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FOREWORD 

This document Is submitted In accordance with the requirements 
of Contract AF04(695)-435, Exhibit A, Paragraph 6.1.3. 
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This abstract Is unclassified. 

ABSTRACT 

The purpose of this study was to determine If, and under what 
conditions, the Titan III launch vehicle could provide response 
characteristics necessary for piloted control (PIBOL) during pow- 
ered flight. 

This study determined the changes required to the Titan III 
system to provide these response characteristics, defined other 
hardware necessary for piloted control, compared the piloted sys- 
tem's reliability to that of the standard Titan III system, and 
determined the schedule and cost implications of PIBOL.  This 
study did not evaluate the pilot's contribution to mission success. 

The results of this study showed that the Titan III launch 
vehicle can provide the response requirements desired with a mini- 
mum change to the system configuration. At the same time, the 
effect of inertial guidance system failures is effectively elimi- 
nated, through the use of the pilot and the changes defined by 
this study. 
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I.  INTRODUCTION 

The feasibility of a pilot contributing to the guidance and 
control function of the Titan III launch vehicle was initially 
investigated as part of the X-20A (Dyna-Soar) program, and was 
shown to be feasible if the launch vehicle provided certain de- 
fined response characteristics. 

The subject of this document is a stuc'y undertaken by the 
Martin Company to determine if, and under vhat conditions, the 
Titan III launch vehicle can provide the reroonse characteristics 
shown to be necessary by the X-20A investigation. 

This study determined the changes to the Titan III flight 
control system configuration required to piovide these response 
characteristics, and the hardware modifications and additions 
necessary to provide this configuration. 

Another objective of the study was to determine the hardware 
modifications and additions required for the pilot to completely 
replace the booster inertial guidance system.  In the Titan III 
vehicle, the guidance system not only provides the guidance and 
steering functions (which the pilot can replace as described 
above), but it also provides vehicle sequencing commands.  As 
part of this study a vehicle sequencer was designed to provide 
these vehicle sequencing functions. Also, for the pilot to con- 
trol the early phases of flight, a display showing lateral accel- 
eration from the launch vehicle is required. The booster hard- 
ware to provide this display was also determined in this study. 
The acceleration display was the only one of the many displays 
required covered by this study. 

The reliability of the hardware for the piloted system was 
calculated for comparison with the reliability of the standard 
Titan III launch vehicle. I 

The effect on cost and schedule of incorporating the re- 
quired PIBOL modifications into the Titan III program was also 
evaluated. 

Two methods of including piloted control for the pitch and 
yaw axes of control of the launch vehicle were directed by the 
contract to be studied. The first method used the pilot to pro- 
vide the guidance and steering functions normally provided by 
the booster inertial guidance, and used the flight control sys- 
tem to provide the vehicle attitude reference.  This system is 
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referred to as the Basic PIBOL system. The second method used 
the pilot to provide the guidance and steering functions, and 
the vehicle attitude reference. This system is referred to as 
the Broader PIBOL system. 

All analysis and specific results of this study are peculiar 
to the Titan III/X-20A configuration. However, the major conclu- 
sions regarding feasibility are not restricted to this single 
booster payload combination. 

This study did not consider any aspect of the pilot's perform- 
ance, except that implied by the vehicle response characteristic 
requirements specified by the Air Force.  In other words, the pi- 
lot's contribution to mission success was not evaluated; i.e., he 
is assumed to be 100% reliable.  In addition, no consideration was 
given to the pilot's capability to sense Booster Inertial Guidance 
System failures, or to his ability to overcome the transients 
resulting from these failures. 

t 

J 
; 

i^ 
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II.  SUMMARY 

This study shows that the major task of providing the response 
requirements for a piloted vehicle occurs during the initial phases 
of flight, or during the period when the vehicle is encountering 
large aerodynamic forces.  During other phases of flight, the re- 
sponse requirements can be attained with relative ease.  Thus, for 
the Titan III/X-20A configuration. Stage 0 (the solid rocket motor 
phase of flight) provides the major design challenge for meeting 
pilot response requirements. 

In evaluating the method for obtaining piloted control that 
uses the pilot to provide the guidance and steering functions and 
uses the flight control system to provide the vehicle attitude 
reference, satisfactory response characteristics were attainable 
for Stage 0 pitch and yaw operation by using either of the follow- 
ing two methods: 

1) By using displacement gyros added to the vehicle to 
provide the vehicle attitude reference in conjunction 
with signals from the existing rate gyros as hey are 
used in the standard Titan III flight control system; 

2) By using an approximate integration of one of the ex- 
isting rate gyros to provide the vehicle attitude ref- 
erence in conjunction with signals from the existing 
rate gyros as they are used in the standard Titan III 
flight control system. 

Although either of these systems provides the required response 
characteristics, the second of the two (using an approximate inte- 
gration of rate) is the recommended system, because of its simpler 
hardware configuration, i.e., no displacement gyros are required. 

Evaluation of the system for Stage 0 pitch and yaw operation, 
in which the pilot provides the guidance and steering function 
and the vehicle attitude reference, showed that this system could 
not be configured to meet the required response characteristics. 
The primary area of difficulty was obtcining desirable response 
with a nominal system in the frequency range that the pilot cannot 
control, i.e., the frequency range lncl"cing the effects of struc- 
tural bending. Additionally, this syster. VBS SO  sensitive to vari- 
ations in the system parameters that ir.5t. . . .tics could occur with 
minor variations in the system parameters. 

L. 
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Evaluation of the Stage 0 roll axis system showed that the 
response requirements could be attained by providing a heavily- 
filtered rate channel parallel to the rate channel existing in 
the standard Titan III/X-20A flight control system.  The heavily- 
filtered rate channel is required to provide adequate low-frequency 
response without degrading the system response at the higher fre- 
quencies. 

Evaluation of the pitch and yaw response characteristics of 
the upper stages (Stages I, II, and III) of Titan III showed that 
the response requirements are met with two flight control system 
configurations: 

1) A system in which the rate channel gains are unchanged 
from the configuration used for the standard Titan III/ 
X-20A configuration (without pilot control) and the 
displacement channel gains (using displacement gyros) 
are reduced to approximately 50% of the value used in 
the standard Titan III/X-20A configuration; 

2) A system with standard Titan III/X-20A rate channel | 
gains in Stage I and Stage II, with displacement chan- 
nel gains set at zero for Stage I and Stage II (thus 
requiring no displacement gyros), and with both the 
rate and displacement channel gains set at zero for 
Stage III. 

The second of these two system-, which requires the pilot to 
perform the guidance and steering function and also provide the 
vehicle attitude reference, is the recommended system for Stages 
I, II, and III pitch and yaw operation, because of the simpler 
hardware involved (again no displacement gyros required).  For 
missions that involve more stringent Stage III handling charac- 
teristics than the X-20A, i.e., missions involving Stage III ma- 
neuvers, rate feedbac'. would be necessary during Stage III pitch 
and yaw operation. 

Roll axis operation for the Stage I and Stage II phases of 
flight meets the response requirements, with rate channel gains 
identical to those used in the standard Titan III/X-20A flight 
control system, and with the displacement channel gain set at zero. 

To meet the Stage III roll axis requirements, a rate gyro for 
use during Stage III operation had to be added, since none is 
available in the standard Titan III vehicle. 

«■ 
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A summary of the system configuration tecummended to provide 
the desired vehicle response requirements is shown in Table 1. 

The hardware required to incorporate the changes described 
in Table 1 is limited to changes to the existing adapter-programer 
and the addition of a Titan III'rate gyro package to Stage III. 

Other hardware changes required to incorporate the piloted 
concept are the addition of the vehicle sequencer to provide the 
discrete commands normally issued by the booster inertial guidance 
system, the addition of a lateral acceleration sensing system to 
Stage I to provide the display of lateral acceleration, and the 
addition of a signal selector switch to switch the various func- 
tions from the standard Titan III flight mode to the piloted 
flight mode.  Of these three devices, only the vehicle sequencer 
is new for Titan III.  The lateral acceleration sensing system 
and the signal selector switch are identical to items presently 
being used in Titan III. 

The entire system in the booster required to incorporate pi- 
loted control is referred to as the Pilot-In-the-Booster-Loop 
(PIBOL) system. 

Ground checkout requirements for the PIBOL system were deter- 
mined by this study, and were shown to be compatible with existing 
Titan III checkout equipment.  Changes to incorporate PIBOL check- 
out are limited to additional interconnections, use of existing 
spare channels, and changes to the mission-dependent hardware 
(patchboards, programer tapes, etc). 

The PIBOL systems considered are shown to effectively elimi- 
nate booster inertial guidance system steering command failures, 
with the result that other components or systems (other than the 
guidance system) remain the limiting factors affecting probability 
of mission success. Mission success probability is shown to be 
much more sensitive to the reliability of the device used to trans- 
fer to the PIBOL mode than to the reliability of the components 
added for PIBOL. Consequently, redundant switching and redundant 
wiring are recommended to optimize any PIBOL system. 

The time required from receipt of a hardware contract to 
PIBOL component availability (for installation in the vehicle) 
is approximately 10^ months. After installation of the PIBOL 
components, the schedule for subsequent vehicle production and 
test phases is unchanged from that required for a standard Titan 
III vehicle. 
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III. PIBOL STUDY RESULTS 

Results of the PIBOL study are described in this chapter. 
These results include theoretical analysis, airborne mechanization 
studies, reliability analysis, PIBOL effects on ground hardware, 
logistics considerations, implementation plan, and specification 
impact. 

A.  THEORETICAL ANALYSIS 

1.  Requirements 

Requirements for the PIBOL system can be divided into two 
categories; 

1) Handling characteristics, which are requirements on 
the system response in the rigid-body or low-frequency 
region of operation; 

2) Stability margin requirements, which apply in the 
frequency region including the effects of structural 
bending. 

The requirements on rigid-body response were determined by 
The Boeing Company, from the T suits of their Pilot-in-the-Booster- 
Control-Loop simulation stud  (Ref 1). These handling character- 
istics reaulted from an evaluation of a pilot's capability to con- 
trol the simulated flight of an early Titan III configuration, and 
from evaluation by various pilots of the acceptability of the ve- 
hicle response. 

The stability margin requirements for PIBOL in the frequency 
range including the effects of structural bending, are identical 
to those required for the standard Titan III flight control system. 

a. Handling Characteristic Requirements 

Because of the way the handling characteristic requirements 
were determined on the Boeing simulator, they are related 
to the general configuration of the vehicle, the flight 
control system configuration, and the vehicle environment. 
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Therefore, the requirements vary during the different 
phases of flight, and also vary with the flight control 
system configuration. 

The handling characteristic requirements for the pitch and 
yaw axes are expressed in terms of frequency and damping 

2 
plots in which u (the square of the system natural fre- 

quency) is plotted against 2£tJ (twice the product of the 

system damping ratio and the natural frequency).  This 
method of specifying system requirements assumes that the 
transient characteristics of the vehicle (including flight 
control system) can be approximated by the second order 
equation, 

Kw 
S0(S) 

S    + 20 S + u) ^ n n 
r5cw> in 

where 

S = the Laplace operator, 

Se(S) ■ the Laplace transform of the vehicle attitude 
rate, 

6 (S) ■ the Laplace transform of the pilot's command. 

CJ ■ the system natural frequency,  i 

^ = the system damping ratio,      * 

K = the system gain. J 

Roll axis handling characteristic requirements are ex- 
pressed as limitations on the flight control system chan- 
nel gains as related to the vehicle parameters, thrust, 
roll moment of inertia, and roll moment arm. 

The requirements for the pitch and yaw axes!during the 
various phases of flight are shown in Fig. 1 thru 6 
(Table 2 is included for indexing).  Roll axis require- 
ments are shown in Table 3. 

v 



SSD-CR-64-32 

Table 2 Pitch and Yaw Handling Characteristic Requirements 

Configuration 

Applicable 
PIBOL System 
Nomenclature 

Applicable 
Requirements 

Stage 0 - Rate + Integral of Rate 
(Displacement) Flight Con- 
trol System 

Basic Fig. 1 

Stage 0 - Rate + Integral of Rate + 
Acceleration + Integral of 
Acceleration (Velocity) 
Flight Control System 

Basic Fig. 2 

Stage 0 - Rate + Acceleration Flight 
Control System 

Broader Fig. 3 

Stage I - Rate + Integral of Rate or 
Rate Only Flight Control 
System 

Basic or 
Broader 

Fig. 4 

Stage II - Rate + Integral of Rate 
or Rate Only Flight Con- 
trol System 

Basic or 
Broader 

Fig. 5 

Stage III - Rate + Integral of Rate 
or Rate Only Flight 
Control System 

Basic or 
Broader 

Fig. 6 u 

— 
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Table 3 Roll Axis Handling Characteristic Requirements 

Configuration Control System Requirements 

Stage 0 
Krr 

3 < ~~ < 10            *!) -^ 0 

XX 

Stage I 
KRTr 

7.5 < ^~<  25            ^ ^0 

XX 

Stage II 
KRTr 

1 < ]~-~ < 3              ^ ^ 0 
XX 

Stage III 
ICTr 

Z.5 S _   < 25             KTV^0 

XX 

Note: IC ■ Rate channel gain (sec). 

IC ■ Displacement channel gain (dimensionless). 

T = Thrust available for rolling moment (lb). 
r • Distance from line of action of veil  thrust to vehicle 

center line (in.). 
I  = Vehicle moment of inertia about roll axis Tin.-lb- 

2                                
V 

sec /. 

The Stage 0 pitch and yaw requirements are portrayed/at 
the time of flight when aerodynamic loads are greatest 
(60 sec after liftoff), and thus represent the most strin- 
gent handling characteristics required during Stage 0 
flight. 

/ 

Since aerodynamic loads remain very nearly zero throughout 
Stage I, Stage II, and Stage III operation, handling 
characteristic requirements remain constant throughout 
each of these flight phases. 

b. Stability Margin Requirements 

The stability requirements on the PIBOL flight control 
system are identical to those imposed on the standard 
Titan III flight control system, except that the criteria 
are applicable only in the range of frequencies that in- 
clude the effect of structural bending.  The handling 
characteristic requirements replace the standard Titan 
III rigid-body requirements. 
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The stability requirements are expressed in terms of mini- 
mum acceptable gain and phase margins on the open-loop 
frequency response of the flight control system. Gain 
margin is defined as the amount of amplitude change in 
the system response that c^n occur before the system be- 
comes unstable (if no change in the phase relationships 
occur). Phase margin is defined as the amount of phase 
change the system can accept without becoming unstable 
(if no amplitude changes occur).  These margin require- 
ments are applied to allow for variation in the vehicle 
parameters.  In other words, the stability margins are 
analagous to the structural designer's margin of safety. 
Thus, the stability margin requirements become more strin- 
gent at the higher frequencies because the system param- 
eters (such as bending characteristics) are less predicta- 
ble there. 

The PIBOL stability margin requirements are shown in Table 
4, and are applicable to the pitch, yaw, and roll axes. 

Table 4 PIBOL Stability Margin Requirements 

Min imum Minimum 
Frequency Range Gain Margin Phase Margin 

Below First Structural Mode Peak 6 db 30 dcg 
(Excluding Rigid-Body Region) 

Between First Structural Mode Peak 10 db 60 deg 
and Third Structural Mode Peak 

Third Structural Mode and Above 10 db* 

♦Independent of phase contribution. 

2. Method of Analysis 

a. Assumptions 

The majority of the assumptions that were a part of this 
analysis were directed by the contract statement of work 
(Ref 2).  These assumptions were: 

1)  The response of the Titan III vehicle to a rate command 
from the pilot can be approximated by a second order 
equation, i.e. , Eq [l]; 

_ 

L„ 
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2) The pilot makes no contribution to rigid-body perform- 
ance, i.e., handling characteristics; 

3) The pilot does not respond in any way to structural 
bending; 

4) The pilot is capable of maintaining structural loads 
within acceptable limits through the proper use of 
the displays he has at his disposal (applicable to 
the Basic system only); 

5) The transients occurring at the various stage separa- 
tions and the transients occurring due to sequencing 
of the flight control system are within acceptable 
limits for the pilot. 

Assumptions "1" (the second order approximation) and 
"2" (the pilot's contribution to handling character- 
istics) were necessary to correlate this study with 
the results of the previous Boeing study.  Assumptions 
3), 4), and 5) are results of, or extrapolation from, 
the Boeing study. 

Assumptions independent of the statement of work were: 

6) The handling characteristic requirements were extrap- 
olated beyond the specification limits where the re- 
sults of this study were not clearly within the re- 
quirements; 

7) Optimization of the standard flight control system was 
not required for phases of flight where the standard 
Titan III/X-20A flight control system configuration 
was not finalized before the X-20A contract cancella- 
tion. 

Assumption 6), handling characteristic requirement extrap- 
olation, was used because, in some cases, the handling 
characteristics obtained from the Titan III system were 

2 
in areas of the u - 2t(i) plane where the requirements 

n   -^ n n 

had not been clearly defined by the Boeing study. The 
assumed extensions are shown in Fig. 1 thru 6, and are 
believed to portray the most likely extension of these 
curves. 

I 
  

m^^ 



SSD-CR-64-32 19 

The cancellation of the X-20A program (midway through the 
PIBOL study) resulted in the need for Assumption 7, The 
baseline for the PIBOL study was to be the flight control 
system defined for the X-20A mission, but the flight con- 
trol system for this mission was never optimized.  However, 
the configuration of the flight control system was repre- 
sentative of an acceptable vehicle, and optimization would 
add little to the PIBOL study. The conclusions of this 
study are not affected by this assumption. 

c. Handling Characteristic Evaluation Methods 

The evaluation of the handling characteristics was accom- 
plished by one of three different methods, depending on the 
manner in which the requirements were specified. For the 
Stage 0 pitch and yaw axes, the coefficients for the second 
order approximation (Eq [1]) were determined by comparing 
the transient response characteristics of the Stage 0 sys- 
tem with those of a second order system. For Stages I, 
II, and III pitch and yaw axes, the second order approxi- 
mation was made by an empirical method described in Ref 1 
and in App B, which relates the equivalent natural fre- 
quency and damping ratio of the system to the flight con- 
trol system and vehicle parameters. For the roll axis 
(all stages) the flight control system gains were compared 
with the roll channel gain requirements specified in Table 
3. 

Block diagrams of the PIBOL configurations used to calcu- 
late the transient response of the Stage 0 pitch and yaw 
channels are shown in Fig. 7, 8, and 9.  These block dia- 
grams were developed from the simplified block diagrams 
in the contract statement of work. 

The system transfer functions, 0(S)/6 (S) (Basic systems) 

and 2606(S)/5 (S) (Broader system), and the transient re- 

sponses ^for a unit step input at 5 ), e(t) and Z606(t), 

were calculated with existing Martin 7094 programs. 

The transient responses resulting from application of the 
unit step input at 5 (the pilot's command) were then 

evaluated to determine the second order approximation. 
The second order approximation to the transient response 
was made by the method given in the contract statement of 
work and in App B. This method matches the overshoot and 
rise time, or oscillations, of any transient response to 
those of the second order system described by Eq [1].  This 
method allows the removal of the normal force terms in the 
closed-loop transfer function where the effect of these 
terms obscures the response of the system. 
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Fig. 9 Stage 0, Broader P1B0L Block Diagram, Rate + Acceleration Flight Control System (Fitch Axis Shown) 
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The handling characteristics for the Stage I, Stage II, 
and Stage III pitch and yav systems were calculated from 
the Boeing equations for the handling quality parameters, 

2 
u  and 2£w . These equations are presented in Section 

12 of D2-80762 (Ref 1) and in App B. 

For Stage I, Stage II, and Stage III operation, where the 
vehicle velocity is high and ehe aerodynamic terms small, 
the Boeing equations can be accurately approximated by: 

yy 

5 n 
TLg 

R I 
yy 

[2] 

[3] 

where 

u) ■ the system natural frequency, 
n 

£ = the system damping ratio, 

I  ■ moment of inertia about the pitch axis, 
yy 

T = total thrust, 

Lg = distance from engine gimbal to center of gravity, 

K- = flight control system displacement channel gain, 

IC, ■ flight control system rate channel gain. 

As discussed in Chap. III.A.I, the roll axis handling char- 
acteristic requirements were specified only in terms of con- 
straints on the roll channel gains combined with vehicle 
roll thrust, inertia, and moment" arm.  Thus, the handling 
characteristic analyses in the roll axis, for all stages, 
consisted of comparison of the flight control system chan- 
nel gains with the PIBOL requirements. 
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d.  Stability Analysis Methods 

The mathematical model used for the PIBOL stability anal- 
yses was identical to the model used for the initial Titan 
III/X-20A stability investigations. This model used a 
linearized mathematical description of the Titan III ve- 
hicle (with the X-20A payload), which Included the effects 
of structural bending and concentrated aerodynamics.  Dy- 
namic characteristics of sensors and thrust vector control 
devices included were as described in Appendix I. 

The stability of the PIBOL systems was evaluated in the 
conventional manner.  The open-loop frequency response of 
the vehicle, including flight control system, was evalu- 
ated to assure that ehe required stability margins were 
attained.  This approach required knowledge of the air- 
frame transfer functions tha- describe the response of 
the airframe to stimuli from the control system, i.e., 
control moments.  The majority of these airframe transfer 
functions had previously been obtained in earlier Titan 
III/X-20A stability analyses. 

3.  Summary 

Various systems for providing piloted control of the Titan III 
booster were analyzed.  These system configurations are sumrarlzed 
in Table 5.  Table 5 also designates the system recommended for 
the application of piloted control of Titan III. 

Tolerance effects were evaluated on the recommended system 
and the Stage 0 system with only rate and acceleration feedback. 
The analysis results can be ummarized as follows: 

1) The Basic Stage 0 pitch-yaw system (where the flight 
control system provides the attitude reference) can 
be designed to meet the PIBOL requirements either by 
using a displacement gyro or an approximate integral 
of rate to obtain the displacement signal; however, 
the approximate Integral system allows the greatest 
hardware simplification; either system requires re- 
moval of the accelerometer feedback normally used 
in Titan III; 

2) The Broader Stage 0 pitch-yaw PIBOL concept (where the 
pilot provides the attitude reference) was not ade- 
quately stabilized. Furthermore, tolerance effects 
on this system were entirely unacceptable; 

i 
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3) The upper stages (Stages I, II, and III) can meet the 
PIBOL requirements in pitch and yaw under a variety 
of circumstances, most significantly with the dis- 
placement channel gain at zero (thus, not needing a 
displacement gyro); 

4) PIBOL roll axis requirements can be met (with or with- 
out a displacement channel gain) for all phases of 
flight. 

The following tabulation summarizes the recommended PIBOL 
system configuration: 

Phase of Operation 

Stage 0, Pitch and Yaw 

Stage 0, Roll 

Stage I, Pitch, Yaw, and Roll  Rate only 

Etage II, Pitch, Yaw, and Roll Rate only 

Control System Configuration 

Rate + approximate integral of rate 

Rate only 

Open loop, i.e., no rate, no dis- 
placement 

Rate only 

Stag? Ill, Pitch and Yaw 

Stage III, Roll 

4.  Results 

a.  Basic PIBOL Results. % u 
Stage 0 Pitch and Yaw Channels - For Stage 0, the first 
Basic PIBOL system examined was a system that used atti- 
tude error signals obtained from an attitude gyro near 
the location of the booster inertial guidance system (Fig. 
7). This approach appeared attractive, because if the 
handling requirements wer« obtained with channel gains 
and dynamics identical to those used in the standard Titan 
III/X-20A flight control system, the stability margin re- 
quirements would be attained automatically. 

L 



  

26 

SSD-CR-64-32 

Table 5 PIBOL Configuraticns Analyzed 

Flight Control System Conflgurati HI 

Recommended Acceleration 
Phase of Flight System Displacement Channel Rate Channels Channel 

Stage 0, Pitch ard Yaw Axes Displacement Gyros Same as std 
Titan III 

None 

Displacement Gyros Same as std 
Titan III 

Same as std 
Titan III 

X Approximate Integral 
of Rate 

Same as std 
Titan III 

None 

Stage I, Pitch and Taw Axes 
. 

Displacement Gyros Same as std 
Titan III 

None 

Displacement Gyro Sams as std Nore 
(Reduced channel gain) Titan III 

X None Same as std 
Titan III 

None 

Stage II, Pitch and Yaw Axes Displacement Gyros Same as sti 
Titan III 

None 

Displacement Gyros Same as std None 
(Reduced channel gain) Titan III 

X None Same as s'.d 
Titan III 

None 

Stage III, Pitch and Yaw Axes Displacement Gyros Same as std 
Titan III 

None 

* X None None None 

Stage 0, Pitch and Yaw Axes \ None Gains Increased 
over std Titan 

Same as std 
Titan III, 

III except no 
approximate 
Integration 

Stage 0, Roll Axis X None Gains increased None 
over std 
Titan III 

' 

Stage I and Stage II, Roll Axis X None Same as std 
Titan III 

None 

Stage III, Roll Axis X None Changed from 
std Titan III 

None 

Note: See Chap. III.A/' for descc iption. 

• 

- 
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Transient solutions were obtained for this system in two 
configurations.  First, the system was analyzed with only 
angular displacement and angular rate feedback, using the 
displacement and rate channel gains, and dynamics, of the 
standard Titan III/X-20A flight control system.  The han- 
dling characteristics obtained for this system are shown 
in Fig. 10 (pitch) and Fig. 11 (yaw), and are well within 
acceptable limits. Similarly, the stability margins ob- 
tained were within acceptable limits. Typical transient 
solutions are shown in App C. 

Transient solutions were also obtained for this system 
(displacement gyro; block diagram. Fig. 7), using angular 
displacement, angular rate, and lateral acceleration feed- 
back paths, again with the gains and dynamics of the stand- 
ard Titan III/X-20A flight control system. As shown on 
Fig. 12 (pitch) and Fig. 13 (yaw), the handling character- 
istics obtained for this system did not meet the handling 
characteristic requirements. The transient solutions from 
which these handling characteristics were obtained are 
shown in App C.  Since the option existed to operate the 
Basic PIBOL system without lateral acceleration feedback 
(Chap. III. A.2), no further attempts were made to improve 
the handling characteristics of this system. The system 
previously discussed (angular displacement and angular 
rate feedback only) provided satisfactory stability and 
handling characteristics with less effect on the existing 
flight control system mechanization. 

A second form of Stage 0 Basic PIBOL was previously shown 
in Fig. 8. This system is identical to the previous Basic 
PIBOL system, except that the angular displacement feed- 
back is obtained by performing an approximate integration 
on the existing Stage II angular rate signal (^20). The 

angular rate feedback paths (K^-,, K,?)  reinained unchanged. 

The handling characteristics obtained for this system, 
using a time constant of 7.5 sec in the approximate inte- 
grator, are shown in Fig. 14, (pitch) and Fig. 15 (yaw). 
Time constants greater than 5 sec gave similar results. 
Transient solutions from which these handling characteris- 
tics were computed are shown in App C. Stability margins 
for this system are also acceptable as shown in the open- 
loop frequency response plots in App C.  Since the system 
using the approximate integral of rate allows greater hard- 
ware simplification and meets the PIBOL requirements; it 
is the preferred system. 
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Stages I, II. and III Pitch and Yaw Channels - The approach 
taken for the Basic FIBOL investigation of Stage I, Stage 
II, and Stage III pitch and yaw operations used the dis- 
placement gyro (as in the Stage 0 basic study) and the 
gains and dynamics of the standard Titan III/X20A flight 
control system.  Although the standard Titan III/X-20A 
flight control system for Stages I, II, and III was not 
finalized at the time of the X-20A cancellation, the 
changes that would have occurred in the final optimiza- 
tion would have little effect on the PIBOL system. 

The handling characteristics obtained for the Stagr I, 
Stage II, and Stage III pitch or yaw systems with the dis- 
placement gyro and the standard Titan III/X-20A flight 
control system gains and dynamics are shown in Fig. 16, 
17, and 10. These handling characteristics were calcu- 
lated by using Eq [2] and [3]. The Stage III results 
(Fig. 10) are acceptable, but the Stage I and Stage II 
results show that the system natural frequency is too high 
to stay within the handling characteristic requirements 
during the applicable flight phases. The stability mar- 
gins of the Stage I, Stage II, and Stage III systems are 
not changed from those of the automatic system, and there- 
fore, are acceptable. 

To meet the handling characteristic requirements for Stage 
I, a reduction in displacement channel gain of approxi- 
mately 50% is necessary (from the standard Titan III/X-20A 
gains). Handling characteristics for this system are also 
shown on Fig. 16, and are entirely within the requirements. 

With a similar reduction in Stage II displacement channel 
gain, the Stage II handling characteristics are improved, 
but still lie outside the requirements for the last 11.5 
sec of Stage II flight (Fig. 17). 

Because the reduction in displacement channel gain can 
easily (in the hardware) be carried to the extreme value 
of Kj= 0 (K-  displacement channel gain), this method was 

also evaluated.  With the displacement channel gain at 
zero, the handling characteristics of the Stage I and Stage 
II systems are further improved, as shown in Fig. 16 and 17. 

The stability margin'- for the Stage I system with 1C= 0 

are shown on the open-loop frequency response plots in 
App C. While the margins are changed from those of the 
standard Titan III system, they are still adequate. 
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The stability margins for the Stage II system with K- = 0 

are, for all practical purposes, identical to those of the 
standard Titan III/X-20A flight control system. Stability 
margins for the Stage II system are shown on the open-loop 
frequency response plots in App C. Although these margins 
are not optimized, they are Identical to those for the 
standard Titan III/X-20A system, and are therefore ac- 

ceptable. 

The Stage I and Stage II systems with IC = 0 are recom- 
mended for the PIBOL configuration. 

In conjunction with the evaluation of 1C = 0 for Stage I 

and Stage II, the affect of reducing 1C to zero for Stage 

III operation was also investigated. Since the standard 
Titan III vehicle does not provide a rate gyro in Stage 
III, but derives rate signals by differentiating the angu- 
lar displacement signal, the PIBOL hardware is simplest 
if both the displacement and rate channel gains can be 
set at zero. Figure 18 shows that the Stage III handling 
characteristics are marginal for this case. However, with 
the gains set at zero, no tolerance problems exist. Fur- 
thermore, structural bending stability problems are non- 
existent, since there are no control system signals present 
to reinforce or excite structural bending. Therefore this 
marginal system is recommended for the Titan III/X-20A 
system. 

Broader PIBOL Results 

Stage 0 Pitch and Yaw Channels - For the Stage 0 pitch and 
yaw channels, the Broader PIBOL concept was to use only 
angular rate and lateral acceleration feedback (Fig. 9). 
This meant that when transferring from the standard Titan 
III/X-20A flight configuration to the PIBOL configuration, 
the system had to be able to accept the removal of the 
angular attitude error signal and meet the stability and 
handling criteria. During Stage 0 operation, the vehicle 
is very flexible and the forces exciting the structural 
bending are large. This causes large bending deflections 
that are made acceptable in the standard Titan III flight 
control system by combining signals from the two rate 
gyros (angular rate signals), the lateral accelerometer, 
and the booster inertial guidance system (angular displace- 
ment signal) in a manner that reduces the amplitude of 
the structural bending peaks and obtains the required sta- 
bility margins. This balance is upset in the Broader PIBOL 
concept when the angular displacement signal is removed. 

I 
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When the displacement signal is removed from the control 
system, the total resultant vector that represents the 
system amplitude and phase response at the first bending 
mode frequency moves away from the phase-stable direction. 
This reduces the phase margin between the first and second 
structural modes.  To move the resulting vector toward the 
phase-stable direction, it was necessary to remove one of 
the rate channel filters in the Stage I rate channel. Re- 
moval of a single filter was chosen because a completely 
unfiltered channel, i.e., with both filters removed, could 
lead to difficulties with structural bending at higher 
frequencies, even though it aided in stabilization of low 
frequency bending effects. 

After adequate stability margins were attained, the han- 
dling characteristics were evaluated.  Initial transient 
solutions conducted at 60 sec in the pitch axis showed 
that a significant Increase in the rate channel gains and 
removal of the velocity feedback term (Kv) would be re- 

quired before satisfactory handling characteristics could 
be obtained. Subsequent analysis showed that the total 
rate channel gain ^K-. + K_?) would have to be Increased 

from 0.7 (for the Standard Titan I1I/X-20A configuration) 
to 1.0 before anything other than marginal handling char- 
acteristics would result. The transient solution for this 
case is shown In App D. Handling characteristics ob- 
tained are shown in Fig. 19. 

Typically, as the rate channel gains are increased, the 
structural bending mode stability becomes harder to at 
tain. Typical stability margins for this system are shown 
in the open-loop frequency response plots In App D, and 
meet requirements In all areas except for the third struc- 
tural mode and the phase margin on the low frequency side 
of the first structural mode at 30 sec. No method was 
found to improve the third structural mode margin. No 
further attempt was made at optimizing this system, pend- 
ing results of the tolerance analysis, since the system 
was anticipated as being extremely tolerance sensitive. 

Stages I. II. and III Pitch and Yaw Channels - Results for 
the Stage I, Stage II, and Stage III Broader PIBOL system 
were described In Chap. lix.A.3.  Broader PIBOL for these 
stages Is the same as Basic PIBOL with the displacement 
channel gain set at zero. 
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c.  Roll Channel Results 

As discussed in Chap. III.A.2.b, the roll handling char- 
acteristic analysis consisted of comparing the standard 
Titan III/X-20A flight control system characteristics with 
the PIBOL requirements on flight control system channel 
gains. 

For Stage I and Stage II operation, .the standard Titan 
III/X-20A flight control system gains are compatible with 
the PIBOL handling characteristic requirements without 
modification.  Table 4 shows both the flight control sys- 
tem channel gains and the required limits. The Stage I 
and Stage II PIBOL systems meet the stabiliny margins with 
or without a roll displacement channel gain. 

The Stage 0 roll system, as tentatively designed for the 
standard Titan III/X-20A configuration, does not meet the 
PIBOL handling characteristic requirements throughout 
flight. The roll rate channel gains are much lower than 
the gains required for PIBOL (Table 6). Further analysis 
of the Stage 0 system showed that the roll rate channel 
gains are limited by torsional bending considerations, 
and cannot be increased far enough (using the Titan III 
hardware) to meet the PIBOL requirements. 

Mixing of the Stage I and Stage II roll rate gyros, use 
of a Stage III roll rate gyro, and additional rate sensoi 
locations were investigated as ways of allowing an overall 
increase in rate channel gain. All possibilities were 
unsatisfactory, because they either did not provide ade- 
quate stability margins on the first torsional mode or 
caused an instability of the second torsional mode. The 
overall problem was a direct result of the large torsional 
deflections for both first and second mode and the rela- 
tively low frequency of the first and second torsional 
modes (12 and 20 rad/sec, respectively, at Stage 0 start). 

To attain the PIBOL rate channel requirements, it was 
necessary to use the system shown in block diagram form 
in Fig. 20. For operation in the standard Titan III/X-20A 
mode, Switch S, is open and S. closed, providing the dis- 

placement (KQ) and rate (Kp?) feedbacks necessary in that 

system. For PIBOL, Switch S, is closed, providing the ad- 

ditional rate gain, IC*-.  Switch S„ may be open or closed 

for PIBOL, because the PIBOL handling characteristic re- 
quirements allow a displacement channel gain of zero, and 
the stability margins are not greatly affected by removal 
of the displacement signal. 

-~~—'— 
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Tal )le 6 Roll Channel Handling Characteristic Results 

Standard Total 
Titan III/ PIBOL 

System 

PIBOL Gain Requirements 

(2) 

X-20A 
Roll Gains 

PIBOL Rate 
Channel 

Gain (K^,) 

Rate Gain 

(KR2 + 

^2) h h KR2 'S 
Stage 0 

0 to 30 sec 0.536 < Kj^ < 1.37 KD>0 0.25 0.55 0.40 0.65 

30 to 80 sec 0.412 < ^ < 0.669 %>o 0.16 0.55 0.34 0.50 

80 sec to 0.201 < ^ < 0.356 \>o 0.12 0.55 0.13 0.25 
Burnout 

Stage I 0.15 < Kj^ < 0.5 KD>0 0.16(4) 0.30 0 0.16(4) 

Stage II 7.72 < ^ < 23.1 ^>o 15 30 0 15 

Stage III 0.85 < 1^ < 8.5 %>o 0.8(3) 0.8 Unknown (1) -- 

Note: 1. Stage III rate gain not evaluated because Stage III torsional data 
is not available. 

2. Gain requirements calculated from requirements stated in Table 2 
and nominal vehicle characteristics. 

3. Stage III of Titan III uses a derived rate system operating on the 
IGS signal, thus the rate channel gain for PIBOL is independent of 
this equivalent rate gain. 

4. In an actual PIBOL usage, the standard Titan III/X-20A roll-rate 
gain could be raised to optimize the PIBOL system, without penaliz- 
ing either the standard or PIBOL system. 

To avoid stability margin degradation because of the added 
PIBOL rate gain (ICL)» it is necessary to filter the K' 

signal very heavily. The value chosen for the filter break 
frequency, u, was 1 rad. Open-loop frequency response plots 
with the displacement channel gain at zero are shown in 
App C. Table 6 shows the values chosen for K'2 to meet 

the PIBOL requiremrnts. While this method of meeting the 
roll rate gain requirement meets the PIBOL specifications, 
it might not provide desirable handling characteristics. 
It appears that roll requirements specified in the same 
manner as the pitch and yaw requirements are advisable 
for future PIBOL applications. This matter is discussed 
in greater detail in Appendix J. 
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Stage III of the PIBOL configuration requires roll-rate 
gains ölightly higher than the equivalent rate gain pro- 
vided by the standard Titan III/X-20A configutation (Table 
6). The exact gain level to be used for PIBOL will depend 
on the torsional bending characteristics of the vehicle. 
Since no torsional bending data were developed for Stage 
III of the Titan III/X-20A configuration before the X-20A 
program cancellation, no exact gain is provided.  However, 
no problems are. anticipated in meeting the PIBOL require- 
ments. 

Tolerance Evaluation 

Method of Evaluation - The evaluation of the effects of 
tolerances on the PIBOL systems was conducted in a manner 
that relied on previous tolerance studies of the standard 
Titan III/X-20A flight control system. 

The effect of tolerances on the pitch axis handling char- 
acteristics and stability margins was evaluated only on 
the approximate-integral system for the Stage 0 Basic 
PIBOL concept, for the Stage 0 Broader PIBOL configuration, 
and for the upper stages with the displacement channel 
gain equal to zero. Roll tolerances were evaluated only 
from the handling characteristic standpoint, and then only 
to assure that the nominal rate gains were far enough from 
the requirements to avoid tolerance problems.  Stability 
margins on the PIBOL roll systems are identical to those 
of the standard Titan III/X-20A configuration and are af- 
fected by tolerances in a similar acceptable manner. 

The effect of tolerances on Stage 0 handling characteris- 
tics (Basic and Broader) was evaluated at only 60 sec, 
since this represents the point of maximum difficulty for 
the pilot. Tolerance effects on handling characteristics 
of the upper stages were evaluated only at the start con- 
ditions for each Stage, since handling characteristics at 
those time points were closest to the required boundaries. 

The tolerance effects on stability margins were also evalu- 
ated at 60 sec for both Stage 0 systems, since it was be- 
lieved that the tolerance sensitivity could be established 
at a single time point. Tolerance effects on the Stage 
I stability margins were also evaluated at burnout for 
comparison with previous tolerance studies.  Stage II sta- 
bility margin tolerance sensitivities were not evaluated 
because the stability margins were unchanged from those 
of the standard Titan III/X-20A flight control system. 
Evaluation of Stage III tDlerances was not necessary, be- 
cause the system without either rate or displacement chan- 
nel gain cannot be affected by tolerances. 

—————— 
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To assess the influence of tolerances on handling charac- 
teristics or stability margins, it was necessary to deter- 
mine the variation in the result (handling characteristic 
or stability margin) related to a change in each system 
parameter. The resulting changes were then root-sum- 
squared to obtain a realistic picture of the tolerance 
sensitivity of each important characteristic of the system. 

Tolerance Study Results - The tolerance study showed that 
the handling characteristics for the Stage I and Stage II 
systems do not vary greatly with the application of toler- 
ances. These variations are shown in App E. The varia- 
tion of handling characteristics due to tolerance effects 
for the two Stage 0 systems evaluated are shown in Fig. 
21 and 22. The Stage 0 recommended system shows the larg- 
est effect occurring on the 2^w parameter. The tolerance 

effects on this system are believed to be acceptable. The 
only way for the handling characteristic boundary to be 
crossed, due to tolerance effects, is to have both param- 

eters I!*.'  and 2^u) I vary simultaneously to their lower 

extremes. The probability of these events occurring simul- 
taneously is low. 

The tolerance sensitivity of the Broader system (Fig. 22) 
is more critical. Although the variations due to toler- 
ances are smaller than on the recommended Basic system, 
the nominal operating point is closer to the handling 
characteristic boundary, and the probability of crossing 
the boundary is large enough to cause concern. Data from 
which these variations were determined are included in 
App E. 

The results of the evaluation of tolerance effects on sta- 
bility margins of the Stage 0 approximate integral Basic 
system showed that the system was comparable to the stand- 
ard Titan HI/X-20A control system, in that the root-sum- 
square total of tolerance effects on the first structural 
mode stability margins would not cause the system to be- 
come unstable. The data and individual sensitivities are 
tabulated in App E. 

A similar desirable result was obtained on the Stage I 
stability margin tolerance evaluation (data in App E). 

m 
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The evaluation of tolerances on the Broader Stage 0 sta- 
bility margins presented much different results. A sum- 
mation of the tolerance effects on the first structural 
mode stability margins showed that the margin could be 
reduced by as much as 97,5 deg due to tolerances. This 
is completely unacceptable, since in some cases, less 
than 40 deg of margin exist. The tolerance sensitivities 
are summarized in App E. With the large rate channel gains 
required for Broader PIBOL, no method of reducing the tol- 
erance sensitivities was found. 

The effects of tolerances on the roll handling character- 
istics was evaluated as follows. The only variables of 
concern (Table 3) are thrust (+5%), roll moment arm (±2 
in.), inertia (±10%), and rate channel gain (±10%). The 
root-sum-square value of these tolerances is approximately 
±15%.  For each PIBOL gain (IC» + Kj!-), except the Stage 

I gain, there is adequate margin for a 15% variation.  For 
Stage I, the roll rate gain must be increased to at least 
0.18 to >void tolerance problems.  For the Titan III/X-20A 
configuration, a gain of 0.18 can easily be accepted for 
both the standard and PIBOL modes. 

Tolerance effects on roll axis stability margins during 
all phases of flight, and Stage II pitch and yaw stability 
margins were not evaluated because the PIBOL effects are 
identical to those of the standard Titan III system. Dur- 
ing these phases of flight the stability margins are deter- 
mined only by the rate channel response, which is unchanged 
for PIBOL. 

B.  AIRBORNE SYSTEM MECHANIZATION STUDIES 

The Titan III guidance and flight control system, which must 
be adapted to any PIBOL mechanization, consists of two major 
groups. These are the booster inertial guidance system (BIGS) 
and the flight control system (FCS). 

The primary function of the inertial guidance system is to 
generate the steering commands that steer the vehicle along its 
required trajectory.  Two secondary functions of the guidance sys- 
tem are:  the generation of the discrete signals that cause vari- 
ous required events during flight, either on the basis of timp 
after liftoff, attained velocity, or acceleration, and the measure- 
ment of vehicle attitude for use in the vehicle attitude control 
system. 

i 
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The discrete signals are originated in the airborne digital 
computer, and are imposed on the vehicle controls as the closing 
of a circuit path to ground through solid-state circuitry. Eleven 
discrete signals are combined in the vehicle electrical system to 
cause 17 events. The flight sequence is described in Table 7. 

The vehicle attitude signals are 3 dc voltages from -5,45 to 
+5.45 volts in roll and from -11.07 to +11.07 volts in pitch and 
yaw, corresponding to 1 deg of departure from the commanded atti- 
tude for each volt of signal. 

The function of the vehicle flight control system is to accept 
the attitude error signals, which include steering commands as 
periodic shifts in the attitude reference, to command the solid 
motor thrust vector control system and the gimballed engines of 
the upper stages. 

The flight control system consists of the hydraulic systems 
that provide the forces to move the thrust chamber, two rate gyro 
systems that measure the vehicle angular velocities (to provide 
rate damping in the control system), a lateral acceleration sensing 
system (LASS) that measures lateral accelerations during part of 
Step 0 flight, and two enclosures that contain the electronics to 

interpret the various signals and command the hydraulic servos. 

One electronic enclosure, the computer, contains all of the 
amplifier's required. The other, the adapter programer, contains 
relays and networks to establish the signal routing and 
function during the various flight conditions. 

transfer 

In the standard space booster concept, changes to the flight 
control system to accommodate the various payloads and missions 
are made in the adapter-programer. 

In the basic FIBOL flight mode the pilot elects to assume 
the guidance, or navigation, function of the BIGS \>y  switching 
the guidance system out of operation. The sequencing and attitude 
reference functions of the BIGS must be transferred to other ap- 
paratus, because the guidance system is assumed to be totally 
disabled. 

As a portion of this study a solid-state sequencer was designed 
to replace the sequencing function of BIGS. This apparatus will 
duplicate the discrete signals supplied by the guidance computer. 
A signal transfer switch will transfer the 11 discrete signal in- 
puts to the vehicle sequence system from BIGS to the PIBOL se- 
quencer. An accelerometer package is also installed to provide 
signals to the pilot's displays (based on the Boeing study, Ref 1). 

r 
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In the recommended PIBOL system, attitude reference for the 
flight control system is supplied by integrating (approximately) 
the existing Stage II rate gyro output.  A mechanization concept 
for a Basic system with displacement gyros to obtain the attitude 
reference was also evaluated during the study, and is presented 
in App H.  While this system met the PIBOL requirements, the 
mechanization is not as simple as that for the recommended PIBOL 
system. 

The mechanization approach attempted for Broader PIBOL is also 
presented in App H. Although the mechanization concept is not 
extremely complex, the Broader system could not meet all performance 
requirements (Chap. III.A.). 

1.  System Description 

The recommended PIBOL mechanization concept is shown in Fig. 
23. The standard Titan III system is shown for comparison in Fig. 
24. The recommended PIBOL system requires the addition (to the 
standard Titan III) of the following components: 

1) The signal selector switch, which is used to remove 
the BIGS signals from the vehicle electrical system 
and applies the PIBOL signals; 

2) The PIBOL sequencer, which provides the time-based 
and acceleration-based signals normally provided by 
the booster inertial guidance system; 

3) The Stage III rate gyro system, which provides the 
roll rate signal required during Stage III operation; 

4) The Stage I lateral acceleration sensing system, which 
is used to provide a display of lateral acceleration 
to the pilot. 

2. PIBOL Adapter Programer 

The adapter-programer for the recommended PIBOL system is a 
modification of the standard Titan III adapter-programer. The 
following modifications have been made to the adapter-programer 
to adapt the standard Titan III flight control system to the recom- 
mended PIBOL system: 

■ 

1) Capability for disabling the attitude signals from 
the BIGS and switching to PIBOL circuitry on receipt 
of the transfer command from the pilot; 
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2) Modification of the LASS integrator to provide approxi- 
mate integration of the Stage II pitch and yaw rate 
gyro outputs for attitude reference during Stage 0; 

3) Modification of the dynamic network associated with 
the roll displacement amplifier that provides the roll 
rate channel configuration required for Stage 0 flight; 

4) Addition of relay contacts and gain change resistors 
to provide the three gain states required for the pitch 
and yaw attitude reference signals (integrated rates); 

5) Addition of relay contacts and gain change resistors 
to provide the roll rate gain states required for 
Stage 0 flight; 

6) Modification of the dynamic network of the Stage III 
roll derived rate amplifier, including the addition 
of a gain resistor to use the existing amplifier for 
the roll rate gyro requirements during Stage III flight; 

7) Addition of interconnections required to connect the 
pilot command (from glider) to all valve-drive ampli- 
fiers and addition of summation resistors to sum the 
pilots commands with Stage II pitch and yaw rates for 
Stage 0 flight. 

The approximate integration of the Stage II rate gyro signals 
(Fig. 25, Circuit 103) during Stage 0 flight is accomplished in 
existing flight control system hardware.  Since the acceleration 
channels (load relief) are not required for Basic PIBOL, the inte- 
gration circuitry in those channels may be used for the approxi- 
mate integration of the rate signals.  This choice was made to 
reduce the number of components added for PIBOL.  The circuitry 
that determines the integrator characteristics is altered (by 
Switch P5) for Basic PIBOL and connected to the output of the 
Stage II rate gyros [through Resistor R4(p)j.  For the standard 
Titan III flight control system (without PIBOL), the integrator 
(with Switch P5 open) has the transfer function, 

G(s).   m t isi 
i+^+4' w    2 
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which is required for load-relief operation.  This circuit func- 
tions only from 30 to 80 sec, when the contacts of Relay 103K1 
are closed.  Relay contacts SI are used only during ground check- 
out to decrease the integrator time constant. 

For Basic PIBOL, the integratqr will be changed as shown in 
Fig. 25.  Relay contacts P4 and P5 will be closed on entering the 
PIBOL mode.  The closure of P5 changes the integrator transfer 
function to, 

G(S) 
K' 

1 + T'S' 

With the component part values chosen for the standard Titan 
III/X-20A flight control system, T' becomes 5.32 sec, which falls 
within the range required by the analysis in Chap. III.A.3.  Re- 
sistors 103R1(P), 103R2(P), and 103R3(P) provide the three dif- 
ferent gains required during Stage 0 flight, with relay contacts 
PI, P2, and P3 controlling which rasistor is in use.  Relays PI, 
P2, and P3 are controlled by the vehicle sequencer. When relay 
contact P4 is closed (on entering the PIBOL mode) to connect the 
Stage II rate signal, relay contacts P8, in series with N,0, con- 
tacts of 103K1, are opened, which disconnects the signals from 
the accelerometer. 

The circuitry required to implement the change required in 
the roll rate channels during Stage 0 operation is obtained by 
routing the Stage II roll rate gyro signal through a gain change 
network to the unused (for PIBOL) roll displacement channel (Circuit 
No, 163) as shown in Fig. 25. 

Resistors 163R1(P), 163R2(P), a 
different roll rate gains required 
contacts Pll, P12, and P13 controll 
On entering the PIBOL mode, contact 
II roll rate gyro output to the rol 
capacitor, 165C1(P), and one set of 
the roll amplifier prov;'.de the low 
necessary for the required dynamics 
in addition to the normal Titan III 

nd 163R3(P) provide the three 
during Stage 0 flight, with 
ing which resistor is in uße., 
P6 closure connects the Stage 

1 displacement amplifier. One 
relay contacts (P7) added to 
frequency filter (1 rad lag) 

This modification is used 
rate channel circuitry. 
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Analysis showed that handling characteristic and stability 
maigin requirements for pitch and yaw were met with the displace- 
ment channel gain set at zero for Stages I and II.  The displace- 
ment gains are set at zero by virtue of the fact that PIBOL Switch 
P9 disconnects the attitude signals from BIGS on entering PIBOL 
mode.  Stage III pitch and yaw requirements are met with both the 
displacement and rate channel gains at zero (open loop), accom- 
plished by PIBOL Switch P9, and the fact that no pitch and yaw 
rate gyros are used during Stage III flight. 

During Stage III operation, the standard Titan III flight 
control system derives an equivalent rate signal from the IGS 
attitude error signal (Circuit No. 116).  Since this signal is 
removed in the PIBOL mode, a Stage III roll rate gyro is needed 
for Stage III operation.  The gain on this signal can then be set 
at a level compatible with PIBOL requirements, the exact value 
depends on torsional bending characteristics.  Relay contacts P10 
connect the Stage II roll rate gyro to the modified roll derived 
rate amplifier, and Rpsistor 116R1(P) determined the roll rate 
gain. 

3.  PIBOL Sequencer 

The PIBOL sequencer must be capable of providing the same 
discrete signals to the vehicle, based on time and acceleration, 
as the BIGS provides.  In addition, it must be capable of taking 
over from the BIGS at any time, up to payload release.  The dis- 
crete signals normally provided by the BIGS are shown in the rep- 
resentative flight sequence shown in Table 7. Although the BIGS 
provides only 11 discretes, various combinations of the 11 result 
in many more resulting events.  This is accomplished in the vehi- 
cle electrical system. These BIGS signals are generated with 
an accuracy of +1 sec, which is also adequate for the PIBOL se- 
quencer. 

The PIBOL sequencer also supplies all of these discretes 
previously provided by the BIGS, except those occurring to shut- 
down Stage II and Stage III. The pilot, by consulting his dis- 
plays, can provide these shutdown signals as indicated by Ref 1. 
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Figure 26 shows a block diagram of the sequencer mechaniza- 
tion diagram concept. The DC filter aide in providing a supply 
of uninterrupted DC power to the other circuits in the package. 
The 16-cps oscillator provides the time base for the sequencer. 
The binary networks count down on the 16-cps oscillator signal 
to provide the various time increments required for the sequencer 
operation.  The diode matrix and relay and driver system provide 
the logic needed to generate the required signals.  The accelera- 
tion switch provides the signal required to start the Stage 0/ 
Stage I staging sequence when the Stage 0 solid rocket motor thrust 
begins to decay. 

Figure 27 shows the sequencer logic provided by the diode 
matrix and the relay and driver system. 

At liftoff (L/0), a +28-volt signal is removed from the se- 
quencer reset relays and from the L/0 disable logic, which results 
in the loss of voltage at the input to the diode matrix for those 
L/O-dependent time functions, thereby enabling them.  Simultaneous 
with the removal of this +28-volt signal is the initiation of the 
sequencer time base oscillator (timer start). Ac L/0 +25 sec, 
the loss of +28 volts from one of the 19 diode matrix outputs re- 
sults in discrete No. 1 being issued, which is MDS shutdown en- 
able.  Similarly, at L/0 +30 sec, discrete No. 2, FCS gain change 
is issued. At L/0 +80 sec, discrete No. 2 is disabled and  dis- 
crete Mo. 3, FCS gain change is issued.  The sequencer timer is 
stopped, the binaries are reset, and L/0 disabled. 

At Stage 0 thrust decay (S), the acceleration switch in the 
PIBOL sequencer closes, removing the S disable input to the diode 
matrix and enabling all S functions. Discrete No. 4, start Stage 
I engines, is issued at this time. At S + 10 sec, discrete No. 3 
and discrete No. 4 are disabled, and discrete No. 5, initiate 
separation ordnance, is issued.  At S + 80 sec, discrete No. 6, 
FCS gain change, is issued, and discrete No. 5 is disabled.  Dis- 
crete No. 7, enable low-level sensor shutdown, S disable to the 
matrix, timer stop, and binary reset are all issued at S + 145 
sec. 

When the Stage I low level sensor (LLS) operates (at fuel de- 
pletion), +28 volts is removed from the LLS disable logic, which 
enables all LLS-dependent functions and starts the sequencer 
timer. At LLS +95 sec, discretes No. 6 and 7 are disabled and 
discrete No. 8, payload fairing release, is issued. At LLS +198 
sec, discrete No. 8 is disabled and discrete No. 9, Stage II shut- 
down enable, is issued simultaneously.  The timer is stopped and 
the binaries are reset. 

i I 
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16-cps 
Oscillator 
(One Module) 

DC Filter 
(One Module) 

+28v dc 

Acceleration 
Switch 

'3+ 

1 16 cps 
Binary 
Network 

(12 Binaries) 

Diode Matrix 
(One Module) 

JLJ_J • 11 

Relay and Driver 
System 

(22 Relays^ Eight Modules) 

Discrete Signals 
to Vehicle 

Fig. 26 Block Diagram - PIBOL Sequencer 
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When Stage II shutdown velocity is achieved (as determined by 
the pilot), or propellants expended, +28 volts is removed from the 
S disable logic, which enables S-dependent functions and starts the 
timer. At the same time, discrete No. 10, Stage II shutdown, is 
issued. At S + 2 sec, discretes 9 and 10 are disabled. Discrete 
No. 1 is disabled at S + 4 sec. At S + 6 sec, discrete No. 2, hold 
TM system on, is issued. At S + 9 sec, discretes 3 and 4 are is- 
sued, which are fire Stage 11/111  separation ordnance, and start 
Stage III hydraulics, respectively. At S + 12 sec, discrete No. 
5, start Stage III, is issued and S-disable signal is sent to- the 
timer, the timer is stopped, and the binaries reset. 

The G-dependent functions are enabled by the removal of +28 
volts from the G-disable logic by the guidance system or the pilot, 
At the same time, the timer is started, discretes 4 and 5 are dis- 
abled, and discrete No. 11, turn-off command receivers, is issued. 
At G + 2 sec, discrete No. 9, spacecraft separation discrete to 
payload, is issued. At G + 6 sec, discrete No, 10, turn off 
tracking subsystem, is issued. Finally, at G + 16 sec, discrete 
No, 2 is disabled, turning off the TM system. 

4.  Signal Transfer Switch 

The signal transfer switch that has been chosen for PIBOL is 
a 100-pole double-throw switch that is presently used in the in- 
strumentation system of the standard Titan III launch vehicle. 
The switch (PD72S0078) was selected because it provides a suf- 
ficient number of switch pairs and contains latching circuitry 
to reduce the amount of hold-in power required. 

The switch will be used to transfer the BIGS functions to the 
PIBOL system. Contact redundancy will be used as recommended in 
the reliability analysis (Chap. III.C.3). 

The switch (PD72S0078) as presently procured, is rated for 
dry-circuit operation and current rating of the contacts is not 
controlled because of its use in the instrumentation system.  For 
PIBOL the dry-circuit rating is not required, but contact rating 
must be controlled at one-half ampere minimum. 

5.  Stage III Rate Gyro System 

The Stage III rate gyro system proposed for PIBOL is identical 
to the gyro systems presently used in Stage I and Stage II of the 
standard Titan III vehicle. 

„^ 
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6. Stage I Lateral Acceleration Sensing System 

The lateral acceleration sensing system (LASS) proposed for 
pilot monitoring purposes is identical to the PD96S0008 system 
presently used in Stage II of Titan III. 

7. Equipment Installation 

Three new components are required to be installed in Stage III; 
the signal selector switch, the rate gyro system, and the sequencer. 
The installation concept for these items is shown in Fig, 28. 
This concept is based on the present Titan III, Stage III, equip- 
ment truss configurations, and requires a minimum amount of added 
bracketry. 

The lateral acceleration sensing system is installed on the 
Stage I oxidizer tank manhole cover.  Installation on this cover 
assembly avoids complex truss assemblies required at other loca- 
t ions. 

The weight added by the PIBOL unique equipment can be summa- 
rized as follows: 

1) Stage III: 

Rate Gyro System 

Signal Selector Switch 

Sequencer 

Bracketry 

Wiring 

Subtotal 

15.0 lb 

8.0 lb 

8.0 lb 

2.0 lb 

4,0 lb 

37.0 lb 

2) Stage I: 

Lateral Accel era tion Sens ing 
System 10.0 lb 

Bracketry 1.7 lb 

Wiring 0.9 lb 

Subtotal 12.6 lb 

I 



■ 

SSD-CR-64-32 63 

3)  Stage II: 

Wiring 

Grand Total 

1.8 lb 

51.4 lb 

8.  Power Requirements 

Power requirements for the added PIBOL components are as fol- 
lows: 

Component Location 
800 cps*** 

Sine Wave Power 
28v dc 
Power 

Stage III Rate Gyro System Stage III 
+8 

20 _0 watts 42 watts* 

Stage I Accelerometer Stage I 10 watts None 

Sequencer Stage III None 3 watts** 

*Power required after gyro warmup. 

**Does not include transient requiremen 
lays. 

ts  for "mag-latch Ing" re- 

***The additional 800 cps sinewave powei 
of the present A-C power source (static 

: requires modification of 
inverter) for PIBOL usage. 

The dc power required by the components required for PIBOL 
can be provided by the existing batteries (for the X-20A mission). 
The existing static inverter does not provide sufficient power to 
supply the added ac power and requires modification. 
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C.  RELIABILITY ANALYSIS 

Two of the many possible P "JOL configurations were considered 
in the reliability analysis:  the Basic PIBOL system requiring 
displacement gyros (pitch, yaw, and roll) in Stage III; and a 
Broader PIBOL system using a single roll rate gyro in Stage III. 
Both systems required the addition of the vehicle sequencer, and 
different degrees of complexity of change to the flight controls 
adapter-programer.  Both of these systems are shown in detail in 
Appendix H. Conclusions of the reliability study are equally 
applicable to all PIBOL systems considered. 

1. Mathematical Model Description 

Conceptually, a Titan III equipped with PIBOL capability rep- 
resents an application of standby redundancy where transfer is 
effected to a secondary system (PIBOL) by a sensor (pilot) on 
failure in a primary system (inertial guidance system). 

A logic diagram describing the probability of obtaining mis- 
sion success as a function of the several conditional probabili- 
ties associated with Titan III/PIBOL is depicted in Fig. 29. 

Pilot — 

Switch- 
p 
IGS' 

P" 5- > 

Pilot rr-. 
PIBOL- 

Booster- 

f 

Fig. 29 Logic Diagram, Mission Success Probability^ 

The notation is defined as follows: 

A- 

(A and B) 

A + B   (A or B) 

(Not A) 
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The conditional probabilities are defined as follows: 

Pn - Probability of mission success. 

Fg. , - Probability that equipment required to mecha- 
nize PIBOL will not detract from booster re- 
liability, i.t.,  premature or unwarranted 
transfer of the mode selector switch will not 
occur. 

IGS 

'PIBOL 

Booster 

Probability that the inertial guidance system 
will provide correct attitude-error commands 
throughout flight. 

Probability of successful operation of equip- 
ment specifically required to mechanize PIBOL 
including the probability that the mode selec- 
tor switch will function when required. 

Probability that all subsystems in the basic 
vehicle except for guidance functions will 
yield mission success.  Some failure modes 
in the inertial guidance system are included 
with PD „.   since they are not accommodated 

Booster        ' 
in PIBOL, i.e., all IGS discretes turn on si- 
multaneously. 

A complete PIBOL math model must include two additional prob- 
abilities, each relating to the pilot. The pilot must not initi- 
ate an unwarranted transfer to the PIBOL mode (PpTT/vrV 

The pilot 

must recognize and react to an IGS failure and must perform sat- 

isfactorily upon transfer to the PIBOL mode (P"PTTOTV  ^n each 

instance a probability can be assigned to the pilot's performance 
with a strong effect on overall mission success.  In this study 
the effect of the pilot on mission success has been omitted and 
the results are based solely on hardware considerations. 

From the logic diagram, a mathematical modal representing 
the probability of a successful mission with PIBOL backup capa- 
bility can be represented a$ the summation of conditional prob- 
abilities (Eq [4]). This equation is equally valid for Basic and 
Broader PIBOL. 

p    = p 
0        Booster riGS PSwitch + PPIBOL I1  "  PIGs)l' [4] 
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Similarily, the probability of mission success of the basic Titan 
III vehicle without PIBOL is described by simplifying Eq [4]. 

PBooster ^GS* [5] 

For the purpose of comparison, Eq [4] and Eq [5] are combined 
in Eq [6] to obtain the minimum required PDTDni for given values 
of P1GS and PSwitch. 

^PIBOI? 

?IGS (l ' ^itch)" 

(] IGS ) 
[6] 

Unless Eq [6] is satisfied, the addition of PIBOL capability 
to the Titan III vehicle will degrade rather than improve the proba- 
bility of mission success. Equation 6 has been plotted in Fig. 
30 for several values of PSwitch and PIGS.  For given values of 

PSwitch and PIGS the re8ultin8 value of PpIB0L represents an abso- 

lute minimum requirement.  Greater values of PDT1,-T will result in PIBOL 
a net reliability improvement while lesser values will degrade re- 
liability below that obtainable with the basic Titan III vehicle. 

The probabilities (PIGS, P^^, and PplB0L) described in 

Eq [4] are determined as follows for each component, 

Vi E V [7] 

where 

X. - The generic failure rate for the I . component, 

K ■ An application factor for the i . component that 

describes the environment for the component, 

t. ■ The time interval over which the i . component func- 
1  tions. th 

For the convenience of computation, booster flight is divided 
into solid boost, first stage flight, second stage flight, and 
Stage III flight. Stage III flight is further subdivided into 
coast and powered flight subphases. Application factors (K ) and 

elapsed time (t ) for each phase are listed in Table 8. 
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Table 8    Application Factors K    and Elapsed Timp  t 

Ki Vi 
Applicable . To Applicable To 

MP 
Booster 

p 
Booster' 

Switch' PSwitch' 
1 
Mission Phase Time (hr) PPIBOL 

p 
IGS PPIB0L 

P 
IGS 

Solid Boost Flight 0.0292 150 30 4.380 0.876 

Stage I Flight 0.0414 20 15 0.828 0.721 

Stage II Flight 0.0584 20 15 1.168 0.876 

Stage III - Power On 0.1303 max 50 15 6.515 max 1.955 max 

Stage III - Coast 6.5167 max 3 1.5 19.550 max 9.770 max 1 
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Failure rates or probabilities for the several equipments 
considered in this analysis are listed in Table 9 and were either 
contained in or inferred from the accompanying references. 

The failure rates for equipment required to mechanize both 
Basic and Broader PIBOL (A8) are listed in Table 10. 

The failure rates for equipment required to transfer to the 
PIBOL mode (^9) are listed in Table 11. 

In terms of the constants listed in Table 9, a set of equa- 
tions may be written relating success probabilities and failure 
rates.  Equations [8] thru [ll] form the basis for the reliability 
calculations presented in Appendix G. 

booster "  P1P2P3   [l  ' VöN,]  [l  "  h^h] [l " V4\|' [8] 

PIGS-[l "SVs]' [9] 

PSwitch = [l ' K9V9 ' [10] 

PPIB0L =  \}  ' K8t8A8  ' [11] 

2,    PIBOL Reliability 

The probability of a successful mission (Pn) as a function 

of Stage III coast and powered flight time is depicted as a family 
of curves in Fig. 31.  Data are included for two modes of opera- 
tion, with and without PIBOL backup. The curves encompass the 
full range of Stage III capability in that Stage III powered flight 
and coast time are treated as variables and extend to 500 sec and 
6 hr, respectively. A point solution for the Dyna-Soar mission 
involves 18 sec of Stage III powered flight with zero coast time 
and would not be applicable to other PIBOL-equipped, manned vehi- 
cles. 

For a given powered flight/coast time, the difference between 
mission success probabilities with and without PIBOL is a measure 
of available reliability improvement. (Additional missions com- 

3 \ 
pleted ■ "difference" x 10 . / On this basis, flights-saved-per- 
1000 flights is plotted in Fig. 32 as a function of Stage III 
powered flight and burn time with the result that the maximum at- 
tainable improvement with PIBOL for a mission approaching the 
maximum Titan III capability (i.e., 6-hr coast, 500-sec Stage III 
burn time) is the difference between P = 0.8584 and PQ = 0.8410 

or 17.4 vehicles per 1000. For the Dyna-Soar mission the relia- 
bility improvement is the difference between P ■ 0.9125 and 

P- ■ 0.9091, or 3.4 vehicles per 1000. 
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Table 10 Equipment to Mechanize Basic and Broader PIBOL 

Item A(PPM) 

Basic PIBOL Broader PIBOL 

Qty XTotal (PPM) Qty ATotal (PPM) 

Resistor 0.030 312 9.360 234 7.020 

Capacitor 0.013 105 1.465 70 0.910 

Transistor 0.250 99 24.750 76 19.000 

Diodes, Signal 0.200 161 32.200 145 29.000 

Diode, Zener 0.250 9 2.250 2 0.500 

Diode, Double Base 0.250 1 0.250 1 0.250 

Trans formv 0.300 5 1.500 

Relay, Magnetic Latching 0.500 17 8.500 17 8.500 

Relay, Signal 0.250 3 0.750 2 0.500 

Switch, Thermo 0.060 2 0.120 

Inductor 0.200 1 0.200 

Acceleromcter 2.800 1 2.800 i 2.800 

Gyroscope 8.000 3 24.000 1 8.000 

Mode Selector Switch -- 1 1.400 1 4.300 

0.024 (shorted) 17 0.408 17 0.408 

Connector Pin-Pairs* 

0.036 (open) 19 0.684 25 0.900 

Total (X3) 110.437 82.088 

*A connector pin-pair is defined as a wire s egment terminated at soth end s in connector 
pins. 

Table 11 Equipment to Transfer to PIBOL Müde (A9) 

Item A(PPM) 

Basic PIBOL Broader PIBOL     j 

Qty ATotal (PPM) Qty ATotal (PPM) 

Mode Selector Switch 

Connector Pin-Pairs* 0.024 (shorted) 

0.036 (open) 

1 

17 

15 

0.350 

0.408 

0.540 

1 

24 

16 

1.075 

0.576 

0.576 

Total (X9)                        1.298 2.227 

*A connector pin-pair is defined as a wire segment terminated at both ends in connector 
pins. 
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Conclusions to be drawn from Fig. 3L and 32 are equally ap- 
plicable to both the Basic and Broader PIBOL mechanizations. 
Calculations indicate that the Basic PIBOL mechanization yields 
a greater Pn; but only by 5 to 15 parts/million. On the basis 

of flights-saved-per-1000 flights, the difference is not discern- 
ible and each mechanization is equally effective in minimizing 
mission losses resulting from guidance-system steering-command 
failures.  It should be noted that with this concept of a redun- 
dant guidance system, i.e., the pilot, it is only possible to 
save 17.6 vehicles per 1000 with a perfect PIBOL system. Thus, 
further increase in PIBOL reliability (if possible) would bring 
a negligible increase in mission success. 

3. Failure Mode Analysis and Redundancy Recommendations 

From the mathematical model and Fig. 30, it is evident that 
mission success probability, Pn, with PIBOL backup is a strong 

function of the factor, P^ . . , and to a lesser extent. P„TT,„T . 
' Switch' '  PIBOL 

Pg. , has a direct compromising effect on otherwise successful 

flights in the automatic mode (~98%) while the compensating effect 
of PpjDQT is limited to inflight failures of the inertial guidance 

system (~2%). The failure mode with greatest impact on mission 
success is, therefore, one in which an automatic flight is aborted 
by failure in the mode selector switch or associated wiring. These 
failures include unwarranted transfer from the automatic mode to 
the PIBOL mode as well as interruptions of signal flow across the 
IGS/Flight Control System interface. In either event, the standby 
redundancy option must be exercised and the pilot is committed to 
complete the mission in the PIBOL mode, if possible. Consequently, 
the design of an optimum PIBOL system requires a maximum of isola- 
tion between components in the automatic and PIBOL mechanizations. 

Both the Basic and Broader mechanizations use a similar switch 
to obtain mode transfer; the only difference being the requirement 
for additional contact sets in the broader system to accommodate 
the Stage III roll-rate gyro and gain changes in the adapter-pro- 
gramer. To inhibit premature mode transfer and interruptions in 
signal flow, switch contacts may be made redundant with the fol- 
lowing result: 

From IGS 

I* 
From PIBOL    11 11- 
Sequencer 

To Vehicle Systems 
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Both switch contacts fron the inertia! guidance system must 
fail open or both switch contacts from the PIBOL sequence must 
fail shorted to resvlt in a system failure. A maximum of three 
single-pole-double-throw relays is required for each switch func- 
tion. The resulting improvement in switch reliability is of the 
form: 

Switch Contacts (Redundant) M- Switch Contacts H 
Under the worst condition, P^^^ Contacts (Redundant) » 

0.999999, and is eliminated as a contributing factor to aucomatic 
flight-mode unreliability.  PpTROL' ^o^v61^ is affected to a 

slight extent by the addition of a redundant switch. The failure 
rate (7$) increases from 110.4 to 113.1 ppm in the basic system 
and from 82.1 to 90.7 ppm in the broader system; nevertheless, a 
net improvement in P0 is realized with redundant switch contacts 

in either mechanization. Cordage failures, shorts and opens, be- 
tween the mode selector switch and autopilot also contribute ad- 
versely to PO^J^ h.  Shorts between adjacent pin-pairs can be 

minimized in the detailed design of PIBOL equipment through con- 
nector selection, pin/circuit assignments and cable routing. 
Open connector pin-pairs can be circumvented by the addition of 
parallel signal paths with a reliability improvement comparable 
to that obtainable with redundant switch contacts. 

D.  PIBOL GROUND CHECKOUT REQUIREMENTS 

Ground test requirements were investigated for PIBOL with 
the following major objectives: 

1) Maximize the extent that performance can be verified; 

2) The design should permit rapid and positive recogni- 
tion of equipment malfunction or marginal performance; 

3) The design should use, to the greatest extent possi- 
ble, existing tools and checkout equipment. 

1. Existing Titan III OGE (Operating Ground Equipment) 

Titan III OGE end items presently used for vehicle checkout 
and launch, which r.an be utilized for PIBOL checkout are described 
as follows: 
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1) Data transmission set, which provides transmission 
of control and monitor signals between the Control 
Center and the AGE Van for SSLV OGE, ground instru- 
mentation equipment, and payload aerospace ground 
equipment (AGE); 

2) Control monitor group (CMC), which contains equip- 
ment necessary to perform the following functions: 

a) Control a time-based countdown for the complete 
vehicle including payload, 

b) Automatic control and monitoring of launch and 
and prelaunch monitor functions, 

c) Provide hold, kill, and shutdown capability dur- 
ing the launch sequence, 

d) Reset capability, 

e) Provide capability for patching input and output 
signals, 

f) Provide input simulation of signals and control 
of simulator-testers during the combined systems 
test, 

g)  Drive countdown readout indicators; the CMC se- 
quences the countdown functions on a time basis, 
and all automatically commanded functions origi- 
nate within the CMC and are distributed to the 
appropriate subsystem; 

3) Data recording set (DRS), which provides a permanent 
record of the OGE and booster events sequencing dur- 
ing readiness, launch countdown, vehicle checkout, 
and combined system testing. The data are stored on 
magnetic tape for processing in an IBM 7090 digital 
computer and are also printed to provide an immediate 
look capability for holds, kills, combined systems 
test evaluation, and to aid in malfunction analysis; 

4) Vehicle checkout set (VECOS), which provides a means 
for checking the vehicle flight control system, hy- 
draulics, malfunction detection system, and low level 
sensors.  The VECOS is controlled by a tape programer. 
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2. PIBOL Checkout and Launch Requirements 

The recommended PIBOL system defined in Chap. III.B differs 
from the standard Titan III vehicle as follows: 

1) The vehicle sequencer Is completely new for PIBOL and 
must be tested to assure that It Initiates properly, 
provides the proper time base, provides the proper 
discrete signals to the vehicle, and that It's accel- 
erometer functions properly. It also must be Initiated 
at liftoff; 

2) The Stage III rate gyro system (only roll Is used) Is 
Identical to the rate systems already in use in Titan 
III. It requires additional checkout functions identi- 
cal to those provided for the existing gyros, such as 
spin-motor-rotation-detection (SMRD), gyro heater 
checks, gain and null tests; 

3) The adapter-programer modifications are mainly changes 
in gain and signal routing. This requires additional 
gain tests, similar to the tests presently performed 
by the OGE; 

4) The signal selector switch operation and all of the 
switching»that is required to operate for PIBOL must 
be verified; 

5) The lateral accelerometer added to Stage I (for pilot's 
display) must be verified for proper operation. 

3. PIBOL Test Methods 

The PIBOL system can be adequately tested using the existing 
OGE. Changes to the OGE to accept PIBOL are limited to inter- 
connections between racks and vehicle umbllicals, VECOS tape pro- 
gramer changes, and patching changes to equipment that uses patch- 
boards for signal routing. A summary of the tests is shown in 
Table 12. A summary of the Impact on OGE is shown in Table 13. 

4. Other PIBOL Systems 

PIBOL systems other than the recommended system were also 
evaluated with respect to ground test requirements.  Both the 
Basic system (with displacement gyros) and the Broader system were 
examined. Checkout and launch requirements and test methods are 
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l 

identical to those required for the recommended PIBOL system, ex- 
cept for details associated with the displacement gyros or the 
stimulus levels that would be used in VECOS static gain tests. 

The overall effect on the OGE for the Basic PIBOL system 
using displacement gyros is identical to that shown in Table 13, 
except that the displacement gyro functions replace those called 
out for the Stage III rate gyro. 

Broader PIBOL would affect the OGE in the same manner as the 
recommended Basic PIBOL (Table 13), provided that the airborne 
system could meet the PIBOL requirements. 

"'W Ll '^ ' 
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Table 12 P1B0L Ground Checkout Methode 

;       Aeeocleted 
PIBOL Equipment 

Taate Required 
OGE 
Affected Change Required                                  \ Deecrlptlon Type* 

Vehicle Sequencer 

j 

Verify diecreta output« (11) 
from timer (during combined 
eyetema teet) 

M DRS Add wire«  from umbilical to exiatlng «pare 
channel« on DRS. 

Reeet aequencer timer before 
liftoff 

C CHG 

Varlfy eequencer timer la reset 
before liftoff 

M CMC Add wires  from umbilical and patch on 
CMG patchboard. 

Start PIBOL timer at liftoff C CMC 

Exerclae eequencer ecceler- C,M VECOS Add wires  from umbilical and modify tape 
ometer program.                                                                              ' 

Stege III Rate Gyro 
Syetem (Roll only) 

Verify gyro apin motor« 
operating 

M CMC Add wire«  from umbilical and petch on CMC 
patchboard.                                                                              j 

M VECOS Umbilical termination« and tape program change   1 

M MS Umbilical termination to exiatlng «pare 
channel on DRS. 

Verify gyro heater operating M CMG 

M VECOS Same e« for «pin motor« above. 

N DRS 

Varlfy gyro null in limit« M VECOS Umbllicel  termination and tape program change. 

Varlfy atatlc gain of roll 
gyro channel 

C,M VECOS Umbilical  termination and tape program change. 

Adapter-Programer 
Kodlftcetlore 

Varlfy channel gain« In approxi- 
mate integrator channel« 

C.M VECOS Tape program change. 

Verify channel galne in Stage 
0 roll-rate channel« 

C,H VECOS Tap« program change. 

Standard Titan III PCS/ 
FIBOL ewltchlng  (In- 
cluding elgnal eelec- 
tor ewltch) 

Verify Auto/PIBOL Ralaya in 
Auto 

M 

M 

CMC 

DRS 

Umbilical  termination and patch on CHG 
patchboard.                                                                         j 

Itablllcal  terminetlon and «pare DRS channel. 
(Xhia function al«o verified by •ucc«««ful 
completion of othar teat«.) 

Lateral accalaroaater 
(for dleplay) 

Verify acceleromater ecale 
factor and null 

C.M VECOS Umbilical termination and tape programer 
change.    (Aleo may be verified by pilot.) 

*C - CooMand from OGE. 

M - Monitored by OGE. 
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Table  13    Summary of PIBOL Impact on OGE 

OGE End Item PIBOL Effect 

Control Monitor Group (CMG) a) Add functions to readiness "Go": 

1) Stage III Rate Gyro SMRD, 

2) Stage III Rate Gyro Heater, 

3) Auto - PIBOL Switches in Auto; 

b) Add - Sequencer Timer Reset Capability at 
T-5 sec; 

c) Add - Sequencer Timer Reset Verification at 
T-0.5 sec; 

d) Add - PIBOL Sequencer Timer Start at T-0 sec; 

a) thru d) can be accomplished by patching in 
the existing CMG. 

Data Recording Set (DRS) Monitor L DIBOL functicns on existing spares; 

a) 1-11 - HBOL Sequencer outputs 

b) 12 A-.ito - fXBOL ReT .y Contacts 

c) 13 Auto - PIBOL Re .ay Coils 

d) 14 Stage III Rate Gyro SMKD Go 

e) 15 Stage III Rate f-yro Heaters ^o 

Vehicle Checkout Set (VECOS) Revise tape program, use 9 spare bits, revise 
two frames, add SO new frames. 

Interconnection^ Add the following wires: 

a) Between DRS and Umbilical - approx 25 

b) Between DRS and VECOS - approx 15 

c) Between DRS and CMG - approx 7 

d) Between CMG and DRS - approx 2 

wm 
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LOGISTICS CONSIDERATIONS 

1. Maintainability of the PIBOL Design 

Good maintainability practices were incorporated within the 
scope of this study effort. 

■ 

The principles of MIL-M-26512B, Maintainability Requirements 
for Aerospace Systems and Equipment. Sec 3.1.1a, are:  "Design to 
minimize the complexity of maintenance tasks by maximum use of 
simple design, which includes optimum interchangeability and use '' 
of standardized equipment or commercial item. These are complied 
with as closely as possible without degenerating good engineering 
practices as applied to this complex system. 

The requirements of MIL-M-26512B, Sec 3.1.1b, "Design for 
rapid and positive mccgfriKon  of equipment malfunction or mar- 
ginal performance  a  accomplished in the proposed VECOS pro- 
gram tape changes b      additions. 

The requirements of MIL-M-26512B, Sec 3.1.1e, Design to re- 
quire minimum numbers and types of tools and test equipment needed 
to perform maintenance," are incorporated by using the existing 
VECOS with modifications rather than specifying a new tool, espe- 
cially for PIBOL checkout and maintenance. 

The requirements as outlined in MIL-M-26512B, Sec 3.1.11, 
"maximize the extent that performance can be verified," have been 
complied with. Checkout procedures have been outlined that re- 
quire the addition of more frames to the VECOS tape to assure 
that the PIBOL system is in a ready condition before launch. 

F. PROGRAM IMPLEMENTATION 

1. Production Implementation Plan 

i 

This plan presents the manufacturing concept to assure timely 
incorporation of PIBOL into the Titan III follow-on production 
program. Production has been considered for six missiles, one 
for research and development and five for production. 

I 

! 
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In defining the scope of the plan, consideration was given to 
the circumstances that will prevail during the follow-on produc- 
tion program regarding requirements, capabilities of facilities, 
existing manufacturing potential, and basic materials availability. 

a. Airborne Tooling Concept 

Martin will design, fabricate, and maintain tools and 
related manufacturing equipment needed to manufacture the 
PIBOL components for the Titan III follow-on SSLV 
boosters.  The following is new tooling required for com- 
ponents and assemblies: 

1) Adapter-Programer - Modify three tools and rework 
four test process plans; 

2) Sequencer - Build eight new module-level tools and 
one new subsystem-level tool and create nine test 
process plans; 

3) Stage III Rate Tyro System - None; 

4) Signal Selector Switch - None; 

5) Lateral Acceleration Sensing System - Stage I, none; 

6) Airborne Wiring Harness - Modify one adapter cable 
and four patchboards for the Digital Continuity 
Checker (DITMCO); 

7) Instrumentation Truss Assembly - Detail template, 
master coordinator template, and locator fixture; 

8) Guidance Truss Assembly - Master coordinator template, 
drill jig, mill fixture, and templates. 

b. OGE Tooling Concept 

Full use will be made of existing tooling required for 
building ground equipment.  No new tooling requirements 
are foreseen at this time. 

mm 
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c. Fabrication 

Detail and subassembly fabrication will be on a line-need 
basis. Manufacturing procedures, methods, and processes 
developed and proved on the R&D, Titan III follow-on 
production program, and previous contracts, will be used 
for the PIBOL program. 

The fabrication effort on OGE anticipated at this time is 
confined to a new VECOS tape and additional procedures. 

d. Significant Production Steps 

Significant steps in the production of the PIBOL vehicle 
differing from those in the follow-on production program 
are illustrated in Fig. 33. Lead times for PIHOL-pertinent 
items are shown. 

Major changes to the Stage I oxidizer tank will be the 
addition of brackets to the manhole cover (modification 
of existing equipment) for installation of the Stage I 
accelerometer package (additional procurement of existing 
hardware). 

The major change to the two transtage trusses is the place- 
ment of bracketry on the trusses and the installation of 
additional equipment, as defined: 

1) Adapter programer - Modify existing equipment; 

2) Sequencer - New equipment; 

3) Guidance and Instrumentation truss assemblies - Modify 
existing equipment; 

4) Selector switch - Identical to existing equipment; 

5) Additional plugs, wires, and assorted details - New 
procurement and fabrication items; 

6) Stage III rate gyro system - Identical to existing 
equipment. 
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1 LeRGTid: 

P/O Placed !  1. 

2- Materiell Available 

i  3. Dec/Tool Complete 

1  4' 
Subassembly 

5. Assembly Complete 

6. Test Complete 

7. Job Order Issued 

i  8- Manhole Cover Fabrication Complete 

9. On-Dock, Denver 

10. Major Weld Start 

U. Major Weld Complete 

Final Assembly Start 

Final Assembly 

12. F/A Complete, VTF Start          j 

13. VTF Complete (Vehicle Accepted) 

Truss Assembly 

Manhole Cover 

Plugs, Wire, etc 5 9 

Sei. Switch 5 9 
i 

Accelerometer 5 9 
l 

1 

10 

4- 

12 13 

4 6 

Adapter-Programer 

4 6 
I  I 

5 6 
—t— 

PIBOL Sequencer 

Note; Major schedule bar (10 thru 13) identi- 
cal to standard Titan III build and is 
shown for reference only. 

36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 12 11 10 8 7 6 4 3 2 0 

Span Time (week) 

Fig. 33 PIBOL Production Steps 
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The production process consists generally of the same 
processes as those used on the follow-on production pro- 
gram. Martin will follow the same general plan for sub- 
contract effort as that established for the follow-on 
production program. 

Product quality of manufactured items will be assured by 
sequential test of activities that range upward from a 
detail component level through total acceptance testing. 

2. Program Implementation 

Subsequent to the PIBOL feasibility study program, an imple- 
mentation program will be initiated to provide selected 624A 
launch vehicles with PIBCL capability. 

The PIBOL implementation program will be divided into two 
phases: 

1) Phase I, Definition, consists of preparing specifi- 
cations and plans to provide a sound technical basis 
and orderly transition to the acquisition phase; 

2) Phase II, Acquisition, consists of design, develop- 
ment, and acquisition of hardware defined in Phase I 
to incorporate the PIBOL capability into the Basic 
624A launch vehicle, and culminating in system flight 
test. 

An evaluation of the differences between the proposed Basic 
PIBOL system and the Broader PIBOL concept revealed that the mas- 
ter schedules and master planning for either system will be iden- 
tical. The reason is that, in development and availability uf 
equipment, the sequencer (common to either the Basic or Broader 
system) is the controlling item. Therefore, this program plan 
summary and the attached schedule may be used for either approach. 

A synopsis of the planning guidance and/or restrictions apply- 
ing to the implementation program is given in the following plan- 
ning ground rules and assumptions. 



I 

SSD-CR-64-32 89 

General - All implementation planning has been related to the 
X-20A configuration and characteristics and the PIBOL study ground 
rules. This planning will not necessarily be applicable to other 
payloads. 624A associate contractors whose equipment interfaces 
with PIBOL system components will be authorized to work in conjunc- 
tion with the PIBOL integrating contractor. The PIBOL system will 
be incorporated into selected 624A vehicles on an in-line produc- 
tion basis.  Booster selection will be established at the time of 
Phase II contract go-ahead. PIBOL unique specifications and pro- 
cedures will be developed and controlled separately from the 624A 
specifications, but will incorporate 624A specifications by refer- 
ence as much as possible. All planning and costs are based on the 
PIBOL program being concurrent with the 624A Phase III production 
and flight operations. The need for PIBOL-equipped boosters is 
assumed to be so slight that continuous production will not be 
necessary.  Since 624A Phase III production incorporates the block 
plan concept, PIBOL vehicles will be exceptions to the 624A block 
plan. Any change to schedule or cost of the 624A Phase III pro- 
gram because of block plan modifications will be subject to negoti- 
ation. 

Build and Acceptance - New tooling needed will be soft tool- 
ing only, and will be capable of fabricating the quantities as 
specified by the master schedules. Necessary changes to ground 
checkout equipment in the vertical test cells will be designed so 
the test cell can easily accept PIBOL testing intersperesed with 
624A vehicle testing.  Sources of procured components in use for 
the 624A booster will be acceptable for PIBOL, and new sources will 
not be required. 

Testing - Component and subsystem development testing and/or 
evaluation testing will be under the cognizance of engineering. 
Prototype units are to be built and tested to provide design data 
and design confirmation. 

Denver Captive Tests - Stand D-l will be used for captive 
firing all PIBOL vehicles. Changes to test stand and operating 
equipment will be designed so the test stand can easily accept 
PIBOL testing interspersed with 624A vehicle testing. Stand use 
will be negotiated to be compatible with the 624A requirements. 

Atlantic Missile Range - Flight test operations will be con- 
ducted from Stands P-40 and P-41. 

mm mi 
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Phase I 

Using the results of the PIBOL feasibility study, a contract 
for Phase I will be negotiated and awarded so specifications and 
plans can be prepared in sufficient detail to allow contracting 
for the acquisition phase, Phase II. 

During Phase I, engineering criteria will be established as 
the basis for specifications to be prepared. Specifications to 
be prepared will define PIBOL-unique equipment, and will inter- 
face between the PIBOL system and various 624A subsystems.  Dur- 
ing Phase I, the contractor will develop detail planning for Phase 
II. 

Phase I will be concluded by approval of specifications and 
plans. A minimum time for negotiation of Phase II will be re- 
quired after concurrence to the technical program and after Phase 
II preplanning has been completed. 

Coordination and integration will occur during Phase I so 
specification changes affecting 624A associate contractor subsys- 
tems will be technically approved at the end of Phase I. 

Phase II 

Contract negotiations for Phase II will start at the conclu- 
sion of Phase I. The Phase II contract will incorporate the 
specifications and plans prepared and technically approved during 
Phase I. A nominal (and arbitrary) negotiation period of 10 weeks 
between the conclusion of Phase I and the go-ahead for Phase II 
ltdS been assumed for planning purposes. 

Within 2 weeks after go-ahead, long-lead procurement will be 
released, based on procurement specifications developed during 
Phase I. At the same time, design engineering will be initiated. 
Five months is planned for the engineering span time required to 
design new hardware, modify existing 624A hardware, and re-release 
added quantities of identical existing 624A components. Proto- 
type build of PIBOL components will start part way through the 
design span time.  Development testing of the prototype compo- 
nents will be done under the cognizance of engineering. 

With the release of design engineering, the necessary requi- 
sition of material and parts for the production build of PIBOL 
components will be issued, and the material and parts will be 
staged.  Long-lead procurement will have been released previously. 
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The production of the longest spanned component, the sequencer, 
Is scheduled for 4^ months after parts and material staging. 
Within the 4^-month period, detail parts will be fabricated and 
assemblies built and tested. 

All PIBOL components can be available to the 624A production 
line within 10% months after Phase II go-ahead. Depending on 
contract go-ahead, a standard 624A booster can be fabricated as a 
PIBOL booster by Including PIBOL components, If the last PIBOL 
components were available to the production line half way through 
the final assembly period, or \k months before the booster entered 
VTF. A PIBOL booster can be built and accepted 13 months after 
Phase II go-ahead. 

As an example. If Phase I go-ahead is assumed to be 1 October 
1964, and Phase II go-ahead Is ass imed to be 1 May 1965, 624A 
Booster No. 22 could be selected as the development or first 
PIBOL 624A booster. This Is based on the proposed Titan III, 
Phase III production plan of 48 boosters being built at the rate 
of 2 boosters per month. The first booster Is to be accepted In 
March 1966. Booster No. 22 will be accepted during May 1966. 

The PIBOL Implementation master schedule (Table 15) has a time 
bar established by number of months rather than a particular calen- 
dar scale.  It can be used as a sliding scale, and the earliest 
PIBOL booster can be determined by superimposing the PIBOL scale 
for any go-ahead with the Titan III production master schedule. 
Table 14 is the 624A Phase III proposed acceptance schedule. 

The planning conducted for the PIBOL Implementation program 
does not appreciably Increase the 624A booster assembly or test 
time. The added PIBOL components are scheduled to be built and 
staged to meet the booster on the production line. Although 
additional assembly and test work will be required, a schedule by 
weeks or months is too gross to depict any change in booster 
fabrication span time. 

In addition to the development and design confirmation test- 
ing of prototype PIBOL component items, more extensive testing is 
planned: 

1) Controls Mock-Up Unit (CMU) - The CMU will simulate 
and test the flight controls subsystem as a complete 
entity; 
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2) Vertical Test Cell - Four weeks Is planned for the 
PIBOL-equippcd booster In VTF, rather than the normal 
three weeks, to permit engineering tests of the PIBOL 
subsystem as an integral part of the total booster; 

3) Systems Compatibility Firing (SCF) - Every PIBOL mis- 
sile will be captive fired in Denver subsequent to 
acceptance and before shipment to AMR; 

4) Design Assurance Testing (DAT) - Extensive qualifica- 
tion testing in simulated flight environments will be 
conducted to prove specification compliance, and DAT 
will be completed before the first flight. 

Plans were developed on the basis of fabricating, testing, and 
flying a development PIB0L/624A booster, followed by construction 
of five additional boosters. All six vehicles could be built as 
one lot within a three-month period, assuming that the 624A Phase 
III program will be operating at the rate of two boosters per month. 
For planning purposes, however, acceptance of the five additional 
boosters will be delayed until the development article has been 
flown. Results will be incorporated In the hardware or procedures 
for the five subsequent boosters. A six-month span has been ar- 
bitrarily established between the fabrication of the development 
article and the first of the production quantity. A build rate 
of one per quarter has been scheduled for the production quantity. 
Captive firings and launches are planned at similar time Intervals. 
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Table 14 Proposed 624A Phase III Booster Acceptance 
Schedule (Complete Out of VTF) 

1 Booster No, Acceptance Date Booster No. Acceptance Date 

18 | March 1966 42 March 1967 

19 1 April 1966 43 April 1967 

j    20 April 1966 j    44 April 1967 

1    21 May 1966 45 May 1967 

22 May 1966 46 ] May 1967 

23 June 1966 47 June 1967 

24 June 1966 48 ' June 1967 

25 July 1966 49 July 1967 

26 July 1966 50 July 1967 

j    27 August 1966 51 August 1967    I 

1    28 August 1966 52 August 1967    1 

I    29 September 1966 53 September 1967 1 

30 September 1966 54 September 1967 I 

1    31 October 1966 55 October 1967 

1    32 October 1966 56 October 1967 

33 November 1966 57 November 1967 

34 November 1966 58 November 1967 

35 December 1966 59 December 1967 

I    36 December 1966 60 December 1967  1 

37     ; January 1967 61 January 1968   1 

38    1 January 1967 62 January 1968   1 

j    39 February 1967 63 February 1968 

40 February 1967 64    j February 1968 

1    41     1 March 1967     | 65     j March 1968    j 
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3. Program Cost 

BASIS OF ESTIMATE 

PIBOL IMPLEMENTATION PROGRAM PLAN 

The purpose of this budgetary cost proposal is to reflect the costs that 
are associated with implementing the PIBOL System. The PIBOL System shall 
be incorporated into selected 62ifA Phase III Vehicles on an in-line basis for 
five (3) units, one (1) additional unit will be for development of the PIBOL 
System. Elements of cost will be broken down, into three (3) phases: 

1. Definition 

Preparation of specifications, criteria, and plans 

2. Development 

Design and development of one (l) unit 

J. Implementation 

Implementation of the PIBOL System into five (3) units 

Costs will be based on the PIBOL Program to be concurrent with the 624A Phase III 
Production Testing and Flight Operations Program. Any change to proposed schedule 
will require an analysis for cost impact. 

■ 

.•^ mm 
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BASIS CF ESTIMATE 

DEFINITION PHASE OF PROGRAM 

Costs reflected in this portion of the Program 
are for En^ earing and Contract Technical 
Requirements ^r preparation of specifications. 

DIRECT CHARGES 

Direct Charges are computed at 27% of the 
Engineering and CTR direct labor dollars. 

129,1^9 X 27* = 

ENGINEERING LABOR 

Engineering will be required for control and 
coordination of the design criteria and epac- 
ifications, establishment and control of syst 
Interface and Integrity of system. 
Effort estimated at: 

Support « 38* * 
Supervision 0 17* = 
Total 

CONTRACT TECHNICAL REWUIREMEWTS (CTR) 

t7.870 

TO EGA 

2,211 Hrs 
840 Hrs 
519 Hrs 

3,570 Hrs 

Contract Technical Requirements is responsible 
for the generation, negotiation, documentation, 
intrepretation and monitoring for compliance with 
the technical requirements for the PIBOL Program. 
Effort estimated at: 

Total effort required for the Definition Phase 
of the Program is: 

^95 Hrs 

5.865 Hrs 

TO EGA 
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DEVELOPMENT PHASE OF PROGRAM 

Cost reflected In this portion of the Program are 
for Engineering, Tooling, Manufacturing, Testing, 
quality Control, and Logistics for developaent of 
the first unit. The following outlines the effort 
required: 

DIRECT CHARGES 

Direct Charges are  computed at 27% of the Engineering 
and Logistics direct labor dollars. 

Engineering 
Logistics 

1256,319 X 27# = 
18,530 X 27# = 

Total Direct Charges 

169,206 

5.003 

$7^.209 

TO EGA 

ENGINEERING LABOR 

Engineering effort required for the developaent of 
the PlaOL System consists of: 

Section 0^51 (Guidance and Control) 
Revise flight control system design and test 
criteria, provide contractural specification 
Inputs for incorporation of PIBOL concept       1,020 Hrs 

Provide system design for PIBOL sequencer 5^0 Hrs 

Design PIBOL sequencer details 2,550 Hrs 

Build prototype sequencers 1,360 Hrs 

Perform development tests on sequencer 2,890 Hrs 

Design assurance tests 2,0^0 Hrs 

Coordination with other divisions 2,210 Hrs 

Conduct control mockup system design confir- 
mation tests for PIBOL 1,700 Hrs 

Redesign flight control adapter programmer to 
adapt to PIBOL requirements 5,230 Hrs 
(additional gain states) 

Build prototype flight control adapter, 
Perform development and design assurance tests   5,950 HrS 

Total Guidance and Control 23,290 Hrs 
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BASIS OF ESTIMATE 

ENGINERING LABOR (cont'd) 

Section 0455 (A/B Electrical) 

Design installation wiring, diagrams and schematics 
and circuit analysis 

Modification of static inverter and signal 
transfer switch 

Prototype build of static inverter 

Design development tests 

Total Airborne Electrical 

Section 5146 (AGE Electronics) 

Has analysis and modification to VECOS, CMS, 
DBS, and interconnections 

Total AGE Electronics 

Section 0432 (Airborne Structures) 

Stage I oxidizer tank manhole cover modification 
Modification of Stage III trusses 

Total A/B Structures 

1,190 Hrs 

2,380 Hrs 

2,550 Hrs 

1,275 Hrs 

7,395 Hrs 

1.360 Hrs 

1,360 Hrs 

liftSO Hrs 

1,530 Hrs 

Section 5141 (Systems Engineering) 

Systems Engineering will perform system integration 
of PIBOL concept 3,060 Hrs 

Total System Engineering 3.060 Hrs 

36,635 Hrs Total Basic Engineering Labor 
Support 6 38* 
Supervision 9 17% 
Total Engineering 

1^21 Hrs 
>??Hrs 

59.151 Hrs 

i - ■■ 

■■■' 
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BASIS OF ESTIMATE 

TOOLING LABOR 

Tooling Labor will be required for preplanning, process 
planning, scheduling and build of tools for the PIBOL 
Program consisting of: 

Sequencer Package (Test console rack) 
Relay Driver (Cabinet bench type) 
Diode Matrix (Cabinet bench type) 
16 CPS Oscillating and Binary (Test console) 
Binary Network (Cabinet bench type) 
Acceleration Switch (Cabinet bench type) 
Adapter Programmer (Cabinet bench type) 
Jive (5) Filters 
Three (3) Switching Units 
Modification of. Operational Test Tool Simulators 

(Ten (10) OTTS involved) 
Instrumentation Truss Assembly 
Guidance Truss Assembly 
PIBOL Sequencer 
Manhole Cover 

Effort estimated at: 21,080 Hrs 

Total Tooling Labor 21,080 Hrs 

TO ECA 

TOOLING MATERIAL 

Tooling Material «2.^6/Hr X 21,080 Hrs = 

MANUFACTURING LABOR 

S51.837 
TO ECA 

Effort will be expended by Manufacturing for build 
of one (1) unit (harness, switch, P/C board, gyro 
package, mounting details for trusses, manhole 
cover, and sequencer) 1,020 Hrs 

Total Manufacturing Labor 1.020 Hrs 

TO ECA 

- i  ■— 
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BASIS OF ESTIMATE 

— 

,,, 

MATERIAL 

Design Development Units required: 

Pibol Sequencer 4 Units 
Adapter Programmer 2 Units 
Signal Selector Switch k Units 
Static Inverter 4 Units 

i t 3,250 
» 10,000 
i 5,200 
i    3,000 

Total Design Development Units 

113,000 
20,000 
20,800 
12.000 

165,800 

Design Assurance Units: 

Pibol Sequencer k Units « s 3,250 » 113,000 
Adapter Programmer Jf Units e 10,000 » ko,ooo 
Signal Selector Switch k Units 0  5,200 *     20,800 
Static Inverter k Units 6  3,000 -  12.000 

Total Design Assurance Units 

One (1) Development Unit for 1st Article: 

85,800 

Pibol Sequencer       1 Unit « t 3,250 -   t 3,250 
Adapter Programmer     1 Unit 0    - 
Signal Selector Switch  1 Unit 6  5,200 =     5,200 
Static Inverter       1 Unit «    - 
L.A.S.S.            1 Unit 6  8,59^ «    8,59^ 
Rate Qyro            1 Unit 6  19.015 «    19.015 

Total Development Unit               36,059 

Total Material •187.659 
TO EGA 

QUALITY CONTROL 

Estimated by percentage of Manufacturing, Tooling, 
and Test labor. 

Manufacturing 27% X 1,020 Hrs «             275 Hrs 
Tooling       16* X 21,080 Hrs .           3,373 Hrs 
Test         26% X 6.808 Hrs .           1,770 Hrs 

Total Quality Control 

 —'—'  

• 
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TEST LABOB 

Test labor will be required to support Design 
Assurance and Design Development Test. 

Booster Integrity Test 
VTF Cell P-4 
Modification Test 
D-l Test Stand 

Total Test Labor 

2,020 Hrs 

254 Hrs 
1,887 Hrs 
812 Hrs 

1.835 Hrs 

6.808 Hrs 

TO EGA 

TEST MATERIAL 

Test Material Is estimated at: t8.8lO 

TO EGA 

LOGISTICS 

Logistics effort will be required to support the PIBOL 
Program to develop technical manuals, generating spare 
requirements, maintenance analysis and maintainability. 
Effort estimated at: 4.250 Hrs 

Total Logistics Labor 

AMR - CANAVERAL 

AMR LABOR 

4,250 Hrs 

TO ECA 

AMR labor will be expended for changes to procedures 
for VECOS, CST, countdown, instrumentation and master 
control. 

SUBCONTRACT LABOR 

Subcontract labor to modify one (1) ITL Complex AGE 
equipment Interconnections. Effort estimated at 

1,035 Hrs X t9.77/Hr » «17,928 

255 Hrs 
TO ECA 

SPBCONTRACT MATERIAL 

Subcontract Material for lugs, wires, terminal boards 
is estimated at: i.itOQ 

Total Subcontract 119.328 
TO ECA 

•m 
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BASIS OF ESTIMATE 

IN-LINE PRODUCTION PHASE OF PROGRAM 

DIRECT CHARGES 

Direct Charges are computed at 2.7% of  the 
Engineering direct labor dollars. 

113,311 X 275* . 

ENGINEERING LABOR 

Support VTF and SCF Testing and Maintenance. 

Total Engineering Labor 

MANUFACTURING LABOR 

Labor required for build of five (3) units Is 
estimated at 1,020 Hrs/unlt/5 units > 

Total Manufacturing Labor 

QUALITY CONTROL 

Estimated by percentage of Manufacturing and Test. 

Test 
Manufacturing 

26* X 7,203 Hrs » 
27* X 3,100 Hrs = 

Total Quality Control 

TO ECA 

2.530 Hrs 

2.330 Hrs 
TO ECA 

3.100 Hrs 

3.100 Hrs 
TO ECA 

1,873 Hrs 
1.377 Hrs 

2,230 Hrs 
TO ECA 

ttm 
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BASIS OF ESTIMATE 

TEST LABOR 

Test Labor to perform PIBOL Unique Tests for 
five (5) units is estimated at l,Mtl Hrs per 
unit ■ L225 Hrs 

Total Test Labor 7.205 Hrs 

TO EGA 

MANUFACTURING MATERIAL 

Sequencer            5 Units « $ 3,250 = «16,250 
Adapter Programmer     5 Units @ - 
Signal Selector Switch  5 Units 6     5,200 26,000 
Static Inverter       5 Units @ - 
L.A.S.S.            5 Units @  8,59^ ^2,970 
Rate Gyro            5 Units 6 19,015 9? ,07? 

Total Manufacturing Material tlBOii 
TO EGA 

■ 

«Hh 
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PIBOL IMPLEMENTATION PROGRAM PUN BUDGETARY 

1                                                       ESTIMATED COST ANALYSIS 
nmun        Budgetary Estioate for PIBOL                                                        EHQ 

owmcTHo.   AF04(695)-^5 
|                                                                                                                                                                                WEI 

.OtURE( 1) OF MARTIN LTR. 

MA                                                      | 

TNO.    1    OF    ?.                 j 

1 j                     COST CLCMEMTS 

[COLUMN NO.  1 

Summary of Coluan No. 2,3, 
and k 

COLUMNNO. 

RATE 1          DOLLARS MAN-HOURS RATE DOLLARS          ! 

MREaCHARCES 97.4*3 

ENOMEERMO UBOR 67.566 1         ^42.55( S 
ENOINEERINO OVERHEAD 1        325,23) 5 

1      21.000 1          79.682 
| TOOLING OVERHEAD 1       137,053 
TOOLINS MATERIAL 1         51,857 

W IMANUFACTURINO LABOR 6.120 !          19.380 
" 1 KUkHUF ACTURIMC OVERHEAD 33,334 
« MANUFACTURINO MATERIAL 367,954 
u 
M QUALITY CONTROL LAMR 8,668 33,047 
U OUALITV CONTROL OVERHEAD 56,84i 
M 

17 LOOWnCSLAMIKOMma 4,250 18,530 
U LOOI$T6aOVERHEAD(9MIITB»                             1 1^,604 
n LOOWTKSLAROR (OFF SITE) 

» 
ai 
a TUT LAMM H.013 58,40$ 
». TEST OVERHEAD 100,464 
a« TEfTHATiRUL 8,810 
as 

GENERAL AND ADMINISTRATIVE 209,759 
V 

DIRECT aumn             AMB 107 

30 

UM»                    AMR 255 1,534 
flYHMIAD                     A^B 945 

ai HATniAL 

M 

lUtCDNTRACT                     AMR 19.328 

DIRECT CHARGES 

itatm 

-* MATERIAL 

r* nmeenntß 
OVERHEAD 

at 
.«] 

41 TOTAL ISTIUTEDmST 1.979,H8 1 dWJWWWMtt^ TARGET FEE 228.865 
? M TOTAL JELLING FRICE OR 

*l JM] TOTAL ESTIMATED *tf  COST  +  PEE       f 2,208,351 /                            l 

1' 

APPROVED 

DATE 
MARTIN-MARIETTA CORPORATION 
DENVER DIVISION 
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1                                                     (ESTIMATED COST ANALYSIS 

ESTIMATF        Budgetary Estimate for PIBOL 

COMTBACTNO.   AF 0^(695)-^ 

ENCLOSURE ( 1) OF MARTIN LTR. 

MA 

SHEET HO.   2     OF 2  

• 

1 i                     COST ELEMENTS 

1 COLUMN NO.    2 

1                Definition 
ICOLUMNNO.     3 

j   Development 
D.D. and D.A.T .  Plus 1st Uni b 

I     MAN-HOURS RATE {          DOLLARS 1   MAN-HOURS RATE DOLLARS 

DIRECT CHARGES 1                 7,870 1          R«; ,07«; 

ENGINEERING LABOR 1      5.865 4.97 I         29.149 59.151 5.07 1        299.896 
ENGINEERING OVERHEAD 1 955t 27.692 95* 284.901   1 

TOOLING U«OR 1     21.080 3.78 79.682 
| TOOLING OVERHEAD ; 137.053   1 
TOOLING MATERIAL 51.$57   | 

10 MANU' J.CTURING LABOR 1.020 %05 3.111 
ill I MANUFACTURING OVERHEAD -5.351    1 

12 MANUFACTURING MATERIAL 187.659    | 
13 

14 QUALITY CONTROL LABOR 5.418 ?.76 20.372 
IS QUALITY CONTROL OVERHEAD 35.040   | 
1« 

17 LOGISTICS LABOR (ONSITE) 4.250 4.?6 18.530 
It LOGISTICS OVERHEAWONSrm 17.604   ! 
1« LOGISTICS LABOR (OFF SITE) 

» LOOIITO OVERHEAD (OFFSITE) 
p 

31 

23 TEST LABOR 6,008 4.05 27,572   1 
33 TEST OVERHEAD t7,42'»   1 
24 TEST MATERIAL 0,010 

2S 
36 GENERAL AND ADMINISTRATIVE 15* 7,765 12% 157,300 

"37 

* DIRECT CHARGES 

3sJ 
«-f H^        

«I MATERIAL 

33 
SUKfiHTBAfiT 

M DIRECT OUROES 

35 LABOR 

JH MATERIAL                                                            ' • 

37 SUBCONTRACT 
~i 

31 OVERHEAD 

3» 

i 
*            1 4) 72,Wv 1,468,137   ! 

1 42 

i\ 3 TOTAL SELLING PRICE OR 1 

11 441 TOTAL ESTIMATED CPFF                                      \ j                 1 
Monti 

APPROVED L^ 

BATE             ' 

MARTIHMARIET1 
DENVER DIV1SI0I 

/-■J/9     II 

■ 

■ 

5O 
FACORPOR ATMM 
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PIBOL IMPLEMENTATION PROGRAM PLAN BODQETARY 

E! 

a 

muT»          Budgetary Estimate 

MTKACTNO.     AF 04(695)-^?5 

ESTIMATED COST ANALYSIS 
for   PIBOL                                                                               ENCLOSURE ( 1) OF MARTIN LTR. 

NO   

SHEET NO 2. OF_J__        | 

r 
|                     COST ELEMENTS 

ICOLUMNNO.       ^ 

In-Line Production 
for Five (5) Units 

OOLUMNNO.                                                              | 

MAN-HOURS RATE DOLLARS MAN-HOURS RATE DOLLARS           | 

r i DIRECT CHARGES 3.59^ 
fi 

3 ENOINEER1HC LABOR 2.550 5.22 13.311 
4 EN0INEERIM6 OVERHEAD 12.645 
S 

« TOOLING LABOR 

7 TOOLING OVERHEAD 

1 TOOLING MATERIAL 

9 

10 MANUFACTURING LABOR 5.100 3.19 16.269 

l'1 MANUFACTURING OVERHEAD 27.983 
u MANUFACTURING MATERIAL 180.295 
n 
14 QUALITY CONTROL LABOR 3.250 3.90 12.675 
U QUALITY CONTROL OVERHEAD 21.801 
u 

y LOOISTICf; LABOR (ONSITE) 

M LOGISTIC. OVERHEAKOMtlTH 

» LOGIST'CS LABOR (OFF SITE) 

» LOGISTI« OVERHEAD MFMITEI 

21 ^ 
32 TEST LABOR 7.205 if.28 30.837 
21 53.040 
24 

21 
a» GENERAL AND ADMINISTRATIVE 44.694 
P 

DIRECT CHARGES                 AMR 8* 107 
V ■ AI»                       AMR 255 5.23 1.334 
M OVERHEAD                             AMR 70.6 942 
31 MATERIAL 

a SUBCONTRACT                      AMR 19.328 
S3 

M DIRECT OUROES 

M 

M MATERIAL . 
SUBCONTRACT 

I 

» 
• 

JU 438.855 
V 4 PROFIT OR FIX^DfEE                                         1 

¥ 43 TOTAL SELLING FRICE OR 

J| JjJ TOTAL ESTIMATED CWF                                      1 /                           1 

A      , 

APPROVED 

DATE 
MARTIN-MARIETTA CORPORATIOK 
DENVER DIVISION 

■ 

■I 
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G.  SPECIFICATION IMPACT 

Implementation of the PIBOL program will affect four general 
areas of contractual specifications: the vehicle specification, 
OGE specifications, interface specifications, and the data re- 
quirements specifications. 

A summary of the detail specifications affected and the changes 
required is as follows: 

Titan III Specification 

SSS-TIII-010 SLV 
Standard Space Launch Vehicle 

Change Required 

Modify flight control system de- 
scription. 

Modify Section 4, Test Require- 
ments, 

Revise acceptance orders for PIB0L- 
selected vehicles; 

SSS-Till-010 OGE/01FL00 
Control Monitor Group (CMC) 

Section 3 (Requirements) Revise to 
add new requirements for PIBOL 
timer and Stage III rate gyro oper- 
ations ; 

Section 3 (Requirements) Revise to 
include checkout and monitor of 
PIBOL, SMRD, and gyro operations; 

SSS-TIII-010 OGE/01FB00 
Vehicle Checkout Set (VECOS) 

SSS-TIII-OOR ICS/AMR Revise checkout requirement (GSTP) 
Installation and Checkout. AMR for VECOS to include PIBOL require- 

ments. 

Revise checkout requirement (GSTP) 
for CMC to include PIBOL require- 
ments , 

Revise checkout requirement (GSTP) 
for DRS to include PIBOL require- 
ments, 

Revise ICS/AMR checkout require- 
ments to include PIBOL-generated 
changes to cable routing and chassis 
interfaces, 
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IF«?-TIII-U001 
Interface.   IGS/SSLS Electrical 

IFS-TIII-20002 
Interface.  SSLV/Spacecraft 
Electrical 

IFS-TIII-20003 
Interface.   SSLV/Spacecraft. 
Performance 

IFS-Till-20005 
Interface. SSLS/Spacecraft 
Compatibility Test Speclfica- 
tion 

Generate a new combined systems 
test procedure (GST?) to include 
all above changes, 

Reyise ISTP procedures for flight 
control system to include check- 
out for PIBOL manual controls and 
indications, 

Revise combined systems ISTP to 
include checkout of launch equip- 
ment (airborne and ground) opera- 
tions in both automatic and PIBOL 
modes; 

Revise requirements for normally 
closed relays on all ACSP discrete 
and steering signal outputs; 

Revise to include SSLS capability 
to accept pilot transfer command 
signals and pilot command signals 
for pitch, yaw, and roll; revise 
to include pitch and yaw accelera- 
tion signals from Stage I to pilot 
readout; 

Revise to include pilot capability 
of switching booster inertial 
guidance system out of the vehicle 
guidance and control loop and ex- 
ercising of the vehicle; 

Revise to include test requirements 
to verify signal interfaces as es- 
tablished by -20002; 

SSS-TIII-010 DRD 
Data Requirements Documtint 

Revisions to include line items 
and supporting descriptions of 
PIBOL-required submittable data, 
such as: 

1) Specification tree, 

2) Hardware specification, 

3) Test reports. 

^_     ■ 
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IV. CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

The standard Titan III/X-20A Stage 0 pitch and yaw flight con- 
trol system can be adapted to the Basic PIBOL requirements of this 
study by either ot two methods: 

1) The use of a displacement gyro system in Stage III 
(to replace attitude error signals from the booster 
inertial guidance system); 

2) The use of a signal simulating the displacment gyro 
signal, i.e., integrating a rate %yro  sig;*" 

The second of these methods is preferred fcr Titan III, be- 
cause of the deletion of the requirement for the added gyro, which 
simplifies the hardware added for PIBOL. 

The Broader PIBOL concept is not compatible with the Stage 0 
pitch and yaw Titan III/X-20A configuration. Although the desired 
handling characteristics can be attained by using rate channel 
gains 40 to 50% higher than is normal (without PIBOL), these high 
rate gains prohibit acquiring acceptable structural bending sta- 
bility margins. 

PIBOL handling requirements for Stages Tt II, and III can be 
attained in a variety of configurations, most notably, with only 
rate feedback in the flight control system. 

The most significant item in the PIBOL hardware mechanization 
is the PIBOL sequencer, which provides the in-flight sequencing 
signals required by the vehicle. This item is the only all-new 
component required for the PIBOL concept, and, thus, becomes the 
pacing item in the PIBOL development program. 

The PIBOL roll axis requirements can be met for all stages 
with changes to the standard Titan III/X-20A flight control sys- 
tem required only during Stage 0 operation and Stage III opera- 
tion.  In the case of Stage 0, increased rate channel gains are 
required throughout that phase of flight.  For Stage III, a roll 
rate gyro must be added to Stage III (none is available in the 
standard Titan III vehicle). 

._  
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Either the Basic or Broader PIBOL mechanization is adequate 
in eliminating inertial guidance system steering command failures 
with the result that Titan III components other than IGS remain 
the limiting factors affecting probability of mission success. 

The number of additional missions completed with PIBOL backup 
is a function of Stage III coast and powered flight time; increas- 
ing with missions of longer duration. The maximum attainable im- 
provement for a mission approaching the maximum Titan III capability 
(i.e., 6 hr coast, 500 sec Stage III burn time) is 17.6 vehicles/ 
1000 with a perfect PIBOL system. The mechanization schemes pre- 
sented in this document provide a mission improvement of 17.4 ve- 
hicles/1000. 

A mathematical model based entirely on hardware considerations 
to the exclusion of pilot performance factors does not present a 
complete picture of reliability potential in a PIBOL-equipped 
Titan III. The pilot may offset the mission reliability attain- 
able with PIBOL to the extent that lesser probability of mission 
success is achieved with PIBOL than without. 

Mission success probability is more sensitive to the term P 
SWITCH (switch reliability) than P PIBOL (PIBOL hardware relia- 
bility) in the mathematical model. Consequently, redundant con- 
tact sets in the mode transfer switch and redundant wiring between 
the switch and autopilot are recommended to minimize the probabil- 
ity of an abort during flight in the automatic mode. 

The significant conclusions of this study are not affected by 
the particular payload (X-20A) configuration considered. Of sig- 
nificance is the fact that the PIBOL requirements, to which this 
study was conducted, can be attained with relatively simple mech- 
anization concepts that are compatible with the existing Titan III 
hardware, and to a great extent, used existing Titan III hardware. 

Refinements that have occurred in the analytical model of 
the flight control system during the period of this study (which 
were not factored into this study because of the contract ground 
rules) have little effect on the results of this study. These 
refinements, such as the use of distributed airload considerations 
and changes in sensor characteristics, will change the control 
system characteristics slightly, but the changes are designed to 
obtain the same general system response characteristics as those 
used in this study. 
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B.  RECOMMENDATIONS 

Before inclusion of PIBOL in any flight vehicle, a simulator 
program is required to verify that the results of this study, and 
the results of the study that defined the handling characteristic 
requirements, are jointly acceptable. An extensive simulation 
program, which could include the pilot training phase, is believed 
to be necessary before a final decision on PIBOL configuration is 
made.  This simulation program should include the effects of 
coupling between the pitch, yaw, and roll axes. 

The ground rules of this study required that the standard 
Titan III. (without PIBOL) flight control system configuration not 
be changed to accept'PIBOL.  If the standard flight control sys- 
tem and the PIBOL flight control system are designed concurrently, 
it is believed that the two phases could be jointly opitmized, 
resulting in a better overall system. 

This study did not include any considerations for Stage III 
coast operation mechanization. Further studies to define coast 
mechanization concepts are necessary to complete the PIBOL con- 
cept. 

Consideration of the PIBOL system during staging transients 
was omitted from this study because of the contract ground rules. 
Control during the Stage O/Stage I staging sequence could prove 
to be a significant problem for the pilot, because of the large 
forces resulting from unsymmetrical thrust decay, and should be 
included in future studies. 

Further evaluation of the Stage 0 roll handling characteristic 
requirements is recommended. A method of specifying requirements 
similar to that used in the pitch and yaw axis is advisable, be- 
cause of the low torsional bending mode frequencies and resulting 
flight control system configurations present during Stage 0 opera- 
tion, which result in effects occurring in the low frequency range, 
which are not accounted for in the present formulation of require- 
ments. 
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Future PIBOL studies should Include a detail failure analysis 
and evaluation of the pilot's capability to sense and overcome 
each of these failures. This phase of entering the PIBOL mode 
could provide a major task for the pilot. 

Although the Titan III/X-20A PIBOL system requires only roll 
rate feedback during Stage III operation, other missions with more 
stringent Stage III handling requirements would require pitch and 
yaw rate feedback d-iring Stage III flight. For this reason, a 
three-axis rate system (as proposed by this study) is recommended 
for future Titan III/PLBOL usage. 

The aspect of pilot training was not considered in this study. 
It is submitted that the training phase will significantly affect 
the program schedules and costs, and should be included in future 
studies . 

It is recommended that Titan III PIBOL studies for other pay- 
loads (I.e., MOL, etc) be initiated as early as possible so that 
the PIBOL concept can be fully integrated with the standard Titan 
III system. 
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APPENDIX B 

SECOND ORDER APPROXIMATION METHODS 
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A.  TRANSIENT RESPONSE FIT METHOD 

This method for determining a second order system that ap- 
proximates the transient response characteristics of a higher 
order system was used for the Stage 0 pitch and yaw handling 
characteristic analysis.* 

1. The Effective Level of the Response /R ) 

a. Oscillatory Response 

R is determined by equating the subsidence of the first 

overshoot and first undershoot, shown in Fig. D-l as points 
P. and P., respectively. This gives an expression for R 
Li O 

in terms of the value of the response at these points. 

R (Riy 
(2R1 - R2) 

[1] 

b. Well Damped and Non-Oscillatory Responses 

The steady level will- undoubtedly be clouded by the pres- 
ence of low frequency dynamics in the closed loop transfer 
function, which causes the response either to rise or drop 
for an extended tine after the initial transient.  (These 
closed loop poles and zeros will most likely be associated 
with the normal force effects and with the integral of 
normal acceleration feedback dynamics.) If this is the 
case, the closed loop transfer function is to be modified 
by removal of these poles and zeros and the response of 
the resulting modified transfer function is to be con- 
sidered to find C and to . 3     n 

The effective level of the response of the modified trans- 
fer function is found thru application of Eq [1] for both 
the oscillatory and non-oscillatory cases. When the over- 
shoot reduces to zero, R. becomes equal to R and the 

equation reduces to R = R-. 

*This method was provided as part of the FIBOL contract, and 
is repeated here for reference only. 



SSD-CR-64-32 B-3 

2. Determination of the Overshoot Ratio 

The overshoot ratio is defined as the difference between the 
first overshoot (R,) and the effective level of the response /R ) 

divided by the effective level of the response. 

Overshoot Ratio 
R. - R 
_1 o 
R 

[2] 

3. Responses with Overshoot Ratios Greater than 0.05 

a. Damping Ratio 

The damping ratio £ is uniquely defined by the overshoot 
ratio. 

Overshoot Ratio ■ exp 
-Cit [3J 

r 
This expression can be solved to find the (, associated 
with the given overshoot ratio or Flg. B-2 can be used 
to find £. 

b. Natural Frequency (-1 < 5 < 0.3) 

The natural frequency /w \  for systems with -1 < 5 < 0.3 

is obtained by considering the time to the first overshoot 
and time to the first undershoot /t_ \. The average N N 

of the natural frequency defined by these two times  is 
considered to be u .    This can be expressed as: 

w 
ii - r 2t    t [4] 

The times t  and t are In seconds to the first overshoot 
'1 P2 

/Pj) and first undershoot (P.) as shown in Fig. 1, 

*exp [x] ■ e M 
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c. Natur« 1, Frequency (0.3 < C < 0.7) 

The natural frequency /w \ for systems with 0.3 < ^ < 0.7 

Is obtained by considering the rise time ftR\. Rise time 

Is defined as the time In seconds for the response to go 
from 10 to 90% of Its effective level (Fig. B-l). The 
relationship between rise time and natural frequency Is 
defined by Flg. B-3. 

4. Responses with Overshoot Ratios Less than 0.05 

£ and u are found from Fig. B-4. The ratio of time n \  for 

the response to grow to 80.1% of the effective level over time 
ft \  for the response to grow to 26.4% of the effective level 

gives the damping ratio £. This then gives a value for u t.. 
Since t. has been measured, u   can be calculated.      n 

b ' n 

5. Tlme-to-Double Amplitude Criteria 

If the response Is oscillatory, construct envelope of re- 
sponse from 0 to 15 sec. Find centerline of envelope or take 
actual response curve for non-oscillating case. If centerllne 
level at 15 sec does not have double the value It had at 10 sec 
then time-to-double amplitude is considered to be greater than 
5 sec.  (For Broader PIBOL system time-to-double amplitude > 5.0 
sec.) 
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B.     EMPIRICAL METHOD 

Equations for comparison of booster stability with handling 
characteristic requirements Stages I,  II, and III,  Pitch and Yaw 
are as follows: 

Pitch Axis  (Ref  1). 

q = o; 

CÜ 

T/X    - X    ^ V g       c«^ 

q » o; 

lv     { ,CP -     ^ Ix [ MIv     i '^       C»J \      (X.c - \z)/. 

25c- 

l - J7 + !p- /^X   - X    UX      - X    \] [*     Iy V g       cgJK pa       ciJl 

I mV        mV D I 

Augmentation A B c 

Rate Only 0 H 0 

Rate + / Rate 
7 

K/e H 0 

Rate + Attitude h Ke 0 

Täte + Attitude + Acceleration le Ke K 
az 

B-9 
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where 

X   = Body sta for pitch acceleration 

c*   = Mean aero chord 

X   = Body sta for engine gimbal 

X   <■ Body sta for aero center In pitch 

S   = Wing area (aerodynamic reference area) 

Since the accelerometer will not be used In Stage I, II, or 
III for q » o; 

0) 

qSC T/'X - X  \ 
Ijto (X       . X W A -^ **£■ 

2   Iv  V acp   eg; ly 

2(,U} 

^me T-D *SQm    . T(x» ■ Xca) 

 z  
n 1 

or translating to Martin Company terminology 

for q ■ o; 

K TL_       K„TL 

n    I    * n   I 
yy      yy 

for q » o; 

i 

n             I                I 
yy yy 

2Cu .ä^ää 5 n    I      mV    mV     I 
yy yy 

—i mi 
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APPENDIX C 

BASIC PIBOL RESULTS 

Recommended Stage 0 Pitch-Yaw System (Fig. C-l thru C-28) 

Stage 0 Pitch and Yaw with Displacement Gyros, Without 
Load Relief (Fig. C-29 thru C-35) 

Stage 0 Pitch and Yaw with Displacement Gyros With Load 
Relief (Fig. C-36 thru C-39) 

Stage I (Fig. C-40 thru C-44) 

Stage II (Fig. C-45 thru C-48) 

Stage 0 Roll (Fig. C-49 thru C-55) 
Terminology 

.. 

/ ■ 

L 
dm 

«. 
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Flg. C-47 Open Loop Frequency Response, Fitch and Yaw Axes, 
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Flg. C-48    Open Loop Frequency Response,  Roll Axis, Stage II 
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Fig. C-52 Open Loop Frequency Response, Roll Axis (60 sec) 
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Terminology unique to this appendix Is as follows: 

Abbreviations; 

BGC  Before gain change 

AGC  After gain change 

Axis Scaling; 

.XYZ+n - .XYZxlOn 

Symbols; 

0    Rigid body angular rate about pitch axis 
KB 

iK,   Rigid body angular rate about yaw axis 
KB 
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APPENDIX D 

BROADER PIBOL STAGE 0 RESULTS 

Open Loop Frequency Response, Stage 0 Pitch Axis, 30 sec (Fig. D-l) 
Open Loop Frequency Response, Stage 0 Pitch Axis, 60 sec (Flg. D-2) 
Open Loop Frequency Response, Stage 0 Pitch Axis, 80 sec (Fig. D-3) 
Transient Response, Stage 0 Pitch Axis, 30 sec (Fig. D-4) 
Transient Response, Stage 0 Pitch Axis, 60 sec (Fig. D-5) 
Transient Response, Stage 0 Pitch Axis, 80 sec, (Fig. D-6) 
Terminology 

- 
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Fig. D-l   Open Loop Frequency Response, Stage 0 Fitch Axis (30 sec) 
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Flight Control System Configuration 

.«OOOtt 

j       Channel Gain Filter Configuration 
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KA - 0.00075 
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Fig. D-2 Open Loop Frequency Response, Stage 0 Fitch Axis (60 sec) 
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Flg.  D-3    Open Loop Frequer^y Response,  Stage 0 Pitch Axis (80 sec) 
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Terminology unique to this appendix Is as follows: 

Axis Scaling; 

.XYZ+n - .XYZxlOn 

Symbols; 

2,-,   Lateral acceleration in pitch plane at 
vehicle Sta 606. 
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APPENDIX E 

TOLERANCE CONSIDERATIONS 

■UM ■i^^^ 
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Table E-l Basic PIBOL Tolerance Sensitivities, Stage 0 Handling 
Characteristics at 60 Sec 

Parameter Symbol 
Tolerance 
Applied 

Effect of Tolerance (1) 

On ii> n On 2?u) 

Equivalent Displacement 
Channel Gain «RD + 15* 

- 15% 
- 0.4 
+ 0.2 

+ 0.8 
- 0.9 

Stage I Rate Channel Gain hi + 10% + 1.5 + 0.5 
- 107. - 1.2 - 0.6 

Stage II Rate Channel Gain hz + 10% - 1.3 + 0.3 
• 10% + 1.1 - 0.3 

Integrator Tine Constant T + 12% X - 0.1 
- 12% X + 0.1 

Equivalent Dliplacement Channel 
Filter Break Frequency 

URD 
+ 12% 
- 12% 

- 0.9 
+ 0.1 

- 0.1 
+ 0.1 

Thruat T +   5* X X 
-    5% X X 

Center of Gravity CG + 25 in. + 1.0 + 0.16 
- 25 in. - 0.8 ■ 0.20 

Inertia ^ + 10% - 2.0 - 0.3 
yy - 107. + 3.0 + 0.25 

MM« M + 107. X X 
- 10% X X 

Normal Force Coefficient Sa + 14% X X 
- 14% X X 

Moment Coefficient CM. + 14% - 1.2 - 0.1 
i-i 

- 147. + 1.5 + 0.15 

Note:    (1)    + aigniflea increaae in handling 
- aigniflea decrease in handling 
X aigniflea no effect. 

parameter, 
parameter, 

1.    Taking a «tatlatical sunmat 
(considering effecta with a 

ton (RSS) 
- aign). 

j« +3.4. 

of the effect a of tolerai ices 

2.    Effecta on w    ; RSS - VlO.l 

3.    Effecta on 25« ; RSS -^1.42 ■> +1,2. 
1                                             n 

  

«Mi 
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E-3 I 
Table E-2 Broader PIBOL Tolerance Sensitivities, Stage 0 Handling 

Characteristics at 60 Sec 

|           Parameter Symbol 
Tolerance 
Applied 

Effect of Tolerence (1) 

On oo 
n 

On 20    j 
n    | 

j  Stage I Rate Channel Gain 

| Stage II Rate Channel Gain 

Acceleration Channel Gain 

Thrust 

| Center of Gravity 

j Inertia 

Mass 

j Normal Force Coefficient 

| Moment Coefficient 

hi 

hi 

h 
T 

CG 

M 

+ 10% 
- 10% 

+ 10% 
- 10% 

+ 10% 
- 10% 

+ 5% 
- 5% 

+ 25 in. 
- 'i5  in. 

+ 10% 
- 10% 

+ 10% 
- 10% 

+ 14% 
- 14%. 

+ 14% 
- 14% 

+ 0,06 
- 0.20 

+ 0.03 
- 0.12 

+ 0.18 
- 0.16 

- 0.13 
+ 0.11 

+ 0.08 
X 

+ 0.07 
- 0.08 

X 
+ 0.11 

+ 0.10 
- 0.14 

- 0.03 
+ 0.17 

+ 0.07   ! 
- 0.30   i 

+ 0.04   | 
- 0.20 

- 0.07    j 
+ 0.08    j 

- 0.14    | 
+ 0.02    i 

+ 0.02 
- 0.07 

+ 0.04 
- 0.03    i 

X 
- 0.03    » 

- 0.02    1 
+ 0.02 

- 0.04 
+ 0.09    j 

Note: (1) + signifies increase in handling parameter, 
|          - signifies decrease in handling parameter, 
j          X signifies no effect. 

1. Taking a statistical combination (RSS 
(considering the effects with a - sigi 

of the effects of tolerances 
o. 

(    2. Bffects on u "j RSS -yo.1238 « 40.35 
n              — 

3. Effects on 25un; RSS -^0.1631 » ;H).4( ). 
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Table E-3    Basic PIBOL Tolerance Sensitivities,  Stage 0 Fitch Axis, 
Stability Margins at 60 Sec 

Parameters Symbol 

Tolerance 
Applied 

(X) 

Effect of Tolerance (1)      1 

On Margin on 
Front Side of 
First Structural 
Mode (deg) 

On Margin on 
Back Side of 
First Structural 
Mode (deg) 

Equivalent Displacement Channel 
Gain 

«RD + 15 
- 15 

+ 4* 
- 4 

- 2 
+ 1* 

Stage I Rate Channel Gain hi + 10 
- 10 

- 8 
+ 8* 

+ 7* 
- 9 

Stage II Rate Channel Gain h2 + 10 
- 10 

+ 6* 
- 4 

- 15 
- 5 

Integrator Time Constant T + 12 
. 12 

- 2 
+ 5* 

- 7 
- 7 

Equivalent Displacement Channel 
Filter Break Frequency "RD + 12 

- 12 
- 4 
+ 6* 

- 4 
- 9 

Stage I Rate Channel 
Break Frequency V1' + 12 

- 12 
- 1 
+ 1* (2) 

+ 1* (2) 
X 

Stage II Rate Channel 
Break Frequency 

*n<l> + 12 
- 12 

+ 4* (2) 
- 2 

- 3 
- 3 

Thrust T + 5 
- 5 

+ 2* 
- 2 

+ 1* 
- 1 

Slope of First Mode 
at Equivalent Glmbal 

^(1316) + 20 
- 20 

- 2 
+ 2* 

+ 1* 
- 1 

Deflection of First Mode 
at Equivalent Glmbal 

hjdsie) + 20 
- 20 

+ 2* 
- 3 

+ 1* 
- 3 

Slope of First Mode 
at Stage I Gyro 

^(887) + 20 
- 20 

• 8 
+ 14* 

+   9*            ' 
- 13 

Slope of First Mode 
at Stage II Gyro 

^(320) + 20 
- 20 

+ 12* 
- 12 

- 10 
+ 9* 

Firat Mode Frequency "l + 7 
- 7 

• 8 
+ 8* 

+ 3* 
- 3 

Note: (1) + signifies decrease in marKin. - signifies im 
specified, X signifies no change. 

(2) Stage I and Stage II filter variation is for a 
sidered twice for the configuration used. 

provement in margin 

single filter, and 

by the amount 

must be con- 

The following parameters were also considered, 
on the marginal Center of gravity (CG), +25 li 

but had no notices 
i.; moment of inert 

ble effect 

+107.; mass (M), +10Z; normal force coefficient 

(Stx)' i147" Th* root-sum-square value of the 
(Stt)' i14*5 wo'aen 

degradations (*) 1 

t coefficient 

i  aa follows, 

using the OL, and u„ effects twice: 

On the front side margin, RSS - ^623 » 25 
On the back side margin, RSS - V226 <» IS d< 

ieg. 

I 
L 
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Table E-A    Effects of Tolerances on Stage 1 
Handling Characteristics 

The equations defining the Stage  I handling characteristics 
were given in Chap.  III.A.2., and are: 

2 u     ■ n 
TLg 
I     ' 
yy 

«". - \ f"- 
yy 

For the recommended Stage I system, ¥L. m*0  and K_ " 0.78 sec 

at Stage I start, where the handling characteristics obtained are 
nearest the handling characteristic boundaries. 

The nominal parameters and the tolerances considered were: 

KJJ-O. 

1^ - 0.78 sec +107., 

T - 0.473 x 106 lb +5%, 

Lg - 569 + 25 in., 

1      - 114.6 x 106 lb-ln.-sec2 +10%. 
yy 

The nominal handling characteristic,  2^u ,  is: 

25a.   -  (0.78 sec)  (o.473 x loSb)(569 in ) „ l/8ec< 
n (ll4.6 x 10    lb-ln.-sec  ) 

The variation In 2Cu   for each variable  Is: n 

For KJJ  (+10%);  +0.183 1/sec, 

For T  (+57.);  +0.092 1/sec, 

For Lg  (+25 in.); +0.081 l/sec, 

For I      (+10%); +0.167 1/sec. 
yy   -: 

The root-sum-square of these tolerance sensitivities  Is: 

(o.l832 + 0.0922 + 0.0812 + 0.1672)' « 0.28 1/sec. 

The variation of 2£u , about the nominal,  due  to the  toler- 
ances considered is: 

20   - 1.83 + 0.28 1/sec. 

, 
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Table E-5 Effects of Tolerances on Stage II 
Handling Characteristics 

For the recommended Stage II system, K^ = 0 and VL   • 0.3 sec 

at Stage II start, where the handling characteristics obtained 
are nearest the handling characteristic boundaries. 

The nominal parameters and the tolerances considered are: 

K = 0.3 sec +10%, 

T = 0.1 x 106  lb +5%, 

Lg = 260 +25  in., 

I      = 12.2 x 106 lb-in.-sec2 +10%. 
yy 

The nominal handling characteristic, 2tu ,  is: 
n 

o/-    /r. 1   N (o.l x 106 lb)(260 in.)   _ ,». .. 
20 • (0.3 sec) ^ r—" ^—= 0.639 1/sec. 

n (l2.2 x 10 lb-in.-sec ) 

The variation in 2Cw for each variable is: 3 n 

For K^  (+10%); +0.0639 1/sec, 

For T (+5%); +0.0318 1/sec, 

For Lg (+25 in.); +0.0615 1/sec, 

For I  (+10%); +0.058 1/sec. 

The root-sum-square of these tolerance sensitivities is: 

2^ (0.0639    + 0.0318    + 0.0615    + 0.058 K - + 0.11  1/sec. 

The variation of 2^CJ    about the nominal,  due  to the  tolerance 
considered,  is: 

2tu   - 0.639 + 0.11  l/sec n — 

«■ 
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Tabla E-6    Broadar FIBOL Tolaranea Saniltlvitlaa, Staga 0 Fitch Axis, 
Stability Margini at 60 Sac 

E-7 

Parameter  (3) Symbol 

Tolerance 
Applied 

a) 

Effect of Tolerance  (1)              1 

On Margin on 
Front Side of 
Firat Structural 
Mode  (deg) 

On Margin on 
Back Side of 
First Structurel 
Mode  (deg) 

Staga I Rate Channel Gain hi + 10 
• 10 

- 16 
+ 22* 

+ 16* 
• 28 

Staga II Rate Channel Gain hi + 10 
■ 10 

+ 54* 
• 14 

• 54 
X 

Acceleration Channel Cain h + 10 
- 10 

■ 18 
.    8 

+   6* 
-   2 

Stage I Rate Channel 
Filter Break Frequency "u + 12 

■ 12 
- 30 
• 18 

+ 16* 
+ 12 

Staga II Rate Channel 
Filter Break Frequency \z ♦ 12 

• 17 
+    4* (2) 
+    2 

+    1* (2) 
X 

Acceleration Channel,  3-rad 
Filter Break Frequency 

UA3 
+ 12 
- 12 

+   4* 
-   8 

X 
+    6* 

Acceleration Channel,  S-rad 
Filter Break Frequency "AS + 12 

■ 12 
+   4* 
-   6 

- 12 
- 4 

Acceleration Channel,  10-rad 
Filter Break Frequency -AlO 

4- 12 
■ 12 

+   4* 
-   4 

- 10 
- 4 

Thruat T +   5 
•    5 

+   2* 
-   2 

+    2* 
-    2 

InertU V + 10 
- 10 

•   2 
+    2* 

-    4 
+   4* 

Slope of Firat Mode at Equivalent 
Thruat Deflection Point 

^(1316) + 20 
• 20 

-    2 
+   4* 

X 
-   4 

Deflection of Firat Mode at 
Equivalent Glabal 

^(1316) + 20 
- 20 

+    6* 
- 10 

X 
-    2 

Slope of Firat Node et 
Stage I Gyro 

^(887) + 20 
• 20 

• 26 
+ 54* 

+ 24* 
|       -62 

Slope of Firat Mode at 
Stage II Gyro 

»1(320) + 20 

* 20 
+ 54* 
. 40 

. 4« 
+ 31* 

Firat Mode Frequency 
"l +    7 

-    7 
-   2 
+   2* 

-   2 
+    2*               | 

Deflection of Firat Mode 
at Acealerooeter 

^(364) "+ 20 
• 20 

- 10 
+    8* 

+    3* 
-    4 

Motet    (1)   ♦ »Ignlflea rieereaaa in 
no change. 

(2) Staga II filter varlati 
for the configuration c 

(3) The following pareaater 
the margliia:    Center of 
coefficient (C^), +14» 

margin,   - t 

on la for a 
onaldared. 
a were alao 
gravity (CC 

; moaant coa 

ignlflea   Improvement in margin 

• Ingle  filter and mat be conal 

considered but had no not let aH 
), +25 in.; mass   (M), £101; not 
ffiJlent  (C,^), +14%;  firat moc 

X signifies 

dared twice 

a effect on 
mtl  force 
a slope at the 

aeeeleroaatar, ^(364), +20X. 

u-, affect twicet 
ue of the da gradations  (*)  la aa follows,  v sing the 

On the front aide ■ argin, RSS • J9440 - 97 deg. 

On the back aide m rgin, RSS - ^filH « 46 deg. 
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The following specifications establish the requirements for 
new components for the recommended PIBOL system, requirements 
for the displacement gyros used in the basic PIBOL system (de- 
scribed in App H), and payload interface requirements. 

1.  SIGNAL TRANSFER SWITCH 

Drawing No. PD72S0078, with the following revisions, adequately 
defines the switch required to transfer the functions of the booster 
inertial guidance system to the PIBOL system. 

1.1 Add para 3.2.15 - Contact Current Rating - Contacts will 
be capable of carrying 0.5 amp continuously without damage. 

1.2 Change para 3.3.1 to read: 

Contact Voltage Drop - The contact voltage drop for any 
pair of contacts will not exceed 100 mv. 

2. ACCELERATION SWITCH 

This establishes the requirement for an acceleration switch 
for the Titan III/PIBOL system to perceive the termination of 
solid rocket thrust. 

2.1 Performance Requirements 

2.1.1 Output - The output of the acceleration switch will be 
a circuit closure when the acceleration along the input axis drops 
below a value that will be adjustable. 

2.1.1.1 The circuit closure will be between two connector 
pins, one of which may be continuous with the negative side of 
the 28v dc power. 

2.1.1.2 The switch circuit will support 60 volts when open. 

2.1.1.3 The open switch will not conduct more than 15 ma. 

2.1.1.4 The switch circuit will carry 0.5 amp continuously 
without damage. 

2.1.1.5 The voltage drop on the closed switch circuit will 
be less than 1.4 volts. 

2.1.2 Switch Setting - The acceleration magnitude at which 
switching occurs will be adjustable over a range of from 1.0 to 
3.0 g. 

-^ A 
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2.1.3 Accuracy - The value of decreasing acceleration at 
which switching takes place will be repeatable within +0.1 g. 

2.1.3.1 Dead Band - The value of increasing acceleration 
at which the switch opens will be greater than the value of de- 
creasing acceleration at which closure occurs by not less than 
0.5 g nor greater than 1.0 g. 

2.1.3.2 Delay Time - When subjected to an acceleration that 
is decreased at a uniform rate, the switch closure will occur no 
more than 0.25 sec later than the time that the acceleration at- 
tains the switching value. 

2.1.4 Power 

2.1.4.1 Direct current may be supplied at from 25 to 31 volts. 
With superposed noise and ripple not greater than 2.5 volts peak, 
all transients will remain within 22.5 to 36.Ov dc and return to 
the nominal conditions within 30 sec. 

2.1.4.2 AC Power - 800 cps power is available. AC Voltage - 
31.5 + 147o volts rms square wave. Frequency - 800 + 27». Wave 
Shape - The wave shape will be a square wave with the following 
allowable variations. Instantaneous voltage will be greater than 
26.2 volts, but less than 37 volts. The rise time of both the 
leading and trailing edges of the square wave will be less than 
15 |isec when measured between points located at 10 and 907. of 
the peak to peak voltage. 

2.1.5 Checkout - Provision for checkout will be made as fol- 
lows: As an integral part of the acceleration switch, a self-test 
feature will be to Impose a force equivalent to not less than 2 g 
on the sensitive element of the acceleration switch when a two- 
terminal circuit is energized with the dc voltage of para 1.4. 
This will insure that the acceleration switch is operated by the 
self-test feature when the switch is exposed to a 1-g acceleration. 

2.2 Environment 

2.2.1 Vibration - The acceleration switch will be designed to 
withstand random vib-ation as follows: 

1) Remain open while exposed to random vibration with an 
acceleration spectral density corresponding to Curve 
A of Fig. F-l; 
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2) Meet all of the requirements of Sec 1. regarding ac- 
curacy while exposed to random vibration with an ac- 
celeration spectral density shown in Curve B of Fig. 
F-l and survive 65 sec of vibration in accordance 
with Curve A. 

2.2.2 Temperature - The switch will be capable of operation 
as required by Sec 1. when exposed to an ambient temperature of 
+20 to +1650F. 

2.2.2.1 The unit will not be damaged by continuous storage 
at temperatures from -35 to +1650F. 

2.2.3 Acceleration - The unit will not be damaged by accelera- 
tion of 10 g. 

2.2.4 Shock - The unit will withstand shock in accordance with 
Fig. F-2 attached. 

3. FIBOL SEQUENCER 

3.1 General Requirements 

3.1.1 Power - Operate from 28v dc power. 

3.1.2 Environment - The sequencer must be able to function 
in the normal environment of Titan III Stage III. 

3.2 Performance Requirements 

3.2.1 The sequencer will have the capability of being reset 
and restarted by predetermined functions to generate an entirely 
new set of timed discrete switch closures during flight. 

3.2.2 Output 

3.2.2.1 The output of the sequencer will be 11 circuit clos- 
ures individually timed from 0 to 198 sec as called out in Sec 3B. 

3.2.2.2 The circuit closure will be between connector pins, 
one of which may be continuous with the negative side of tne 28- 
volt power. 

3.2.2.3 The switch circuit will support 60 volts when open. 

3.2.2.4 The open switch will not conduct more than 15 ma. 

■Ü 
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3.2.2.5 The switch will carry 0.5 amp continuously without 
damage. 

3.2.2.6 The voltage drop on the closed switch circuit will 
be less than 1.4 volts. 

3.3 Accuracy - The timed outputs will be accurate to within 
+1 sec. 

4. DISPLACEMENT GYRO REQUIREMENTS FOR THE BASIC PIBOL SYSTEM 
TIDING GYROS (SEE SYSTEM DESCRIPTION, APP H, PART A)* 

The displacement gyros used to provide attitude reference 
for ths Paslc PIBOL system are of the basic type used in the ex- 
isting Ti.an III rate gyro system (PD96S0008), with the exceptions 
noted: 

4.1 In PD96S0008, revise para 3.3.2.1 to read: 

The gyro open-loop transfer function will be^44.5 mv rms 
+15% output per deg displacement about the .Input axis 
throughout the range from +12 deg to -12 deg. This tol- 
erance will apply under the most adverse combinations of 
tolerances specified for gyro temperature, signal genera- 
tor excitation, and spin motor excitation. 

4.2 Revise para 3.3.2.2 to read: 

The open-lo3p gimbal travel will be limited at a value 
corresponding to not less than +12 deg of input angle. 

4.3 Revise para 3.3.2.3 to read: 

The characteristic time will be less than 1 msec under 
the most adverse gyro temperature condition. 

4.4 Delete para 3.3.2.5. 

4.5 Delete para 3.3.2.6. 

4.6 Revise para 3.3.2.9 to read: 

The rate resolution, including stictlon will be less 
than 60 deg/hr throughout the gimbal range. 

*Not required in recoirauended system. 

MuUMM 
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4.7 Revise para 3,3,5,2 to read: 

The deviation of the torquer current from the least square 
line at any race  throughout the ranges specified in para 
3,3,5,1 will not exceed +0,2 ma +57, of.  the normal current 
for the given rate, 

4.8 Revise para 3.3,6,2 to 'ead: 

The deviation of the self-test torquer, , , 

(same as para 4,7), 

5.    PAYLOAD INTERFACE REQUIREMENTS 

5.1    Steering Signals  - The pitch, yaw, and roll signals  from 
the pilot's controller(s) shall have  the following characteristics: 

dc. 
5.1.1 Full scale output - the full scale output shall be +10v 

5.1.2 Sensitivity - the exact sensitivity, from controller 
position to voltage output, shall be defined by the payload con- 
tractor, but shall be approximately l/2v/deg. 

5.1.3 Output impedance - the output impedance shall be less 
than 100 ohms, with the nominal value defined by the payload con- 
tractor and held within +10 ohms of that nominal. 

5.1.4 The outputs to the booster shall be carried on a four- 
wire system; three signal wires and a single common; all four 
wires are to be isolated from the vehicle grounding system (to 
be grounded in the booster). 

5.1.5 Null - The output, with the pilot's controllers at the 
null position shall be between +30 mv dc. 

5.2 ''Transfer to PIBOL" Command - The "Transfer to PIBOL" 
command shall be a closure of contacts to the Bociter Accessory 

Power System 28v dc bus. 

5.3 Stage II Shutdown Command 

Same as 5.2 

5.4 Stage III Shutdown Command 

Same as 5.2 
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Sample Calculation. Basic PIBOL* 

Transtage Coast = 6 hr. 

Transtage Powered Flight ■ 500 sec, 

P_      _      = P.P.P-   - K.t.A.   - K,t,A,   - K,t_A, 
Booster        123        444        666        777 

= (0.970)(0.980)(0.963) - (4.380 + 0.828 + 1.168 + 6.944 + 

+ 18.000)(384 x 10"6) - (0.876 + 0.721 + 0.876 + 2.082 + 

+ 9 .000)( 122 x 10"6) - (6.944 + 18)(l728 x 10_6) 

.(: 0.915428 - (31.320)V384 x lo"6) - (13.555)(l22 x 10'6) - 

Booster 

?IGS 

- (24.944)(l728 x 10"6) 

= 0.915428 - 0.012027  - 0.001654 - 0.043113 

= 0.858434. 

IGS 

Switch 

Switch 

K5t5A5 

- (0.876 + 0.721 + 0.876 + 2.082 + 9 

- (13.555)(l300 x 10"6) 

- 0.017622 

.982378. 

V9N 
- (4.380 + 0.828 + 1.168 + 6.944 + 18 

- (31.320)(l.298 x 10"6) 

- 0.000041 

0.999959. 

.000)(l300 x 10"6) 

.000)(l .298 x 10'6) 

♦Symbols defined in Chapter IIIC. 

1 
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P
PIBOL 

= 1 ■ hWs 

PIBOL 

P_  = P 

= 1 - (4.380 + 0.828 + 1.168 + 6.944 + 18.000)(llO.4 x 10"6) 

= 1 - (31.320)(ll0.4 x 10"6) 

- 1 - 0.003458 

=0.996542. 

0   Booster [PIGS PSwitch + PP1B0L C1 ' P1GS)J 

-0.858434 [(0.982378)(0.999959) + (0.996542)(0.017622)] 

= 0.858434 [0.982337 + 0.017561] 

= 0.858434 [0.999898] 

P = 0.858346. 

Sample Calculation. Broader PIBOL 

Transtage Coast = 6 hr. 

Transtage Powered Flight ■ 500 sec. 

The calculations of P_      and P_„. are Identical to those 
Booster     IGS 

contained In the sample calculation for Basic PIBOL: 

booster = 0-858434 • 

PIGS- 0.982378. 

The following calculations are unique to Broader PIBOL: 

Switch      9 9 9 

- 1 - (4.380 + 0.828 + 1.168 + 6.944 + 18.000)(2.227 x lo'6) 

- 1 - (31.320)(2.227 x 10"6) 

- 1 - 0.000070 

Pi" 
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Pc  ,, .   = 0.999930, Switch 

PPIBOL = 1   " VsNj 

PIBOL 

= 1 - (4.380 + 0.828 + 1.168 + 6.944 + 18.000)(82.1 x 10"6) 

= 1 - (31.320)(82.1 x 10"6) 

= 1 - 0.002571 

=> 0.997429. 

P0 = PBooster    [PIGS PSwitch + PPIBOL (l  ~ PIGs)J 

= 0.858434 [(0.982378)(0.999930)  + (0.997429)(0 .017622)] 

= 0.858434  [0.982308 + 0.017577] 

= 0.858434 [0.999885] 

P0 = 0.858335. 

flM ~mm 
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A.  2\bIC PIBOL MECHANIZATION WITH DISPLACEMENT GYROS 

A block diagram of this Basic PIBOL configuration is shown in 
Fig. H-l. This PIBOL system consists of a displacement gyro/se- 
quencer package and a signal transfer switch that are added in 
Stage III, a lateral acceleration sensing system added to Stage I 
compartment I-A, and modifications to the existing flight controls 
adapter-programer. 

The displacement gyro/sequencer package is a new package for 
PIBOL. The design of the gyro portion of the package and the 
packaging concept is based on the present Titan III rate gyro 
system design. A functional block diagram of the entire package, 
including sequencer, is shown in Fig. H-2. The sequencer portion 
of the package is identical to that described for the recommended 
Basic PIBOL system (Chap. III.B. of this report). During flight, 
the gyros will remain caged until the PIBOL mode is entered. At 
this time, the gyro outputs will replace the booster IGS attitude 
error outputs as the input to the control system displacement 
channels. After entering the PIBOL mode, the pilot's commands 
pass through circuitry that will adjust his control authority 
to that required during the various phases of flight. The pilot's 
commands are then connected to the gyro torquer and to the flight 
controls adapter-programer. 

Details of the sequencer operation and the signal transfer 
switch are explained in Chap. III.B. of this report. 

Figure H-3 shows the 15 added resistors required to connect 
the signals from the gain change circuitry in the displacement 
gryo/sequencer package to the control system. These resistors 
are connected to existing circuitry within the adapter-programer. 
All other circuitry within the adapter-programer remains the same 
as for the automatic flight control system. 

The lateral acceleration sensing system (PD96S0007) added to 
Stage I will be used to provide a display of lateral acceleration 
in the pilot's compartment. This package is identical to that 
presently being used in Stage II of Titan III. 

MM 
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B. BROADER PIBOL MECHANIZATION CONCEPT 

The mechanization concept for the Broader PIBOL concept, which 
does not meet performance requirements, is shown in the block dia- 
gram (Fig. H-3). The system requires addition of a roll rate gyro, 
a signal transfer switch, and the sequencer to Stage III, the addi- 
tion of a lateral acceleration sensing system to Stage I, and modi- 
fications to the existing flight controls adapter-programer. 

To obtain the roll rate gyro without incurring development 
costs for a new package, a Titan III „ate gyro system consisting 
of a pitch, yaw, and roll gyro is used, but only the roll channel 
will be connected. 

The lateral acceleration sensing system (PD96S00O7) will be used, 
as in the Basic system, to provide a display of lateral accelera- 
tion for the pilot. 

The signal transfer switch and sequencer are identical to those 
proposed in the recommended basic system discussed in Chap. III.C. 

The adapter-programer changes for Broader PIBOL are shown in 
detail in Fig. H-4. The required modification of pitch and yaw 
rate channel gains during Stage 0 operation is accomplished by 
the addition of three resistors and four sets of relay contacts 
[noted as 101R1(P), 101R2(P), 101R3(P), 101K1(P), 101K2(P), 
101K3(P), OOOKP, etc on Fig. H-4] to the existing gain change 
circuitry in each rate channel. The required filter renoval in 
the Stage I rate channels is accomplished by the addition of re- 
lays 101K7(P) and 105K7(P) in pitch and yaw, respectively. The 
gain modification in the accelerometer channels is accomplished 
by two resistors [103R1(P) and 107R1(P)], which are placed in 
the circuit by the action of relays 103K1(P) and 107K1(P). The 
Stage III roll race gyro is connected during Stage III flight 
by relay 116K1(P) with resistor 116R1(P), providing the desired 
gain. The pilot's commands are inserted through the resistors 
OOIRI(P) thru 001R5(P), 002R1(P) thru 002R4(P), and 003R1(P) 
thru 003R6(P) in pitch, yaw, and roll, respectively. These re- 
sistors connect the pilot's command to the various control chan- 
nels, and provide the capability to adjust the system sensitivity 
(to his command) as required throughout the various phases of 
flight. 

__  



H-6 

^ 

SSD-CR-64-32 

'la 
ill    i 

811 
III III! 



     _ 

v> 

H.7 

tlttk I.« 

(101 Ctmli) 

IHM. || PC«   ^ffl'" 

HI  I II w 

nuk IM. ii ^ 
(00«) > 

•>•(• II 
I-. Uta 

1 (too Clniilt) 

'•mm  f™    $P 
,.11(0)   j](r) HI*"" m 

 11=-  ^A^- 
 11°    ^U 

••11 Ml. II 
(OH) »" -«ÄS- 

■<.■• II Uli 
IM« Up«« >_ 

-=»- 
-*&- 

HIS- 
u 

H|2- 
•#- 

u 

-^w- 

• t.i. Ill Uli 
Ut« !««««        >- 

<u.) 

HI       w» 
H|»—^ 

HT 

-!J«CL 
loioxr)    inm(P) 

H      ^v 

in«U(r) 

T« Itagt  III ClrculU 
(1H Clrwlt) 

T«v AacaUrMl«* U ^-v —I   I.I.I 1.« 000 Ulay c.ll 
♦   „ 10101(F) 

||  <V^     » 

-Xtß 
111" 

* 

um 

r 
-5= 

ooaid) 

^{Ri-'J— 
o»(r) 

JBQS 

r 
Pl|.  I-*    li<««.r I 

-it-vm 

t «ith (V) 
riMUutlM «M*i r*r 

~-i tfaaotai tMMMttw 
U MlitlH cltnlii. 



    

^ 

I 

SSD-CR-64-32 1-1 

APPENDIX I 

FLIGHT CONTROL SYSTEM DEFINITION FOR PROGRAM 62AA 
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Abstract - This appendix defines the characteristics of the 
Titan III flight control system as used for control system anal- 
ytical studies at the Martin Company. System conventions, loca- 
tion of sensors, component characteristics, and a description of 
operation In each mode are provided so that a common basis may be 
used by all concerned, either for discussion or for analysis. 

This appendix provides a current description of the Titan III 
flight control system as determined by and used In control system 
studies. System descriptions and numbers are those that most 
closely reflect the requlrementa^of SSS-TIII-010 SLV Vehicle Model 
Specification and nominal values of vehicle and mission parameters 
affecting control system design. 

Flight Control System Description - The Titan III flight con- 
trol system provides stable control of the vehicle In all phases 
of flight In response to attitude command data issued by the in- 
ertlal guidance system (IGS). To provide control without exceed- 
ing vehicle performance, load, or thrust vector control system 
requirements, it Is necessary to use rate gyro and accelerometer 
feedbacks as described here. To stabilize the contributions of 
bending during Stage 0 and Stage I flight, two rate gyros are 
used, one in Stage I and one in Stage II. Signals .from these two 
gyros are mixed in a manner to minimize the resulting signal due 
to bending. Control torques are obtained by angular displacement 
of the thrust vector during powered flight and by the on-off ap- 
plication or removal of small forces during coasting flight. Com- 
ponents are located as shown in Fig. 1-1 and 1-4. 

Powered Flight Operation - Control during Stage 0 (if used). 
Stage I, and Stage II is obtained in basically the same manner. 
Referring to the block diagram (Fig. 1-2), signals to the devices 
that control the thrust vector angular position (lo, 2o, 3o, and 
Ao for Stage 0, hydraulic actuators 1., 2., 3., and 4, for Stage 

I, and hydraulic actuators 1-, 2. and 3- for Stage II) are ob- 
tained as follows: 

For Stage 0, the signal flow can be traced from the two 
rate gyros, IGS and accelerometers, through the gain and 

dynamic elements to the TVC output devices (lo, 2o, 3o, 
and 4o). Normally, the accelerometer channels are active 
only during the middle period of Stage 0 flight. The ac- 
celerometer channels provide the load-reduction feature 
through a combination of acceleration and velocity feed- 
back. The channel configuration is as follows: 

'■"■— ■"■' ■ 
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Thrust Vector Deflection 
Lateral Acceleration 

x Filters, 

where 

K' is the acceleration gain, K is the velocity gain, and 

T is made large to approximate an integration. For con- 
sistency with hardware requirements, the bracketed term 
may be grouped as: 

I 

I 
T 

KA + HTS - (KA + V) 

3 (KAZ or Y) 

' ■ ^+ v 
1 + 1 

"l  +   T2S" 

s 

1 + ^S 
• 

1 1 
B? 

■ 
m 

1 
V 11 1 
1 

The dynamics of the other channels are self-explanatory 
and are shown in Fig.  1-2. 

For Stage  I flight,  signal flow is  identical  to that 
during Stage 0, except that the accelerometers are not 
used and the Stage  I actuators are  the output devices. 

Stage  II flight is identical to Stage  I flight, except 
that only one rate gyro is used and the Stage  II actua- 
tors are  the system output devices. 

The control system for Stage III flight differs from that used 
during the other phases of flight in that no rate gyro system is 
used.    For Stage  III powered  flight,   the  IGS attitude error signal 
In each channel  is operated on a by lead-lag network to provide 
the effects of rate damping.    These signals are  then transmitted 
to the Stage III hydraulic actuators to position the  thrust vector. 

Coasting Flight Operation - For Stage III coasting flight,  the 
control system operates  in a manner that uses  the fixed attitude 
control nozzles in an on-off mode to apply or remove control  tor- 
ques on the vehicle.    Figure  1-3 is  the coast system block diagram. 

mm —  
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Basically, two modes of operation of the coast control system 
occur: 

1) The normal mode In which the eight attitude control 
system motors are turned on In a pulsing fashion to 
provide control; 

2) A propellant settling mode In which the aft-pointing 
nozzles are all turned on to provide vehicle accelera- 
tion to force the Stage III propellants to the bottom 
of the tanks, so the Stage III main engines may be 
started.  In this mode, the aft-pointed nozzles are 
selectively turned off to provide control torques. 

In all of the modes of coast operation, the signal to the at- 
titude nozzles is obtained from either of two parallel channels; 
either it is Issued from a channel based on attitude error alone, 
or from one oased on a combination of the attitude error and a 
signal derived from the attitude error. The latter channel is 
effective primarily when the vehicle angular rates are high and 
is as follows. The IGS attitude error signal is first passed 
through a lead-lag network. Since the attitude error signal is 
quantized, this produces a series of spikes Impressed on a ramp 
function when the vehicle angular position is changing. Whenever 
this signal exceeds a given clipping level, the nozzle is turned 
on providing the required torque. 

The channel operating on attitude error alone provides a 
single pulse of fixed duration whenever the attitude error ex- 
ceeds either of two given levels. This channel provides control 
primarily after the initial high vehicle rates have been reduced. 

Sequencing - The flight control system sequence operation is 
described in Chap. III.B.3. 

^m. 
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Note; Effective location is that location 
used for flight control system 
analysis. 

Flight Controls 
Computer 

Stage III 
Hydraulic System 
(Gimbal at Sta 205) 

Stage II 
Hydraulic System 
(Gimbal at Sta 500) 

Stage I 
Hydraulic System 
(Gimbal at Sta 1274) 

Inertial Guidance 

(Sta 112 Effective Location) 

Rate Gyro 

(Sta 320 Effective Location) 

Accelerometer 
(Sta 378 Effective 
Location) 

Rate Gyro 
(Sta 887 Effective 
Location) 

Thrust Vector Control 
(Sta 1320) Effective Point 
of Application 

Fig. 1-1 Flight Control Syst em 
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1^®- 1-D> h-\ 

L«Ktnd: 

ral Stft I Pitch Kit« Gyro 

fU Scat« II Pitch Kate Gyro 

Ul Stag» I toll Utc Gyro 

WU St.gf 11 loll Rate Gyro 

»I Stag* I Yw Rate Gyro 

YI2 Stag« II Yau Rate Gyro 

P Fitch Attitude Error Signal   (from IGS) 

Y Yaw Attitude Error Signal  (froa IGS) 

I loll Attitude Error Signal   (froa IGS) 

PA Acceleroa.-ter in Pitch Channel 

YA Acceltromcar in Yav Channel 

A,g,C,O.I, 

P.O.P.Q,», Dyn^iic. of the torn , J,. 
S,T,cc,dd,ee, ' I -f S/y 
ff,U.M>,li. 

Gill   Dynaalci of the font  ■  — 

u 2 
U 

H.V.Y Dynaalci of the forn j | |w 

1,W,I Dynaaic» of Che form  *  

I + S/u 

(C > i.o») 

(l ♦ S/u)' 

LaN Dynaaica of tha form - 
1 ♦ t28 

(1 -f TjSXl + SM)(l + S/u2)' 

PIK. 1-2    Povered Plight Control Syatea 
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Engine Deflections 
(or Equivalent); 

causes +Q 
J b 

+5, 

+6. 
9 

Legend: 

+Xb 
Toward Nose 

+Yb 
Toward Right 

+Zb Toward Bottom 

+eb 
Nose Up 

+*b 
Nose Right 

+(Pb 
Roll CW 

Note: All legend symbols 
are as viewed from 
rear, looking forward. 

The autopilot equations consistent with these sign conventions arc: 

6e = "Vb ' "Wb " KR20eb + KAZZb 

S  = "Vb - Wb ■ Wb ■ Vb 

\ - - Vb - Wb ■ Wb 

Fig. 1-5 Autopilot Equations and Sign Conventions 

<■ 
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Schematic Representations; 

X, 

♦TRRTM 

bm = 57,3 X.  deg 
ID L 

6    = 57.3 X    deg a a 

Block Diagram; 

^i-^R H»—-] j   [ ^ 

(cis + Hf)(cs + K) "HöK 

CS + K 

MS + CS + K 

Legend: 

Symbol Parameter Units Stage 1 Stage II P&Y 

s Velocity Constant rad/sec 40 40 

!  A Piston Area in2. 4.68 2.55          I 

^ 

Denominator of 
Valve Dynamics 

-- (l+S/251.5)x 
(l+S/268) 

Same as Stage I 

C Equivalent Damping 
Constant of Actuator 
Support 

lb-sec/in. 14.9 22.06 

K Equivalent Spring 
Constant of Actuator 

lb/in. 214,000 113,616 

1   M 

Support 

Effective Mass of 
IK    2 lb-sec 

in. 
10.04 42.9 

Load 

Cl Area/Oil Spring 
in* 
lb 

0.355 x 10~5 0.1213 x 10"5 

TIF 
in? 

0.132 x 10"2 0.182 x 10~2   | C2 lb-sec 

1  l ■ Actuator Moment Arm in. 14.33 10.04         | 

Fig. 1-6 Stage I Pitch-Yaw-Roll and Stage II Pitch Yaw 
Actuator Diagrams (Linear Representation) 

. 
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Schematic Representation; 
Same as Stage I P-Y-R and Stage  II P-Y  (Fig.  1-6) 

Block Diagram: 

1-11 

r>iTH8K w 
^ 

AS 

(C^S + C2)(CS + K) ^g) 

i\—m 

i + 

CS + K 

MS    + CS + K 

Lege nd: 

Symbol Parameter Units Stage II Roll Stage III 

Kv (See Fig. 
*.6 for Def- 

rad/sec 

.  2 
in. 

2J 30 

A inition of 0.415 0.415 
Symbols) 

(1 + S/628)2 Dv (1 + S/628) 

c Ib/sec/iu. 1.056 2.65 (Pitch 
6.23 (Yaw-Roll) 

K lb/in. 50,000 16,000 (Pitch) 
78,200 (Yaw-Roll) 

M 
lb-sec 

in. 
0.248 4.5 

Cl 
in.3 

lb 0.353 x 10'5 Ü.271 x 10"5 

C2 
in3 

lb-sec 
0.519 x n'3 0.48 x ID"3 

& in. 2.5 6.0 

Fig. 1-7 Stage II Roll Control and Stage III Pitch-Yaw-Roll Actuators 
Diagrams (Linear Representation) 
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Table-l-l    Sensor Dynamic Characteristics  (Linearized) 

Acce lerotne ter:    E* out 1 
Accelerometer Input      1 + 2ato5)s      s2 

326 
326 

Rate Gyro:    E out 
Angular Rate Input 

(1 + 0.001465S) [l + 2(?47
7^ S + ferij 

Thrust Vector Control System Dynamics  (Stage 0): 

Thrust Vector Deflection m      ^TVC 
System Input ~ ^ 1 + 0.015S' 

*Note;    1.    Sensor scale factors  (dc voltage gains) are  lumped 
with the end-to-end gains specified and are not 
designated separately. 

2. 
CVC 

is the equivalent TVC gain in terms of degrees 

thrust vector deflection per degree command, normal- 
ized so that K-  ■ 1 at SRM start. For a nominal 

Titan III flight, IL,  varies as follows: 

Time of Flight *rvc 

0 (Start) 
30 sec 
60 sec 
80 sec 
105 sec 

1.0 
1.08 
1.12 
1.14 
1.155 

- — 
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Schematic Representation; 
Same as Staße 1 P-Y-R and Stage II P-Y (Fig. 1-6) 

Block Diagram: 

1-11 

'T*®* V 

I l/'C.S + 

AS 

(CIS + C2)(CS + K)*<» 

CS + K 

MS + CS + K 

j Legend: 

Syrabol Pararaeter Units Stape II Roll Sta^e III 

Kv (See Fig. 
*-6 for Def- 

rad/sec 

in.2 

23 30 

1 A inition of 0.415 0.415          j 
Symbols) 2 

(1 + S/628)2 Dv (1 + S/628) 

i c lb/sec/in. 1.056 2.65 (PiLcli 
6.23 (Yaw-Roll) j 

K lb/in. 50,000 16,000 (Pitch) 
78,200 (Yaw-Roll 

M 
IK    2 lb-sec 

in. 0.248 4.5 

Cl 
in.3 

lb 0.353 x 10'5 0.271 x 10'5   i 

C2 
in.3 

lb-sec 0.519 x 10'3 0.48 x 10"3    j 

i in. 2.5 6.0           1 

Fig. 1-7 Stage II Roll Control and Stage III Pitch-Yaw-Roll Actuators 
Diagrams (Linear Representation) 
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Table I-l 

i 

Sensor Dynamic Characteristics  (Linearized) 
» 

Accelerometer: E* out                                                   1 . 

Rate Gyro: E 

Accelerometer Input 

out 

1 + 2(1.05)S | r 
326 326 

Angular Rate Input 

Thrust Vector Control System Dynamics (Stage 0): 

Thrust Vector Deflection    ^TVC 

*to)te:    1, 

System Input 1 + 0.015S' 

Sensor scale factors  (dc voltage gains) are lumped 
with the end-to-end gains specified and are not 
designated separately. 

2.    Kpyp  is  the equivalent TVC gain in terms of degrees 

thrust vector deflection per degree command, normal- 
ized so that 

CVC 
■ 1 at SRM start.    For a nominal 

Titan III flight, IL,     varies as follows: 

Time of Flight ^TVC 

0 (Start) 
30 sec 
60 sec 
80 sec 

105 sec 

1.0 
1.08 
1.12 
1.14 
1.155 
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The block diagram of the flight control system is not presented 
because of the side variance in guidance equations from mission to 
mission. For design purposes, the following information is pro- 
vided . 

IGS Computer Ladder Output 
Maximum Output 

0.1758 deg/quanta 
+ 31 quanta (Roll) 
+ 63 quanta (Pitch and Yaw) 

Minor Computation Cycle Time 

Minor Cycle Time Delay 

Gimbal Angle Quantizer Sample Time 

Major Computation Cycle Time 

Major Cycle Time Delay 

Accelerometer Quantizer Sample Time 

T ■ 0.05 sec 

T- ■ 0.015 sec 

T3 - 0.010 sec 

T. ■ 1.0 sec 
4 
T - 0.750 sec 

T, - 0.000312 sec 

Linear Approximation for Minor Cycle Response: 

0 E 

(1 + 0.0154 S) 
. , 2(0.6)8  S^ 

65    652 

0 - quantizer output to autopilot displacement channel, 

0_ - effective vehicle attitude. 
6 
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APPENDIX J 

STAGE 0 ROLL CONSIDERATIONS 
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The Stage 0 roll axis handling characteristic requirements 
were presented as limits on the roll-rate channel gains (as com- 
bined with the vehicle parameters thrust, roll-moment arm, and 
roll inertia). For all of Stage 0 flight, this requirement was 

3 < 
"R 

Tr 

- I 
< io. 

XX 

where 

IC = K^. + 1C„ Rate channel gain (sec), 

T = Thrust (lb), 

r = Roll moment arm (ir.), 

I  = Roll moment of inertia (.in.-lb-sec /. 
AA 

Considering the nominal vehicle parameters for the 0 to 30 
sec period of Stage 0 flight, this inequality can be expressed 
in terms of IC only as 

0.536 < 1^ < 1.37. 

In the flight control system initially designed for the stand- 
ard Titan III/X-20A configuration, the roll rate gains were set 
at K^ = 0.25, K^ = 0, or Kjn + ^o = 0.25, which is less than 

50% of the rate gain required for PIBOL. 

Figures. J-l and J-2 show that the response at the torsional 
mode frequencies resulting from this system depend primarily on 
the rate channel configuration. Figure J-l shows that the first 
torsional mode peak, using only 1C„ ■ 0.25, will be at an ampli- 

tude ratio of approximately 8 (equal to 18 db), phased at 70 deg. 
Figure J-2f)shows that the second torsional mode under the same 
conditions will be at an amplitude ratio of 1.7 (4.6 db), phased 
at 21 deg. Further increase of K_2 to meet the PIBOL requirements 

is prohibited by considerations for the phase margin on the low 
frequency side of the first torsional mode. 

mm 
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tw 200* IfO»      IM» ITO» 

J-3 

Fig. J-l Vector Diagram, Stage 0 Roll Axla Response at First Torslonal 
Mod« Ptak (at 0 sac) 
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140* 

flg. J-2 Victor Diagraa, Stag« 0 Roll Axis Responu at Second Torsion«! 
Nod« Pork («t 0 sac) 
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Use of the Stage I rate gyro, at the same gain; reduces the 
amplitude of the first torsional mode peak as shown on Fig. J-l, 
and, therefore, would allow an increase in rate channel gain. 
However, the response at the second torsional mode is unaccept- 
able because of the phasing of the Rl vector (Fig. J-2). 

Mixing of the two rate signals was also investigated as a 
means of allowing an overall increase in K-, + IL-. This also 

proved unacceptable, because it required an increase in the K_1 

gain and a decrease in IC0 for first mode considerations, which 

resulted in the same general second mode response exhibited by 
use of KR1 only. The use of different filtering in the two rate 

channels also proved ineffective because of the large change in 
frequency of the first and second mode throughout flight. 

The system proposed for Stage 0 provides a parallel rate chan- 
nel with a relatively high low-frequency gain and heavy filtering, 
as shown in Fig. 21. The value of K-/ (the parallel gain) was 

chosen to make IC« + Kp' meet the PIBOL gain requirements. It is 

interesting to note that although this system meets the PIBOL roll 
gain requirements, the overall system response may not be that de- 
sired by the pilot. Some questions have been brought up concern- 
ing the bandwidth of the recommended PIBOL roll system. 

Consider a simple model of the roll configuration, where the 
airframe is represented as a rigid body and aerodynamics are ne- 
glected. The system with only rate feedback can be described as 
shown in Fig. J-3. 

The closed-loop transfer function of this system is 

5 
Tr/^ 
Tr      ' 

s + ^ ^ 

where 

KpW is the rate gain required to meet the PIBOL require- 

ments, 

.. 
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i - 

Airframe 

vp> 

tp 

where 

6 ■ Pilot comnand. 

T = Thrust (lb), 

r = Roll moment i.rm  (in.) , 

!._. = Roll moment of inertia (in.-lb-sec ), 

- 
S = Laplace operator. 

iC(P) = Rate channel gain (sec) , 

q) - Vehicle roll rate (rad/sec) . 

Fig. J-3 Simplified Block Diagram, Roll Control System 
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>      ^o Tr ^ 
(p 

r         ^ 
i V 

\ 
^ 

< 

£ + u 

where 

Kl  - Roll rate gain added for PIBOL (sec) 

u •» Filter break frequency in channel 
added for PIBOL (rad/sec), 

K_ = Standard Titan III rate gain (sec) . 

Fig. J-4 Simplified Block Diagram, Stage 0 PIBOL RolJ 
Control System 
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From the PIBOL roll requirements, it can be seen that the term 
Tr 

that represents the system bandwidth, -— K , must be greater than 
^X R 

3, or in other words, the system bandwidth must be greater than 
3 rad/sec. 

The PIBOL Stage 0 roll system is shown in simplified form in 
Fig. J-4, The corresponding closed-loop transfer function is 

Tr 
T^ (s + w) 
XX  

If we use the parameters that are proposed for PIBOL, the fol' 
lowing identities apply, 

KR + K^-^P). 

OJ = 1 rad/sec . 

m 
If we assume the transfer function, r~ has the form 

o c 

Tr 
7^ (s + CJ) 

e      9 2 ' 
c  S + 2fw S + oj 

n    n 

where 

P = 

u) = 

Damping ratio of the denominator (dimensionless) 

Natural frequency of denominator (rad/sec). 
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% 

■mi 

Then, the following also applies, 

w = 
n 

^(^^-ft^ 

The refore, if u ■ 1, and Kp + Kp' = Kp(P) and meets the minimum 

PIBOL requirement of 
RTr 

IXX 
>3, the natural frequency of the pro- 

posed PIBOL system is w = J3  s» 1.73 rad/sec. The bandwidth of 
n   ' 

this system (considering the numerator term originating from the 
filter dynamics) is shown on Fig. J-5, and is almost identical to 
that of the system shown in the block diagram. Fig. J-3. 

From this standpoint, the PIBOL system meets the bandpass re- 
quirements, but the final decision on acceptability still depends 
on further roll simulation studies. 
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