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~ -v NAVIGATIOS SYSTEMS OF SPACECRAFT 
By V .  P.  Seleznyev and M. L. K i r s t  

ABSTRACT 

(By J. L. Zygielbaum) 

In t roduct ion  

The achievements of Soviet  sc ience  and technology i n  the conquest 

of space and the o r b i t a l  f l i g h t s  by Sov ie t  a s t ronau t s  make i t  poss ib le  to  con- 

s i d e r  prolonged, long-dis tance manned f l i g h t s  as  one of the next  items i n  the 

program f o r  the development of Soviet  sc ience  and technology. Almost a l l  

branches of sc ience  and technology p a r t i c i p a t e  i n  the e f f o r t  t o  so lve  the  

problem of long-dis tance manned f l i g h t s .  

Even now p ro jec t s  f o r  manned f l i g h t s  t o  the Moon a r e  i n  t h e i r  f i n a l  

s t a g e s  of development. This w i l l  be followed by f l i g h t s  t o  p l ane t s  of the  

So la r  System. New types of rocke ts  and equipment a re  under cons t ruc t ion ,  and 

a s t r o n a u t s  a r e  being t ra ined  f o r  the d i f f i c u l t  task of i n t e rp l ane ta ry  f l i g h t s .  

F l i g h t  cont ro l  of a spacecraf t  i s ,  i n  f a c t ,  the most important t a s k  

during a prolonged, long-distance f l i g h t .  This problem includes the s e l e c t i o n  

of a leas t -energy  t r a j e c t o r y ,  o r b i t a l  i n j e c t i o n ,  o r i e n t a t i o n  of the spacec ra f t ,  

guidance and con t ro l  along a l l  sec t ions  of the t r a j e c t o r y ,  maneuvers f o r  the  

purpose of landing on the t a r g e t  p lane t ,  and f i n a l l y  the r e t u r n  t o  Earth,  

The problem of f l i g h t  con t ro l  is a l so  of utmost importance during rendezvous 

maneuvers between spacec ra f t  i n  o r b i t  f o r  the purpose of assembling an o r b i t -  

ing space s t a t i o n ,  i n t e rcep t ion  of h o s t i l e  t a r g e t s ,  e t c .  

The purpose of t h i s  book is t o  eva lua te ,  on the bas i s  of a v a i l a b l e  

Sov ie t  and fo re ign  ma te r i a l ,  the general  problems and methods of space naviga- 

t i o n ,  o r b i t a l  f l i g h t  elements of spacecraf t ,  e t c .  P a r t i c u l a r . a t t e n t i o n  i s  

d i r e c t e d  toward the cons t ruc t ion  of complex, on-board naviga t ion  sys  tems, a s  

we l l  as ground f a c i l i t i e s .  

Many problems related t o  the s ta tement  of p r inc ip l e s  f o r  the se l ec -  

t i o n  of optimum parameters of navigat ion systems and an  eva lua t ion  of t h e i r  

e r r o r s  r e q u i r e  the a p p l i c a t i o n  of  a complex mathematical apparatus .  There- 

f o r e ,  these problems are discussed only s u p e r f i c i a l l y  i n  t h i s  book. These 

problems can be s tudied  according to a s p e c i a l  l i t e r a t u r e ,  a l i s t  of which i s  

given a t  the end of the book. 
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CHAPTER I 
Basic Assumptions i n  the Development of Space Navigation 

There a r e  two types of spacecraf t :  a r t i f i c i a l  Earth s a t e l l i t e s  and 

in t e rp l ane ta ry  probes ( spacec ra f t ) .  The f l i g h t  t r a j e c t o r i e s  of a l l  spacec ra f t  

a r e  inf luenced by var ious  f i e l d s  of grav i ty :  

the g rav i ty  of the Earth,  and in te rp lane tary  spacec ra f t  a re  influenced by the 

f i e l d s  of g rav i ty  o f '  the Earth,  the Sun, and o ther  p lane ts .  The inf luence  of 

f i e l d s  of g r a v i t y  i s  one of the  f ac to r s  which determines the f l i g h t  t r a j e c t o r y  

of a spacec ra f t .  Such a t r a j e c t o r y  c o n s i s t s  of th ree  p r inc ipa l  sec t ions :  

o r b i t a l  i n j e c t i o n ,  f l i g h t  through cosmic space,  and r e -en t ry  i n t o  the dense 

l a y e r s  of the  atmosphere f o r  the purpose of  landing. 

S a t e l l i t e s  a r e  influenced by 

In t e rp l ane ta ry  spacec ra f t  t r a j e c t o r i e s  might c o n s i s t  of s eve ra l  spe-  

c i f i c  s ec t ions  a long  which i n i t i a l  readings,  equat ions of motion, and f i e l d s  

of g rav i ty  a r e  subjected to  changes. For ins tance ,  i n  the  case of a f l i g h t  

t r a j e c t o r y  to  Mars, the  f i r s t  sec t ion  would be along the  space between the 

Earth and the Moon. The f l i g h t  t r a j ec to ry  along t h i s  s e c t i o n  might be a n  

approximated hyperbola wi th  i t s  focal  po in t  a t  the cen te r  of the Earth.  The 

second s e c t i o n  of the  t r a j e c t o r y  i s  along the space between the Moon and the 

Sun. Here the t r a j e c t o r y  gradual ly  changes i n t o  a l a r g e  e l l i p s e  with i t s  

f o c a l  po in t  a t  the cen te r  of the Sun. Along the  t h i r d  s e c t i o n  the  Sun i s  the 

p r i n c i p a l  source of g rav i ty ,  and the f l i g h t  cont inues along a n  e l l i p t i c a l  

t r a j e c t o r y .  The fou r th  s e c t i o n  of  the t r a j e c t o r y  begins during the approach 

t o  the  p l ane t  Mars. Along t h i s  s tage  i n  the f l i g h t ,  the  p r inc ipa l  inf luence 

on the t r a j e c t o r y  i s  exerted by Mars and the Sun. The e l l i p s e  changes i n t o  

a hyperbola with i t s  foca l  po in t  a t  the cen te r  of Mars. Along the f i f t h  and 

f i n a l  s e c t i o n  of f l i g h t ,  the  f i e l d  of g rav i ty  of Mars i s  the dec i s ive  f a c t o r  

and the  t r a j e c t o r y  is d i s t i n c t l y  hyperbolic.  

The var ious  inves t iga t ions  conducted by spacec ra f t  of s p e c i f i c  desig- 

na t ions  ( s c i e n t i f i c  r e sea rch ,  meteorological,  communication, naviga t ion  con- 

t r o l ,  t e l e v i s i o n  r e l a y ,  reconnaissance,  s t r a t e g i c ,  e t c . )  may be con t ro l l ed  

by command from Earth,  independently by automatic devices  op board the space- 

c r a f t ,  o r  by the  crews of manned spacecraf t .  I n  connection with these methods, 
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the development of e f f e c t i v e  engines,  deep space comiiinication systems, con t ro l  

of f l i g h t  parameters,  l i f e - suppor t  systems, and the development of systems f o r  

automatic naviga t ion  and f l i g h t  cont ro l  are of extreme importance. 

I n  order  to  conduct space f l i g h t s ,  i t  is necessary to know the f l i g h t  

parameters of the spacecraf t .  These parameters a r e  determined by means of a 

naviga t ion  sys  t e m ,  which r ep resen t s  one of the most important components of 

f l i g h t  con t ro l .  The parameters of primary naviga t ion  information which m u s t  

be known are:  

-- d i r e c t i o n  of axes of the naviga t iona l  system of coord ina tes ;  

-- angles ,  angular  ve loc i ty  and the s p a c e c r a f t ' s  r o t a t i o n a l  acce lera-  

t i o n  i n  rela t i o n  to  the navigat ional  sys  tern of coord ina tes  ; 

-- components of  l i n e a r  acce le ra t ions  and the  v e l o c i t i e s  of the cen- 

ter of mass of the  spacec ra f t ;  

-- t i m e  of f l i g h t  and time of f lyby  of a v a i l a b l e  r e fe rence  poin ts  

i n  space;  

-- coordinates  of the loca t ion  of the spacec ra f t  i n  r e l a t i o n  to  the 

naviga t iona l  system of coord ina tes  and re ference  poin ts  a t  the s t a r t  and t e r -  

minat ion of the f l i g h t  course;  

-- naviga t iona l  parameters which dev ia t e  from the va lues  prescr ibed 

by the  f 1 igh t program; 

-- ve loc i ty  and coordinates  of p o s i t i o n  of c e l e s t i a l  bodies ,  t h e i r  

dimensions, masses, and fo rces  of  grav i ty .  

There a r e  three  types of naviga t ion  systems: se l f -conta ined ,  non- 

autonomous and complex. Self-contained naviga t ion  systems conduct measurements 

of  the instrumentat ion on board the spacec ra f t .  The opera t ion  of such systems 

does no t  depend on r ad io t echn ica l  o r  o p t i c a l  information f a c i l i t i e s  loca ted  

on Earth o r  o the r  cosmic bodies. Self-contained systems, which a re  used p r i -  

mar i ly  f o r  deep space f l i g h t s ,  include: 

-- i n e r t i a l  systems f o r  determining the ve loc i ty  and the coordinates  

of  the s p a c e c r a f t ' s  pos i t i on ;  

-- astronomical systems fo r  ob ta in ing  the coord ina tes  of pos i t i on ,  

v e l o c i t y  and f l i g h t  per iod by measuring the angular  dimensibns o f . c e l e s t i a 1  

bodies and d i r e c t i o n  toward them, a s  w e l l  a s  t he  magnitude of the Doppler s h i f t  

i n  t he  r a d i a t i o n  spec t r a  of s t a r s  and p l ane t s ;  
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-- as t ro- iner t ; -a1  systems which combine the func t ions  of the i n e r t i a l  

and astronomical sys  tems ; 

-- systems based on the u t i l i z a t i o n  of energy of the electromagnet ic  

r a d i a t i o n  of the Sun and p l ane t s ;  

-- systems used f o r  the modeling of f l i g h t  parameters. 

Non-autonomous systems of naviga t ion  a r e  used pr imar i ly  f o r  guidance 

and con t ro l  of the f l i g h t  parameters of the spacec ra f t  a long the powered s e c t i o n  

of the t r a j e c t o r y  a f t e r  l i f t - o f f .  By means of these systems a r e  measured the 

angular  pos i t ions  and d i s t ances  between the spacec ra f t  and the  rad io technica l  

o r  o p t i c a l  s t a t i o n s ,  as w e l l  a s  the  v e l o c i t i e s  of spacecraf t .  The non-auton- 

omous sys  t e m s  include: 

-- r ad io  guidance systems ( r a d a r ,  in te r fe rometers )  ; 

-- o p t i c a l  goniometric-range f i n d e r  systems. 

The complex systems of navigat ion r ep resen t  a combination of the 

above-mentioned systems, A t  the present  time these  systems of naviga t ion  

play a dec i s ive  r o l e  i n  the execution of space f l i g h t s .  

CHAPTER I1 

Determination of Navigational Parameters of Spacecraf t  

The naviga t iona l  parameters of a spacec ra f t  a r e  necessary i n  order  

t o  determine the charac te r  of the spacec ra f t ' s  f l i g h t  as a s o l i d  body i n  cos- 

mic space,  wi th  the cons idera t ion  of the  f l i g h t  charac te r  of o the r  c e l e s t i a l  

bodies .  The bas ic  naviga t iona l  charac te rs  a r e  used t o  determine the p o s i t i o n  

of t he  center  of mass of a spacecraf t .  

i s  u s e d  a s  the beginning of readings of the l i n e a r  and angular  coordinates  of 

a spacec ra f t .  Following a re  severa l  v a r i e t i e s  of naviga t iona l  systems. 

The naviga t iona l  system of coord ina tes  

A naviga t iona l  system of coord ina tes  known as a geographic o r  geo- 

c e n t r i c  system o f  coordinates  is used during the launching of a rocke t  from 

Earth.  

Ea r th ,  and the  plane of the equator is adopted as the princ' ipal  plane of t h i s  

system. 

The geographic system of  coordinates  u t i l i z e s  the e l l i p s o i d  of the 
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I n  astronomy and navigat ion i n  near-Earth space,  a so-ca l led  equa- 

t o r i a l  system of  coordinates  i s  used most f requent ly .  This system is a va r i a -  

t i o n  of tne p lane to-cent r ic  system of  coord ina tes ,  using the plane of the equa- 

to r  a s  i t s  p r inc ipa l  plane. 

Another v a r i a t i o n  of a plane to -cen t r i c  sys t e m  of coordinates  used 

i n  astronomy and space navigat ion i s  the o r b i t a l  system of coord ina tes ,  i l l u s -  

t r a t e d  i n  Figure 4 .  The p r inc ipa l  plane i n  t h i s  system i s  the plane of the 

o r b i t  of the spacec ra f t .  The o r b i t a l  plane passes through the center  of the 

Ear th. 

An e c l i p t i c a l  system of coordinates  i s  used during in t e rp l ane ta ry  

f l i g h t s  ou t s ide  the sphere of grav i ty  of the  Earth,  when the  p r inc ipa l  fo rce  

of g r a v i t y  is emit ted by the Sun. The o r i g i n  of t h i s  system of  coordinates  

i s  loca ted  a t  the cen te r  of the Sun and the  p r inc ipa l  plane is  the e c l i p t i c  

( t h e  plane of the Ea r th ' s  o r b i t ) .  

I n  the no t - so -d i s t an t  fu tu re ,  during f l i g h t s  t o  o the r  s t e l l a r  systems, 

a naviga t iona l  system of coordinates  encompassing the space ou t s ide  the So la r  

System w i l l  be necessary.  The galaxy w i l l  be used a s  a re ference  po in t  i n  

such a case.  This i s  the co-cal led g a l a c t i c  system of coord ina tes ,  and i n  

' the  capac i ty  of the p r inc ipa l  plane w i l l  be u t i l i z e d  the mean plane o f  the 

Milky Way ( t h e  plane of the galaxy) .  This system of coordinates  i s  i l l u s t r a t e d  

i n  F igure  6. 

/ I \  

S 

Fig.  6 .  Galac t ic  system of coordinates  
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The following d a t a  i s  a l s o  necessary during a f l i g h t :  the angular  

o r i e n t a t i o n  of the spacec ra f t ,  and the determinat ion of the coordinates  of 

the p o s i t i o n  of re ference  poin ts  i n  r e spec t  t o  the system of coord ina tes ,  

which s h i f t s  along with the spacecraf t .  

coord ina tes  during f l i g h t s  near the sur face  of the Earth i s  used the ho r i zon ta l  

s y s  tem of coordinates .  

I n  the capac i ty  of such a system of 

The pos i t i on  of the spacec ra f t  i n  r e spec t  t o  the ho r i zon ta l  system 

of coord ina tes  O E v r  i s  determined by three  angles ;  the a c t u a l  course +, the 

p i t c h  angle  9 ,  and the bank y .  

A spacec ra f t  does n o t  have a d i r e c t  con tac t  wi th  the above-mentioned 

systems of coordinates .  

which s imula tes  the naviga t iona l  systems of coordinates .  The axes of such 

devices  m u s t  be p a r a l l e l  t o  the  axes of the naviga t iona l  systems of coordinates.  

Such devices ,  known as s t a b i l i z e r s ,  determine the angular  p o s i t i o n  of the 

s p a c e c r a f t ,  the d i r e c t i o n  and magnitude of acce le ra t ion ,  f l i g h t  v e l o c i t y  and 

the  coord ina tes  of pos i t ion .  A diagram of a s t a b i l i z e r  which s imulates  the 

e q u a t o r i a l  and geographical systems of coord ina tes  i s  shown i n  Figure 9. 

Therefore ,  a spacec ra f t  m u s t  be equipped wi th  a device 

During i t s  f l i g h t  a spacec ra f t  i s  influenced by the forces  of g rav i ty  

of c e l e s t i a l  bodies ,  the forces  of g rav i ty  of the engines,  the fo rce  of r e s i s -  

tance of the environment ( p a r t i c u l a r l y  during f l i g h t s  through the u p p e r  l ayers  

of  the  atmosphere), and the forces  of i n t e r a c t i o n  of the spacec ra f t  with the 

va r ious  f i e l d s .  The aggregate of these fo rces  i s  equal ized by the  i n e r t i a l  

fo rces  of the mass of the spacecraf t .  By comparing the equat ions of equi l ibr ium 

of a l l  ex te rna l  fo rces ,  and the equal iz ing  i n e r t i a l  forces  according the direc-  

t i o n  of the three  axes of the coordinates ,  w e  ob ta in  three  equations f o r  the 

dynamics of motion of the center  of mass of the spacecraf t .  The s o l u t i o n  to  

these  d i f f e r e n t i a l  equations makes i t  poss ib le  t o  f ind  the ve loc i ty  and coor- 

d i n a t e s  of the center  of mass of the spacec ra f t  during any moment of time with 

the  cons ide ra t ion  of the i n i t i a l  ve loc i ty  and coordinates  of the launching 

a rea .  

I n  order  tosolve these equations i t  i s  necessary a t  f i r s t  t o  study 

the unperturbed motion of the spacec ra f t  w i th in  the cen t r a l '  f i e l d  of g rav i ty  

8 



F i g .  9 .  S t a b i l i z e r  f o r  f i nd ing  
of equa to r i a l  and geographic 
sys  tems of coord ina tes .  

of the Earth.  Then we determine the changes i n  the parameters of motion, 

caused by per turbing forces .  

spacec ra f t  during a perturbed motion, we determine the per turbing forces, and 

according t o  these ,  we  f i nd  the cor rec t ions  f o r  the  v a r i a t i o n  of coordinates  

and v e l o c i t y  of the spacec ra f t .  A f t e r  t h a t  the per turb ing  fo rces  a r e  defined 

more accu ra t e ly  and a d d i t i o n a l  cor rec t ions  a r e  made t o  the f l i g h t  parameters, 

e t c .  The o r b i t a l  elements of a spacecraf t  a r e  shown i n  Figure 10. 

Knowing the coord ina tes  and the v e l o c i t y  of the  

The motion of a spacecraf t  w i th in  the  plane of the o r b i t  i s  charac- 

The express ion  which binds these m t e r i z e d  by the polar  coordinates  r and 9 .  

magnitudes i s  a s  follows: 
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p i s  the parameter of the o r b i t ;  e i s  the  e c c e n t r i c i t y  o f  the o r b i t .  

A major i ty  of spacec ra f t  t rave l  a long e l l i p t i c a l  o r b i t s .  I t  i s  

thereby expedient  t o  determine the  r e l a t i o n  of the  s a t e l l i t e ' s  coord ina tes  

t o  the  c u r r e n t  t i m e .  Such a r e l a t i o n  i s  s u p p l i e d  by the  K e p l e r  equat ion 

which binds the  polar  coordinates  r and 8 of a po in t  of the  o r b i t  wi th  

time, taking i n t o  cons idera t ion  c e r t a i n  a u x i l i a r y  va r i ab le s .  Such an  a u x i l -  

i a r y  v a r i a b l e  i s  the  mean anomaly M ,  which i s  the  curve descr ibed by t h e  

spaceship a f t e r  reaching the  perigee.  . This i s  expressed by the  formula 

where T is t he  moment a t  which the  spaceship reaches t h e  perigee.  

A naviga t ion  method i s  a combination of measurements of primary 

parameters and computer opera t ions  which i s  u s e d  t o  determine the f l i g h t  

v e l o c i t y  and coord ina tes  of t h e  pos i t i on  of a n  objec t .  

a r e  divided i n t o  the  following groups: 

Navigation methods 

1. Path computation methods, 

2. The pos i t i on  sur faces  methods, 

3 .  Survey comparison methods, 

4. F1 igh t t r a  j ec to ry  modeling methods . 
To the  f i r s t  group p e r t a i n  methods of a e r i a l ,  radar  doppler,  and 

i n e r t i a l  computation of  t h e  path. 

To the  second group pe r t a in  the  va r ious  r a d i o  guidance, astronom- 

i c a l ,  magnetic, i soba r i c  and o the r  methods of navigat ion.  

To the t h i r d  group belong methods which a r e  based on the  compar- 

i son  of  o p t i c a l ,  in f ra - red ,  r ada r  and o t h e r  images of the  sur faces  of t he  

Ear th ,  p l ane t s ,  o r  the s tar-s tudded sky wi th  geographical c h a r t s  and geo- 

g raph ica l  o r  s t e l l a r  globes.  

To the  fou r th  group belong methods which a r e  based on the  prelim- 

inary  determinat ion of the f l i g h t  t r a j e c t o r y  of a spacec ra f t  and the modeling 
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of t h a t  t r a j e c t o r y  by means of computers aboard the spacecraf t .  These a r e  

known a s  e l l i p t i c a l  methods of spacecraf t  navigat ion.  

A l l  navigat ion methods contain some meri t s  a s  wel l  a s  some de- 

f i c i e n c i e s  which appear under spec i f i c  f l i g h t  condi t ions.  Therefore,  space- 

c r a f t  a r e  equipped with severa l  navigat ion methods i n  order  t o  increase  the 

accuracy and r e l i a b i l i t y  of t he  navigat ional  measurements. 

CHAPTER 111 

Pickups of Navigational Information 

Acquis i t ion  of navigat ional  information which a s su res  the  de te r -  

minat ion of the pos i t i on  of t he  spacecraf t  i s  accomplished by a complex 

of pickups of primary information. The pickups a r e  instruments  and devices 

which make i t  poss ib le  to  determine the bas i c  system €or obta in ing  readings 

and measure acce le ra t ion ,  v e l o c i t y ,  angular devia t ions  and d is tances  i n  r e s -  

pec t  t o  t h i s  bas ic  system f o r  obtaining readings.  

mary pickups i s  processed by computers. 

information include accelerometers ,  doppler and astro-doppler  speedometers, 

r ange f inde r s ,  a l t i m e t e r s ,  v e r t i c a l s ,  course systems, time s tandards ,  and 

o the r  devices.  

Data t ransmi t ted  by p r i -  

Pickups of primary naviga t iona l  

Sec t ion  3.1 of t h i s  chapter g ives  a d e t a i l e d  desc r ip t ion  of the 

va r ious  accelerometers and the  mode of t h e i r  opera t ion  under such condi t ions  

as ,  f o r  ins tance ,  when the  spacecraf t  i s  influenced by a c t i v e  fo rces ,  gra- 

v i t y ,  during angular motions of the spacec ra f t ,  e tc .  The values  of acce le r -  

ometers i n  a l l  these cases  a r e  proven mathematically. Spec ia l  a t t e n t i o n  i s  

given to  pendulum accelerometers.  Such accelerometer i s  used f o r  the  mea- 

surement of l i n e a r  acce le ra t ion .  Some v a r i a t i o n s  of the pendulum acce ler -  

ometer a r e :  the in t eg ra t ing  pendulum accelerometer and the  dual i n t e -  

g r a t i o n  pendulum accelerometers.  
L 

Another important v a r i a t i o n  of accelerometers are the a x i a l  com- 
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I 
-- 

pensation accelerometers which neu t r a l i ze  automatical ly  the  forces  which 

a c t  on an i n e r t i a l  body by means of a fo rce  developed by the  engine. 

During the f l i g h t  of the spacecraf t  a t  a comparit ively c lose  d i s -  

tance from a c e l e s t i a l  body, f o r  instance the  Earth,  i t  i s  necessary t o  

measure the f l i g h t  ve loc i ty  i n  respect  t o  the  sur face  of t h a t  body. Know- 

ledge of t h i s  v e l o c i t y  i s  necessary fo r  the purpose of photographing the  

su r face  of a c e l e s t i a l  body, aiming of the  measurement instrumentat ion t o -  

ward r e fe rence  poin ts ,  and p a r t i c u l a r l y  f o r  the  landing of the spacecraf t .  

Veloci ty  can be measured by the  app l i ca t ion  of a synchronizat ion of the  an- 

gu la r  motions of the s i g h t i n g  device and the  r e fe rence  po in t  which i s  v i s i b l e  

on the su r face  of the c e l e s t i a l  body. Knowing the f l i g h t  a l t i t u d e ,  H ,  and 

measuring the  angular  v e l o c i t y  of r o t a t i o n  of the  s i g h t i n g  tube, w ,  i t  is  

poss ib l e  t o  c a l c u l a t e  the f l i g h t  ve loc i ty ,  V , according t o  the  formula 

V = wH. Synchronization by means of v e r t i c a l  s igh t ing  devices i s  a l s o  

appl ied .  Opt ica l  s igh t ing  devices have a high reso lv ing  c a p a b i l i t y  and do 

n o t  r e q u i r e  a g r e a t  power consumption which i s  p a r t i c u l a r l y  important i n  the  

case  of spacecraf t .  

However, such a s igh t ing  device has  one shortcoming which i s  con- 

ta ined  i n  the f a c t  t h a t  a t  n igh t  and during a heavy overcas t  i n  the ab- 

sence of i l luminated re ference  points ,  f o r  ins tance  c i t i e s  and l a r g e  s e t t l e -  

ments, i t  i s  impossible t o  survey the Ea r th ' s  su r f ace  and consequently to  

determine the  f l i g h t  ve loc i ty .  Surve i l lance  of an a rea  can a l s o  be made 

by means of t e l e v i s i o n  cameras, An example of a successfu l  su rve i l l ance  

of the sur face  of a c e l e s t i a l  body by a t e l e v i s i o n  system i s  the  photo- 

graphing of the hidden s i d e  of the Moon and the t ransmission of the images 

to  Earth conducted by "Luna -3" on October 4 ,  1959, and by "Zond-3" on 

J u l y  1 6 ,  1965. 

ve loc i ty .  

This instrumentat ion can a l s o  be used f o r  measuring f l i g h t  

I n  order  t o  measure f l i g h t  v e l o c i t y  i n  r e s p e c t  to  the  Ear th ,  the 

p l a n e t s ,  the  Sun, and o the r  c e l e s t i a l  bodies ,  a s  wel l  as i n  r e spec t  t o  sa-  

t e l l i t e s  and spaceships ,  i t  i s  a l s o  poss ih l e  t o  use doppler speedometers. 

A complete doppler frequency s h i f t ,  measured by the r e c e i v e r ,  is  
# 
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r e l a t e d  to  the  f l i g h t  ve loc i ty  W by the following dependence: 

2w'cos a 
fd=- , A  * 

(3.12) 

C A = -  
where f i s  the wave length and (Y i s  the angle  between the v e l o c i t y  

vec to r  W and the d i r e c t i o n  of the beam. The range of v e l o c i t i e s  measured 

by the dopplers system i s  es tab l i shed  i n  accordance wi th  the range of ve l -  

o c i t i e s  of the  spacecraf t .  

i t  is  a l s o  poss ib l e  t o  use the  radian of the Sun, the p l ane t s ,  the stars, as 

we l l  as  spacecraf t .  Doppler s h i f t s  of the  wave lengths  of s p e c t r a l  l i n e s  

a r e  measured by means of r a d i a t i o n a l  d i r e c t i o n  f inde r s .  

ment of doppler f l i g h t  v e l o c i t i e s  i n  r e s p e c t  t o  p l ane t s ,  it should be taken 

i n t o  cons ide ra t ion  t h a t  t he  l i g h t  received from them i s ,  i n  f a c t ,  a r e f l e c -  

t i o n  of s o l a r  i l lumina t ion .  Therefore the doppler frequency s h i f t  of r a d i -  

a t i o n  rece ived  from p lane t s  corresponds to  the  geometrical  t o t a l  sum of t he  

v e l o c i t y  of the p l ane t  i n  r e s p e c t  t o  the  Sun and the  v e l o c i t y  of the space- 

s h i p  i n  r e s p e c t  t o  the planet .  Doppler speedometers might a l s o  be used f o r  

the  determinat ion of coordinates  of the loca t ion .  

For the  purpose of measuring f l i g h t  v e l o c i t y  

During the measure- 

The v e l o c i t y  and a l t i t u d e  of the  f l i g h t  of a spacec ra f t  can be mea- 

sured i n  r e s p e c t  t o  the atmospheric a i r .  This  i s  necessary during f l i g h t s  

a t  low a l t i t u d e s  a s  wel l  a s  during the r een t ry  of a spacec ra f t  i n t o  the  dense 

l a y e r s  of the  atmosphere. F l i g h t  ve loc i ty  and a l t i t u d e s  i n  r e spec t  t o  the  

atmosphere a r e  measured by means of manometric instruments  w i th in  the lower 

r eg ions  of the atmosphere ( t roposphere) ,  and by ion  pickups equipped wi th  

a r t i f i c i a l  i o n i z e r s  i n  the  upper regions of the  atmosphere ( s t r a tosphe re ) .  

An example of such a pickup, designed f o r  the  measurement of f l i g h t  a l t i .7  

tude,  i s  an  a l p h a - e l e c t r i c a l  a l t ime te r .  

the  a i r  w i t h i n  the ion iza t ion  chamber and the  vo l t age  i n s t a b i l i t y  of the 

power sources ,  the ion pickup contains an e r r o r  which does not  exceed 2% of 

t he  measured value.  For the purpose of decreasing the e r r o r ,  automatic 

thermostats  and vol tage  s t a b i l i z e r s  a r e  used.  

Due t o  the  temperature change of 
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The f l i g h t  a l t i t u d e  can a l so  be determined by double i n t e g r a t i o n  

according to  the time of the v e r t i c a l  a c c e l e r a t i o n  of a spacec ra f t  measured 

by an accelerometer.  The accelerometer measures the  v e r t i c a l  component 

of a c c e l e r a t i o n  which i s  caused by forces  of non-gravi ta t iona l  o r i g i n .  

Such an  instrument i s  known a s  an i n e r t i a l  a l t i m e t e r .  

Other methods f o r  determining f l i g h t  a l t i t u d e s  a r e  o p t i c a l  a l t i -  

meters which a r e  based on the measurement of the  s o l i d  angles  of the v i s i b l e  

horizon of the c e l e s t i a l  body (Earth,  Moon, and p l a n e t s ) ,  depending on the  

f l i g h t  a l t i t u d e ;  and a r a d i a t i o n  method f o r  measuring a l t i t u d e  which is 

based on the  measurement of the  r a d i a t i o n  energy which f a l l s  on a s e n s i t i v e  

thermo-element. F ina l ly ,  t he re  a r e  radar a l t i m e t e r s  by which measurements 

a r e  taken of the  per iod of t i m e  during which a r a d i o  s igna l  bounces o f f  the 

su r face  of a c e l e s t i a l  body and r e t u r n s  t o  the  instrument.  

Sec t ion  3 .6  of t h i s  chapter dea l s  wi th  the necess i ty  of determining 

the  d i r e c t i o n  of the  v e r t i c a l  f o r  navigat ion and angular  o r i e n t a t i o n  of 

a spacec ra f t  and p a r t i c u l a r l y  of the onboard equipment (photo cameras, 

t e lescopes ,  e t c . )  

t i c a l  a r e  c a l l e d  v e r t i c a l s  with t h e  a d d i t i o n  of a word which ind ica t e s  the  

p r i n c i p l e  of operat ion.  For instance,  t he  expressions "op t i ca l  v e r t i c a l  ,I' 

The instruments which determine the  d i r e c t i o n  of the  ver-  

gyroscopic v e r t i c a l , "  and o the r s  i nd ica t e  t h a t  during the determinat ion of 

o p t i c ,  gyroscopic o r  o the r  p r i n c i p l e s  of opera t ion  have been 

II 

the  v e r t i c a l ,  

used. 

There a r e  seve ra l  v a r i a t i o n s  of v e r t i c a l  d i r e c t i o n s  depending on 

the physical  na ture :  

-- the  v e r t i c a l  of loca t ion  (geographical  v e r t i c a l ) ,  which coin- 

c ides  wi th  the  perpendicular ,  the point  of suspension of which i s  s t a t i o n a r y  

i n  r e s p e c t  t o  the Earth;  

-- t he  g r a v i t a t i o n a l  v e r t i c a l  which coincides  with the  d i r e c t i o n  

of the  fo rces  of the f i e l d  of grav i ty  of the Ear th ;  

. -- the  geocent r ic  v e r t i c a l  which coincides  with the rad ius-vec tor  

which fol lows from the center  of the E a r t h ' s  e l l i p s o i d e  t o  a given point .  

Such v a r i a t i o n s  of v e r t i c a l  d i r e c t i o n s  might a l s o  be present  on 
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other  p lane ts  and c e l e s t i a l  bodies. Onboard a spacec ra f t  can be u t i l i z e d  

gauges f o r  measuring the d i r e c t i o n a l  v e r t i c a l  based on a v a r i e t y  of pr in-  

c i p l e s  of operat ion.  These a r e :  a gyroscopic v e r t i c a l ,  a g y r o - i n e r t i a l  

v e r t i c a l ,  an  o p t i c a l  v e r t i c a l ,  an a n a l y t i c a l  v e r t i c a l ,  and a g r a v i t a t i o n a l  

v e r t i c a l .  

A gyroscopic v e r t i c a l  i s  used f o r  the f l i g h t  con t ro l  of a c a r r i e r -  

rocke t  during the powered a scen t  sec t ion  of the f l i g h t .  

A g y r o - i n e r t i a l  v e r t i c a l  i s  the  bas i c  p a r t  of the  gyro i n e r t i a l  

system of naviga t ion  which i s  described i n  Chapter 4 .  

The opera t ion  of an  o p t i c a l  system f o r  determining the  v e r t i c a l  

i s  based on the  t racking  of the  horizon of a planet .  The c h a r a c t e r i s t i c  

f e a t u r e  of a horizon of a p lane t  i s  the sharp v a r i a t i o n  i n  the  power of 

i n f r a - r ed  r a d i a t i o n  a t  the  border between the  p l ane t  and the  external space. 

I f  we determine the v e r t i c a l  i n  r e spec t  t o  the  Earth then the  fo rce  of 

r a d i a t i o n  near  the  horizon w i l l  depend on the  temperature and wave length 

on which the  inf ra - red  r a d i a t i o n  i s  received. A d e t a i l e d  desc r ip t ion  and 

explana t ion  of severa l  methods f o r  scanning the horizon i s  given i n  t h i s  

s ec t ion .  Some scanning methods a r e  i l l u s t r a t e d  i n  Figure 30. 

instrument  systems ( t e l e v i s i o n  tubes, thermo-resis tors ,  photon de tec to r s ,  

cryogenic bolometers,  o p t i c a l  systems, e t c . ) ,  a r e  discussed i n  d e t a i l .  

The var ious  

The a n a l y t i c a l  method f o r  determining the  d i r e c t i o n  of the ver- 

t i c a l  i s  the  b a s i s  f o r  the preliminary determinat ion of the f l i g h t  t r a j e c -  

t o ry  of a spacec ra f t  by modeling the d i r e c t i o n  of the v e r t i c a l  i n  r e l a t i o n  

t o  the  coordinates  of the p o s i t i o n  d i r e c t l y  onboard the spacecraf t .  . 

The pos' i t ion of a s a t e l l i t e  during an  e l l i p t i c a l  f l i g h t  is de ter -  

mined by the  length of the  radius-vector  i n  r e s p e c t  t o  the  center  of the 

Earth and the  argument of the u l a t i t u d e .  

be ca l cu la t ed  f o r  any des i red  moment of time according t o  the  Kepler equa- 

t i on :  

The argument of the l a t i t u d e  can 

2 x  ~ = M f r  ( t - t o ) + e ,  

(3.16) 
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During the programing of the  onboard computer i t  i s  necessary to  

know the allowable degree of approximation during the reproduct ion o f  the 

angle  u i n  order  t o  achieve the desired accuracy. On the b a s i s  of measure- 

ments and obtained da ta ,  the ground computer complex produces co r rec t ion  

s i g n a l s  along a l l  bas ic  f l i g h t  parameters, and these s i g n a l s  a r e  then t rans-  

mi t ted  t o  the spacec ra f t  over telemetry channels of communication. The 

received s i g n a l s  a r e  converted i n t o  co r rec t ions  which a r e  introduced to  the  

p l o t t e r  of the v e r t i c a l  f o r  the  co r rec t ion  of e r r o r s .  

A v e r t i c a l  can be constructed i n  p r i n c i p l e  on the  b a s i s  of mea- 

surements of the v a r i a t i o n  of g r a v i t a t i o n a l  acce le ra t ions ,  as  received by 

the  accelerometer .  In  order  t o  discern the  g r a v i t a t i o n a l  v e r t i c a l  and 

the range 

a h ighly  s e n s i t i v e  (10 to  IO-I2g 
Therefore a g r a v i t a t i o n a l  v e r t i c a l  i s  of perspec t ive  value b u t  is i n  f a c t  

a d i f f i c u l t  t o  r e a l i z e  measurement system. 

( t o  the  cen te r  of a c e l e s t i a l  body) i t  i s  necessary to  have a 
-9 ) and h ighly  accu ra t e  accelerometer.  

0 

The a p p l i c a t i o n  of d i r ec t ion  instruments  and systems i s  discussed 

i n  s e c t i o n  3.7 of t h i s  Chapter. 

c r a f t  f o r  t he  o r i e n t a t i o n  of the hor izonta l  system of coord ina tes  along the 

azimuth. By means of d i r e c t i o n  instruments i s  measured the  course-angle 

between the p ro jec t ion  of the longi tudina l  axes of the sphcec ra f t  on the 

ho r i zon ta l  plane and a c e r t a i n  d i r e c t i o n  wi th in  t h a t  plane. The course 

reading  i n  r e s p e c t  t o  the  o r b i t a l  plane ( o r b i t a l  course)  i s  appl ied  i n  the  

case  of space f l i g h t .  

a nor thern  d i r e c t i o n  towards the eas t )  from 0 t o  360 degrees.  The following 

d i r e c t i o n  instruments a r e  dis t inguished according t o  the  measurement methods: 

Such instruments  a r e  used on the  space- 

The course angle i s  thereby read ou t  clockwise (from 

-- gyroscopic instruments which a r e  based on the property of the 

gyroscope t o  maintain the assigned d i r e c t i o n  i n  space; 

-- astronomical instruments which a r e  based on the  bear ing of 

c e l e s t i a l  bodies ; 

-- rad io ,  guidance instruments i n  which case ground based r a d i o  

s t a t i o n s  and moving na tu ra l  and a r t i f i c i a l  r a d i o  frequency emission 

sources  a r e  used f o r  the purpose of d i r e c t i o n  f inding.  
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A gyro semi-compass i s  used  f o r  turning the spacec ra f t  to  the  de- 

s i r e d  angle  during the execution of a f l i g h t  along an assigned rou te  and 

during pre-landing maneuvers. I n  the capac i ty  of a s e n s i t i v e  element of 

the gyro semi-compass i s  used a three s t age  gyroscope wi th  a ho r i zon ta l  

a x i s  of r o t a t i o n .  A kinematic diagram of a gyro semi-compass i s  shown i n  

Figure 3 3 .  

h Ver t i ca  1 

-4 

1 

Fig. 33 .  Kinematic diagram of a gyro semi-compass. 

Astronomical compasses a r e  used f o r  the  measurement of the course 

of a spacec ra f t  by taking a bear ing on c e l e s t i a l  bodies wi th  the consider- 

a t i o n  of the r o t a t i o n  of the Earth and the coordinates  of the  pos i t ion .  

Astronomical compasses a r e  s e l f  contained and do no t  depend on the  magnetic 

f i e l d  of the Earth or  on r a d i o  communication wi th  ground based r ad io  s t a -  

t i ons .  Because of these c h a r a c t e r i s t i c s ,  an  astronomical compass can be 

used t o  measure a course over any region of the Earth,  including the geo- 

graphic  and magnetic poles ,  a s  w e l l  a s  v e l o c i t i e s  and f l i g h t  a l t i t u d e s .  

Depending on the method of measurement there  a r e  d i s t ingu i shed  two types 

of as t ronomical  compasses: hor izonta l  and equator ia l .  
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One o ther  d i r e c t i o n a l  instrument u s e d  during space f l i g h t s  i s  an 

o r b i t a l  gyroscopic compass. This instrument uses i n  the capaci ty  of a 

cosmic v e r t i c a l  the inf ra - red  v e r t i c a l  which scans the  v i s i b l e  horizon of 

the Earth. The measurement accuracy of a gyroscopic compass depends on the 

precessions of the o r b i t  which cause methodic e r r o r s .  I f  the o r b i t a l  pre- 

cess ion  i s  known then the e r r o r s  can be el iminated.  

Sec t ion  3 . 8  of t h i s  Chapter d i scusses  i n  d e t a i l  the use of a 

s tandard c lock  during space f l i g h t s .  

t o  determine the  naviga t iona l  parameters, t o  conduct s c i e n t i f i c  research  

work i n  f l i g h t ,  and t o  synchronize the opera t ion  of the  onboard instrumenta- 

t i o n  of a spacec ra f t  with the ground based instrumentat ion a t  a high l e v e l  

of accuracy. The most s u i t a b l e  time s tandard  f o r  t h i s  purpose i s  a cesium 

frequency s tandard.  A t  p resent  such s tandards  a r e  produced a t  a very low 

weight of n o t  more than 13 kilograms and a high s t a b i l i t y  on the order  of 

A standard c lock  i s  necessary i n  order 

lo-1o. 

CHAPTER I V  

Self-contained Navigation Systems of Spaceships 

Self-contained navigat ion systems a r e  used f o r  the measurement of 

primary information without  the  he lp  of ground based r a d i o  guidance , and 

o p t i c a l  f a c i l i t i e s .  Astronomical and i n e r t i a l  naviga t ion  systems a r e  u s e d  

most f requent ly .  However, more accura te  and r e l i a b l e  r e s u l t s  a r e  obtained 

through the  a p p l i c a t i o n  of combined systems which a r e  known a s  complex 

systems, s ince  these make i t  possible  t o  e l imina te  the  de f i c i enc ie s  of the 

sepa ra t e  naviga t ion  systems and t o  improve t h e i r  dynamic p rope r t i e s ,  a s  wel l  

a s  t o  a s su re  the  measurement of naviga t iona l  parameters under all poss ib l e  

f 1 igh t condi t ions.  

Af te r  determining the  d i r e c t i o n  toward c e l e s t i a l  bodies and the 

d i s t ance  to  them, and a f t e r  studying the  spectrum of r a d i a t i o n  of these  

bodies ,  i t  i s  poss ib l e  to  determine many necessary naviga t iona l  parameters 

(Coordinates of pos i t i on ,  angular o r i e n t a t i o n  and f l i g h t  v e l o c i t y )  and a l s o  

18 



t o  determine the astronomical time, i nves t iga t e  the p rope r t i e s  of the sur face  

of c e l e s t i a l  bodies and t h e i r  surrounding atmosphere, a s  wel l  a s  the char- 

a c t e r i s t i c s  and physical condi t ions  of  a f l i g h t  through such atmospheres. 

A l l  these  func t ions  can be c a r r i e d  o u t  by means of an  astronomical navi- 

ga t ion  system. The p r inc ipa l  d i s t i n c t i o n  of an astronomical system of 

naviga t ion  i s  contained i n  a f f e c t  tha t  i t  i s  a b l e  a t  any moment of time, and 

i n  any area  of the universe ,  t o  determine the  coordinates  of the loca t ion  of 

the spacecraf t .  Apparently n o t  a s ing le  con t ro l l ed  space f l i g h t  i n  i n t e r -  

p lane tary  space o r  through i n t e r s t e l l a r  space can be conducted without  an  

astronomical system of navigat ion.  Astro-navigation through in t e rp l ane ta ry  

space can be reduced t o  the  der iva t ion  and mathematical processing of t h r e e  

su r face  pos i t i ons ,  each of which can be obtained through var ious  measurement 

methods. 

Sec t ion  4.2 of t h i s  Chapter  dea l s  with the automatic d i r e c t i o n  

f i n d e r s  of c e l e s t i a l  bodies. Direct ion f i n d e r s ,  designed f o r  automatic 

t rackinp  of c e l e s t i a l  bodies ,  are used i n  systems of astronomical naviga- 

t i o n ,  i n  systems of the angular  o r i e n t a t i o n  of spacec ra f t ,  during the 

landing of a spacec ra f t  on the  surface of a p l ane t ,  f o r  the  de t ec t ion  of 

meteoric  danger, f o r  s c i e n t i f i c  purposes, e t c .  A d i r e c t i o n  f i n d e r  c o n s i s t s  

of an  o p t i c a l  p a r t  ( te lescope)  designed to  concent ra te  r a d i a t i o n  f l u x e s ;  

a coord ina tor  which determines the  d i r e c t i o n  of i n c l i n a t i o n  of the image 

of a c e l e s t i a l  body from the  o p t i c a l  a x i s  of the  te lescope;  a r a d i a t i o n  

r e c e i v e r  which converts t he  energy of r a d i a t i o n  of t he  c e l e s t i a l  body i n t o  

a n  e l e c t r i c a l  s i g n a l ;  a vo l t age  o r  cu r ren t  a m p l i f i e r ;  a commutator which 

d i s t r i b u t e s  the s i g n a l s  t o  power dr ives ;  power d r ives  which conduct t he  ro-  

t a t i o n  of the te lescope ; and systems f o r  computation of data which repre-  

s e n t s  the i n i t i a l  information of the d i r e c t i o n  f inde r .  A block diagram of 

a d i r e c t i o n  f inde r  i s  shown i n  Figure 38. A d e t a i l e d  desc r ip t ion  of t he  

va r ious  d i r e c t i o n  f i n d e r s  designed along var ious  p r i n c i p l e s  of opera t ion  

i s  given i n  t h i s  sec t ion .  The var ious systems discussed i n  t h i s  s e c t i o n  a re :  

a system wi th  a d i f f e r e n t i a l  a c t i v a t o r  of l i g h t  r e c e i v e r s ;  a system using 

a t e l e v i s i o n  scan of the image; a system wi th  a luminous f l u x  modulation; 

and mosaic systems. One v a r i a t i o n ,  the  mosaic astronomical system, i s  used 
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f o r  the r ecogn i t ion  of the c h a r t  of the s tar-s tudded sky and f o r  ob ta in ing  

on the b a s i s  of t h i s  c h a r t  the cur ren t  coord ina tes  of the spacecraf t .  With 

t h i s  method the  luminous f luxes  from the  c e l e s t i a l  bodies a re  received by 

an  o p t i c a l  system. 

a r e  pro jec ted  on a mosaic screen  which c o n s i s t s  of a l a r g e  number of mini- 

a t u r e  pho te - r e s i s to r s  o r  photo-elements assembled i n  a s t r i c t l y  determined 

order .  The photo-elements c r e a t e  a photo s e n s i t i v e  f i e l d  which i s  s imi l a r  

to  the  f i e l d  of l i g h t  s e n s i t i v e  ce l l s  i n  a human eye. 

as t ronomical  system i s  shown i n  Figure 4 9 .  

After  modulation t h e  luminous f luxes  from the modulator 

A diagram of a mosaic 

Ce 1 e s  t i a  1 

L J 

Fig. 38. Block diagram of  a d i r e c t i o n  f inde r .  

1) te lescope;  2 )  coordinator ;  3 )  r a d i a t i o n  r ece ive r ;  4 )  e lec t ron ic  
u n i t  f o r  s i g n a l  processing; 5 )  Readout device;  6 )  output  s i g n a l ;  
7 )  angular  converters ;  8) dr ive .  
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I1 

b 

Fig.  4 9 .  A mosaic astronomical system. > 

a )  block diagram of a mosaic system; b) diagram of an  o p t i c a l  
system; 1) luminous f l u x  from c e l e s t i a l  body; 2 )  o p t i c a l  system; 
3 )  modulator; 4 )  mosaic screen;  5 )  preampl i f ie r ;  6 )  system f o r  
scanning and commutation; 7)  onboard computer; 8 )  s t a r s ;  9 )  o p t i c a l  
device;  10) s i g h t i n g  d i s c ;  11) image on mosaic screen;  1 2 )  images 
of s t a r s .  

Electro-magnetic r a d i a t i o n  of the  Sun, t he  s t a r s  and p l ane t s ,  

r a d i a t i o n  of ce l e s t i a l  bodies wi th in  the  v i s i b l e  and i n v i s i b l e  s ec t ions  

of t h e  spectrum might be used f o r  the determinat ion of the  naviga t iona l  

parameters of t he  spacec ra f t  and for  f l i g h t  v e l o c i t y  measurements. 

During the motion of the r a d i a t i o n  r e c e i v e r  i n  r e s p e c t  t o  a r ad i -  

a t i o n  source wi th  the  speed of V ,  a s h i f t  of s p e c t r a l  l i n e s  (doppler e f f e c t )  

can be de tec ted  along the  wave length.  This s h i f t  can be  presented as  

f 01 l o w s  : 
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x 1  and a r e  the wave lengths of the  s t a t i o n a r y  and moving where 

r a d i a t i o n  sources;  c i s  the speed of l i g h t .  
2 

According to  the measured magnitude of A X  and t h e  known va lue  

of X i t  i s  poss ib l e  to  determine the r a d i a l  v e l o c i t y  V. A widening of 

the  s p e c t r a l  l ines  caused by the doppler e f f e c t  i s  accompanied by a change 

i n  the  f o r c e  l e v e l  of r ad ia t ion :  

1 

where 

pe ra tu re ;  p i s  the molecular weight of the  r a d i a t i o n  source;  k 7 x 10 

i s  the  c o e f f i c i e n t .  From t h i s  formula fol lows t h a t  i n  the  presence of 

l a r g e  va lues  of X and T and l e s s e r  values  of I.r , the  s p e c t r a l  l i n e  of 

the r a d i a t i o n  source i s  much w i d e r .  

u t i l i z e  f o r  naviga t ion  purposes b r igh te r  s t a r s  which makes i t  poss ib le  to  

o b t a i n  cons iderable  changes of A h  . 

h l  i s  the  wave length of t he  s p e c t r a l  l i n e ;  T i s  the  absolu te  tem- 
7 

Consequently i t  i s  more convenient t o  

This system, known a s  the  astro-doppler  system, makes i t  poss ib le  

t o  measure the  v e l o c i t y  of spaceships i n  r e spec t  t o  the  Sun wi th  a n  e r r o r  

up  to  1 m/sec', and i n  r e spec t  t o  the stars with an  e r r o r  up  t o  90 m/sec. 

A genera l  view of an astro-doppler  r a d i a l  v e l o c i t y  measurement device i s  

shown i n  F igure  51. 
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Fig. 51. General view of an as t ro-doppler  
r a d i a l  ve loc i ty  measurement device. 

Astronomical o r i e n t a t i o n  devices (descr ibed i n  s e c t i o n  4 . 3 )  a r e  

goniometric instruments  which make it  poss ib l e  to  determine the coordinates  

of an  ob jec t  a n a l y t i c a l l y ,  according to  data about the measured a l t i t u d e s ,  

d i s t ances ,  o r  angular  dimensions of p l ane t s  and s t a r s .  An astronomical 

o r i e n t a t i o n  device should conta in  a l so  a computing instrument f o r  the s o l -  

u t i o n  of sphe r i ca l  problems of astronomy. 

on the method of naviga t ion  and the frequency wi th  which navigat ion in fo r -  

mation i s  rece ived ,  i .e . ,  on d i s c r e e t  or  continuous measurements. The 

au tho r s  descr ibe  i n  d e t a i l  severa l  types of astronomical o r i e n t a t i o n  de- 

v i c e s  i n  t h i s  sec t ion .  These include: astronomical o r i e n t a t i o n  devices 

based on the  measurement of the d is tance  t o  th ree  c e l e s t i a l  bodies,  and an  

astronomical o r i e n t a t i o n  device based on the  bear ing on a p l ane t  and two 

s t a r s .  I n  a d d i t i o n  t o  the  discussed methods of as t ro-naviga t ion  and the 

schematics of astronomical o r i e n t a t i o n  devices ,  there  a r e  a l s o  a v a i l a b l e  

o the r  methods and schematics based on d i f f e r e n t  combinations of the e a r l i e r  

i nd ica t ed  p o s i t i o n  sur faces  or  o n  the u t i l i z a t i o n  of p o s i t i o n  sur faces  of 

o the r  geometrical  forms. 

t i s f a c t o r y  under s p e c i f i c  conditions.  I n  the  case  of deep space naviga t ion  

i t  i s  expedient t o  apply methods based on the  measurement of the  angles  be- 

tween the  cen te r s  of t h ree  c e l e s t i a l  bodies o r  two c e l e s t i a l  bodies and 

s t a r s .  

the  spacec ra f t  on the  sur face  of a c e l e s t i a l  body n i g h t  be c a r r i e d  o u t  wi th  

the  method based on the measurement of the  angular  diameter of the  c e l e s t i a l  

The value of computations depends 

Each o f  these methods might prove t o  be most sa- 

Navigation wi th in  sho r t e r  d i s tances  which includes the  landing of 
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body and the angles  between the  cen te r s  of t h i s  c e l e s t i a l  body and two 

s t a r s .  

I n  add i t ion  t o  n a t u r a l  c e l e s t i a l  bodies ,  a r t i f i c i a l  Earth s a t e l -  

l i t e s  can be used a s  re ference  points  f o r  space navigat ion.  The method 

used  f o r  determining the coordinates  of the  posj i t isn of B SpacecraEt: 

according t o a r t i f i c i a l  s a t e l l i t e s  i s  i d e n t i c a l  with the  astronomical method 

of naviga t ion  used i n  r e spec t  t o  na tu ra l  c e l e s t i a l  bodies. 

method f o r  measuring the d i s t ance  t o  an  a r t i f i c i a l  s a t e l l i t e  i s  by means of  

The p r inc ipa l  

radar .  A pulsed r ad io  s igna l ,  t ransmit ted from the  spacec ra f t ,  reaches the  

antenna of the  r a d i o  r ece ive r  onboard the  a r t i f i c a l  sa te l l i te .  After  r e -  

cep t ion  the  s igna l  is amplif ied,  converted, and re layed  towards the  space- 

c r a f t .  By measuring the  elapsed t i m e  between the  t ransmi t ted  and received 

r a d i o  s i g n a l s  ( t  

the  d i s t ance  t o  the  s a t e l l i t e  i s  determined as follows: 

- t ) and knowing the speed of propagation of r ad io  waves, 1 2 

A naviga t ion  s a t e l l i t e  which i s  designed t o  serve  i n  the capac i ty  

of a naviga t iona l  o r i e n t a t i o n  po in t ,  should be equipped wi th  a r ad io  r e -  

ce ive r  and t r ansmi t t e r  a s  wel l  a s  with a device which computes continuously 

i t s  c u r r e n t  coordinates  o r  o r b i t a l  elements. I n  r ep ly  to  a received 

pulsed r a d i o  s i g n a l  from a spacecraf t ,  the  s a t e l l i t e  should r e p o r t  the co- 

o r d i n a t e s  of i t s  pos i t i on  and t h i s  w i l l  consequently s impl i fy  the  o r i en ta -  

t i o n  t a s k  of 'the spacec ra f t  considerably.  The opera t ion  of the  coordinate  

computers aboard the naviga t iona l  s a t e l l i t e s  should be checked pe r iod ica l ly  

and co r rec t ed  by ground based t racking s t a t i o n s .  

The i n e r t i a l  systems of space naviga t ion  (d iscussed  i n  sec t ion  

4.5)  p e r t a i n  to  the systems of path computation. 

a t e s  i s  accomplished by the  i n t e g r a t i o n  of the components of a c c e l e r a t i o n  

which a r e  measured by accelerometers.  The axes of s e n s i t i v i t y  of accelerome- 

t e r s  a r e  o r i en ted  according t o  the  d i r e c t i o n  of the  axes of the  naviga t iona l  

The computation of coordin- 

system of coordinates .  
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The i n e r t i a l  system of space navigat ion can be divided i n t o  two 

groups : 

1. A closed system i n  which a c c e l e r a t i o n  caused by forces  of 

g r a v i t y  i s  introduced to  o the r  sources of information, and 

2. A closed system i n  which a c c e l e r a t i o n  caused by forces  of 

g r a v i t y  i s  computed by the i n e r t i a l  system and i s  introduced to  the input  

system by way of a feedback. Most popular i s  the i n e r t i a l  system which 

conducts the path computation i n  respec t  t o  the  e q u a t o r i a l ,  o r b i t a l ,  and 

e c l i p t i c a l  systems of coordinates .  The instrumentat ion of the  i n e r t i a l  

systems c o n s i s t s  o f :  accelerometers ,  s t a b i l i z e r s  of t he  angular pos i t i on  of 

t he  accelerometers ,  computers, output information i n d i c a t o r s ,  and the de- 

te rmina tors  of the  i n i t i a l  f l i g h t  parameters. and the parameters of the 

f i e l d  of g rav i ty .  Of g r e a t  importance a r e  c locks (genera tors  of s t a b l e  

f requencies )  by means of which changes of the coordinates  of the c e l e s t i a l  

bodies a r e  determined. The p r inc ip l e s  of opera t ion  of open i n e r t i a l  systems 

a r e  discussed i n  d e t a i l  and i l l u s t r a t e d  by diagrams. I n  order  t o  e l imina te  

the  i n s t a b i l i t y  of i n e r t i a l  systems i t  i s  poss ib l e  t o  u t i l i z e  add i t iona l  

naviga t iona l  information, as f o r  ins tance ,  information obtained from the 

astronomical  system of navigat ion.  The a s t r o - i n e r t i a l  system of navigat ion 

combines the astronomical and i n e r t i a l  systems. Such a combination makes 

i t  poss ib l e  t o  e l imina te  the increasing e r r o r s  which a r e  r e f l e c t e d  i n  the 

i n e r t i a l  system and to  increase  the  "memory" time i n  the  astronomical 

system, a s  wel l  a s  t o  a s su re  a n  automatic search f o r  c e l e s t i a l  bodies and 

t o  r e e s t a b l i s h  the a s t r o - o r i e n t a t i o n  a f t e r  a prolonged i n t e r v a l  i n  the 

opera t ion. 

The a s t r o - i n e r t i a l  system can func t ion  i n  two modes of operat ion:  

1. I n  a "memory mode'' when the c e l e s t i a l  body i s  out  of v i s i o n  

( e r r o r s  accumulate thereby) ,  and 

2 .  I n  a normal mode of operat ion when the  e r r o r s  of the a s t r o -  

i n e r t i a l  system a r e  determined by the astronomical co r rec t ion  system. 

Spacecraf t  a r e  a l s o  equipped with s e l f  contained r ad io  guidance 

systems of navigat ion.  The operat ion of these  systems does .not depend 

on r a d i o  guidance f a c i l i t i e s  on Earth o r  on o the r  c e l e s t i a l  bodies. The 
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~ e l €  contained r ad io  naviga t iona l  equipment c o n s i s t s  of radar  range f i n d e r s ,  

radar  in te r fe rometers ,  doppler instruments f o r  the measurement o f  v e l o c i t y  

and d is tance .  It  i s  genera l ly  considered t h a t  r a d i o  guidance systems of 

naviga t ion  a r e  d is t inguished  by highly accu ra t e  measurements of coordinates  

of p o s i t i o n  and f l i g h t  v e l o c i t y  a s  w e l l  a s  the angular  p o s i t i o n  of the 

spacec ra f t .  

CHAPTER V 
Non-autonomous Navigation Systems of Spacecraf t  

The naviga t ion  of a r t i f i c i a l  s a t e l l i t e s  i n  o r b i t s  around the  

Earth can  be accomplished by a complex of ground based and onboard in s t ru -  

mentation. The opera t ion  of naviga t iona l  systems which cont ro l  the f l i g h t  

of a r t i f i c i a l  Earth s a t e l l i t e s  i s  based on determining the  f l i g h t  parameters 

by the  onboard instrumentat ion.  Errors  which occur due t o  the  in t roduc t ion  

of i naccura t e  i n i t i a l  da ta ,  a s  w e l l  a s  o the r  reasons,  a r e  cor rec ted  perio- 

i c a l l y  when the s a t e l l i t e  comes wi th in  range of a con t ro l  s t a t i o n .  A net-  

work of con t ro l  s t a t i o n s ,  loca ted  a t  l a r g e  d is tances  from each o the r ,  i s  s e t  

up f o r  t h a t  purpose a t  var ious  poin ts  of t he  Earth.  The t a sks  of naviga t ion  

and con t ro l  of the  p o s i t i o n  of a s a t e l l i t e  include: 

-- continuous determination of the  f l i g h t  parameters (d i s t ance ,  

d i r e c t i o n ,  and t h e i r  i n i t i a l  t i m e  de r iva t ives )  ; 

--- t o  def ine more accura te ly  these  parameters according t o  obser- 

v a t i o n  da ta ;  

-- processing and t ransmission of commands or ephemeris data  t o  

the  s a t e l l i t e .  

A number of methods are a v a i l a b l e  f o r  the determinat ion of f l i g h t  

parameters of a s a t e l l i t e .  The goniometric-ranging method r e q u i r e s  the  mea- 

surement of the azimuth, the  pos i t i on  angle ,  and the  s l a n t  range. A s  a r u l e  

t h i s  system includes onboard instrumentat ion as  we l l  as ground based f a c i l -  

i t i e s .  

A d e t a i l e d  desc r ip t ion  of instruments  and f a c i l i t i e s  used by t h i s  
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s y s t e m  and a mathematical d i scuss ion  of i t s  opera t ion  i s  included i n  t h i s  

sec t ion .  I n  d e t a i l  a r c  a l s o  discussed the  phase method f o r  range f ind ing  

and the pulse  method f o r  measuring dis tances .  

Orb i t a l  parameters can be determined according t o  data on the  angu- 

l a r  coord ina tes  and the  doppler f requencies ,  a s  wel l  as  by d i r e c t  d i s t ance  

measurement. These opera t ions ,  described i n  s e c t i o n  5.3, a r e  conducted 

by ground based radar  s t a t i o n s .  The var ious  opera t ions  which have to  be 

c a r r i e d  o u t  f o  the  purpose of measuring f l i g h t  parameters of a spacec ra f t  

a re  descr ibed i n  d e t a i l .  

The opera t ion  of a system for  the measurement of f l i g h t  parameters 

of a s a t e l l i t e  wi th  t h e  h e l p  of in te r fe rometers  (discussed i n  s e c t i o n  5.4) 
i s  based on the  determinat ion of the phase v a r i a t i o n  of s i g n a l s  received by 

ground s t a t i o n s  from the  s a t e l l i t e ' s  transmitter. 

the c u r r e n t  angular  p o s i t i o n  of the spacec ra f t  and e s t a b l i s h  the  doppler 

frequency increase,  The in te r fe rometer  system u t i l i z e d  onboard instrument- 

a t i o n  as w e l l  a s  ground based f a c i l i t i e s .  This s e c t i o n  conta ins  a d e t a i l e d  

d i scuss ion  on the  opera t ion  of t h i s  system. In  order  t o  i l l u s t r a t e  the op- 

e r a t i o n  of t h i s  system the  au thors  have included a number of block diagrams 

of va r ious  i n t e r f e r e n t i a l  systems including the  American "Ninitrack" system. 

These s i g n a l s  cha rac t e r i ze  

Determination of t he  f l i g h t  parameters of a spaceship by means of 

a ranging.method i s  based on the  measurement of the  d i s t ance  from the  

spaceship t o  severa l  con t ro l  s t a t ions .  Knowing the  d i s t ance  between the  

con t ro l  s t a t i o n s  and by measuring the d is tances  between each s t a t i o n  and 

the  spacec ra f t  i t  i s  poss ib l e  to  determine i t s  c u r r e n t  coordinates  by way of 

t r i angu la t ion .  Knowing a l s o  the increment of the  s a t e l l i t e ' s  coordinates  

of a s p e c i f i c  t i m e  i n t e r v a l  i t  i s  poss ib le  t o  determine t h e  components of 

the  r a d i a l  v e l o c i t i e s .  

The s l a n t  range can be determined a l s o  by thel ' inquiry-reply" 

method, a l s o  known as  the pulse  method, or according t o  the  doppler f r e -  

quency measurements. 

A l l  these  ope ra t ions  a r e  c a r r i e d  o u t  by the  r ada r  range f ind ing  

system which i s  discussed i n  sec t ion  5.5 .  The c h a r a c t e r i s t i c s  of t he  above 
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mentioned methods a r e  descr ibed i n  d e t a i l  i n  t h i s  sec t ion .  I n  the case of  

the  pulsemethod, the leading s t a t i o n  t ransmits  an inquiry pulse  t o  the 

spacecraf t .  The r e l a y  t r ansmi t t e r  of the  spacec ra f t  sends back a rep ly  

p u l s e  which i s  received by a l l  th ree  s t a t i o n s .  The o ther  two s t a t i o n s  

re-emit the received p u l s e .  The leading s t a t i o n  r ece ives  the  pulse  from 

the spacec ra f t  as  wel l  a s  the re-emitted p u l s e s  from the  o ther  two s t a t i o n s .  

The t i m e  i n t e r v a l s  between the  inquiry and the  r ep ly  p u l s e s  equals  

where c i s  the  speed of propagation of r a d i o  waves. This method i s  de- 

monstrated i n  Figure 67. 

Fig.  67.  Determination of  parameters 
by means of a ranging method. 
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I n  iiieasuring the  d is tance  with the  doppler method the magnitude 

of the frequency s h i f t  due to  the doppler e f f e c t  i s  determined according 

to  the formula : 

(5.9) 

where V i s  the  v e l o c i t y  of the  s a t e l l i t e ;  

the  moment when the  s a t e l l i t e  passes the  t r ave r se ;  t i s  the  beginning of 

the  reading;  R i s  the  minimum dis tance  from the  observa t ion  po in t  t o  

the o r b i t  of the  sa te l l i t e .  

i s  the  wave length ;  to i s  

0 

Sec t ion  5.6 of this Chapter d i scusses  a v a r i e t y  of combined sys- 

tems. I n  connection wi th  t h i s ,  the authors  desc r ibe  i n  some d e t a i l  t h e  

"Minitrack" sys  tem. 

Sec t ion  5.7 dea l s  with the o p t i c a l  systems f o r  determining the 

f l i g h t  parameters. 

and f i x i n g  the  moment when the  space sh ip  c rosses  the  v e r t i c a l  plane which 

passes  through the  meridian of the observer.  The instrumentat ion c o n s i s t s  

of a l e n s  wi th  a compari t ively l a rge  f o c a l  length and a movie camera. 

Determination of the  coordinates  of a spacec ra f t  by means of o p t i c a l  me- 

thods i s  known a s  photogrammetry. The high accuracy of t h i s  method can be  

a sc r ibed  t o  the  f a c t  t h a t  the  moving o b j e c t  i s  f ixed  i n  a successive 

manner on the  background of s t a t iona ry  s ta rs .  

e f f e c t i v e  range of the  o p t i c a l  devices,  pyrotechnical  devices  a r e  i n s t a l l e d  

on board spacec ra f t  f o r  the  purpose of i g n i t i n g  pe r iod ica l ly  b r i g h t  f l a s h e s  

of  l i g h t .  

t i c a l l y  t o  a d i s t ance  of 1 ,600 kilometers.  

Opt ica l  systems a r e  used f o r  t h e  purpose of observing 

I n  order  t o  increase  the  

Thanks t o  these  f l a s h e s  i t  i s  poss ib l e  t o  t r a c k  a s a t e l l i t e  op 

I n  a d d i t i o n  to  o p t i c a l  means f o r  s a t e l l i t e  t racking ,  t he re  i s  

a v a i l a b l e  a l s o  as  e l ec t ron -op t i ca l  system which combines o p t i c a l  means (a  

te lescope)  wi th  an  electron-amplif ier  tube. This system i s  described i n  

d e t a i l  i n  s e c t i o n  5.8. One such system, developed by the  Optron Company 

makes i t  poss ib l e  t o  measure angular coord ina tes  of a rocke t  or  a s a t e l l i t e  

i n  f l i g h t  a t  a very high l e v e l  of accuracy. 
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The progress of quantum e lec t ron ic s  led  t o  the development of 

o p t i c a l  quantum generators  and ampl i f ie rs  ( l a s e r s ) .  

producing a pulse of an extremely high power and a very narrow r a d i a t i o n  

p a t t e r n  o f  the beam. 

naviga t ion  purposes, 

cons t ruc t  range f i n d e r s ,  instruments f o r  the  measurement of the r a t e  of 

r o t a t i o n  of spacecraf t  and o ther  instruments.  A d e t a i l e d  discussion on 

the  a p p l i c a t i o n  of l a s e r s  f o r  determining navigational.  f l i g h t  parameters 

A l a s e r  i s  capable of 

Similar  s y s t e m  have been used r ecen t ly  f o r  space 

On the b a s i s  of these  instruments  i t  i s  poss ib le  to  

of spacec ra f t  i s  included i n  sec t ion  5.9. 

CHAPTER VI 

Navigational Complexes of Spacecraf t  

The f l i g h t  of a spacecraf t  w i l l  be successfu l  i f  the  f l i g h t  para- 

meters along the e n t i r e  f l i g h t  t r a j e c t o r y  w i l l  be  known. 

the  method of navigat ion and the required instrumentat ion depends on the  

f l i g h t  t r a j e c t o r y  of the spacec ra f t  and the  requi red  accuracy. 

t i o n  of a r t i f i c i a l  Earth s a t e l l i t e s  and in t e rp l ane ta ry  spacecraf t  i s  c a r r i e d  

o u t  a t  t he  present  time almost e n t i r e l y  by means of groillld based f a c i l i t i e s .  

The l o c a t i o n  and v e l o c i t y  of a spacecraf t  i s  determined on the  bas i s  of  

information obtained by ine.?.lls of rad io technica l  ( r a d a r ,  in te r fe rometers )  and 

o p t i c a l  systems. 

t o  be i n s t a l l e d  onboard var ious  spscec ra f t  i s  discussed i n  d e t a i l  i n  t h i s  

Chapter. 

The s e l e c t i o n  of 

The naviga- 

The methods f o r  the  development of naviga t iona l  complexes 

There a r e  a v a i l a b l e  two  basic  methods f o r  the  cons t ruc t ion  of 

naviga2ion systems: t he  open c i r c u i t  method and the  closed c i r c u i t  method. 

These two methods a r e  discussed i n  sec t ion  6.2. 

based on the u t i l i z a t i o n  oE an  open system f o r  determining f l i g h t  para- 

meters .  

expressed a n a l y t i c a l l y  t o  longi tude and l a t i t u d e .  

method of navigat ion i s  contained i n  the f a c t  t h a t  i t  requ i r e s  an exten- 

The open c i r c u i t  method is  

According to  t h i s  method the f l i g h t  t r a j e c t o r y  of a spaceship i s  
One shor.tcoming of t h i s  

30 



C 

s i v e  nptwo-k of ground f a c i l i t i e s  f o r  the  prec ise  determinat ion of the 

o r b i t a l  psrameters of Spacecraf t .  

ga t ion  o f  a r t i f i c i a l  Earth s a t e l l i t e s  and spacecraf t  designed f o r  f l i g h t s  

t o  the Noon and other  p lane ts .  

T h i s  nethod c a i  be u s e d  f o r  the navi- 

With the c l o s z d  c i r c u i t  method the navigat ion t a s k  i s  c a r r i e d  

wi th in  a prese lec ted  system of coordinate  axes ,  the  p o s i t i o n  of which i n  

r e s p e c t  t o  the  i n e r t i a l  space i s  known and which might be r e a l i z e d  by means 

of  onboard instrumentat ion.  Such access might be d i r ec t ed  toward s t a r s  

a l s o  toward the  d i r e c t i o n  of the  loca l  v e r t i c a l  i n  r e s p e c t  t o  the se l ec t ed  

planet .  Knowing the  f l i g h t  t r a j e c t o r y  and the  proposed model o f  the  f o r c e  

f i e l d  i n  the  given reg ion  of space fo r  a s p e c i f i c  moment of time, i t  i s  

poss ib l e  t o  determine approximately the coordinates  and v e l o c i t y  of the 

spacecraf t .  With the he lp  of t h e  onboard navigat ion system, the cu r ren t  

va lues  of the d i r e c t i o n a l  angles  towards the  se l ec t ed  r e fe rence  poin ts  a r e  

measured. The measurement data  i s  fed i n t o  a computer. A s  a r e s u l t  of a 

comparison of the mcasured and ca lcu la ted  data  the c u r r e n t  parameters a r e  

obtained.  These parameters a r e  the  i n i t i a l  condi t ions f o r  the  computation 

of the c o o r d i u t e s  and the v e l o c i t y  of the spacecraf t .  This i s  a s e l f -  

contained systein of navigat ion.  

Sec t ion  6.3 of t h i s  Chapter dea ls  w i t h  the  nsv iga t iona l  complexes 

of both recoverable  and noxrecoverable a r t i f i c i a l  Earth s a t e l l i t e s .  The 

d iscuss ion  of the var ious navigat ion systems f o r  s a t e l l i t e s  and p a r t i c u l a r l y  

the  i n e r t i a l  system of naviga t ion  i s  based on the r e s u l t s  obtained i n  t h i s  

a r ea  i n  the  U.S.A. The au thors  descr ibe i n  d e t a i l  the  onboard instrumenta- 

t i o n  a s  wel l  a s  the  equipment of the ground based f a c i l i t i e s  which p a r t i c -  

i p a t e  i n  t h i s  systein of navigat ion.  

The methods of naviga t ion  and the instrumentat ion complexes of 

i n t e r p l a n e t a r y  spacecraf t  a r e  se l ec t ed  i n  accordance wi th  the mission of 

each s p e c i f i c  f l i g h t .  There a r e  two s p e c i f i c  f l i g h t  missions i n  the case  

of i n t e rp l ane ta ry  spacecraf t :  a f Light  i n to  space without  r e t u r n  t o  EarLh 

and landing on another p l ane t ,  and a f l i g h t  t o  a t a r g e t  p l ane t  including 

a landing on i t s  sa r f ace  and a r e t u r n  t o  Earth. Navigationa'l complexes 
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which a s s u r e  ihc f l i g h t  of  an in t e rp l ane ta ry  spaccc ra f t  along prescr ibed  

t r a j e c t o r i e s  i s  discussed i n  sec t ion  6.4. 

The naviga t ion  complex of an in t e rp l ane ta ry  spacec ra f t  which 

was launched on a mission to  conduct cosmic research  without  r e t u r n  to  

Earth,  m u s t  a s s u r e  the following operat ions:  i n j e c t i o n  i n t o  a parking 

o r b i t ,  e x i t  from the  parking o r b i t  on a n  in t e rp l ane ta ry  t r a j e c t o r y  and the  

f l i g h t  a long the  in t e rp l ane ta ry  t r a j ec to ry .  The naviga t iona l  system f o r  

such a mission can be constructed on the  b a s i s  of the open c i r c u i t  method 

wi th  c o r r e c t i o n s  by ground based s t a t i o n s .  

The d iscuss ion  of the problem of the  naviga t iona l  complex of 

i n t e r p l a n e t a r y  spacec ra f t  designed to  s o f t  l and  on o the r  p l ane t s  and r e t u r n  

t o  Ear th  i s  based pr imar i ly  on the  American "Apollo" program. The f a c i l -  

i t i e s  and c h a r a c t e r i s t i c s  o f  the app l i ca t ion  of the  separate elements of 

t h i s  system a r e  discussed i n  t h i s  sec t ion .  The sepa ra t e  elements of t h i s  

system include:  a gy ros t ab i l i zed  platform on which the measurement i n s t r u -  

mentat ion and the  con t ro l  panel a re  mounted, a sex tan t ,  a te lescope,  an  

i n d i c a t i o n  and con t ro l  panel,  a computer, and o the r  necessary instrument- 

a t i o n .  

Sec t ion  6.5 of t h i s  Chapter dea ls  wi th  the var ious  naviga t iona l  

means designed f o r  o r b i t a l  rendezvous and docking maneuvers. Again the 

au tho r s  base t h e i r  d i scuss ion  on the American "Gemini" and "Agena" exper- 

iments. A d e t a i l e d  desc r ip t ion  of the va r ious  methods and app l i ca t ions  

used f o r  the  execut ion of these  opera t ions  include:  r ada r  and frequency 

modulation, i n f r a - r ed  systems, o p t i c a l  systems, doppler systems which 

ope ra t e  w i t h i n  a r a d i o  and o p t i c a l  range ( l a s e r s )  and o the r s .  

Sec t ion  6.6 of t h i s  Chapter dea l s  w i th  the  instrumentat ion used 

f o r  t he  i n t e r c e p t i o n  of t a r g e t  s a t e l l i t e s .  The mission of a s a t e l l i t e  

i n t e r c e p t o r  inc ludes  the search and de tec t ion  of the t a r g e t  s a t e l l i t e ,  

r ecogn i t ion  and determinat ion of i t s  coord ina tes  f o r  the purpose of making 

t a c t i c a l  dec is ions .  Xost s u i t a b l e  f o r  the execut ion of these tasks  a r e  

combined systems which u t i l i z e  radar  equipped with l a s e r s  which emit 

v i s i b l e  o r  u l t r a v i o l e t  rays  and a l s o  passive o p t i c a l  systems, and r ada r s  
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which opera te  wi th in  the r ad io  range. 

ped with passive instrumentat ion f o r  the de t ec t ion  of  nuclear  r a d i a t i o n  

o r  r ad io  frequency emission of the t a rge t  s a t e l l i t e .  Radar pulse  s t a t i o n s  

o r  frequency modulation s t a t i o n s  conduct the search,  a c q u i s i t i o n ,  and track- 

ing of  the t a r g e t  s a t e l l i t e  from a d is tance  o f  from 150 to  200 ki lometers  

and u p  to  30 meters.  I n  conclusion o f  the book the au thors  g ive  a s h o r t  

desc r ip t ion  of the opera t ion  of complex o p t i c a l  systems which include 

in f r a - r ed  i n s t a l l a t i o n s  and l a s e r s .  

A s a t e l l i t e  i n t e rcep to r  might be equip- 
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