then this trajectory, based upon the guidance sensor data,
would appear to land precisely at the lunar target. The soft-
ware error can therefore be established by observing the target
miss of the GRT trajectory with a nominal shutdown and
separation impulse. The error was also computed in terms of
the 20-hr MCR to correct for target miss and time-of-flight
errors.

The technique is described by using mission D as an
example. Refer to the lunar impact data in Fig. 6. Point 1,
shown on the map, was the intended Surveyor landing spot.
The guidance trajectory was reconstructed based upon the
telemetered sigmator velocity and time, and the prelaunch
calibrated sensor compensation values. The trajectory was
integrated during powered flight until the last compute cycle
prior to engine cutoff. Since engine cutoff does not occur at a
computer sampling time, an extrapolation of the trajectory
was performed to the time engine cutoff occurred. A nominal
shutdown and spacecraft separation impulse was then added
to the trajectory, and the trajectory was integrated to the
moon to determine the lunar impact, point 2. The separation
between the target and point 2 represents the target miss due
to the total software error. To correct point 2 back to the
target required an MCR of 0.4 m/sec.

The major contributors of software error were then in-
vestigated to determine their magnitude. They consisted of:

Targeting error. This was the miss distance of the nominal
trajectory and was primarily caused by guidance equation
approximations. The nominal trajectory impacted at point
la on Fig. 6. Therefore the separation between points 1 and
la corresponds to the software targeting error.

Cutoff extrapolation error. This was due to errors in the cut-
off extrapolation equations when determining the desired en-
gine cutoff time. The error, in terms of cutoff energy, was
determined and then added to point la. The resulting im-
pact was at point Ib.

Truncation error. This error was due to the limited word
size of the airborne computer and is a function of the time of
powered flight. Since a nominal error was compensated for
and near-nominal flight time occurred, no significant trunca-
tion error occurred on this flight.



SEPTEMBER 1969 POSTFLIGHT GUIDANCE ANALYSIS OF SURVEYOR FLIGHTS 977

Nonnominal vehicle performance. The error remaining be-
tween points Ib and 2 is attributable to vehicle dispersions
such as thrust, weight, 7sp, etc. In other words, the actual tra-
jectory differs from the one used to derive the guidance
steering and cutoff coefficients.

Hardware and Shutdown Impulse MCR

If the actual shutdown impulse is included in the trajectory
reconstruction instead of the nominal, point 3 is obtained.
The separation between points 3 and 2 represents the shut-
down impulse error, and the MCR to correct point 3 back to
point 2 was 0.8 m/sec. Point 3 is based upon all of the tele-
metered sensor data up to the end of the engine thrust decay.
Tracking by the JPL DSN gave point 4 as the expected impact
point of the Surveyor spacecraft, prior to the midcourse cor-
rection. Since the JPL DSN tracker errors were small, the
separation between points 4 and 1 represents the total injec-
tion error that occurred on the flight. The lunar miss was
174 km, which required a midcourse correction of 1.5
m/sec to achieve landing at the target. The error remaining,
which is primarily due to guidance sensor error, is repre-
sented by the separation between points 3 and 4. The MCR
to correct point 4 back to point 3 was 1.1 m/sec. A time-of-
flight correction was also computed for each impact point.

An analysis such as the aforementioned was performed on
each Surveyor flight. A summary of the error separation re-
sults in terms of the midcourse correction required to correct
for both target miss and time-of-flight errors for the guidance
hardware, software, and engine shutdown is given in Table 2,
part C. The vector sum is also shown, compared with the pre-
flight computed figure of merit (FOM). The FOM is the
square root of the trace of the correction velocity covariance
matrix derived from a perturbation analysis using one-
sigma input errors. It is approximately a 68% probability
point.

Sizes of the software MCRs were about as expected and
well within specification. Sizes of the guidance hardware
MCRs were approximately 50-80% of what was expected
based upon the preflight assumed error model. The hardware
error model therefore turned out to be overly conservative.
The shutdown impulse MCR's were within expected values
on the later flights when better knowledge of the nominal

value of shutdown impulse became available. On most flights
there was a cancelling of error; the vector total was smaller
than the largest component. Also on most flights the vector
total was considerably smaller than the preflight-computed
FOM.

Conclusions

The error separation technique described was successfully
used to find the major error components during each flight.
In the case of software and propulsion errors, results of the
analysis were used to improve the accuracy of subsequent
flights. Although it was not done, some consistent hardware
errors were observed that could have been compensated for to
further improve accuracy. The guidance hardware errors
were smaller than expected. Separation of the guidance
hardware errors into individual sensor components using the
ground tracking data proved considerably more difficult than
expected and provided results that were often questionable.
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