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SUMMARY 

This repor t  i s  presented i n  f u l f i l l m e n t  of t h e  statement of work of cont rac t  

The statement of work No, NAS1-6969 f o r  Phase I1 as amended on May 13, 1968. 
required t h a t  TRW analyze t h e  e f f e c t s  of Scout e r r o r  sources, both ind iv idua l ly  

and co l l ec t ive ly ,  on t h e  f i n a l  t r a j e c t o r y  conditions of t h e  following two missions: 

(1) Reentry mission. 

(2 )  Five s tage escape mission w i t h  both fou r th  and f i f t h  s tages  spin s tabi l ized.  

TRW was t o  use the  same methods and e r r o r  sources developed wider Phase I of the  

subjec t  cont rac t ,  w i t h  t h e  Government supplying f i f t h  s tage  da t a  and e r r o r  sources 

f o r  t h e  escape mission and new p i t c h  p r o f i l e s  f o r  both f l i g h t s .  

The results of analyzing t h e  reent ry  mission produced the  following one sigma 

e r r o r s  a t  the t i m e  of nominal 400,000 f e e t  a l t i t u d e :  

nominal mean standard 
conditions d ispers ion  devia t ion  

Velocity 26202 f t / s e c  -15. 29 f t / s e c  87.0 ft/sec 

Inc l ina t ion  50.425 deg .O47 deg .532 deg 
F l igh t  Path Angle -3.06 deg ,0736 deg 9553 deg 

The ana lys i s  of the f i v e  s tage  escape mission resulted i n  the  following dis-  

pers ions a t  f i f t h  s tage burnout: 

nominal mean standard 
condi t ions d ispers ion  devia t ion  

Velocity 39199.7 f t / s e c  2.02 f t / s e c  78.7 f t / s e c  

F l igh t  Path Angle 11.769 deg -.007 deg e 3 7 7  de@; 

Al t i tude  107.56 mi ,424 nmi 5.03 IXUi 

I nc l ina t ion  37.667 deg ,0168 deg ,0455 deg 

INTRODUCTION 

This  repor t  i s  presented i n  f u l f i l l m e n t  of Phase I1 of cont rac t  No. NASl-6969 

a s  amended on May 13, 1968, 
missions : 

The statement of work c a l l e d  f o r  the ana lys i s  of two 

(1) A four  s tage  t r a j e c t o r y  designed t o  reenter t h o  Ear th ' s  atmosphere. 

TRW w a s  i n s t ruc t ed  t o  determine t h e  expected dispers ions i n  the t r a -  

j ec to ry  a t  an a l t i t u d e  of 400,000 feet. 
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( 2 )  A f i v e  s tage  mission with t h e  f i f t h  s t age  sp in  s t a b i l i z e d  designed t o  
e n t e r  i n t e rp l ane ta ry  space. 

by t h e  Scout Program Office a t  Langley Research Center. 

The d a t a  f o r  t h e  f i f t h  s t age  was supplied 

The e r r o r  source magnitudes and t h e  method of ana lys i s  were t o  be t h e  same as 

A b r i e f  desc r ip t ion  of developed and u t i l i z e d  i n  Phase I of t h e  subjec t  cont rac t .  

these  methods follows but  t h e  i n t e r e s t e d  reader  i s  r e fe r r ed  t o  t h e  Phase I f i n a l  

repor t  (Reference 1) f o r  a more d e t a i l e d  desc r ip t ion  of the scout vehicle .  / 

The Scout simulation equations were assumed t o  be a quadrat ic  form using 

coe f f i c i en t s  previously calculated i n  the  TRW N-Stage Trajectory Program (MvnrS). 

There were th ree  component pa r t s :  

Linear Errors : 

& L =  fL c.  Ai 
L= 

l i n e a r  

where zL 
C -i 

i s  the s t a t e  vector  a t  a s tage time 

is the  vector  of l i n e a r  s e n s i t i v i t y  coe f f i c i en t s  associated with 

the  i e r r o r  source t h  

Ai is  a random number with standard devia t ion  equal t o  0 i 

Non-linear Er rors :  
8 
F 

f . ( A  .) %L = -J J j=1 

where &L i s  the  non-linear s t a t e  vector  

i s  the  piece-wise l i n e a r  funct ion f o r  the  non-linear source j , 
formed by i t s  e f f e c t  a t  f l o ,  f2cr, k3o. 

f .(A .) 
-J J 

Cross-term Errors: 

where X i s  t h e  cross-term vec to r  -CT 
i s  t h e  cross-term s e n s i t i v i t y  

f i n a l l y  : 

& = &L &NL + k T  
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The procedure i s  divided i n t o  th ree  consecutive s t e p s ;  (1) t h e  geperation 

of s e n s i t i v i t y  coe f f i c i en t s  of t h e  state vector a t  t h e  s tage i g n i t i o n  times and 

a t  hurnout or reent ry  with respect  t o  e r r o r  sources deviat ions;  

of cumulative d i s t r i b u t i o n  funct ions of des i red  o r b i t a l  and reent ry  parameters 

using the  s e n s i t i v i t y  coe f f i c i en t s  and the s t a t i s t i c  of t he  e r r o ~  sources; 

ana lys i s  of these  d i s t r i b u t i o n  functipns.  

the  r e l a t ionsh ip  between the  TRW programs which was used i n  t h e  analysis. 
Each s t e p  w i l l  be discussed separa te ly  i n  some detail. 

( 2 )  t he  generation 

(3 )  t h e  

In  Figure I, a block diagram descr ibes  

S e n s i t i v i t y  Coeff ic ient  Generation 

The s t a t e  of any system, as a func t ion  of t ime,  may be considered as a 
func t ion  of i n i t i a l  s t a t e  as wel l  as a number of performnee parameters ( t h r u s t ,  

commanded turn ing  rates , aerodynamic p rope r t i e s ,  e t c .  ). 
by nominal values  of these  parameters serve t o  def ine  a nominal s t a t e  a t  some 

time of i n t e r e s t ,  tk , i . e  , 

The e f f e c t s  caused 

However, if these  parameters a r e  allowed t o  depar t  from t h e i r  nominal values ,  

a perturbed s t a t e  vec tor  i s  generated: 

x (t,) = f (xo, P + 6P, to; tk> ( 6 )  

If the  d i f fe rence  i n  t h e  two s t a t e  vec tors  i s  expanded i n t o  a Taylor s e r i e s  

about t h e  nominal value: 

i =1, 2 ,  ... 6 (7 )  

j=1 
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where : 

t h e  ith component of t h e  d i f fe rence  between perturbed and 

nominal s t a t e  vec tors  

i s  t h e  dimension of t h e  performance variation vec tor  

j 
i s  t h e  p a r t i a l  de r iva t ive  aXi/aP 

2 i s  t h e  second p a r t i a l  der iva t ive  a Xi/aF P 
j k  

The number of t e r m s  i n  t h e  expansion i s  s u f f i c i e n t  t o  adequately represent  

t he  func t iona l  dependence of t h e  s t a t e  v a r i a t i o n  wi th  respect  t o  these  parameters. 

If t h i s  expansion i s  t runcated t o  include only second oyder terms, t h e r e  a r e  

q first  order  parameters and s(a.l> second order  w e f f i c i e n t s .  

necess i t a t e  

S c w t  ana lys i s  (-100) i s  u n r e a l i s t i c .  

This would 

computer runs  which f o r  t h e  values  of q modelled fo r  t h e  2 

However, it i s  c e r t a i n l y  true t h a t  c e r t a i n  error  sources w i l l  contr ibute  

more t o  t h e  s t a t e  vec tor  d i spers ion  than  o thers  and only these  major cont r ibu tors  

need be inves t iga ted  for nonlinear e f f e c t s .  

e r r o r  source on t h e  dependent va r i ab le s  w a s  found t o  be neg l ig ib l e  i n  r e l a t i o n  

t o  t h a t  of mwe s i g n i f i c a n t  error  sources ,  nq attempt w a p  made t o  inves t iga t e  

such minor sources i n  any g r e a t e r  d e t a i l .  

TRW Systems t o  be most e f f i c i e n t ,  s ince  t h e  time spent i n  modeling any e r r o r  

sources i s  roughly proport ional  t o  i t s  o v e r a l l  contribu2;ion t o  the  output.  

procedure f o r  generat ion of s e n s i t i v i t y  coe f f i c i en t s  w a s  as follows: 

Thus, i f  t h e  l i n e a r  e f f e c t  of an 

This procedure has been f w n d  by 

The 

1. U s i n g  t h e  MVNS simulation of t h e  nominal missiolz, per turb  t h e  

system with a +3 sigma v a r i a t i o n  f o r  each e r r o r  source. Take 

t h e  square root  of the  sum of t h e  squares of t h e  devia t ions  and 

compare each devia t ion  with t h e  RSS t o t a l .  

devia t ion  i s  l e s s  than  0.3 of t h e  RSS t o t a l ,  t h e  e f f e c t  of t h e  

e r r o r  source w i l l  be represented by a linear s e n s i t i v i t y  funct ion.  

T h i s  c r i t e r i o n  guarantees t h a t  t h e  e r r o r  source devia t ion ,  when 

squared has a cont r ibu t ion  of magnitude less than  t h e  t o t a l  sum 

of t h e  squares.  

If t h e  ind iv idua l  
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2.  The selected sources were perturbed by *lo and k20 and +3a to 
determine the i r  degree of nonlinearity. 
t i v e  perturbations are required, since it is possible f o r  the  cumre 
t o  be symmetrical w h i l e  s t i l l  nonlinear. I f  it were found that the 

sens i t i v i ty  curve had a nonlinear shape, a s t r a igh t l ine  approximation 

was used t o  represent the phartial as shown i n  Figure 2. 

- 
Both postive and nega- 

3 .  The next relationship to be found was the cross-correlations 
between these most significant variables. The difficulty of 
this problem is increased by the fact that the important combina- 
tions are not all known a priori. 
identified several combinations for the Phase 1. reference mission, 
so that it was not necessary to use the corresponding large amounts 
of machine time for each subsequent mission. 

TRW Systems isolated and 

The non-linear sources investigated in this analysis were thrust misalign- 
ments and coning rate errors, since not only were these sources large contributors 
to the combined errors, but it is clear that major effects such as velocity loss 
will be the same whether the misalignment is positive or negative. 
a large effect such as specific impulse tends to be linear, more impulse 
produces more velocity and vice-versa. In addition, this type of error source 
has no out of plane or in plane directional effects. To summarize, the non- 
linear sources used in the analysis of the reentry mission were: 

Conversely, 

Thrust misalignments, first stage (TMPl) 
Thrust misalignments, first stage (TMYI) 
Thrust misalignments, second stage (TMP2) 
Thrust misalignments, second stage (TMY2) 
Thrust misalignments, third stage (TEE3 1 
Thrust misalignments , third stage (TMY3 ) 
Coning impulse, fourth stage (WCkP) 
Coning impulse, fourth stage (WCkY) 

I n  the escape-mission the following two sources were added t o  the  list: 
coning impulse, f i f t h  stage (WC5P), coning impulse, f i f t h  stage (WCSY) 

The cross correlations used i n  the Scout analysis were those combining thrust 
misalignments at second and th i rd  stages with t h e i r  respective control system 
errors .  These combinations are necessary t o  discover any of the e f f ec t s  
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of’ control system e r r o r s  since if  they a r e  operat- or1 a Crqjectory with no 
upsetting moments as second and t h i r d  stage are, there  w i l l  be no reason f o r  

any csnt ro l  system a c t i v i t y  and the nominal burnout wlsres w i l l  be reproduced. 

Therefore it was necessary t o  provide a large and re la t ive ly  constant upsett ing 

force which l e d  log ica l ly  t o  the choice of tbrust  rr;isaligmqnts, 

which were used i n  both missions were: 
The pairings 

Second Stage : 

Thrust Misalignment , Pitch z 

Thrust Misalignment, Pitch: 

Thrust Misalignment, Pitch: 
Thrust Misalignment, Yaw: 
Thrust Misalignment, Yaw: 
Thrust Esalignment,  Yaw: 

Third Stage: 

Thrust Misalignment, Pitch: 
Thrust Misalignment, Pitch: 
Thrust Misalignment Pitch: 
Thrust Esaligwnent , Yaw : 

Thrust Misalignment, Yaw: 
Thrust fisalignment , Yaw: 

Rate G a b ,  Pitch 

Dead Band, Pitch 
Roll Offset 

Rate GaLin, Yaw 
Dead Band, Yaw 
R o l l  O f f  s e t  

Rate Gain, Pi tch 
Dead Band, Pitch 

Roll Offset 
Rate Gain, Yaw 
Dead Band, Yaw 
R o l l  Offset 

It can be assumed tha$ an output variable i s  relabed t o  two independent 
variables by the r e l a t ion  

2 2 + Cy6y 4- CXX6” + c 6y + c 6xQy 
YY X Y  
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I n  t h i s  equation fl(x) and f2(y) are represented by the  piecewise l i n e a r  func- 

t i ons  described i n  the  p,revious paragraph. 

The e f f ec t  of carrying out the  three-step procedure outlined above has 

t o  reduce the  nonlinear process ( i . e . ,  t h e  system and i t s  environment) 

polynomial approximation. This procedure reduced machine running time per 

sample from 2 t o  3 minutes on the  TRW Systems N-Stage program t o  2 seconds 
on t h e  Monte Carlo Er ro r  Analysis Program, while s t i l l  including a l l  s ign i f icant  

non-linearit ies.  

t o  a 

This polynomial f i t  was used t o  r e l a t e  the input quant i t ies  t o  the  s t a t e  
vector a t  burnout, and any unpowered propagations t o  other points  on the  

t r a j ec to ry  were calculated by an ana ly t ica l  ephemeris generator. 

Monte Carlo Analysis 

U s i n g  the nomenclature o f  the previous section, l e t  us assume tha t  there 
are q er ror  sources, of which p are found t o  have either nonlineas, cross- 
coupling terms o r  both. 
deviations, each nonlinear error source will have a 6x6 matrix of s ens i t i v i ty  

coefficients,  i.e., the  value o f t h e  output state vector as a function of +no. 
These values will be used t o  construct a piece-wise l inear  function as seen 

in Figure 3 and replace the square terms Ci;: 6P2 i n  Eq. 7. The advantage of 

t h i s  approach is  that-it is not necessary t o  f i t  an a r b i t r a r i l y  truncated 
power series when the curve may contain higher components. 

Since the nonlinear terms have +lo, +20 and +30 - - - 

- 

J 

For each cross coupling pa i r  of e r r o r  sources, there  w i l l  be a single 

coeff ic ient  f o r  each output s t a t e  vector component o r  a 6 x 1  vector for t h e  
output state vector. 
be compressed i n t o  a s ingle  equivalent var iable  by the  following steps.  

t h a t  : 

The e r ro r  sources which have only l i n e a r  terms can a l l  

Given 

x = CC] P 
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Figure 2 .  Piecewise Nonlinear Function 
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where 
X is the output 6x1 state vector. 

P is the linear error source vector of dimension q-p, 

C is the 6 x (q-p) matrix of sensitivity coefficients, 

' 

T T T  then.YX = CPP C . 
Taking the expectation of each side gives 

= cc,cT 

where 
'2 is the covariance matrix of the output state vector due to linear error sources; 

c is the covariance matrix of the linear error sourcesr 
X 

P 

Thus,all the linear error sources and their statistics can be compressed into a 
single 6x6 covariance matrix. 

The Monte Carlo analysis progresses through the following steps: 

Using the equivalent linear covariance matrix and a random vector 
generator, choose a random output vector from this covariance matrix c 

Using the statistics of each nonlinear source, choose a random value of 
this error source. Enter the piecewise linear function associated with 
the source and calculate the value of the output state vector dispersion 
due to this nonlinear effect. 

Using the statistics of each pair o f  cross coupling error sources 
choose pair random, values. 
by the cross coupling sensitivity coefficient vector to calculate the 
dispersion due to the cqmbined effects of these sources. 

Add the three dispersions due to linear, nonlinear and cross coupling 
effects to the nominal state vector at burnout to calculate one sample 
of the analysis. Using this perturbed vector calculate the variables 
of interest. For the Scout analysis, the following variables were 
calculated and compared with their nominal values: 

a. Geocentric Radius Vector 
b. Inertial Velocity 

. 
X 

Multiply the product of these values 

," 
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c .  

d. 

e .  

f .  

g *  
h. 

i. 

j .  
k. 

1. 

m. 
n. 

0. 

P -  

q -  

I n e r t i a l  F l i g h t  Path Angle 

Relative Velocity 

F l igh t  Path Angle w/ r  t o  t he  A i r  Mass 

Semi-major Axis 

Eccent r ic i ty  

I n c l i n a t i o n  

Longitude of t h e  Ascending Node 

Argument of Perigee 

Downrange Distance from Launch S i t e  

Apogee Alti tude 

Perigee Alt i tude 

Period 

Longitude 

Lat i tude 

Alti tude 

S t a t i s t i c a l  Analysis of Samples 

The ana lys i s  of t he  sample s t a t i s t i c s  i s  r e l a t i v e l y  straightforward. 

The samples of any var iab le  a r e  used t o  ca l cu la t e  a mean and second c e n t r a l  

noment. The samples are then  ordered by s i z e  and a cumulative d i s t r i b u t i o n  

is plot ted.  This curve shows t h e  cor rec t  percent i le  levels f o r  t h e  var iab le  

v e n  though the  d i s t r i b u t i o n  may be highly non-Gaussian. 

The equations which are used i n  the  S t a t i s t i c a l  Processor program (PROC) 

d l h e  presented here. 

J J J ~ S S  a d i s t i n c t i o n  i s  made i n  the  descr ip t ion  of t h e  sample s t a t i s t i c .  

;omputations a r e  performed i n  double precision. 

The same equations apply t o  both sca l a r s  and vec tors  

A l l  

AVERAGE OR MEAN VALUE 

The sample mean of a random vec tor  X, denoted by X, i s  computed by PROC 

iising the  following equation: 

N 

x = A x  N xi 
i=l 

11 



I n  t h i s  and a11 following equat ions,  N i s  t h e  t o t a l  number of samples used 

i n  t h e  computation and Xi i s  t h e  value of t h e  random vec tor  X f o r  t h e  i 

sample of t h e  Monte Carlo simulation. 

t h  

COVARIANCE MATRIX AND CORRELATION MATRIX 

The covariance matrix of a random vec tor  X, denoted by Zn, i s  def ined 

by t h e  following equation i n  which E ind ica t e s  t h e  expectat ion operator.  

= E(X - x)(X - x)T ZYX 

This equation can be expanded and r ewr i t t en  as follows: 

The equation used by PROC t o  compute a sample covariance matrix i s  similar 
and can be written 

CUMULATIVE DISTRIBUTION FUNCTION 

A cumulative d i s t r i b u t i o n  funct ion (CDF) i s  t h e  p robab i l i t y  t h a t  a random 

va r i ab le ,  X, i s  l e s s  than  a spec i f i ed  number. 

by PROC as a graph of t h e  p robab i l i t y  t h a t  t h e  random va r i ab le  i s  l e s s  than  t h e  

spec i f i ed  number versus  t h e  spec i f i ed  number. This i s  accomplished by ordering 

a l l  of t h e  samples i n  t h e  order  of increas ing  numerical value and p lo t t i ng  t h e  

percentage of t h e  samples t h a t  a r e  less than  a, given value,  say v, as a func t ion  

of v .  

This information i s  displayed 

12 



I n  Table 1 are l i s t e d  all t h e  e r r o r  sources and t h e i r  magnitudes as they were 
1 i sted i n  Hefcrence 1. The items i n  p a r t  1 o f  t h e  t a b l e  were not t h e  subjec t  of 

my i nves t iga t ion  i n  Phase I of  t h e  cont rac t .  

:;n inves t iga t ion  of log book and test  d a t a  performed by THW and descr ibed i n  
d e t s i l  i n  Keference 1. 

supplied by t h e  Scout Office Ln a letter.  

Thore i n  p a r t  I1 were t h e  r e s u l t s  of 

'Pne f i f t h  stage error used i n  t h e  escape mission were 



TABLE 1. ERROR SOURCE J J X '  

14 

I. Errors From Previous Investigations 

Description 

I A  F i r s t  Stage Errors 
1. 
2. 

3 .  
4. 
5. 
6 .  
7 .  
8. 

9. 
10. 
11. 
12. 

13 
3 - 4 0  
1 5  
16.  
17 
18. 

19 
20 
21 
22. 

23 
24 
25 * 

26. 
27 
28. 

29 

- -  

* *  

Prop e l l a n t  Weight Uncertainty 

F i r s t  Stage I n e r t  Weight 

Second Stage I n e r t  Weight 

Third Stage I n e r t  Weight 

Fourth Stage I n e r t  Weight 

Spec i f ic  Impulse 

Mass Flow Rate 

Thrust Misalignment - Pi tch  

Thurst Misalignment - Yaw 

Drag Coeff ic ient  (CAO) 

Normal Force Coeff ic ients  (CNa) 

Normal Force Coeff ic ients  (CN6q) 

Side Force Coeff ic ients  (Gyp ) 
Side Force Coeff ic ients  (Cy6 r) 

Roll Moment Coeff ic ients  (GfAp) 

Rol l  Moment Coeff ic ients  ( N p )  

P i tch  Moment Coeff ic ients  (Cmo 

P i t c h  Moment Damping Coefficients (CmGq) 

P i t c h  Moment Coeff ic ients  (Cmq) 

P i tch  Moment Coeff ic ients  (Cma) 

Yaw Moment Coeff ic ients  (Cng) 

Yaw Moment Coeff ic ients  (Cn6r) 

Yaw Moment Damping Coefficients (Cnr) 

Density Variat ion 

Wind Prof i le  

J e t  Vane Drag Coeff ic ient  

J e t  Vane Drag Coeff ic ient  

J e t  Vane Drag Coeff ic ient  

Jet  Vane Side Force Coefficient 

Symbol, 

PWlO 

SIWl 

SIN 

SIN3 

S I 0  
ISPl  

MFRl 

TMPl 

TMYl 
C A O l  

CNAL 

CNDQ 
CYBA 

CYDR 

CLDP 

CLPl 

C M O l  

CmQ 
CMQl  

CWL 

CNBA 

CNDR 

C N R l  

DRHO 

FWN1 

C D V l  

CDV2 

CDV3 
LDA2 

la  Mag. 
Mag. ;: --  

.0006 
,0083 

.0041 

.00093 

.0024 

.0018 

.014 
1.67 m a d  

1.67 m a d  

.01 

.2 

.2 

* 33 
9 33 
.1 
.1 
.05 ** 
1002 

* 002 

.05 

33 
*33 
33 

,0667 
- 

.1 

.1 

.1 

.1 

Where no u n i t s  appear, t h e  magnitude i s  a f r a c t i o n  Of nominal. 

This error source magnitude was inadvertently input to both analyses 
as .002. The effect of the error source was so small, however, that 
it could not effect the results even if the la value were increased 
25 times. 



Description 

30. Roll Moment due t o  Yaw Axis S h i f t  of S t a t i c  

Mhrgin 

31. Roll  Moment due t o  Pi tch Axis S h i f t  of S t a t i c  

Margin 

32 9 
Pitch Moment due t o  R o l l  Axis S h i f t  of S t a t i c  

Margin 

33. Pitch Moment due t o  Yaw h i s  S h i f t  of S t a t i c  

Margin 

34. Yaw Moment due t o  Pitch Axis S h i f t  of S t a t i c  
Margin 

35. Yaw Moment due t o  Roll Axis S h i f t  of S t a t i c  
Margin 

I B  Second Stage Errors 

36. Propellant Wt Uncertainty 

3’7. Specific Impulse 
38. Mass Flow Rate 

39. Thrust 
40. Thrust 
41. Second 
42. Second 
43. Second 

Misalignment - Pitch 

Misalignment - Yaw 

Stage Aerodynamics (CDO) 

Stage Aerodynamics (Cna) 
Stage Aerodynamics ( 5 )  

I C  Third Stage Errors 

4.4. Propellant ‘Weight Uncertainty 

45. Specific Impulse 
46. Mass Flow Rate 

47. Thrust Misalignment - Pitch 
48. T h r u s t  Misali.gnment - Yaw 

I D  Fourth Stage Errors 

49. Propellant Weight Uncertainty 

50. Specific Impulse 

Symbol 

LSMY 

LSMP 

MSMR 

PIISMY 

NSMP 

NSMR 

PW20 

ISP2 

wR2 

10 Mag. 
Mag. 

.01 

.01 

.1 

.1 

.1 

.1 

.00054 

.00094 

.01 
TIP2 1.67 mrad 
TMY2 1.67 mrad 

CD02 .1 
CNA2 .1 
ZET2 .1 

P W ~ O  .00034 
I S P ~  006 



Description 

51. Mass Flow Rate 
52. Thrust Misalignment - Pitch 
53. Thrust Misalignment - Yaw 
54. Coning Rate - Pitch 
55. Coning Rate - Yaw 

ET. Error  Sources Resulting from Inves t iga t ion  

IIA First Stage Errors 

56 
57 
58 
59 
60. 
61. 

- 62. 
63 
64 9 

65 * 

66. 

67. 

6%. 

69 

70. 

Proportional Gain E r r o r  - Pitch 
Proportional Gain E r r o r  - Yaw 
Proportional Gain Error  - R d l  
Rate Gain Errors - Pitcq 
Rate Gain Erro r s  - Yaw 
Rate Gain E r r o r s  - Roll 
Random Uncompensated Gyro Drift - Pitch 
Random Uncompensated Gyro Drift - Yaw 
Random Uncompensated Gyro Drift - Roll 
Mass Unbalance R o l l  Gyro - Input 

I 

Mass Unbalance Pitch Gyro - Spin 

Axis 

Axis 

Mass Unbalance Yaw Gym - Input Axis 
Anisoelastic Errors - Pitch 

Anisoelastic Errors - Roll 

Anisoelastic Errors - Yaw 

Symbol 

mRlC 
TMPl 
TMYl 
WkCP 
W4CY 

Symbol 

KPPl 
KPYl 
KPRl 

KRPl 
my1 
KRRl 
DTEP 
DTEY 
DTER 
KRIA 

KPS A 

KYIA 

WAN 

la Mag. 
Mag. 

.018 

.5 mrad 

.5 mrad 

.03 rad/sec 

.03 rad/sec 

la Ma;. 

0243 
,0306 

.0233 

044 
021 
.0262 

125~10-~ rad/sec 

.200X10-5 rad/sec 
328~10-~ rad/sec 

1.03 X 1 0 ”  rad/sec/ 
2 

1.08 ,lom7 rad/sec/ 

1.03 XlO-’ rad/sec/ 

3.13X10-‘ rad/sec/ 

ft/sec 

ft/sec 

ft/sec 

2 

2 

ft 2 4  /sec 
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71 
72 * 

73 * 
7k 
75 
76 
77 
78. 
79 

Rate Gyro Bias - Pitch 

Rate Gyro Bias - Yaw 

Rate Gyro Bias - Roll 

Rate Gyro Misalignment - Yaw 
Rate Gyro Misalignment - Roll 
Vehicle Alignment Errors - PitcH 

Vehicle Alignment Er ro r s  - Yaw , 

Vehicle Alignment Errors  - Rol l  

Intervalometer and Torquer Scale Factor 

Fin Misalignment E r r o r s  

80. Normal Force Error/Yaw Fins 

81. Side Force Error/Pitch Fins 
82. R o l l  Moment Error/Yaw Fins 
83. R o l l  Moment Error/Pitch Find 

84. Pi tch Moment Error/Yaw Fins 

85. Yaw Moment Error/Pitch Fins 

86. 
87. 
88. 

89. 

Timer Error  - F i r s t  Step 
Timer Error - Second Step 
Timer Error - Third Step 
Timer Error - Fourth Step 

I I B .  Second Stape Errors 

90 
91 
92 4 

93 
94 9 

95 
96 
97 
98 

Rate Gain Error - Pi tc i ;  

Rate Gain Error - Yaw 

Dead Band Error - Pitch 
Dead Band Error - Yaw 
Roll Offset 

Control Motor Misalignment - Pi tch  axis 
Control Motor Misalignment - Yaw a x i s  

' 

Timer Error - Sixth Step 
Tjmer Error  - Seventh Step 

S.ymbol 

DPBE 

DY BE 

DRBE 
TYRG 

TRRG 

THOP 

THOY 

THOR 

DKSG 

CNDR 

CYDQ 

CLDR 
CLDQ 

CNDR 

NCDQ 

KRP2 

KRY2 

DBP2 

DBY 2 
ROE2 

c2PY 
C2Y P 

TIM6 
TIM7 

lo  Mag. 

3.57 mrad/sec 

3.5'7 rnrad/sec 

3.57 mrad/sec 

. 1.45 mrad 
1.45 mrad 

5 . 7 6 ~ 1 0 ~ ~  rad 

5. ~ ~ x I O - ~  rad 

5.25~10-~ rad 

*0035 

.5 76 x ~ O - ~  rad 

. 5 7 6 ~ 1 0 - ~  rad 

. 5 7 6 ~ 1 0 - ~  rad 

.576~10-~ rad 

. 5 7 6 ~ 1 0 - ~  rad 

.5 76 xlO-' rad 
.O78 sec. 
,004 sec. 
,003 sec. 
,003 sec. 

044 
.026 

.1 

.1 
-25 deg. 
,0033 deg. 
.0033 deg. 

.OO3 sec. 

.OO3 sec. 
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I I C .  Third Stage Er ro r s  

99 
100. 
101. 

102. 

103. 

I I D  . 
104 
105. 
106. 
107. 
108. 
1-09. 
110. 
111 0 

Rate Gain Error - Pitch 

Rate Gain Er ro r  - Yaw 
1 

Dead Zone Er ro r  - 
Dead Zone Er ro r  - Yaw 

R o l l  Offset 

Pitcr 

F i f t h  Stage Errors 

Mass Flow Rate 
Propellant Weight Uncertainty 

Specific Impulse 
F i f th  Stage Ine r t  Weight 

Thrust Misalignment, P i t c h  

Thrust Misalignment, Yaw 
Coning Rate, Pitch 

Coning Rate, Yaw 

Smbol  l o  Mag. 

KRP3 04.4 
my3 .021 
DBP3 .1 
DBY3 .1 
ROE3 .25 deg. 

10 M a g *  
.018 

0015 

.00033 

.00033 

.667 mrad 

.667 mrad 

.0463 rad/sec 

.0463 rad/sec 
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REENTRY MISSION ERROR ANALYSIS RESULTS 

The mission input da t a  i s  received from t h e  Scout Program Office and the  

nominal t r a j e c t o r y  which r e su l t ed  i s  presented i n  Table 2. 

Table 3 l ists  t h e  mean, variances and extreme values of the  output parameters 

and Table 4 is a summary of t he  most s i g n i f i c a n t  e r r o r  sources and t h e i r  t h r e e  

sigma contr ibut ions t o  the  dispers ions i n  range ve loc i ty ,  f l i g h t  path angle and 

inc l ina t ion .  

Tables 5, 6 ,  7 and 8 are t h e  ind iv idua l  t h ree  sigma contr ibut ions of each 

e r r o r  source t o  a l t i t u d e  dispers ion,  ve loc i ty ,  f l i g h t  path angle and i n c l i n a t i o n  

measured a t  each s t age  i g n i t i o n  and t h e  nominal 400,000 f t  t i m e .  

Tables 9 and 10 present  t he  non-linear and cross-term data  which went i n t o  

the  Monte Carlo r e s u l t s .  I n  Table 9, t h e r e  is  presented the  non-linear data  f o r  

e igh t  d i f f e r e n t  sources. The pos i t i on  and ve loc i ty  deviat ions i n  a r a d i a l ,  down- 

range and out-of-plane coordinate system w e r e  ca l cu la t ed  f o r  an e r r o r  source input 

of +3o, +2o, +lo, -lo, -20 and-30. The Monte Carlo program then in t e rpo la t ed  

between these poin ts .  

Table 10 displays the  cross-term da ta  involving the  e f f e c t s  of a p a i r  of 

e r r o r  sources ac t ing  simultaneously with both sources a t  t h e i r  30 level. The sources 

chosen w e r e  a l l  i n  t h e  con t ro l  system which w i l l  not respond except i n  t h e  presence 

of a dis turbing force .  Thrust misalignment, being t h e  l a r g e s t  dis turbing fo rce  

w a s  chosen t o  e x c i t e  these e r ro r s .  The deviations are represented i n  the  same 

r a d i a l ,  downrange and out-of-plane coordinate system and they have been normalized 

by dividing by nine t i m e s  t h e  product of t h e  two standard deviat ions.  Analysis of 

these r e s u l t s  by comparing the  deviat ions with the  30 t h r u s t  misalignment deviat ions 

ind ica t e s  no s i g n i f i c a n t  cross  t e r m  e f f e c t s .  

Figures 3-19 depict  t h e  cumulative d i s t r i b u t i o n  funct ion of each of seventeen 

output va r i ab le s .  

The r e s u l t s  i n d i c a t e  t h a t  the  ve loc i ty  dispers ion i s  approximately 15 f t / s e c  

g r e a t e r  than i n  the  polar  case examined i n  Phase I mainly due t o  increased fou r th  

s t age  e r r o r  s e n s i t i v i t i e s .  

from 18.3 f t / s e c  (3 ) t o  132.5 f t / s e c .  The coning rate e f f e c t  a l s o  increased from 

12.3 f t / s e c  t o  107 f t / s e c .  

have been propagated t o  400,000 f t  whereas i n  t h e  po la r  case, they w e r e  depicted 

a t  fourth s t age  burnout. While most of t h e  s i g n i f i c a n t  e r r o r  sources showed some 

increase,  t h e  new four th  s t age  da t a  and p i t c h  p r o f i l e  has evident ly  enhanced t h e  

A s  an example the  s p e c i f i c  impulse s e n s i t i v i t y  increased 

This increase is p a r t l y  due t o  t h e  f a c t  t h a t  t he  e r r o r s  

19 



e f f e c t s  of t he  fou r th  s t age  e r r o r s .  The dispers ion i n  f l i g h t  path angle and 

i n c l i n a t i o n  a l s o  increased from .262 deg and .258 deg r e spec t ive ly  t o  .553 deg 

and .432 deg ( l a )  due t o  t h e  increased e f f e c t  of coning rate e r r o r s .  

It should be noted t h a t  t h e  deviat ions due t o  a v a r i a t i o n  i n  C (CMAL) m a  
of .6% (30 )  w a s  8 f t  and .07 f t / s e c .  The proper value t o  use w a s  ,15% but an 

increase i n  the  values by a f a c t o r  of 25 w i l l  s t i l l  be neg l ig ib l e .  

2 0  



TABU 2. NOMINAL FU?,ENTRY TFWXCTORY PARAMETERS 

Time (sec) 
0 

3 
8 

31 
44 

101 

183 
280 

305 

Pi tch Rate (deg/sec) 
+.0265 

-3.00517 
- .81401 
- 0475 
- 37069 
- 0 18193 
- e20677 
- -15 
- 02 

Coast Periods: 

F i r s t  Stage Coast .. 2.5 sec 
Second Stage Coast - 
Third Stage Coast - 21.00 sec 

-142.22 sec 

Launch Azimuth .. 127.35 deg 

Payload Weight .. 476 lbs 

Launch Position 
Latitude (geodetic) - 37.8479 deg 
Longitude - -75.4739 deg 

Altitude - 0 f t  

Fourth Stage Data: 
2 1 (slug-ft2) Ix (slug-ft  ) CG Location 

$ o f  Burn -- S t  at ion bnches) Y 
0 42.7 131 . 6 8.62 

20 41.2 124.6 8.16 
40 39 -2 

60 37.1 
80 33 -8 

100 29.4 

115 .5 7.50 
105 .o 6.57 
90 .6 5.42 
71.5 4.01 



TAaLE 2. NOMINAL REENTRY TRAJECTORY PARAMETERS (Cone'd) 

Spin Rate - 150 rpm 

Conditions at  400,000 ft 
Time - 506.87 sec 

Velocity - 26202 f t / sec  

Fl ight  Path Angle - 
Incl inat ion - 50.425 deg 
E s t .  Time of Impact - 861.8 sec 

E s t .  Velocity at Impact - 26332 f t /sec 
Es t .  Latitude of Impact - 6.29 deg 
E s t  . Longitude of Impact - 

-3.065 deg 

-43.6 deg 

22 



TABIJJ 3. m Y  OF rite’ STATISTICAL DIsI1IIBzrpITS, 
OF THE OVTpuT PARAMETERS 

_- 
’ OXSPERSION OF THE SENfMA;fOR A X I S f F T o )  

-30135257% 05 - 2ND PERCENT? LE SAUPLE . -  
5TH PERCENTILE SAMPLE . I -2. 

ECC ENTR I c ITY u I SP ER s I ON 

s -1,61235676-02 
5TH PERCENTILE SA8PLE - - -1 m339399OE-02 
2 N D  PERCENTILE SAMPLE - 

, 4 -  . 

- - 4,32764650-01 
‘ = * - 1 - 1 7 5 7 0 7 8 E  00 

STANDdRD D E V l A T I B N  
SNALLEST SAMPLE. 

7NO PFRCENTII E S AMPLE - - -8 .0596161E-01 
5TM PERCENTILE SAffPLE f -6,68169846-QE 

f 6.9594288€-01 
911tH PEBCENTfl F SAMPl E .  8.3fi8.7742E - 0’1 
99TH PERCENTILE” SAMPLE 

0 

3 o418860.44E 00 - LARGEST SAMPLE . - 
I .  

STANDARD DEVIATiUN I 5 o 6 4 8 1 5 4 5 W O L  
SMALLEST SAMPLE = - 4 o 0 5 6 6 3 3 0 E  00 

LARGEST ‘SAMPLE . =  

ARGlJWENf ’OF, PERIGEE UISPERSIUN * 4DEGREESI 
c 

7,57545660 00 - STANDARD OEVIATION - 
SMALLEST SAMPLE =: 

LARGEST S M P L E  = 

E3 



STANDARD DEVIATION - - 4-50840730 04 
SMALLEST SAMPLE - - -1 s346870OE 05 

2 - 8 4 7 5 1 5 0 E  0 5  - LARGEST SAMPLE - 

8,70461621) 0 1  STANDARD DEVIATION - 
SMALLEST SAIrPlE - - - 4 0 6 2 1 4 2 3 3 E  02 

- 

- - 2o3220508E 02 

- 4 0 7 7 0 5 2 0 0 f  02 - SMALLEST SAMPLE - 

24 



ATHOSPHERIC FLIGHT PATH ANGLE Of SPERSION (DEGREES?. 

MEAN = 7.63693870 - 07 - - 5,74566800-01 
SMALLEST SAMPLE - - -3098130196 00 
S T A ~ O ~ R D  UEVX ATfON 

7ND PFRCENTXIE S A  WPLF - -1o0409977E 00 - 
STH PERCENTILE SAMPLE =e -8 20 5503 5E-0 1 

95TH PERCENTItE S A r P t E  = 1o0285264E 00 
98TH PEaCEPlTILE W I E  f 1 e1973555E 00 

* 1,770294Og 08; 

LARGEST S A M P ~ E  - - 1,3064270E 82 . I 

PERXCEE QISPERSIOM fNCI  

M G A N  = 3 0  06 

3ND P F U F N T I I  F SAMPI  F - - 5437520f 01 
STH PERCENTILE SAMPLE =r -6af454193E 01 

QSTH PERCENTILE SAFPLE 5 4163789676 01 I 

QRTH PERCFNTTI F SAMPI F s S.7077331E 01 
L A R ~ E S ~  SAMPLE - - - 113261713E 02  

PERIOD O I S P E R S I O N  ( S E C I  

M A N  - - - 5347790 01 

. STANOPRD DEVIATION t 1119333790-01 
SMALLEST SAIrPLE - - -7 .58 5649 S~E-OI 

.- UPRGEST SAMPLE - 

25 



SMALLEST SAMPLE - - -5.4137802E-01 

LARGEST SAMFLE = 5e1899266E-01 

STANDARD D E V I A T i O N  - - 7,41989970 00 
SMALLEST SAMPLE = -2,2164505E 01 

LARGEST SAMPLE - - 4,6864604E 01 

. .  
P . .  

. *% 
~. .' . 

, Y .  
~ -, 

, .  
. .  , 

e ' .  . .- 
?e 
. c  . 

N 
. .  . 

CL' 
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Err0 

TABLE 4. SIGNIFICANT ERROR SOURCES AND THEIR 
THREE SIGMA CONTRIBUTIONS AT REENTRY 

r Source l u  Mag. Alt i t  ude Veloci ty  F l t .  Path I n c l i n a t i o n  
( f e e t )  ( f t / sec)  Angle (deg) 

( d e d  

ISP e 18% 17084 
Spec i f i c  Impulse - F i r s t  Stage 

NFKl 1.4% -42371 28.2 
Flowrate - F i r s t  Stage 

DKS G .35% -6434 25.0 
Torquer Scale  Factor  

DPBE 3.57 mrad/sec 
P i t ch  Rate Gyro Bias 

-17.4 

TMPl 1.67 mrad 11222 -113 * 0 
P i t ch  Thrust Misalignment - F i r s t  Stage 

TMYl 1.67 mrad -8154 
Yaw Thrust  Misalignment - F i r s t  Stage 

CAO 1 1% -6801 
Drag coe f f i c i en t  - F i r s t  Stage 

DRHO 6.67% -44285 
Density 

22.2 

C D V l  10% 
Jet  Vane Drag 

-4859 

TIM1 .078 sec 11210 -48.8 
F i r s t  T i m e r  Switch Uncertainty 

ISP2 .094% 4102 15.2 
Spec i f i c  Impulse - Second Stage 

MFR2 1% 
Flow Rate - Second Stage 13575 

TMF'2 1.67 mrad -19234 49.9 
P i t ch  Thrust Misalignment - Second Stage 

TMY2 1.67 mrad 
Yaw Thrust  Misalignment - Second Stage 

ISP3 .14% 
Spec i f i c  Impulse - Third Stage 

MFR3 1,8% 
Flow Rate - Third Stage 

-. 296 

-. 292 

.216 

33.8 

87.1 

2; 



TABLE 4. (CONTINUED) 

Error  Source l a  Mag. A l t i t ude  Velocity 
( f e e t )  ( f t / s ec )  

TMP 3 .557 mrad -32652 44.0 
P i t c h  Thrust Misalignment - Third Stage 

TMY3 .557 mrad 
Yaw Thrust Misalignment - Third Stage 

ISP4 .6% 
Spec i f i c  Impulse - Fourth Stage 

MFR4 1.8% 
Flow Rate - Fourth Stage 

W4CP .03 rad /sec  11703 
Coning Rate - Pi t ch  Axis 

W4CY .03 rad/sec 96393 
Coning R a t e  - Yaw axis 

132.5 

15.08 

29.3 

107.5 

F l t .  Path Inc l ina t ion  
Angle (deg) 

(deg) 

-. 336 

-. 187 

1.38 

.254 

1.01 

-. 114 
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TABLE: 5 .  INDIVIDUAL THREZ SIGMA ERROR SOURCE 
CONTRI'ERJTIONS AT SECOND STAGE IGNITION 
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TABLE 6. INDIVIDUAL THREE SIGMA ERROR SOURCE CONTKCIRlTI 
TKlCRD STAGE IGFIITION 
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TABLJ3 7. 1NDIVIDUA.L THREE SIGMA ERROR SOURCE CONTRIBUTIONS AT 
FOURTH STAGE IGNITION 
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TABLE 8. INDIVIDUAL THREE SIGMA ERROR SOURCE 
CONTRIBUTIONS AT RE-ENTRY 
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TABLE 9. DATA FROM NON-LINEAR CARDS 

I l l 1  :w Lu w w w w 
'000 o c c  
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u l w w u w c u  
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TABLE 10. DATA FROM CROSS TERM CARDS 
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ESCAPE MISSION ERROR ANALYSIS RESULTS 

The input  da t a  and the  r e s u l t i n g  nominal t r a j e c t o r y  are l i s t e d  i n  Table 11. 

I n  Table 12 are l i s t e d  t h e  means, standard deviat ions and t h e  extreme values 

f o r  each of t he  output va r i ab le s .  

Table 1 3  l is ts  t h e  most s i g n i f i c a n t  e r r o r  sources and t h e i r  respect ive 

three  sigma contr ibut ions t o  a l t i t u d e ,  ve loc i ty ,  f l i g h t  path angle and inc l ina t ion .  

Tables 1 4 ,  15, 16, 1 7  and 18 are t h e  individual  t h r e e  sigma contr ibut ions 

of each e r r o r  source t o  a l t i t u d e ,  ve loc i ty ,  f l i g h t  path angle and i n c l i n a t i o n  

measured a t  each s t age  i g n i t i o n  and f i f t h  s t age  burnout. 

Tables 19 and 20 lists the  non-linear and cross-term da ta  i n  t h i s  ana lys i s  

i n  the  same format as previously discussed. 

Figures 20-36 depict  t he  cumulative d i s t r i b u t i o n  functions f o r  t h e  output 

var iables .  

The r e s u l t s  of t he  Monte Carlo ana lys i s  show t h a t  s i g n i f i c a n t  individual  

contr ibut ions are present i n  a l l  of t h e  s tages  with no s i g n l e  source predominating, 

leading t o  a t o t a l  ve loc i ty  dispers ion of 78 f t / s e c .  

less than i n  the  four  s t age  mission due t o  the  decreased s e n s i t i v i t y  caused by a 

l a rge  nominal veloci ty .  

The i n c l i n a t i o n  v a r i a t i o n  i s  

I n  general ,  t he  f i v e  burn t r a j e c t o r y  w a s  less s e n s i t i v e  t o  e r r o r s  i n  f i r s t  

and second s t age  than w a s  t he  four s t age  mission. This e f f e c t  compensated f o r  t h e  

add i t iona l  f i f t h  s t age  e r ro r s .  The l a r g e  ve loc i ty  b i a s  e f f e c t s  present i n  t h e  

four s t age  mission w a s  a l s o  decreased s u b s t a n t i a l l y ,  

6 3  



TABLE 11. ESCAPE .MISSION INPUT DA!PA AND NOMINAL 
TRAJECTOFE PITCH PROFILE: 

Time (sec) Pi tch Rate (deg/sec) 

0 0 

3. -2 625 
10 . - .813 
31  - .700 
42 02 
76 .o 
83.42 

126.44 

183 -73 
144.83 

Coast Periods 

F i r s t  Stage Coast 
Second Stage Coast 
Third Stage Coast 

Fourth Stage Coast 

Launch Azimuth 

Launch Position: 
Geodetic Latitude 
Longitude 

Ut itude 

7.42 sec 
22.39 S ~ C  

3.33 see 
9.5 sec 

37.8479 deg 
-75 a4739 de@; 

0.0 f ee t  
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TABI81L ESCAPE MISSION INPUT DATA AND NCMINAL 
TRAJECTORY PITCH PROFIIX: (Cont'd) 

Fifth-Stage Data : 

. time-sec 

0.00 
0.82 
1.67 
2.53 
3.42 
4'. 33 
5.19 
6.07 
6.95 
7.81 
8.69 
9.55 

10.01 

lbs Cons W t  remaining l b s  Thrust Sta. c.g.-in 

194.85 
129.35 
162.80 
145.70 
128.23 
110.98 
93 0 93 
76 . 85 
59 . 94 

42 99 

9.13 
26.00 

- 0.00 

0.00 
5905 * 0 
6080.0 
6455.0 . 
6210.0 
6030.0 

5960 . 0 
5940.0- 
5920 . 0 
5600.0 

50.0 
0.0 

5975 * 0 

Nominal Conditions a t  Fifth Stage Burnout 

Time: 240 sec 

Altitude: 6 ~ 9 ~ 6 2 7  f t  

Velocity; 39,199 ft/sec 

Fl ight  Path Angle 11.77 deg 

Semi-major Axis -60.673 x 10 f t  

Eccentricity 1,342 

Inclination 37 . 66 deg 

Iner t ia l  hngitude 293.59 deg 

Declination 37.317 deg 

a 

15.36 
14.88 
14.40 

13.32 
12.72 
12.12 
11.40 
10.80 
9.96 
9.00 * 

7.56 

13.92 

7.92 

Rol l ,  I, 

2.62 
2.56 
2.46 
2.36 
2.24 
2.10 
1.97 
1.80 
1.66 
1.48 
1.30 
1.10 

98 

Pitch (v 

12.23 
1 1  -88 
11.54 
11.18 
10.86 
~0 .62  
10.36 
10.12 
9.89 
9.65 
9 . 42, 
9.42 . 

12-57 

65 



TW.J.1- STATISTICAL SUMMARY OF THE ESCAPE MISSION 
ERROR ANALYSIS RE- 

DISPERSION OF THE SEMIMAJOR A X I S t F t e )  

Lo -5e40986940 04 
1e8169138D 06 

MEAN 
STANOARO DEVIATION - 
SMALLEST SAMPLE = -5e0291464E 06 

2ND PERCENTILE SAMPLE = - 3 0 9 3 9 5 5 0 5 6  06 

- 

5TH PERCENTILE SAMPLE = -2,94351356 06 

fCCENTRICITY DISPERSION 

MEAN 1 l e  10235060-05 
STANDARD DEVIATION i 1.01784850-02 
SMALLEST SAMPLE 0 -2e 6119009E-02 

2N0 PERCENTILE SAMPLE 1: -2e0592809E-02 
5TH PERCENTILE SAflPLE I -la 5223548E-UZ 

95TH PERCENTILE SAMPLE = 1,6832843E-02 
- 98TH PERCENTILE SAMPLE - 2 e 097 196 9 E-0 2 

LARGEST SAMPLf 3: 30'90073 66E-02 
- 

. .  . ..._ 

4e55281760-02 - STANDARD DE V f A T I ON - 
SMALLEST SAMPLE s -lO854!5580E-01 

LARGEST SAMPLE i: 2a3364782E-01 

STANDARD DEVIATION 5.0 430 2 2 10-0 1 
SMALLEST SAPIPL'E f - 3 e 2 0 2 7 6 6 4 E  00 

LARGEST SAMPLE t 10 5043888E 00 

SMALLEST SAMPLE II 

2ND PERLENTILE SAMPLE r -le5841312E 00 

LARGEST SAMPLE - - 207279234E QO 
66 



SMALLEST SAMPLE = - 7 e 0 8 3 6 7 3 l E  01 

STANDARD DEVIATlON t 3,05581750 04 
SMALLEST SAHPLE = - 9 , 3 4 0 1 5 0 0 E  04 
2MD PERCENTILE SANPLE I - 6 e 2 2 4 1 5 0 0 E  04 

SNALLEST SAMPLE = - 2 e 3 4 6 4 9 9 0 E  02 

LARGEST SAHPLE - 2 e 5 0 6 1 6 2 1 E  02 

7,89656110 0 1  - STANDARD DEVIATION - 
= - 2 a 3 7 5 6 8 3 6 E  02  

-1 .5806348E 02 - SMALLEST SAMPLE 
2ND PERGENTILE SAHPLE - 

- SMALLEST SANPLE - 

LARGEST' SAMPLE - - l e  4 5 4 4 7 8 6 E  00 

67 



- 1 o 6 5 6 4 1 9 4 E  03 - SMALLEST SAMPLE - 

ls9788460E 0 3  - LARGEST SAHPLE - 

PERiGEE DISPERSION (NHI  

HEAN p: L e  3228584LE.01 
STANDARD D E V I A T I O N  - - 6,30332340 00 
SMALLEST SAHPLE t -1s6904144E 01 

LARGEST SAMPLE 2m2240722E 81 

PERIOD DISPERSION (SEC) 

- - -4,1m31a470 01 
STANDARD DEVIATION - - 1. L 2 4 4 9 4 9 D  03 
MEAN 

SMALLEST SAMPLE = -301755M9f 03 
2ND PERCENTILE SAMPLE = -2m4768352E 03 
5TH PERCENTILE SAMPLE 78 - 1 o 8 4 3 2 7 8 8 E  03 

95TH PERCENTlLE SAMPLE 9 1.4972954E 03 
9 8 T H  PERCENTiLE SAMPLE 2- L82T8S2E 03 
LARGESl SAMPLE = 3 . 6 4 3 w a 2 ~  03 

68 



-2 0 19 8224 1 €00 1 - S M A L L E S T  SAMPLE - 

LARGEST S A M P L E  - - f a  5267134E-01 

69 



TABLE 13. SIGNIFICANT ERROR SOURCES AND THEIR THREE SIGMA 
CONTRIBUTIONS AT FIFTH STAGE BURNOUT 

Error Source lo Mag. A 1 t . i  t u d e  V e l o c i t y  F l t .  P a t h  I n c l i n a t i o n  
( f e e t )  ( f  t / s e c )  Angle (deg 1 

(deg) 

SIWl .83% 8720 
F i r s t  S t a g e  Inert  Weight 

.0557 

I S P l  .18% 15973 18 07 . lo59 
S p e c i f i c  Impulse - F i r s t  S t a g e  

MFRl 1.4% 18304 19.71 .lo56 
Flow Rate - F i r s t  S t a g e  

DKSG .35% 6156 
Torquer  Scale F a c t o r  

24.36 .0826 

TMPl 1.67 mrad 14741 -65.43 
P i t c h  T h r u s t  Misalignment - F i r s t  S t a g e  

TMYl 1 .67  mrad 6895 
Yaw T h r u s t  Misalignment - F i r s t  S t a g e  

CAO 1 1% 
Drag C o e f f i c i e n t  

6615 

DRHO 6.67% 4218 
Dens i ty  

FWNl 
Wind E f f e c t s  

TIM1 .078 sec 12343 
T i m e r  S t e p  U n c e r t a i n t y  

I S P 2  .094% 6401 
S p e c i f i c  Impulse - Second S t a g e  

MFR2 1% 7002 
Flow R a t e  - Second S t a g e  

DBY 2 10% 
Yaw Dead Band - Second S t a g e  

28.96 

16.63 

TMP2 1.67 mrad -51023 54.89 
P i t c h  T h r u s t  Misalignment - Second Stage  

TMY2 1.67 mrad 
Yaw T h r u s t  Misalignment - Second S t a g e  

ISP3 .14% 
S p e c i f i c  Impulse - T h i r d  S t a g e  

27.17 

.2673 

.0739 

.0596 

-.0349 

,0639 

.0179 

.0136 

.0554 

.0687 
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TABLE 13. (CONTINUED) 

E r r o r  Source 1 Mag. A 1  t i  t u d e  V e l o c i t y  F l t .  Pa th  I n c l i n a t i o n  
( f e e t )  (f t l s e c )  Angle (deg 1 

(deg) 

MFK3 1.8% 
Flow Rate - T h i r d  S t a g e  

24.44 

TMP 3 .557 mrad 14860 41.95 
P i t c h  T h r u s t  Misalignment - Third  S t a g e  

TMY3 .557 mrad 
Yaw T h r u s t  Misalignment - Third  S t a g e  

ISP4 .6% 14.99 
S p e c i f i c  Impulse - Four th  S tage  

W4CP .03 r a d l s e c  17.41 
P i t c h  Coning Rate - Four th  S t a g e  

W4CY .03 r a d l s e c  
Yaw Coning Rate - Four th  S tage  

MFR5 1.8% 
Flow Rate - F i f t h  S t a g e  

69.88 

-52.66 

ISP 5 .15% 48.94 
S p e c i f i c  Impulse - F i f t h  S tage  

W5CP .0463 r a d l s e c  -19.77 
P i t c h  Coning R a t e  - F i f t h  S tage  

W5CY ,0463 r a d l s e c  -25.71 
Yaw Coning Rate - F i f t h  S t a g e  

.1194 

- .0633 

.5886 

- 1054 

.5 726 

-.0136 

.0467 

.0719 



TAaLE 14. ImDIVIIXJAL TIDREE SIGMA ERROR SOURCE 
CONTRIBuipIONS AT sMx)ND SrAGE IGNITXON 
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TABLE: 1.5, INDIVIDUAL THREE SIGMA ERROR SOURCE 
CONTRIBUTIONS AT THIRD STAGE IGNITIOB 
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TABLE 16. INDIVIDUAL T€IREE SIGMA ERROR SOURCE 
CONTKIBUTIOMS &I! FOURPH STAGE IGNITIOPI 
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TABLE 1 7 .  INDIVIDUAL THREJ3 SIGMA ERROR SOURCE 
CONTRIBUTIONS AT FIFI 'H S A G E  IGNITION 
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TABU 18. INDIVIDUAL SIGMA 
comRIlBuTIoNs A!r FIFTH 
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TABLE 19. DATA FROM NON-LINEAR CARDS 

UJ 
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TABLE 20. 
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DATA FROM CROSS TERM CARDS 
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CONCLUSIONS 

The r e s u l t s  of t he  ana lys i s  of two missions are presented i n  t h i s  r epor t .  

These r e s u l t s  i n d i c a t e  t h a t ,  although the  o v e r a l l  accuracy is not r a d i c a l l y  chang 

the  e f f e c t s  of any individual  e r r o r  source is  s t rongly dependent on t h e  p a r t i c u l a  

mission t r a j e c t o r y  which is  used. 

Some general  comments comparing t h e  reentry mission, excape mission and t h e  

polar  o r b i t a l  mission which w a s  analyzed i n  Phase I of t h i s  contract  are i n  order 

The least  s e n s i t i v e  t r a j e c t o r y  is  the  excape mission s ince  the  l a r g e  f i f t h  s t age  

burn reduces the  e f f e c t s  of t he  lower s t ages ,  p a r t i c u l a r l y  i n  i n c l i n a t i o n ,  while 

burn i t s e l f  is of such s h o r t  durat ion t h a t  t he  t r a j e c t o r y  e r r o r s  are small. 

The most s e n s i t i v e  i s  t h e  reentry t r a j e c t o r y ,  p a r t l y  due t o  the  f a c t  t h a t  

the  e r r o r s  are propagated from burnout t o  reentry but a l s o  due t o  an increased f o  

s t age  s e n s i t i v i t y ,  
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