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E-1760 

PERFORMANCE MONITORING OF THE PGNS 

FOR UNPOWERED LUNAR ORBIT FLIGHT PHASES 

ABSTRACT 

The problem of detecting non- catastrophic guidance-and-navigation 

equipment failures is considered under conditions where two similar, 

independent guidance-and-navigation systems are  provided on board the 

vehicle The primary interest is on the unpowered phases of lunar orbital- 

rendezvous and landing missions. 

Failure detection is accomplished during the flight by performing two 

different statistical tests on the computed vehicle velocity corrections. The 

first test establishes the existence of the failure; the second test identifies 

the particular system with the fai lure The key quantities used in these tests 

are the equiprobability-ellipsoid parameters for the velocity-correction 

estimates from each system and their difference. The basic analytical 

relations required for  the computation of the ellipsoid parameters are  given, 

including the necessary relations for propagating and updating the velocity- 

correction and velocity-correction- difference covariance matrices, Results 

are  presented from a digital- computer simulation of the unpowered mission 

phases which were used to evaluate the proposed failure detection methods“ 

by B. A. Kriegsman* 
D. S Millard’k 

September 1 96 5 

*Raytheon Resident Staff 
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Performance Monitoring of the PGNS 

for Unpowered Lunar Orbit Flight Phases 

Chapter 1 

OBJECTIVES AND PROBLEM DEFINITION 

The objectives of the study summarized in this report were to develop 

monitoring techniques to detect performance-type failures in the primary 

guidance and navigation systems (PGNS) for the CSM and LEM during the 
unpowered free-fall lunar-orbit phases of the Apollo mission. The principal 

assumptions and definitions used in this study were as follows: 

1) The unpowered free-fall lunar-orbit phases considered were those 

two occurring between the initial separation of the LEM and CSM and their 

terminal rendezvous. The first free-fall phase Within this interval was the 

unpowered phase of the LEM's Hohmann descent trajectory extending from 

injection into the orbit to ignition at perilune for the powered landing 

maneuver. The second free-fall phase was the unpowered ascent trajectory 

following the launch injection maneuver and extending to the first terminal 

rendezvous maneuver, which was assumed to be initiated at a relative range 

of 5 nm. Included in this phase were the midcourse velocity corrections 

required to place the LEM on a trajectory to permit rendezvous with the CSM. 

2) The purpose of the monitoring techniques was to detect performance- 

type failures in either LEM or CSM PGNS. A performance failure, as 

referred to here, is one in which the PGNS operates sufficiently far beyond 

the specified performance levels that unsafe trajectory or excessive propel- 

lant requirements can exist. Typical examples of PGNS performance failures 
considered during free-fall conditions were excessive inertial measurement 

unit (IMU) drift rates and degraded rendezvous radar (RR) tracking accuracy. 
The performance failures of interest in this report are essentially equipment 



malfunctions rather than catastrophic-type failures such as open or short 

circuits, which are normally detected by warning lights and computer 

programming tests or self checks. , 

3) The monitoring technique was to be self contained between the two 

spacecraft and their PGNS. The Manned Spaceflight Network (MSFN) 

monitoring capability was not considered. 

4) It was assumed that essentially identical PGNS existed on both the 

CSM and LEM vehicles, and that these two systems were used simultaneously 

during the two unpowered phases considered to solve the same navigation 

problem for which performance monitoring was to be accomplished. The 

basic units of each PGNS includea guidance computer (LGC in the LEM and 

AGC in the CM which are identical units), an IMU, and a rendezvous radar. 

Of the two free-fal l  phases considered (Item 1) the major effort was 

concentrated on the rendezvous mid- course phase in this monitoring study. 

This phase was considered the more critical of the two with respect to 

performance monitoring since velocity corrections are required after a 

relatively brief period of tracking between the two vehicles in order to 

conserve propellant. The most successful monitoring technique developed 

for  the rendezvous phase was an end-to-end guidance-system check in which 

the computed velocity corrections of each guidance system were compared. 

The performance monitoring criterion for the rendezvous phase was based 

on a desirable propellant (AV) limit. This same monitoring technique was 

then applied to the less time-critical descent phase with the criterion changed 

to a 5000-foot uncertainty limit in the estimated perilune altitude. The 

compai'ison of computed velocity corrections to achieve the desired descent 

aim-point conditions (perilune) proved to  be an acceptable monitoring 

technique even though no trajectory correction is made in the descent phasie. 

The assumption of identical basic units of the PGNS for both the LEM 

and CSM vehicle (Item 4 above) can be relaxed for the monitoring technique 

presented, provided that the same basic tracking data are provided each 

system even though the normal accuracy of these tracking data may differ 

between systems. 

The unpowered PGNS navigation system for both vehicles is described 
in Chapter 2 of this report. Possible monitoring parameters and techniques 

a re  next discussed in Chapters 3 and 4. The results of the developed 



monitoring technique applied to the rendezvous mid-course phase is then 

summarized in Chapter 5. A similar summary of applying this monitoring 

technique to the Hohmann descent phase is presented in Chapter 6.  



CHAPTER 2 

DESCRIPTION OF THE NAVIGATION SYSTEM 

2 .1  Basic Geometrical Relations and Trajectory Characteristics for the 

Midcourse Rendezvous Phase. 

The important geometrical relations between the LEM and CSM for 

the lunar midcourse rendezvous phase are shown in Fig. 1. The CSM is in 

anear-circular orbit at an altitude of about 80 mm. The plane of the CSM's 

orbit under typical conditions may be inclined by as much as 2 central angle 

degrees from the nominal lunar launch point of the LEM. At the start of the 

midcourse phase the LEM will nominally be located at an altitude of about 

50,000 feet and will be traveling towards the intercept or aim point on the 

CSM orbit with a velocity slightly less than 5600 f t /sec in the horizontal 

direction. The LEM at this time will generally be about 200 mm. away from 

the CSM and about 8-10 degrees (lunar central angle) behind it. For the 

ascent trajectories considered in this study, the LEM will travel through a 

central angle (05) of about 135 degrees over the moon during the midcourse 

phase. The duration of the midcourse phase is typically about 40 minutes up 

to  the start of rendezvous and is essentially the same ascent trajectory 

shown in Figs. 7.28 and 7.29 of Ref. 1. The trajectory of the LEM as seen 

f rom the CSM is shown for a typical midcourse trajectory in Figs. 2 and 3 

which are  repeated from Ref. 1. The curves of Fig. 2 represent a vertical- 

plane trajectory projection; those of Fig. 3 represent a horizontal-plane 

projection. Of particular interest is the fact that if no velocity corrections 

were made, as indicated by the "uncorrected trajectory", then the LEM 
would ultimately miss the CSM by about 50,000 feet. When appropriate 

velocity corrections are applied, however, as indicated by the "actual 

11 
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Fig. 1 Geometrical Relations for Lunar Midcourse Rendezvous Phase 
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