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1. Basic conditions. Independent determination of the = -
velocity and ac acceleration coordinates moving in space, As a quite
complex ;problem, . :

As 1s krown, . during the motion Qf any vehicle, when thete are
no field .or: gravitational forces -acting upon it, bodies, which are
located within the vehicle,.areﬁfqundfin.a'Weightleas.state”as a
congequence of which, systems, possessing a 'period of stability, ...
lose their basic quality which results in the correction ‘of the _ -
platform's condition (of :the vertical) for either the first or
second integral of ‘accelerations, . . - coar

Therefore, determination of the coordinates is the suggested
solution of:the problem of determining the velocity and;accele'ation
coordinates, ‘for example, for ‘the three angles between .the straight
lines, which connect the vehicle at the time of :its movement with -
three planets (the coordinates of which are known,: naturally), or
with the sun and two planets’ : Differentiating -in :such.a manner the
obtained readings of the coordinates for: the first ‘time, it is pos-
sible ‘to determine the wvelocity, .and differentiating these: readings
for the second time == the velocities of the flying vehicle. |

However ;. any. system is conceivable ‘which etploys ‘the proper~ﬂ~.”'

ties of a system corrected in. accordance to the second iintegral of.
the measured accelerations.i: The substance .of this system consists
in the following.- Let us have a three-gyroscope power system, which

is iomobile with regard to stellar spdce. For;gytoscopes‘ofua‘suffif'gt'

ciently high quality, the "immobility" of the gyro-system may be pro-
vided in. the conventional manmer by. two optical systems which are
aimed at any two stars.’ Two platforms will be connected with this -
gyro-system which have two degrees of freedom eachwith reference to
the gyro-system. The two angles of .shift of the first. platform with
reference to the gyro-system will be proportional to the .double .
integral of the accelerations, measured.at: two. mutually perpendicular
directions by accelerometers,: which are located on the first platform,
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The 'double integral of acceleration, measured by the third accel-
erometer, which is on the second platform and perpendicular with the
first two, will determine the position of the second platform. In
this case, the double integtals will ‘give‘'us the passdge: route in in-
ter-planetary space, but the first integrals -- of velocity, one can
conditionally ignore as the effect of accelerations, which are
created by the gravitational fields of the sun and the planets as
well as by the instrumental errors of the aystem. ' Of course, errors
due to the effect of ‘the gravitational fields and of instrumental
defects of the system's elements (of the accelerometers and integra-
tors) can achiéve substantial values. The correction itself, which
is applicable in similar gyno-ﬁystemél,iis not applicable here as a
result of the weightlessness of the sensitive elements of the accel~
erometers. (lAs gyro-systems, we will imply systems which are in-
tended for vehicles moving with relatively low velocities along the
surface of the earth,)- * = = '~ R RS- SO

The . following ‘device may be employed for elimination of:.the .-
indicated errors. Let us have two optical systems directed:-at two .
planets or ‘at the'sun-and a planet. The angles of shift of the
first platfornm must be proportiocnal to the sum of the double inte- .

grals of the velocities: and of the deviation angles (measired respec-. . ;

tively in two mutually perpendicular planes) of the platform of .
the first optical systen. In such a manner, these angles of devia?
tion become equivalent to the signals of the accelerometers in the
geosystem obtained for the deviation of the measurement direction
of velocities for a position which isiperpendicular to the ‘local .

vertical (or more precisely, for a position which is perpendicular to ' ;

the local direction .of the lines of force of the gravitational :field).
The position of -the second platform will be determined by '
the double integral of the velocities and deviation angles of the ' e
platforn from the 'second optical system (which is .directed at:an angla ' -
close to 1/2x for the first system). - co T e ERE

In.a plan ‘of such type, the petiod.offbacitlatioha*of the élatini-

form will depend only on the factors .of proportionality which connect: :

the anglea of shift of the platforms from the optical: systems and !
the double integrals of their angles of devdation... ' . .= .o @l ol
It is natural that the specified plan also depends upon the ' . .~
systen of coordinates in accordance to which the position of the . e
vehicle within the solar system is determined.. .. " .~ oL
-~ Below, as an example, will be exauined a spherical system of
coordinates with the origin at. the centat of :the earth and withian -~ .
original plane which coincides with the ecliptic plane and a prime -
meridian which passes through the point 'of ‘the vernal :equinox.
However, other systets nay also obviously be selected, for " .
example, with the origin at:the center of the earth and an original

plane which coincides with the plane of: the calestial equator, the - . .°*

orthodromic system, a system of rectangulatr coordinates, and so ‘forth.
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Obviously," for gutomatic. ’control, it'is expedient to -apply a system
of coordinates with the center at the point of motion assignment.

Tt ‘should be noted that: inasmuch as all planéts -are situated -
close to the ecliptic plane, then the accepted system of coordinates -
is very close to orthodrotic, ~% .- :

Upon utilization of ‘the first of the 1ndicated coordinate
system, the vehicle's positional ‘coordinates will be ¢ and . & - .
which are formed by the'rad8ius-vector bf the vehicle with the initial
plane’ (angle 2. ) (Fig. 1) and by the angle between the prine meridian
and the vehlcle s positional: meridian (angle ‘% ). The coefficient
r of the vehicle's radius-vector is the third coordinate. ' In the con-
sidered: case, ‘such’a position of the first platforia will bhe most
simple when its plane is perperdicular to the: radius-vector (however,
such a dispositioh ‘48 not ‘the orly one possible). *-Its. .angles of - -
shift will be ¢ and. & - with regard to the gyro-system. ;.The posi-
tion of the platform, relative to the radius-vector, .obviously must .
be such that the'measurenient axis . of the two accelerometers, which
are connected with the platform, would coincide with the meridian
and the parallel of the selected coordinate system. - Accordingly,
also the''angles of ‘deviation from the radius-vector.s v '-and 8
which is'determined by the first optical system, must lie on a plane
of the meridian and be perpendicular to:its plane; which passes

through the: origin of the coordinate, that 15, in the plane of
angles A4 ..~ ,

The most simple (but not the only one possible) orientation
of the second platforn must be such that the axis of measurement
of the third accelerométer would coincide with the direction of the
radius-vector; that is, with:the axis of the first optical system -
which is oriented towards ‘thé sun (or a planet). The position o
itself relative to the radius-vector depends wupon the direction of
the second optical:system. :The'angle betwéen: the second optical sys-
tem and the-plane of ‘the second platforn; obviously;.i5- equal to the -
angle between the directions to the sun and:a- planet (or. to. the -
angle bétween the directions ‘towards two ‘planets). : Upon movement -
along the radius-vector ‘and with the passage of time, -this.angle . .
will change and correspondingly, the angle between the optical systen, . .
directed to a planét and the angle’of ‘the second platform, tust -
change, Deviations of the second platform from the assigned ;
(computed) position relativé to the second optical system also must ‘
be integrated ‘twice and ‘the second platform nust be:corrected in
accordance to the signal obtained after double integration, . - -

Let us now determine the advantages and deficiencies of .
the considered system in comparison with the system indicated. at
the start. Its deficlency is that instead of three optical systems,
which are required for the first.system, four are necessary. for .. .
the considered system. .Its advantage-is the following.  The velocity '
values of the vehicle's movenent, obtained in accordance to the




first plan, will be determined as was indicated ‘as. a result of
differentiation of the readings of the coordinates. It is easy to

gee that variations of errors of the coordinatés during differentin-

tion will yield, generally speaking, larger values of errors of . -
velocity readings of the moving vehicle. In addition, the more ' .
rapidly the erfq:a-oi;coordiute:teadingstchange;athe greater will be

the errors of velocity readings. .Upon utilization of the considered
plan, ‘sighting errors of the optical ‘systems. (which corresponds to

errors of coordinates in the first plan) caniproduce only .oscillations ' * .
of the platforms with an amplitude which is equal to the magnitude E
of the error and with the period which depends upon the proportionality -
factor between the double integral of the platform's devition from .

the direction towards the heavenly body and the angle of shift of - E
the platform, - This period may be selected sufficiently large.so that ..
the magnitude of error of the velocity of the moving.vehicle may C
be made significantly less than the velocity error which "is obtained ..
in the first plan. This is also natural since it is: known that

during differentiation, errors increase, but during intepration,

they are equalized. It is obvious: that the aforesaid is in a.still
greater degree related to the measurement of velocities. If in the
first fan, acceleration is obtained-as a result of double differen-
tiation, then in the ‘second, it is obtained as a rault of direct:
measurement. (Here, acceleration is not taken into account which |
appears as a result of the effect of the gravitational forces of

the sun and of the planets. T I -

Besides this, one should note that damping of the described v
system does not produce errors which occur :during damping of the = . -,
geosystem, Damping may be obtained if the.shift of the platform . ..
will be in addition proportional to the single integral of its
deviation angles from the optical system. - S R

- 2. Equations of the motion of platforms, . Although the posi-
tion of the first platform with regard to the immobile gyro-system
will be determined by angles ¢ and . , and {nasmuch as correc- .
tion of the platform will take place in the plane of dngle.¢. and. .

A , then we will also set up. the equations of the motion of the
platform for-angles ¢ ~and '8 .. ..~ .. - P

" The angle will be determined from the equation gr» # 19,
where ¢, - is the initial angle between the first platform and
the gyro-system which depends upon the initial coordinates of the
vehicle, If the radius-vector. of the vehicle at the initial moment
lies in the ecliptic plane, then fo =0. .~ = '~ . &

The values of angles ¢ , Py , and ¢, 6 are easily perceived
in Figure 2. . ' S P ‘ S o

. Obviously, the variationms of angle ¢, , which can be per- -
formed by special devices, must be proportional to the second inte-
grals for velogities measured with accelerometers, that is,

bo, avy (fs; atat
(-]
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vhere Y, - is the factor of proportionality,~yz -~ is the sum of
all velocities, which are measured with an acceleroneter .along the.
z-axis (Figure 1).

: On the other hand,; from Figure 3 it is apparent thatAg *§-4¢
where A ¢ = 1is the deviation of the First platform fron the computed,
in particular fron the perpendicular to the radius-vector, position.
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Let us interpret the values which lie beneath the sign of
the double integral,  For this, let us:determine the velocities .y,
y and jz which are measuxed with:accelerometersu It is kncwn th;t

‘ z V ; _— V A ”5 ,".-o;\'“
5 < V ;w -(o,d/ ' o o
= Vz * ey -wy by

where V! ! and V, ' -=~ are the projections of wvelocities produced
by non- ¥ield forces along the mobile axis, Vy, V. and. V, == are the

integrals of these projections, and w » iy anﬁ-d; g-- are the . .- f‘k,

projgecions 'of. tie. pompleté;angular velocity of; the mobile system. of s
coordznates along the mobile axes. e ﬁ
- Keeping in mind. that in-our case .- ; . i

) V, ol
V& =V Vy Ve .,V t/g Wy ;kfﬁigtfigrga
w‘l .. “"a.gi: ¥, ,'“ s “) 2 ‘/“ .‘

we wiii obEéin“ N
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Let us: substitute the obtained values into‘equations of
platforms' motion. we have . :, R 4

T Rl /f(:/ +f£ﬁ+@ e¢)4ut~“

Let us superpose conditions on che value of the coefficient
\’? . Let v?. —-L ) ’\,""

P ST

“Then it is easy to see;thetgst, R
A At de
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Hence, coe‘ equation will have the form SN '
A‘f’ “ Ve [f( L2, LS fj‘f)df dt @

Proceeding in a similar manner for the plane of angle ﬁ
we will obtain the following equation: k

/3"" ﬂ'('-—'m—_i‘_;viti!)dtdt | (2.2)

One should note that V « and V' could be desighated Vg and
Va' (buta #4 -- these angles lie :ln different: planes).

For the second platform, the equation will be constituted
somewhat differently, Actually, one can obtain for the second plat-

form Ar fm y

by - 'v,,:znr[le, At dt

where 0 ¥ -- is the angle of shift of the second platform with
regard to the radius-vector of the vehicle, and ) ~- is the angle
between the directions to the sun and a planet: (Figure 4) (or between
the directions to two planets), and o -- is the distance from the
vehicle to the planet. ' C ‘

Substituting into this equation the value Z Ix and observing .
that Ar 5inY. '

AL vy simy [/V»— dt dt

where ¥y =-- is the factor of proportionality which must be equal to
/e , we will find

YARS myf[ N e (2.3)
f o

Now, let the anglesdd , 4 and 4 )” change not only in
proportion to the double integrals of the velocities but also in
proportion to the sums of the double and single integrals from the
angles themselves, that is, let us have

f)( V" V" t7¢)4fit-l(,_ faquttdf kfay dt (2.4)

Similarly . 4+ -
/3“"»!(—'1;5;‘fi’.ff‘f‘.gzg)fuJt—/r,[/pdwt-fk,!,aAt (2.5)
' . . &



2 Y .r,»vff-~——:!"~41~dt &, {/nyauf “ fnyfa’i (2 6)

where Y’a k ‘-~k6 -- are the factors of prOportioneﬁity whereupon :
the factor’ y¢ must be equal to llr, but k1 ‘. k6 -~~ére eonetant
values. SR LIRS s

Differentiating the equatione twice, we will obtain for ehe o
first equation ’

Ty ensg s oy () 4 @-«
72re (v I V-< 0% V
Jl’-' cﬂf if'ét clf" g 9’} Zf?«') “‘*

If the first item of the right-hand side -- for metion at a
velocity, which is equal to the second cosmic velocity and for r,
which is equal to the distance from the earth to the sun -- is a
magnitude of the order 3.2 10‘ ésee s which corresponds to a
linear velocity of 4.3 10-4 m/see whereupon the second and third
items, which generally speaking, increase with the passage of time,
will achieve the value of thé first iten only after motion £or: 150
and 200 days respectively. At the beginning of the motion itself,
the values of the second and third items will be evanescently small."

Similarly, for the angles A and ¢ 4 we will have

f; 4;‘"(& y; 1‘7‘(714 __,:- (Va( y" 4 i’__ 1 q,)...\. “
-2 ( (L VY_/_._;_ tedm Y
e 1 ?)4 T j}(;«._& Yevi ¢ Y)dia/{-

4y ""Affdy Lk BY= )’ Sin Y y‘? “/'Y

s

v f
SRS, TV N S
d(V S/nV‘)“ V:f»’, V‘Vi» d (Y X :L .
*Z —— R S ; >/N ” *
R e f V“‘Jt./t

3. The determination of the factors of equations for the
motion of platforms. Let us. determine the period of oscillation .. ‘.
of the platform and the values of the factors of the equations, pro-
ceeding from the necessary accuracy .of ‘the wvelocity readings. -If -
the necessary accuracy must be 0.5% of tha velocity of the vehicle's




motion, then the period of oscillations of platforms is easily
determined, and consequently also the values of the factors if ome
assumes that attenuation is semiaperiodic, and the amplitude of the
oscillation of a platform does not exceed 10 - 12" and the velocity
of the movement is equal to seven cosmic velocities (to the second
one). The indicated speed is the average speed for a flight to Mars
during a time of great opposition under the condition that the
£light time is equal to approximately one month.

It is obvious that T = Zgé where T -- is the period of

oscillations of a platform, A -- is the amplitude of the oscillations,
r -- is the distance from the vehicle to the heavenly body, and Ay
-~ ig the permissible error of velocity determination.
Since, -5 1
: A= 10 +#% 4,85'10 7, r - 1.85°10""m
3438:60 ‘ ‘ i

AV = 7:11,2:10%:0.5 a4 392 102
, ~ 100 sec
then ' :
T = 6.284.85:1075.1.85-101 1.44-1o5sec = 40 - ac
3.92:10¢
Hence, knowing that the attenuation must be semiaperiodic,
that is, that ‘
kg2 = kg2 = kg2 = k2 odd = 2ky = 2k, = 2kg =% even
we will obtain that the frequency of the oscillations is equal to
1/2 ko or 1/2 ~72° f'l?e.,

Thus, - T EE 2T, 2VE T s e 1O bL
1.49:/0*

Kﬁz.i’.ﬂ‘/ﬂ”" fsec™ , K, = 87 107 '/5CC—

Y /v

Hence, it is easy to find the error which is produced by the
right-hand portion of equations of the motion of platforms.

" One can approximately assume o 'r = 4 'r =1', and ¢ = @,
Then assuming the velocity is equal to 7V, , where Vor == is the
second cosmic speed, we will obtain r

XY =P =z’ zV = - d & 338
Further i JL Van = 4 see

W 2
!I-:'/ "Z“’b;/() & Ysec™
and ghe' error is S = = 5 F//‘; ’:v x4, 85K /07 = f4

Hence it follows that the magnitude of this error is imper-
missibly large and it is necessary to compensate it.
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4. Compensation of the methodic errors of a system. For.
compensation of emdrs; produced by the right-hand portions of ‘the
equations, it is sufficient to compensate the sub-integral expressions
in equations (2.1) - '(2.3). In this casé, not only the first but
also the following items of the right-hand portions of equations
(2.4) - (2,6) automatically become-equal to zero. For compensation
of these errors, let ‘us supply a method, the substance of which con-
sists of the following. . Knowing v¢erra v X err and Vyerr, which are
the readings of the first integrators, and ¢ err and rerr which are
readings of the second integrators from the: corresponding velocities,
let us form from these values the functions which are beneath the
double integrals in equations (2,1) - (2.3) and let us provide signed
signals, which correspond to these func:ions, to the integrators
which are the inverse values of the velocities located beneath the
integrals, For a correct value of the readings; compénsation will.
be complete. 1In the presence of errors in the readings, the results
of compensation require supplementary analysis.  An analysis of such
a type of compensated system with regard to errors will be conducted
below. :

Since the second and third terms of che right-hand portions
of the equations at the beginning of flight are evanescently small,
then for analysis of the stability of a system, it is sufficient to
take into account the fulfillment, as has already been’ indicated,
of compensation of the first term only, In addition, of course, one
assumes Y. 2 Y 4 , and also’ ) as constant values.

Let us extract i#, equations (2.4) - (2.6) the factors Yo

Ya and vy, sin' & 1in the right-hand pcrtions as the quantity
sign, and let us introduce the’ compensated terms. Then we will
obtain B

4¢~~Y[ff(—‘i t”w-’"* Ag:;»"' “&l if‘)dtdt
...V ["](V«Vr Vzqu 17?* ’/ ﬂ*“‘" AK H)Jl'dt] (4.1)

L3 Y
" Kd&..tfi_’__
A}b 5/?1)’[‘9(‘ [ “‘ y;-:,';y ’P 'i“/"}’ ﬁ({-

..1/) dedt _/

where f VMWM +, V.\, érr" tC; ‘ff”" /3, !/ CVPyrerr V‘fh’r V&CL"
R ¥ J o Tlerr ™ rFerr Ferr
‘t?(ph Y" Vi are g!fﬂerr - :
as has already been indicated above, the readings of the system,

Let us designate the brackets in the right-hand portions of
equations (4.1) respectively a Sp .4 S,@ and 4 Sy Then instead of
equations (4 1) one can write o o

a9 ==vgd Sy 7 A= -1s 45# ; 0}0 """" 7‘05%’ ey

- 9”-
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LASet=-FSWor g Sh ~hd ko) Sl - “"f*"’ﬁ“’” ﬁ
J‘#y": /JVf‘“""ﬂ*n‘W ',,,,,,,,,xf‘ ff”"y id

At the same time, it is easy to see that ,
1 8Vy =S8 ShavdSal, 85y SF, d Sg’s SVp s dl Tk
The factors a - n are the partial derivations from the sub-
integral expressions of the first terms in equations (2.4) - (2.6)
=V V Vol 4+ UL €
asl b2, ca,.L___g__zj_’, . d= *""t‘ii’
A

Ay gty hentn
23 Ye tgg, kM s 2Ve m~V_P.+"~,»:-;‘{'—‘

reostp !

‘For a limited interval of time, these factors can be considered
as constants, One should note that this should be correct even for
an interval of time which exceeds the period of oscillations of the
system, which depends, as is visible from the preceeding, upon the
values of factors ki - kg.

In such a manner; we finally have systems of eleven equations
with eleven unknowns.

Reducing the order of the characteristic decerminant to the
sixth one, that is, excluding the five unknowns é'V7a, & Va, § Vg,
5‘}‘ , and § », we will obtain

o o
Vo 0 0 / / o
o Vs o 0 | o /
_° O -Yysiny o o 0 =0
F; :f/r’;"‘f ; ;‘J;” ;: :: A o/o rh) — = (Kzﬂf-/fy) o
- "P”" ("o‘/-’ +h) |

“le chp £oam o

Here p -- is the differential operator.

Evaluating this determinant and substituting in the coeffi-
cients of the characteristic polynomial for the above accepted ’
numerical values of the magnitudes included in these coefficients, and
applying to this polynomial the criterion of Raut and Hurvitz, we
will easily deduce that the system is stable because all inequalities
of the criterion are satisfied,



Hence, it is apparent that the system is stable (the errors
converge to ‘zZero).,: © ° P :

'5.. Readings’ of - the sxstem. Direct readings as is easily seen, :.v

can be taken only ‘from reddings of the' first ‘platform. - 'If Apand B
are equal to zero, then the angles of shift of a platform relative i
to the gyro-system directly yield # and x .

" Regarding ‘the third ‘coordinate r, it is obtained as a result
of double integration of the velocities and of the angle 4 ¢ , which
is multiplied by the current value 1/Yy, sin ¥

It is natural that the velocities a’ , 99’ , and ', are
obtained after first. integration of the velocities and angles ;e

L e

44, and 4 ¢ sin 7' ‘whereupon in order to obtain 4 ' and gp it is . -
T

necessary to divide the first integrals by r. Velocities, oduced
by non-field forces, are obtained directly from the accelerometers.

‘ Velocities, produced by. gravitational fields, may be deter- .
mined indirectly in accordance to the values of the angles 4¢ .,
A , andg . Besides this, one should note that a poassible system,
in which is performed only integration of the angles of deviation 4
A s and 4 1‘0 but the readings of the accelerometers are not inte-
grated. In such a system,8 ¢, 2 , and4 ¢ will be characterized by
the total velocity, created by field as well as nonfield forces.

For extraction from the complete reading of velocity, produced by
non-£ield forces, it is necessary, similar to the foregoing, to
utilize readings of accelerometers.

As has already been indicated above, it is possible to employ
another system of coordinates for the system. 1In those cases, when
a system of coordinates is applied, differing from the considered
one, obviously a more complex system of computer devices is necessary,
the structure of which depends upon the method of the accelerometers'
attachment in the vehicle, Here, a wide variety is also possible.
For example, accelerometers can be attached rigidly to the gyro-plat-
form or directly to the vehicle, It is natural that the acquisition
of the necessary coordinates requires the solution of the correspon-
ding functions before integration or after the first integration.
Determination of the optimum variant of a system of coordinates and
of the nmethod of attachment of the accelerometers from the point of
view of the simplification of its instrumentation is a problem which
has to be solved in the near futwe,

Conclusion, 1. The application of gyrosystems during movement
in interplanetary space is complicated because of the "weightlessness"
of the sensitive elements of the accelerometers and by the absence as
a consequence of this correction which produces a period of stability,

2. The method of double integration of error between the
reading of the system, which is converted to the position of the
optical system, bypasses the indicated difficulty in paragraph 1
and makaes possible the determination of movement parameters in space,

-11‘_



3. The indicated method enables obtaining the period of a .
system which is significantly less than the period of stability and
introduces into the system damping without which it would be disturbed
by the velocities as occur in geoaystems. L
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