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1 NTR ODI’C’I’ I (~N

T I  e ‘r i en t .i j a ’ii I t l i t ’ eli ~.; I ii~ ’ a X  s t .111 1 Ii c i i  iii’ iii w I I t
re s p . ’ c t  t o  a f i x e d  c , a c r d i n a t 1  s y s t e m  i n  .S~~~T I I I ’ i s  r v l p r r ’ d  t o
as  i :  s a t t I t u d e .  l - ’ r o m  t h e  a t t i t u d e  of a sensor , one m ay
deter m ine the angle i t  m a k e s  w i t h  a ny  a t h e r  v e c t o r  s u c h  as
the rocket ’ s v e l o c i t y  vector , t h e  s u n  l i n e  v e c t o r , e t c .  F o r
c e r t~. i n  s e n s o r s , m e a n i n g f u l  i n t e r p r e t a t io n  o f  t h e  i n s t r u m e n t ’ s
o u t p u t  c an  h e  a c c o m p l i s h e d  o n l y w h e n  t h e  a t t i t u d e  of  t h e  s e n s o r
axis is known.

T h e  f i r s t  s e c t i o n  of thi s report discusses vari ous type s
of g vr os c o p i c  p latforms used as at t i t u d e  measuring systems un
v e h i c l e s .  T h e  s y s t e m s  i n c l u d e  t h e  A t t i t u d e  C o n t r o l  S y s t e m  w i t h
t w o  f r e e  g y r o s , t h e  M i n i a t u r e  A t t i t u d e  R e f e r e n c e  S y s t e m  w i t h
s e g m e n t e d  l e n g t h s  o v e r  a 5 v o l t  s p a n  f o r  t h e  r o l l , p i t c h  a n d
y a w  a x e s , and the Miniature Inertial Digital A t t i t u d e  System
with a one—to—one correspondence b e t w e e n  a n g u l a r  d i s p l a c e m e n t s
and d igital coding outputs.

r h e  n e x t  d i s c u s s i o n  c e n te r s  u p o n  p r o c e s s i n g  p r o c e d u r e s
which produce f i n a l  a t t i t u d e  inform ation fran v e h i c l e  gyro
measurements. An analv s is is s h o w n  whi cli r e l a te s m v  onboard
probe vector P to the local coordin ate system f i x e d  at the
launc um site. W i t h  t h e  o r i e n t a t i o n  c f  P determined , the’ at tack
a n g l e  w i t h  a n y  o t h e r  attitude determined or predete rmined
vec tor can he supplied.

To p r o v i d e  c o n t i n u o u s  f i n a l  o u t p u t  f o r  t h e  a t t i t u d e  s y s t e m
measurements , data refinements t e c h n i q u e s  are intro d uced w ith
s t a t i s t i c a l  error bound va lu e s on the p r e d i c t e d  v e r s u s  m e a s u r e d
output. Tolerance levels are set on t h e  m e a s u r e d  i n p u t  d a t a
t o  ensure that all predic ted da t a w i l l . b e  w i t h i n  a specified ~
deviation.

Of tentimes the initi al orientations of onboard sensors
require corrobora tion. A phase and t ime sh i f t stu d y is intro-
duced in the third sec t ion to compare the p hase relationship
betwe en measured and attitude predicted ma gnetometer p i t ch
ang le s during well—behaved areas of a vehicle ’ s f l i ~~la t . The
routine s can he used for both side and axial ma gneto r eter
o u t p u t .

F i nall y, some of the more common types of pr oblems with
gyro sy stems are discussed. The correction procedures used
on these malfunctions are discussed and the results exhibited.

1



__________ -—

SECTION 1

GYROSCOP IC PLATFORM S USED AS

ATTITUD E MEASUR iNG SYSTEMS

1.1 Attitude Control System

Space Vector Corporation’s Attitude Control System (ACS) is comprised of

a Roll  Stab il ized Pla tform (RSP) with two free gyros wh ich output a yaw , pitch

and roll vehicle motion from top dead center (TDC) of the gyro . TDC is the

reference for al l  onboard probes (F ig. 1). The roll and yaw are true measure-

ments of vehicle motion but since there are only two free gyros, true vehicle

pitch is a function of yaw . Further, if the vehicle yaws over 85°, this will
cause loss of initial reference for the system and make attitude determination

almost impo..sible.

TX Reference

(~~~~~ -Payload axis
V iew from nose

Figure 1

Various models of the ACS were used as attitude measuring systems on
vehicles analyzed . They all function similarly but output differently. Typical

examples are given below .

2
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Mode I I O aSl i ~~~~~~~ f l o w n  on 1C~~a )  . 0 2 — l A  out  1 im It  p i t c h  coars e ’ , p m  t ch  f i n e ’ , y m s

c o a rse , caw f i n e ’, and r o l l  g ’ t ’i ) d i t m  . The p i t c h  and  yaw coarse dat :m were

c a l ib r a t e d  in . 1 2  volt increments w i t h  a linear conversion range of

c o r r e s p o n din g  to a 5 v o l t  span .  ‘I’lw p i t c h  and yaw fine data over a similar

vol t span had a conversion range of ‘5°. ‘l’he roll teleme try data had a l i n e a r

conv ers ion ran m~e of !180 ° on a 4 .8 v o l t  sp an .

.- \ c co r d i ng  to Fi gure 2 , p i t c h  coarse  for t h i s  model w a s  deer eas  m r i g  v o l t a g e

output  when p t t c h i n g  down , p i t c h  f i n e  was i n c r e a s i n g  v o l t a g e  wr~~n p i t c h i n g

down . A y aw r i g h t  mot ion  was i n c r e a s i n g  yaw coarse v o l t a ge  and a d e c r e a s i n g

yaw f i ne  v o l t a g e .  A clockwise roll viewed aft to nose was increasing voltage .

Model 10390 ACS flown on 1C319 .0 7 - I B  output  onl y p i t c h  coarse , yaw coars e

and roll gyro data. The Pitch data was c a l i b r a t e d  over  a p90 0 c o r r e s p o n d i n g

to a 5 vo l t  span.  h owever , to model the  calibration inforsiatiorm , discre te

polynomi al expressions m~crc used over f i n i t e  i n t e r v a l s.  From 0 v o l t s  - A v o l t s ,

a linear model wa s used and from 4 volts - 5 volts , a second degree model best

represent ed the  c a l i b r a t i o n  i n f o r m a t i o n . •l’he yaw da ta  w a y;  conver ted to  ang le

m easure m en t s  i n  a f a sh ion  s i m i la r  to t h a t  used f o r  t he  coa r se  yaw out l)ut  on

model l0.~S0 . The roll telemetry dat  a had a l i n e a r  conver s  on range  of  four’

4 4~~° segn .ei it s , each on a 5 vol s p an .

P i t c h  and yams coarse ou tpu t  re~ erc11ces  were  gi i i i~,r to thos~ fo r  model

103~ u , bu t clockwise roll output was decreasing coltage when viewed aft to nose.

M od ei  11 550 ACS f l o w n  on A l O  .304-1 output  p it co  coarse , p i tch  fine , yas

coarse, yaw fine and roll gyro data. The pitch coarse segmen t was ca l ib ra t ed

from -20° to +170° over a S vol t span with decreasing voltage when pitchin g

down . The yaw coarse segment was c a l i b r a t e d  for  t i  range of p 70 ° over a 3. 3

v o l t  st an , i . e . ,  .8 to 4 .1 volts . A yaw r i ght  mot ion  w a s  d e c r e a s i n g  v o l t a g e

for tne  coarse yaw o u t p u t .  ‘fhree data poin ts  were recorded for p i t c h  f i n e

data , and the curve connec t ing  each pair of points is essentially a straight

l i n e .  These p o i n t s  ir e :

_  - -
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ACS COORDIi~ATE REt ERENCE

ROLL ANGLE INCREAS$NG ~~~~

~~~~ LAUNCH RAIL~~~~~~~~~~~
( VIEW LOOKING FWD

K
~~~~~

I
W D

ROLL CW 

-

~ 

F I T C H  DOWN

YAW R IGHT

LAUNCH RAI L”O degrees ROLL
Figure 2
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# 1  1. 32

\u da t ; t  c~m 1 i br at  ion  p o i n t s  w er e  recorded for  ; mw f i n e .  A~ c o r d i n g  to  F Igure  2
: i t c a  f i n e  s :ms  1r1er’ e a s in g  v o l t a g e  whh e O l p i t c h i n g  dui~n and ‘~:mw f i~ic saS i n e r e : s i n .4

age  ~ n e t i  is to the  c m  ght  . ;ie r o l l  segment  was  ca i h r ; m t  ed t m’ oei I ~ o ° L L I ~ to

1 L~ ver  a 4 .  volt span w i tli v o l t a g e  d e c r ea s i ng  for  a CV~ r o l l  when VieS e Si

~~1t t o  n ,se .

A n o t h e r  ~\CS gyro r e f e r ence  s y s t em  was the Space U at a  Corpora t ion  sys tem t i se d
for  tOe veni cle LX331 .43-l. The pitco and yaw channel output  were ±180 ° o v e m  a
3 v o l t  5 )j fl  and the r o l l  channe l output  was a 36~}° Segment over a ~ v o l t  span .
U t;n ug;i not ased in tOe data reduction , toe pj t c h  and yaw h i gh r e s o l u t i o n  were 10 °

l n e :e ro re f e re o c e  for the gyro roll was the  l aunch ra i l  (F i gure 3) .  Gyro p i t e n

lero  w a S  T3 .3 ° launc t ie r  e l e v a t i o n  s e t t in g  at ~‘ro uncage and gyro yaw zero wa s

4h.2° l a i . n c m i e r  a z i m u t h  sett ing at gyro uncagc . Looking forward , yaw ri ght  is
• posi tive , pi tch up i s  negative and roll clockwise is positive .

R im i I

/

-‘ 180

l:i gure 3

1. 1 IAhS Att itude hystemn

• V e e t  oF  Co rpora l ion ’ s M i n i a t u r e  A t t  i t ude  Re ference ~y s t e n n  (MARS) pro —
v n t i u d  ~~ t o ’  ~ i ) j i h e  u h f  pu t  b r  t he  J c t ( r I h i m n o m t  l u i m  of  rocket  ott it u d i ’  t’ot’  t h e ’ v e h i c l e ’
A l t ) . :o12 — I . f O e  r o l l  ; i x m  s c o m n t c i d e d  w i t h  the  rocket , axis at l aunch  ami d t he  orienta—

t i o m i  of a g~~ro reference ’  n o t c h  w a s  used to det  e r m i n e  t h e  l o c a t i o n  al ’ the  ow a x i s .

I h u ’  t: n’ o ’s  p roduct  ol  the  yaw a x i s  w i t h ~ the r o l l  a x i s  y i e lded  the  p t c h  , i X i : ~. The’
axes am i d  ron at  m i n i s  of’ t he  MARS sys tem are i d e n t i f i e d  in Figure 4.

~• - -  
-
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Top

~~~ yaw axis
r~ (yaw)

~decreas ,ng
I TM signa l ~ (pitCh)

(
7 fi n cr e a s i r r ~

p it ch axis

Roll 
W (Roll) 

f

increasin~

Forward ax is

F igure 4

The segmented lengths over a 5 volt span for each MARS axis are:

a) R o l l :  90 °

b) Yaw : 60°

c) Pitch : 45 0
,

Segment identification of the pitch and yaw outputs for this system requires
• continuous monitoring of the output to determine the instance of instantaneous

transitions fro.in one segment to the next . By keep ing track of tire transitions

and their direction evidenced by a plus or minus 5 volt step chabge , one may

correctly identify the segments being presented . The roll output identification

was a 5° ±3° shor ted segment in the center of the 1st segmen t wh i ch appeared
• as a constant output voltage for that portion of the segment . This short was

repeated every 4th segment.

1.3 MIDAS Attitude System

Space Vector Corpor ation ’s Miniature inertial Digital Attitude System (MIDAS)
provided gyroscopic output used to calculate the attitude of many rockets such

6
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~0
is Un . ~— 3 . Ho n i l  1 , p i t c h  i r i d  ‘, : m s  r e t Y r e ’ r t c e s m n e t h e  sam e as f o r  ii

~ e ,s tea iut to ’ o u t p u t  s di f f e r cons ider ab i  ~
‘ . Whereas a MAI~ sys tern o u tp u t s  in a

v o l t  ;pan r e p r e s e n t i n g  some degree  segmen t  h a”  i n g  a predetermined i ength  , t O e

M I o A S  sy s t e n i ’ s r o l l , pitch and yaw m e a s u r e m e n t s  t i r e  di g i t i z e d  by o p t i c a l  e nc o d e r
and result in a one- to -one  cor respondence  be tween  a n g u l a r  d i sp l a c e m e n t s  and
d i g it a l  codings . For t he  d ig i t a l  coding v a r i a b l e  n , th e  a n g u l a r  d i sp lacement
in degrees is

= ~_JL x 360

No b i a s  values are needed for con ve r sion  s ince  the  M 1bA~; sys tem rep resen t s  the

disp iacetnen t from the uncaged pos i t i on  of the  gyro which  f i xes  t h e  c o o r d i n m t e

re ference  s y s t e m.  The flow of attitude data for Mll)AS vehicles is s i m p l i f i e d

considerably when compared with the flow of ACS and MARS vehicles .



SECTION 2

PROCESSING PR OCdDt J~ LS , MA ’l ’IIEMATICAL ANALYSIS , AND

RE I :IN LM EN1 ’I’ECI IN I QUES

2 .1 Processing Procedures for all Rockets

the oscillogram containing vehicle gyro measurements is inspected fur ’

calibrations , extreme noi~e, gyro m a l f u n c t i o n s , approximate sp in ra tes , pre-

cessional period and half cone ang le. The di g i tal  tape co n t a i n i n g  the  gy r u )

data is then unpacked and converted to degrees and plo tted . These plots arc

then compared with results of the oscillogran inspection .

if no gyro mal function occurs t hen the qujek-look attitude • t f i d  m t i g i e s  of

attack for the rocket axis are calculated based upon preliminar y i r l n u i m m t i ~~;i .

If the attitude measuring system is a MIDAS, then attack ;mng les for re ple’stt’u

side probes are calculated at the same time as attack ang les for th~ r~~~ e:

axis . If attitude for side probes is requested for an ACS or ~t\hs .. -~t ... ,

the roll data is converted to degrees , checked for proper conve rsion •nal t :t e : ~ t O e

pre l iminary side probe attitude is calculated .

All extreme noise and calibrations are filtered from the g n u  convu r sini s

and this output, if displaying a lack of continuity, is curve f t  tted by teen-

niques discussed in Section 2.3.

Finally, if onboard probes measure magnetic field , lunar , or solar intensi-

ties , it is possible to corroborate the calculated attitude. Depending upon

the accuracy of the onboard measurements , an error bar estimate of the attitude

can be included as part of the normal output . A flow of the attitude data for

both ACS and MARS vehicles is displayed in Figure 5, and a flow of the data

for MIDAS veh icl es in Figure 6.

• 2.2 Analy sis

Given the unit vectors X, Y , Z in the directions of the gyro roll , Pitch
and yaw axes , the direction of the longitudinal axis of the vehicle can be ex-
pressed as the vector e”

: 8
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= X L o sy  cups  + Y siny + cusy sinp (2 .1)

where v and p are t h e ’ t rue vehicle ow trnd p i t c h  respect  i v e l y .  Noa let c’ ,

C r be u n i t  \ e e t o r s  in the  d i re ct  ion s  of t rue N or t h , Last ri~ d the loc al

v e r t i c a l , f i x e d  it  the  launch  si te . hith in t h i s  s y s t em , the e l e v a t i o n  of a

vec tor  •aay be de termined as the ang le i t  makes with the local horizontal pl ane

with the direction of the  v e r t i c a l  t a k e n  as p o s it i v e  e l e v a t i o n . Th e acimuth

of a vector is the angle between its projection in the horizontal Plane and

~~ measured positive clockwise (see Fi g. 7)

e
rc
1~

(N or th) F

N ~L u
C 

~ e~ (Last)

Lau i rc  ti e r 
• 

L

= Eleva t  ion of e”r
ç = Azimuth of e”

r

Figure 7

Using  the direction c o e f f i c i e n t s  of the  gyro axes at l aunch , t i ic  u n i t  vectors

X ,Y , can be expressed as linear combinations of the eartii-based systeit e ,,, e-, ,
C

C~~~~. I f  ,~e call the coefficient matrix B, then

Y = B

Accord ing  to e q u a t i o n  16) of Re ference [3],  we can define a systehl of orthonorma l

vectors e”,ey,e~ at any time in fli ght as a l i n e a r  c o m b i n a t i o n  of the  gyro axes .

If A represents the coefficient matrix of the gyro output , then

I ii



e~

A Y

in particular , as described in (2 . 1 )

a = COsy cosp

a = siny
12

a = cosy sinp

To transform the time dependen t e”,e”,e” system into the local e0 , C~ , C rr 1 2 - c ~ Csystem, form the matrix product of A and B. Letting the matrix C = AB , then

3
c • = ~ a b - (i , j  = 1,2 ,3)iJ im

m= 1

and

e” e~r

e” = C  e~ (2 2)

‘I
2 

Cr

Once the attitude ot’ the veh ic le ’s main axis has been determ i ned as
direction cosines, the elevation and azimuth may be derived. From (2.2); we
have:

e~ = e
0 cosO cost + e~ cosO sinp + e ~~~~~~~~~ . 

•

There fore:

—1
U = sin (c13) ,

12
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and

- l C l )
tar v’—)

‘- I l

1~~c c l e ’v, t t o r n  arid a: t u r u t h i  o f  c- ’
1
’ a r id e’’~ t i r e  s im i l a n 1~ ’ derived .

In order’ to extend this appru rciI to ti ve ct or I’ l y ing in the sensing direc-

tion of a probe having any orientation on the rocket , P is represented as

P = e” cosX + e? cos’~i S l f l i .  + c’, s in0  sin’,

sncrc- is the ang le between e” and P, and ~i is t h e  ang le between c ’
1
’ ar id the’

pro j cc t b r  of P in the plane of e”~ and c-
~~ . Furthermore , i f arid ? are the

respectiv e elevation and azimuth of F , it follows that

1’ = e,, eosP CoS~ ’ ~ e CorY ) s i n  + C’ si n ’ .P P p P P
C C c

he cart also define P
1 ,

P ,,P_ — the  vector components of P - by the t r ansf orm ati or ~:

ft~i d 1,  d 1H ~

= d 7 1 U 1 )  d ) 
~~~~~~ 

(2 .4)

d~~ el~ , d~~ C
.),- .).) l r

- j

where each d . . (i ,j= l ,2,3) i s  a pr oduct  of c .~ and the  corresponding direction

cosine of P. Using the same t e c h n i que as for  c , the coefficients of e~~ ,c- , ,

C r in (~~.3) and (2.4) are equated , readily yielding and

1-i na lli , ~f V is any vector associated with the rocket fli ght , the ang le

between P arid V may he derived . The u n i t  vector in the direction f \‘ is given

by

C0 
V

1 
+ C , v 2 + 0r ~ 3

V = -~~~~ C 
— = ~~

0 
+ C~~ V~ + C

r 
v~ , (2.5)

H c c c

k-; 13
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where the v~ i,i= 1 ,2,3) terms are the components of V in the directions of  north ,

east and Vertical ; the resulting v ( terms are’ thus the direct ion cosines of V .

The scalar product of (2.3) and (2 .S) Ic’lds

t ’ ’  c~~~ ’ c~~’~ + v ’ Cos i )  s I i i ~ + v ’ s i n ( )
1 P p 2 P P 3 P

thence , the angle ~~ , between I’ and V is g i ven by:

= cos~
1 (v~ cosO cos~ + v~ cosO sinc~ + v~ s i n e )

2.3 Data Refinement

Due to noise or in-fli ght calibrations often present in the recorded data ,

filtering procedures are mod i fied or developed as required to provide continuous

final output for the attitude determination system . l’he primary routines used

are Fourier Series and 11th degree polynomial approximations.

To provide smooth , continuous and acceptable attitude information for

vehicles when they have established angular precessional velocity and a h a l f

cone angle it is possible to generate gyro yaw and pitch information by means

of the Fourier Series expansion . During this well-behaved areas of a particular

veliicular f l i g ht , the coarse and/ or  f ine  yaw and p itch data can be p red i c t ed  b y

tne Fourier Series

a
0 nfl x - Xir xy = _
~- +  E (a

fl
cos _ T_ +b

n
sln _T_)

n=l

This problem has proven successful due to the periodic nature of the data .

Howev er , for most rocket fli ghts, quick convergence of the Fourier Series is
obtained with the approximation

= + f’
2

~~ + f
3 

sinwt + f
4 coswt .

The addition of the l inear term is needed to account for an occasional linear

shift in the converted data. A preliminary angular velocity w is selected from

a study of the oscillograms of the raw data , and is further refined by an option

within the fitting routine .

14
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l ) u r i r g  regions i i i  whi ch \ ~‘ t i i c t  e L ’  i o ) t  c o r i n g ,  v . r r . ’ an d p i t c h  o u t p u t s  a r t -

sep ~r r i t e d  into d t s c r c - t c ’ t ime ’ rii t ei ’ i i l s . f e r- c ra t e rv al s n . e t h e i r  c u r v e ’  f i t t e d

w i t h  po 1 ynrom i a  I s  up to t he 21 ) t 0 deg re e wh en  fle’ C es sri r y .  ‘ l i ie ’ n t li  degree pm I I l O i t  i I

r o u t i n e  c a l c u l a t  e s  an R’IS v a l u e  b e t w e e n  measured  and i)red i e’ted data for each of ’

tue ~ol vnomirn 1 approx  t ru a t  ions . The m i i i  i mum RMS va h u e  Jet ermines the degre e o

the p o lyn o m i a l  a p p r o x i m a t i o n  to be used in the specified interval .

‘ i’he i’MS is normally defined as

~~~~~~N (x. -x)
RMS = 

j
~ l 

‘
N (2.6)

where x. is the difference between a measured and predicted data value . To

s imp 1~~fy computat ion and programming, an equivalent form of (2.6)

1~~~ 
-)

(N x,
” -,

= —

~~

.--- - 2 .

was used . For a reasonabl y large sample size N , the RMS deviation approximates

the standard deviation o. Since a ~3o deviation accounts for 99.7~ of tile

measured data in a normal distribution , tolerance levels are set on input data

to ensure that all predicted data will be within the specified a deviation while

utilizing the results of (2.7).

b-igu rc- s ( ~ — 2 2 ~ show norma l ang les of a t t a c k  u s i n g  data r e f i n e m e n t  t echn i ques.

15
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PHASIi \~\ij 1 T1ML Sill  F L ’  STUDILS

To c o r r ob o r a t e  the  i n i t i , n I  o r i c o t ;n t  ions  ot ’ o n — b o a r d  sensors , measured

and a t t i t u d e  p r ed ic t ed  mag n e t o m e t e r  p i t c h  ang l e r s  ar e  compa red . \ s o f t w a r e

p a cw o g e  wa s  eleve ’ i o 1ied to compare the phase r e l a t i o n s h ip d u r in g  w e l l  —behaved

areas of a vehicle ’s fli ght .

T h i s  package i n v o l v e s  ri least squares stud y on the magnetometer data

( r e fe r  to Sect Ion 3.2 for a de ta i l e d  desc r i p t i o n ) . ‘l’he ou tpu t  produced i n c ] i d e s

a t a b l e  of maxi mua (minimum) times T measured data values in degrees ,meas
associated AT values and spin  rates for the corrected magne tomete r  ou tpu ts .meas
:\lso included are a table of m a x i m um  ( m i n i m u m )  t lures ‘1’ predic ted  d a tageni
values in  degrees , as soc i a t ed  .~‘I’ values and spin rates for the predicteoger 1
magnetometer output from the a t t i t u d e  da ta . Tir e t w o - t i n e  depend ent  t a b l e s  ~nrc -

merged for all consecutive time values of each array and the phase shift

between the associated values are printed .

F o r  T < -l + ~T , the phase shift x between the raw and the pre-gem nreas meas
dicted magnetometer data is

T - Tge il meas ,.x .60
me as

For U K < 1800 tOe p r e d i c t e d  data is lugg ing or coincident with t h e  measured

magnetometer data . -or’ lf ~0° < < 360°, the  measured d a t a  is ~r n i m l  to la ~ t i n e  pr ’ L’-

U i c t e r ’ d  by 360 0 - ,~~. The fol l owing figure dep icts the r e l a t i o n s h i p s  iust d i s c u s s e d :

gem

incas

16
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In the p r e v i o u s  i l l u s t rat i on , the predicted d a t a  from the :nt t )t udr- is l a g g i n g

the raw data s m o e  w e  a r e  assuming that (‘L ’ g~~ - 1’m e;rs~ 7

lu check  f o r  pos -~ ib l e ’  t n n i i n g  p rob leit , a t r une s t i r  f t  e t w e e t i  : a - n . ~~r r e r i r  n i l e l

predicted J,it ,~ i s  computed . S t a t i r , t r c r n i  s t u d t e — ~ i n c lu d e  a m e r r i t t  t un e s h i r t  0(1

a s s o c i a t e d  P2’la V , i l U e ’ I I ) ! ’  e a c h  s p e c i f i e d  t H u r  i n t e r v a l .

5.  1 Bits ta unt to :

In  urde  r to  accu  n - ate  I v d e t e r min e  t h e  f l ine s  of ’ max i mum ma gn et  o: , e - t r ot~ i

s;:iuo t h in. u~n e t  o r e  t e r r  read ings  ,n i- e requ i red . \orn a 1 data t r an s n n  55 1011 d i e ’r ~

no t pt -n v rde rob smooth urut put , so to  a l l o W  ion ’ proper I s t i g e ’  ~ f t h e  rou t  t r i e s

o ni Jc ’: c r n ~i u  i n  d e e  t i on  3 . 2 , a c- n i r v : f i t  w a s  1oit t l i r o u g h t h u  h r  as  C - i l  I I ’ S

ot t r u e  ;; , I e r t I j e t r - r  , I n t , n . Ih e  san i p l e s  -;e l e c t o a i r - -  t , i k e t t  I i o u  t b ’  c or ing

or ’ t ion oh i i i  gU t  — I • e . , f rom ap pr o x i m a t e l y d l  knir s . on ascen t  to app .- ox L mat e  1 r--

id k:n~~. on descen t .

lu re e equal 1 y sp i c ed t inc intervals ri r L- se- i ec tcd to ob t r i  i n  a S ep a r a t e  b i a s

rrpp rox t in t. t i on  B tor cr -n c :~ i n t e r v a l  t ro u t  the equ rn  t ion

11

A t y p i c a l  s tud y w i l l  produce a v a l u e  of ii in t i m e  o rde r  of 2 l0~~.

i l L -  ~t an d ar d  b i n s  e q u r i t  l o i n  i s  a f u n c t i o n  of ’ t i r e - s oi’ r r , n l I - ’ a p p r o x i m a t e d

be i I i rs c d eg ree  pol y n o m i a l  . h l o w e v t -r  to  oht ;i  in grc ’nt er  a q cu r a cy  w i t  hr h i glen ’

ord er ter s in t ine fitting routiuc , the v a l u e  of t h e  b i a s  11(t )  as a f u n c t i o n  o f ’

11(t)  = at
4 

+ bt + c

However , from t h e  d i se iss ion  above we can ap p r o x i m a t e  B ( t  I i n  e r i ch  of

tine i t m t e r v n n  is studied . ‘l’his , in turn , leads to the  SYs te m o t  e q u r i t  ions

it

1 7
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at~ t i)t
1 

‘- c =

at , + bt , + c = B ,

at~ + bt
3 

+ c =

where t , j= l ,2,3 is taken as the  mean t i m e  in the J t r i  i n te r v a l  and

ii

V .

B .  = j = l , 2 , 3

As tie value of n increases , the maximum error that occurs in the approxi-

mation of B. decreases . This fact can be verified by calculations on the

on the ex ression
n

This procedure to determine the bias equation as a function of time , forms

part of the procedure used on all vehicle flights When examining phase shift s

between measured and predicted data .

3.2 Maxinr a of the Magnetometer Measurements

diver the sinusoidal nature of the lateral magnetometer outputs , the

rep~red software routines have the capability of determining either the times

of r~ jati v-, maximum outputs or the times of relative minimum outpats . If a

least squa res approximation of the data is desired in the maximum a rea s  of the’

output , then a test is performed on the data V
1 satisfying the inequality.

3(1’ . )  < V.
i 1

cikewise , if a fit of the minimum areas is desired , then only those values

satisfying the inequality

11(t ) > \ -
I I

18
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, i F e  5 t O i’c’d 101’ c u i i n j ) u t . I t  l o l l  i l l  t i e  u r n — ’. -i . . ( l ’ e’ ’, p u m y r o i n r i n i  f i t s  o l  t ir e’ ~1 e c I  l i ed

0 - i  r e l s  o f  the d at  ,i .

I i i  ~ r b - r  t i  u n i t  n a t e  t I r e p r o e ’ ’ d n r e  f u r ’ st~~J ’ I t b’ l ; n t .n i n  t i r e  ; - n x l i n ’ n u u i  - n r c  is

oh  ? h ’  ‘ ‘ m : ~ t . l j l a  I -  . n p p t ) A I f l . n ?  i i i  1 v . i i i ~~’ V w r i s t  he m in d I I I  I t a - r i  ~~~~~~~~- ‘ n t

i , ( m  ) ,  r i n n c e ’  n i n i t m n n i e d  d i i i i —  ‘-, t o I a - i l  n r n t n i  ~~~. - 1 1 ( 1  m o ]
n — I  - - i — I  i

- o (t  ~~ j id ie - t e  j -~ i . l O i S  i . t , , t  c m n u e t i t , o r m  i s  a ; r e e u n r ~~n r y  t i e -  f o r  u ; . l i r ~~

t n e r  ~~i n i l .e ’ i’ u~~~l O i 1  O m i t  n o t  a su l ’ l ’i c  r e R t  c o n di t i o n , lie  s r : I i - c  I C - I I C V  t e ’~~t i S

i i ’ ,’ ,\a r - i i I : I I i m  V .  t o  C I l S i i I ’ e t h t n t  ~~~ . I S  n o t  n o i s e -  n l O l t I t  . I f  V ‘ u ( t  -- j + l  I .,~~ i - J~~ n
tU efl a i i  i - ~ t ~‘j u n n r e s  h i a r a f , o l ic  f i t  is  o_ ’ r f e > r r r ed Ofl t U e  s n n t n i 1 r l e d  dat -n .

~ I 
t n e  p o i n t  V is dis can ’de ’ei tu r d t i r e  sut:i :iui ng pr’oced rec - o f  t i m e

i c’ m S t  S m I m t J i ’ L’S coi it urues . Sinn i l tn t’ t e s t s  r n r e  made in t a r e  i n h r i i m u i : i  l e g  l O r I S  i i i

l i t  t c ’U d a t , n  e x c e p t  t h a t  the  r r r c m p n n l  i t  ~ s i g n s  are r e ver s e d .

In  e . n  s pe-c i 1’ t e d  reg t o r i , t i e ’ n t  a r s i i  t t ~ t i r e  i l i t n U  i- - i t

= + Bt C

I t u  e m n j i u  o f  t h e  h t , n n ~ I t . )  a t  w h i c h  t he  s a m p l i n g  b e g i n s  i t l U ’m l I , I t  v . i l r t e  5( t )

— 1 n i t  i , i  cc i i  t h e  SWil l ) ! i ; n g  ends are  o b v i o u s ]  j u s t  t u e  p o i n t s  I) i i n t l  c- c t  t o n i

t O  U t r i er S 111 15° ida I cur -Ce . The t inc o h ’ r e l a t i v e  max i inu ir l  (nr c n imu r i n  m S o p t  . 11  ired

by s c - t t r t r- , = ) ; n n d  s o i v i i g  f o r  t i n e t .  Ib is , in  turn , provrie~ us wit H a

p r ca c ted cu t ~~n t  v i i  cie

= ~-\ n~ + i t ]  +

S t i e  I i  -

S ] r , u u l d  t i e  l r e - a ~~ or e -c i  c inc h pre d n c t e - ~l o u t  p u t s  d e v i a t e  br -  more t h r n n some

i t  n e r d  I i i i  I , i s r i n n i  l y I ,nkc i r  to li e’ I °o , t i n e  n l c c e j ) t r n i n c e  l e v e l for  lennst squares

t r i e r  o~’ i i , ) , ]  f r e e !  so t h a t  t h e  ‘~ H i p l ed r eg i o n s  m o r e ’ close’ lv n i~i j ~ t’ ) X i 1 I i r n t e  t i r e

IC  f r I .  I I  i s  r i d  n I i c : n t  n o n  r i n n o i r n i t s  to a c c e p t  iiì g the rn rea  ee l i t a i n i n g

i n ’  t i n , I i i  I s i R - n  V - ‘ I - t ( t  . )  * K s h c ’ r ’ m -  K i s  a e a n i r s t a n t  d e t er n r i n e d  ‘rout e’xa nii i rir n-

— 
t n o r m  o f  t i n - ~~-c  i i  l r g l ’ n n ; n n n : ; . For n r n i n n r n u r n n  P i t put  i’e’ g i m r r n s , t i n e ’  i i n c q u a l i t v  t a k e s

t i i e  l i i i ’ ,, ‘r- lt 1 t . )  — K .
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i-o r eacH value of T~1 genera ted  5y t I n e  i s t  U e i ’ i c ’ n n t  n y c  tes t , a n n  151°c  u n i t e d

v a l u e  and ‘ l
~ i lire- Output . Sp e c i a l  no te  is due of any  v a l u e  of - -

outside r specr fred interval anout the assumed ro tation rate and further’

invest igr.t io n s of t h e se  areas tire u n d e r t ak e n  m s  f l e en~~- 
~sary. A mean ~~ C- ,i lue ’

is cornpu t  ed f’or the w-e’l 1—behaved port ion  of t h e  f i  i g hI  a r i d  o u t p u t  n t  t i e ’ end

of the da t m  pass , This ,‘mT~ value for e r i c h  I tn t  c r 11 I r - r n g n e t  omet err  101 i n n  i I y coirsi St s

of spin and precessicnal motion and , therefore , i s  r e f e r r e d  to  a —  t h e  rot~i t  t o r i

r a te .

A l t h o u g h  no s p e c i f i c  men t ion  as yet has been made of the  a x r a l  n n i n m , p i c ’ t o: c t e o

e)Ut p Ut , t:rC routines apply equally as well iii the cas e of this magne tome ter .
Computation of nraximum and minimum values provide us with a good i p p r o x i n u a t i n u m

to the cone angle of the vehicle axis . Should the output exhibit only the

slig htest variance in successive max inri un i  arid nu in in ru m values respect cvel~- , t bel t

the  ~en ic  ~e axis not ion is due almost entirely to precessional mot ion  and t h e

cone angle will remain nearly Constant.

If the  vehicle axis study option is desired in addition to the l a t e ra l

magnetometers , supplemental outputs include the cone angles and precessional

period of the vehicle axis. Examples of normal outputs are di sp ay’ed in Figure- s

23 A ~ B.

20



i l .~ t ’ < i k  , I , , m ~ i i  i 11 < 5t R ~~ - j j  ,5 l~~t r 10 1

~ Rn) ~ i ‘-I - ‘t\ \~“l i N

ai m tm ~i f  t i e  r i t e  co l i t o n i  t , :‘ i  . r t  o w l  em- - is i t  I n  • ru se ’~t - t n r : ~ t i m  I ride-

~~ i t I  i t  n O t - , n i  t s U i i l I  t f l ~’ n~m- I - , i ’ ~ r O i l  I , i ~~~ l i l t  t i - : : i l .  m ’ i , S t  i~~~i f i r  . n i l l r ’ t I i , :  i f

‘ u ,  r i m  . 1 - u  i ,  - , n i - i - t i i i - i r r r u i t , , i r -  n t - I t h u  - 1 -I  n i l  , c m l  i i i  s i t ! ,  ‘ i i  w r  t : - ~~ l

i o n - S fl . i i i t  i i i  n’ e f ’ei’ en i c e - . i .A . ~~l( p Ic ’~~~ i i  S U C U  ; l m i l ) l e m n s m mml co rrect i o u  t C c n i , ~~i 0 1 i e .

fo I i i i

- i i i ~’ v e h i cu e s  .Ad~~ . 3u3— d - m i l d  A l O  .31 — 3  r iau  onboard  M i [h \S  gYr o  svst e i r i ~ SUceS e

gy r o  r o h i  out  r a t  r ’ C t n r , n i n e ’d c o i I s t m n r t  f o r  ti p or ’ t i O u  of ’ a s p i n  ( C I L .  .14 ) .  ic  c o r rec t

p r o h l e m ; i , mu r o l l  r at e  rc , is e s t a b l i s h e d  f o r  t h e  i l l  defined f l igirt are’mns . ihe ’se

r o i l  r :nt m-s wer’e cal en ! at Cu front the roll dat ,n on each  s p i l l  tn at  w a s  riot i n f l  u c i r c e d

by  th r s a l  f u n i c t  ion , m nnd  t h e y  we-re s u bst a n t ,  i t i t e ’d b y r o t a t  ion r a t e s  de te r m ined

t rot : t i l e  m e a s u r e m e n t s  of a r inagneto mn eter  wI i cli w a n -  mount ed norma l to t he- rocket

ax c s. l i t i I i  i rig t he  pre’el i c t  erd y e- h i d e- r o l l  i’nn t  e’ , .1 lock  w a s  made on t i t e r  w e l l

defined area and continuous roll output resulted .

‘l’he \C1) sy st e m  for  the et hic le ICh3() .(L~— lA went outside its cmi i i bi’ ,i t c ’d

limi ts (l ’i g, 25) on the p i t c h  axis but irever lost its i n i t i a l  re fe-i ’ence f rom t i r e -

poin t of incug i n g . Corrverted reliable true pi te n t I 1~~) d a t a  m i s  a h ’u ;n c t i o t r  o r  t i r - n e

w a s  available for various P value~ in w h i c h

0 0 a 
[I ~r- 1 10 0

- 
~~~

Tne -ser i’d iab l  e d t n t m n  o~ imi t s we ’re used miS sri r irp l c’s b u i ’  least squares po l ynomial

I’) ts (see ~ec I ion ~ . 3) n i t  each of t i r e  V a r i o u s  t irire inter i ’C’rr 1 5 c lu r i t i g  w h i c h  satura-

tion occurred . 1 t i e  c r ’ i t e r r i o n  for  an a c c e p tab l e  po I r - ’nom im i i app rox  , i i r n t  ion was  ~ot

oral y a m i n i  - rir uun arid .n cc e l ’l t a b i e  ft\ fS t t n  I uc hetwecir ur’ed i e’ted and nonr — sri turat ed inteasur

P
T 

v a l u e s , u n i t  a ]  so cont b u n  I y be twe en t s e’ p n’ e’u i cted l’
~

. data in  t he  s a t u r a t i o n

; n r e n m m s and ri e ’nn sure ’d P d a t a  in  t h e  n o n — s t n t i n r r r t e d  ,n r ea s

Recovery procedu i-es for vein I c  I c  1db I I  . I — 1 1  WeF e ’  much Rio Fe ’ [ i C e )  1 ~eel t h a n

those dn s cu~ semI above, l ie’ ose’i llogram inspection indicated that the gyro m a l—

funct iotned front 2b0- 30,; SeCili el S . lo p n ’eal r 5 ’t ‘.- mi w e l r i t m i  in this n t e n  v.n I , an in—

d e p t h  an a l y’. s an d e x r i r r i i m n : m t  i o n  of  the p lot s of g> ’r’O t neas u re r n e i i t  5 s i r g g e s t ~~d

Ii ImP e l  r l i e d  F o u r i e r ’  Se r i e s  ci i ’ the form



A + lIt + C Si i t m , . t 4 1)  eOs~~

be used . Lxamination of the raw data showed an acceptable precessional period

to be 11.2984 seconds and accord ing ly  we set the angular velocity

1f2.9W4

Results of computer runs produced a yaw RMS of 0.6°. l’his was deemed acceptable

and the equation to fit yaw data in degrees as a function of time t wn n s defined in ;

Yaw(T) A + B~ + C sinw~ + D coswT

where

= t-l00 and 250 < t < 308

A = -14 .234 B = - .006 C = -6.354 1) = -15. 838

and c.~ is as described above.

To predict  p i tch  data in the above mentioned in te rva l , p lo t s  suggested a

polynomial approximation be used due to the relative steepness of slope in
available pitch output. A thorough examination of plots indicated that a

structure in the pitch data from 250-308 seconds was similar to measurements in

the portion from 130-198 seconds after launch . A cubic equation yielding an RMS

value of .5159° produced the best polynomial approximation to th~ pitch data

in this well-behaved area.

By tire Weierstrass approximation theorem (Reference [ 2 ]  , page 102)  , we

introduced the function

‘iy = — r ~
- (t-271 .9) tc[250,308]

and predic:ed pitch data in the closed interval 250 < t < 308 by the equa t ion

Pitch (t) = AT~ + B1’~ + CT’+ D L~y , 1 =  t-213
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l’hc ’ d u ~ i 1 St  au  t S i i i  t i l e  - V t u n e  t i ott h e ’t ’ e’ m e t  C ’ i i i  i t i e d be t i e ’ nn C i i  1111 ) 14 .’ p i t  en min t

The’ vmu~ m i t ’S of  .1mw ’  f i n e  m e r i t  d i ’t e r : ’ :  mte ’ el he . r  1 r eu r I e a s t  s i i u n m l i ’ ’ - ~ ~~- t I :: :mnt I 1)11

i tc fe’r ’e m i c e  [1  ) w e ’ i’ m ’ fo n n~ f ~~~
, l i e u

= — ,0O0~~4 3 30o-i B = .Ju - lbb’.)al C = — . 1 . ) ) u - s if = — i  , 3 l - i ’5 ’

at r t s t i t  it  i n g  t r u e  v a 1 u e ~ i f  t i c ’ e m i e ’ f f i c j e n t s  mind r e p I n e r ig  T h I -~~I3 , t o ’ :

c I ’ • ~ 
t h O  t ‘ 1  ~i ’ 4.’ e l  j e t  m i i i  ~ i n  I . n  r p i t e n  e l u r t u n  he~~u l ur e-s

i Ite n l (t m~ - .0i)t) 1  ~3i )im ’ )t ’
~~ ~~,S ) 3 0 4 i - - ’ 7 3 ~~ -~~~ l m 5 l m 3 t t - ( m ) ,3 , 3t - l A ~~

m~1 to i i i  kits v~n In i c - of .39s0°.

L i : — t : , er toll k i t e ’ lr ’o ; ’ r ’ m i n , t h e  vc ’ l i i e l e - ’ s F i l l !  ‘ m u t e  l u l l s  e S t  i i i  i - u i  -d .~
‘or

I n n  s g. i  hu e - h r e .  t i mid  t i  r~i r n : i u  c om it  i r a  I t V e r n r e c k  S h i s  I ockeel i it t  o t i e  m’o I I u l , n t n l

\ l  1 ~p r  c i i  - c t  r o t u s  i sere i m i c o r : r o r ’: n t e ’J m l , )  :i~ - . i ’~~e.1t p r’ m i g t ’ ; in  t o  p r o v i d e

t n u  i n s  pr ’ cl  i i : u i m n n m’ ’’ m n t t  i t e r d e  fo r  t h e  emr t I r’ e ’ 11 i g l i t

I i ‘t ie ’ r m:i m rc - , m l c u m i n-m e -  ‘:ii ft s t e i n  i u e ’t ’.~m,’cmi t h e  ct  u a n n  1 : : :n ik ; lc ’ I o t u e t e r  t i u e - : n s  m r c - —

‘ : u e - r t s  ~~~~~ I rose  s r u i u m i l i t e e l  : i s n n g  m u t t  i t  Ide ’ i n n ’o r r ; m i t  n e ro  w m n s  i n i t i r t i - d  . abc

r ’ c ’- m m n l t s  ot ’ t h i s  - ; t u d e  S t t O u c ’(i t in  u lv e ’ i ’m n u t e  t i n e  s t i l t  o c t  t een t n i n l x i l m l u m  pre d~ e t - ~1

nut ’ i ’O i I’~~t i I n t n i l l e r l  , m n : i e r t e r  n t  t , ek  m i m i c s  t m  he i ) ~~k I s econds  w i t h  an

k~la m i t  ‘ S i  I ‘ ~~l’.1 - ‘oh s  r’ I i  - l i n t  c r c - i  i t rotn I m r u i t r c l n  I i ’  h I se ’cot id  s r n f i  g n i  t - A

S i t O l l~~r t i n e  -- m u m  i t  S t m i m i V t i u ) I : u  t ) 7  t o  .~~.,I ,SCe’ ,m O e I S showed the  n r v e r 1 1 ’c ’ t i m e  Shi 
•
t

: n - - - t we - c - t i :- , , i o  r ‘ : r r : : i  - t t  m e k  r i n g ]  C ’S t o  he , l u l l  s econds  w i t t t  mm 1~ 1S of , ) l s  S e c  ~t l d 5

P ; t m n s e  s u r  i t  cl i  - i p j  nc  e n : n e r : n t  m i n i ’ 1e~s we re n i l  so C L  m i t  e’el th rou gho u t the i-chicle

i t  f - - ’. one , ‘ m i t  t i e e ~l iJ  no t  ‘ n h m iit m m c o t r s t m n r i t  s t  l i t  , The s p i n  run t . ’  c , m n t u n ’c’ v .m ‘‘r ed

f r a n :  1’ ros  t o  , i r ’p S I i’e ) m tl i m n u n c i r  t o  1 fI t’ seconds t i n ~I t he n  s t a b , ! i :ed m i t  I , ia

“PS

In in  - i t t  : : : u t  t m  l i - n e -  t n m ’ t i l i u m _ s  of  t h e -  m r r a x u n r u n t i s  ar i d i n n  i r n u m n s  of  t c

n C  L u m u  1 nmnn a l ’ : t , r m : r c - t c ’ n ’  , u ’ m r - t u i r ’c - :u e ;t  I s t e l  f n n r t l l e ’  m’ re l in e  the  rol l  e i n n t ; n  , m i i i  m i l l  i i  vs  s

w m m S  ~i c - v e r l o p e d  r s i m i ~’ t m :  ~‘ n n w  , u i r d  p i tch ~I n n t a  m i t  tire t i m e s  o f  t he  t I i ) u ) V C n re n t  i m ’ i m e ’d

n . m  ;i c - t i  . t i u e -  N i  r n - - u - i  i t t i t i i t  5 , t i i -  on ’ r e i n  t ,n t i o  m~ f t i r e  u r n a l t n e t o u n e  t e’ r n n ’ n d  t lie c \  t’o

r e f e r  r i - n e c  n o t  e h  , ‘lu n i p  I c - n m , e ’ t r  t t h I ‘; m u i r  I v m : I , t h e  v m r w  m ind un t c i t  e m i t  a w r ~
m m r e r w ’ m r  w i t  h t m - t n r u e ’s o t  u t m n . i  i nnu l~~ m i i i  m r i r n i m r r i i m ~ ot ’ t i r e  : i c t u i n i l  u i t n l n ’r  eto rn ie t e t r

d a t  mm i - , u ip n n e i l  t ie ’  t I r e -  d e ’t ni  n 1 cmi l mmn se studs’



A software routine was then prepared to calculate the discrete gyro roll

u s i n r g  the  nrerged gyro informa t I o mr  ro rd t i i c ’eiret ica l mode 1 of the E a r t h ’ s magnetic

field. ‘lite r e s u l t s  of  t l i t s  t r o g r ’ m m u r m  wi re - - - t t i c l i ed a r i d  e’oii t u n i o n s  ro l  I wa s

g e n e r n i t m ’i  For t h i s  F l i g h t  u s i n g  Ho se c il c u il nite d dIsL ’n .m’tc roil v t i l i n e~

in the j ud gement of the  l n i  t in i t o r  of Ui i s  j m r o h l  em , m t w ,m s dcc i d e t m  t u n i t

the roll data calculated u s i n g  the refinement techni que of lnrcorpo ratm flg phase

shift outputs compared most favorabl y with his attitude sensitive experimental

resul ts.

Fi gures ( 2 6 — 2 8 ) d i s p l a y  the  f i n a l  ang les u,f a t t a c k  of t h e s e  i- ’e n i c l es  U~~iLi k

the various mentioned Correction procedures .
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Figure 13
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Figure 19
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Figure 20
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