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FOREWORD

The development of contemporary instrument making has resached such a
level that still another group of instruments has been added to the pre-
cision instruments designed for geodesy -- gyroscopic instruments for deter-
mining the direction of geographic meridians. These instruments have various
names, such as, "meridian definer," "'surveying gyroscopic compass,” ''land
gyroscopic compass," and others. In connection with the wide use in
tecent years of gyroscopic instruments for determining the direction of
geographic meridians in geodetic work, a name has been settled for these
instruments, gyrotheodolite, as an organic combination of gyroscopic
measuring instrument with the theodolite indicating system. Gyroscopic
compasses which permit the determination of geographic azimuths oa a
fixed base are combined under this name in the book. Working features of
gyrotheodolites are high accuracy of determination of the direction of
geographic meridians in a relatively short time, independently of natural
and meteorological conditions and at any time of yeer and day. In other
words, the gyrotheodolite method of finding the directicn of north is
autonomous and an all-weather method. This feature determines varied
practical uses of gyrotheodolite measurements. Figure 1 shows schematical-
1y several technical fields in which, at the present time, gyrotheodolites
are used. It should be noted that industrial use of gyrotheodolites has
occurred only in the last few years; however, the first rasults show
prospects for a wide range of uses for them.

The elaboration of the theoretical basis of gyrotheodolites is insep-
arably linked with the names of leading Soviet and foreign scientists.

The introduction of these instruments into practical measurement work
and their specific constructive design was assisted to a significant
degree by the work of the Soviet scientists V. N. Lavrov, D. N. Ogloblin,
I. B. Zhitomirskiy, Yu. S. lukovatyy, V. M. Nazarov, A. I. Makarov, N. N.
Voronkov, F. A. Sumishin, and foreigners O. Rellensman, G. R. Skvendener,
D. Lyuderer, Yu. Merkel', F. Pustay, F. Khalmosh.

Several main designs underlie the constructive basis of gyrotheodolites.
The most exploited has besn the pendulum gyrotheodolite, in which the
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Figure 1, Alternative possible uses
of gyrotheodolites

Determinatien of the azimuths of
lines during construction of a sub-
way, in mine shafts, mountain excav-
ations.

Determination of directions during
the planning of streets, railroad
lines, canals, electric power trans-
mission lines, pipelines, airport
runways. ’

Azimuth control in surveys, azimuth-
al tying in of aerial photographs,
directional control in large-scale
mechanical engineering and shipbuild-
ing.

Measurement of magnetic declination,
determination of magnetic ancmalies,
azimuth control of points ia geo-
physical determinations.

Orientation of radio direction find-
er and television antennas, radio
range beacons, optical communication
channels.

Control and orientation of navigation-
al aids of airports and aircraft.

Azimuthal contrel of battle form-
ations of troops, aiming of ballistic
missiles.
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center of gravity of the gyroscope rotor has been shifted downwards. A less-
sr developmont is found in the practical design of two-degrees-of-freedom
gyxotheodolites. There zre several designs of instruments using a spherical
gyroscope, but only laboratory models of gyrostabilized platforms are

known, working like the gyrocompass, but of little accuracy. These
designs are developed on the basis of the rotary gyroscope. In recent

years, a differeat principle has been used for the purpose of finding the
direction of geographical meridians, specifically, instruments with
vibrating gyroscope and circular laser configurations. A scheme for develop-
ment of modern gyrotheodolites is shown in Figure 2.

At the present time, more than fifty types of different gyroscopic in-
struments for determining the direction of geographical meridians on a fixed
bas2 are known. However, accounts of the principles of design and con-
struction of these instruments, as well as the methods for working with
them, may be found only ir technical descriptions of these instruments,
and, partially, in journal articles. The absence of first-hand information
on gyrotheodolites in collections, and of methods for working with them, hin-
ders the introduction of this progressive method into geodetic practice.

This attempt to systematize the uncoordinated information on gyro-
theodolites and methods of working with them is offered to the reader's
attention.

In setting forth the principles of operation and the functional con-
nections of the various gyrotheodolite systems, attention is principally
directed to the physical processes taking place in the instrument. Setting
forth such material permits geodesist ceaders to use the book without a
preliminary study of special literature. Together with this, the first
chapter presents some information on the theory of gyroscopes, which heips
in a deeper understanding of the physical phenomena taking place in
gyrotheodolites.

Along with widely distributed gyrotheodolites, the beok considers
those which, at the present time, have not gone beyond the walls of re-
search laboratories. This is necessary so thet the reader himself may
envision possibile directions for the development of gyrotheodolites.

A considerable part of the book is devoted to measurements with
gyrotheodolites, methods of appraising tiie quality of the work of the in-
strument, and its errors. Here, too, are considered questions connected
with automation of measurement, distant transmission of the results of
measurements, and the possibility of constructing gyrctheodolites with
aperiodic transitional processes and without introduction of a constant
correction. The appendix includes tables in which are collected informa-
tion cn known gyrotheodolites.

The first paragraph of the third chapter of the book was written by
B.I. Morozov, at the author's request.
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CHAPTER 1
INTRODUCTION TO THE GYROSCOPE

Secticn 1. Some Information from Mechanics

The movement of a gyrcscopic mechanisu is the result of the inte.
action of moments of force which act on it, since a gyroscope can have only

angular rotation. We consider the basic situation of mechanical rotary
movement.

Fig. 3: Moment of force

Key: a. Moment of force vector e. Centripetal force vector
) _ (Fp)
b. Force vector (F) £. Plane (P)
¢. Mass (m) g. Origin (0)

d. Distance (1)

Moment of Force

Let us take an axis SS, to which is attached a point mass w at a dis-
tance 1 (Figure 3). We construct piane "P", perpendicular to axis SS in
such a manner that a lever connecting mass m with axis SS lies on it. WKe
exert a force F on mass m, This force attempts to displace the mass in the
same direction ss it is directed itsclf. But the mass is connected to
axis SS, which is stopped from linear movement by its bearings. The force
with which the bearings hold the axis also acts on mass m. As & result of
the geometric summation o.’ force F and force F, we obtain a resultant which
turns the lever with mass m. It is not difficult to see that the longer

e R E T Y S e T
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the lever the greater the disnlacement of the mass by one and the same
force P, n the other hrnd, the same effect is attained by increase of
furay while holding the lever constant. Hence the angular movemeat de-
; 'vis not only on the action of the force but on the distance bstween the

s 3 Of Totation and the place where the force is applied. This relation
characterizes the moment of force: )

M= Fl (1)

where it is assumed that lever 1 is pesrpendicular to the line of action of
force F (or force vectoxr F). In order that the direction of movement of
the point to vhich the force is applied may be shown, the moment of force
is shown as a vactor. The direction of a moment of force vector is defined
2+ the following rule:

Th? momer.. of force vector is directed along the axis of rotation in
that direction from wisre the rotation of lever 1 under t.:e action of force
F appears to b~ counterclockwise.

Angular velocity w is represented by the increase in angle A¢ in an
interval of time At:

Ad
o= (2)

If the angular velocity is constant we may write that

0=

The angular velocity of all points on a rigid body is the same, but
the linear speed V is a variable dependent on the distance of the point
under consiGceration from the axis of rotation

V= gur. '(3)

The anguler velocity, like the moment, is shown as a vector, directed
along the axis of rotation in that direction from which the rotation of
the body appears to be counterclockwise.

Angular acceleration € appears when the body does not rotate umiforuly
and we characterize the degree of non-uniformity of this motion:

e = oo ' (4)
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The angular acceleration vector is located along the spin axis,
and its direction is detsmined by the nature of the chan;: in speed of
rotation. If the speed of rotation increases -- the angular accelera-
tion vector is directed in the same direction as the angular velocity
vector; if the rotation siows down -- the angular acceleration vector is
directed in the oppusite direction from the angular velocity vector.

Moment of Inertia of a Body

There is a measure of the inertia of a body for translational motion
of & mass which is established by the second law of mechanics:

F = ma, (5)
Using thic law, we consider the movement of a mass fixed to a bar
and rigidly connected to the spin axis (Fig. 4). We will consider the

bar and the axis to be weightlass. Moment M acts directly ca the axis,
which results in force F ucting on the mass, as determined by the relation

M

F = -+ - (63
W C)
r d)
. P @
I L
* M%
Fig. 4: Moment of inertia
Key: a. Moment of inertia vector
b. Force vector
c. Mass
d. Distance
e. Moment of force vector
f£. Angular acceleration vector
g. Kinetic moment vector
N
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This force imparts a linear (tangent) speed to mass m

F :
a= -E—. (7)
We find the angular acceleration. Proceeding from :
a=~‘t-,-, V=or and ea-—%-, W
we get %
a
e = —;—. (8)
Then substituting Eq. (6) and (7) in Eq. (8), we get %
M
€ = —,-;r'z—- (9)
Comparing expression (7) for linear motion with expression (9) for
angular motion, it can be concidered that the measure of inertia for rotary p
motion is the expression :
I = mr?, (10)
called the moment of inertia of a body relative to its axis of rotation. é
We cite several examples of the expression for the moment of inertia of :
some bodies: :
For a cylinder of radius R 2
1,=0,5mR?,
For a cylindrical ring with outside radius R and inside radius r
I~ 00 (18 - 17),
For a solid ball of radius R
I, Optmls
Kinetic Moment

For translational motion, the product
mv = Q (11)

-9-




is called the quantity of motion. The quantity of motion is represented

by a vector, fixed to mass m and coinciding with the direction of the

linear speed vector. In rotary motion this vector is at a distance r from
the axis of rotation (see Fig. 4), Then, by analogy with the moment of
force, we can find the moment of the quantity of motion of the mass relative
to its axis of rotation. For this the quantity of movicn vector is multi-
plied by the "lever" -- the shortest distance from the axis of rotation.

The product obtained is called the kinetic moment of a body -
H = Qr. 12)
Substituting expressions (11) and (2) in (12), we get )
H=mr
or
H = Io. (13)

Consequently, the kinetic moment appears as a vector, whose direction
coincides with the angular speed vector of its own rotation.

Section 2. Eguations for Motior of a Solid Body

The motion of a solid body is defined by three basic elements: an
external perturbation (force or moment), 1ts inertia, and that resistance
to motion which the body shows tc the external pevturbation cited. The
algebraic sum of these elements is the differential equatior of motion of
a body.

We consider disk 1, suspended on string 2 in a vessel containing a
fluid (Fig. 5, a). We apply moment Mg to the disk (this will turn the disk,
twisting the string) and we observe the motion of the disk. The motion of
i the disk under the action of the moment begins oniy after overcoming its
i inertia, owing to whick the body (disk) attempts to retain its position of
rest. The turning of the disk will twist the string, and the arising of a
of a moment of torqu. -- brakes the motion of the disk. The rotation of the
disk will be hindered by the fluid, creating a moment of fluid friction. -

The basic law defining the interaction of a solid body with a moment of
#orce is the second law of mechanics N

M

Ie

=0

-10-
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Xey:

Solid body on a torsion suspension:

a.
b.

1.
2.

Kinematic diagranm
Graph of the transitional processes

Solid body (disk)
Torsicn member

Deflection of the system

Moment of force

Initial deflection of the system
Coofficient of relative dawping > 1
Coefficient of relative drmping = 0.4
Coefficient of relative damping = 0
Time ;

In the case being considered, M designates the sum of moments:

external Mg, torque M: and the moment of fluid friction M,.

Since moments

My snd M, oppose the wotion engendcred by the action of moment Mg it is
obvious that they are opposite in :_gn to moment Mg.

-11-
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We substitute in (14) the moments under consideration:

Ji= (i, — M - M, j=0. 15)

We take into account that € « ¢ (p -- angle through which the disk turms,
® -- second derivative by time of angle ¢), M, = w9 (« -- angular rigidity
of the twisted string), My = c¢ (c -- damping coefficient).

Substituting the foregcing expressions in (15), we obtain the differen-
tial equation of movement of the disk in fluid

Ie+co+xp=M. (16)

The inertial moment, like the external, is present in the differential
equation of any body having mass.

Moments of resistance cp and uy are distinguisking features of every
system considered and characterize its specific features, the determination of
which is a basic aim of the study of one or ansther phenomenon, including

the gyroscopic moment phenomenon.

The left part of Eq. (16) defines the interaction of the internal
{proser) moments, when a system, having been removed from its state of rest,
is asain returned to this state. This movement is written down in a similar

equation:
Jetco+xp=0.
(17)
Eq. {17) is often written down in dimensionless form:
‘:":3‘ 22’.’:5 -*- P = (18)
This equation is often called *he osciilating component, and its
solution is written in the following form (when £<1):
N R .
o=pw © sin{-—1 IZE L3 (19)

when %o -- initial deflection of the system;
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= }/-~- -~ time constant of the system;

= - -~ velative demping coefficient;

§ -~ phase angle;
t = tme.

uvraphical solutions of Eq. (19) for various values of £ are shown in
Fig. 5b, and are calied transition processes, since the process is charac-
terized by a transition of the system from one established state ( 9=¢; )
to another established state ( $=0 ). The transition process for £>1 is
cslled speriodic, for 1>£>0 -- oscillatory damping and for E=0 ~- undamped
oscillation. The latter is mcxt characteristic of the oscillation of the
kinetic moment vector of pendulum gyrotheodolites about the direction of a

geographic meridian. The frequency of oscillation in the transition process
will bhe

— it an
for 0<t<1 i, == 0 V T-:._';':'.

The angular velocity wc is also callsd the proper frequency of the
systea; then the period of undamped harmonic oscillation is

w

To=2tn s,

!

&

(21)

The time during which the osciliating system comes to rest is called
the time for terminstion of the transition process, and it is found in
equation form as

’ (22)

-13-
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Section 3. Gyroscopic Moment
The basis of the structure of a gyroscope is a rapidly rotating
fly wheel which can swing around two perpendicular axes (Fig. 6).
Rotation about the axis c¢f symmetry of the fiy wheel (Z) is called
proper rotation; rotation zbout the other twa axes (X and Y) -- the
universal suspension axes -- is called gyroscopic precessior. Simul-
taneously, we give the rotor angular velocity w of proper motion and .
angular velocity of precession Gy, and we consider elementary mass dm,
which will take part in two movements &t the same time: with angular
velocity  and angular velocity of precession @y. In consequence of
the proper rotation, mass dm has peripheral linear speed V.=uwR, the
magnitude of which remains constant, since the angular velocity and
radius R remain constant. The angular velocity of precession Gy also
imparts to mass dm linear spesed V,, that is: when mass dm is located
on the positive half-axis Y,the speed V.20, since the radius (distance
from axis of rotation to mass) equals zero; when mass dm ic situated on
the negative half-axis X (cwing to its praper rotation), the speed
W R; when mass dm is situated on the negative half-axis Y, the speed
V=0, and when located on the positive half-axis X, the speed V. swyR.
Consequently, d:wing the action of mass dm at two constant angular
velocities, the directions of whose vectors are mutually perpendicular,
mass dm has a variable linear speed V,. The change in speed V, is_character-
ized by the change in distance between axis of rotation X and mass dm, result-
ing from the rotation of mass dm with angular velocity w. In accordance with
Eq. (3), it follows from Fig. 4 that speed V; may be written:

b, = mid g, 23

The change in speed cf movemant of any mass, including mass dm, appears
in consequence of the action of a fusce on this mass. In accordance with
the second lzw of mechanics, for the elementary mass under consideration,
the elementary force is defined from the exprescion:

dF:=dm - a, (24)
vhere a=9n -- acceleration of mass dm.
Differentiating expression {23), we find the acceleration .
U Re mcoss, (25)
where w=y.
Substituting (25) in (24) we find

«F = dimide ;o0 e,

(24%)
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Fig. 6: Rapidly spinning rotor on a universal suspension
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Key: a. Z axis
b. Angular velocity vector
c. Angular velocity of precession vector
d. Force differential
e. Linear speed vector
f. Radius
g. Disk angle of rotation
h. Mass
i. Gyroscopic moment vector
j» X axis
k. Y axis
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From (24') and (23) it follows *hat, betwson the force applied to
mass dm and the speed with whic® it moves under the action of the torce,

a displacement in phase equal to~% takes place, the speed "retiring" from
the force.

An elementary force applied to mass dm generates. relative to the
universal suspension axes X and Y, elementary moments

dM,~" 2 FR sin 5.

dM == 2dFRcos 2.

-————

Let us imagine that the mass of the rotating fly wheel is distributed
uniformly in a thin ring. Then elementary mass dm can be represented in
the form

o
dn - —5—dls,

;; 5 Substituting the express. for elementary ..:ce (24') and elementary
- mass in the equations for the elementary moments and then integrating the
3 expressions obtained for one revolution of the rotor, we will have:

= Mo ko, |

3 M =0 - (26)
%; The result cbtained establishes the correlation between angular

3 velocity {w,) and the moment (Mx): if an external moment acts on the gyro-

scope along’ axis X, angular velocity of precession arises along axis Y
and, the other way around, if axis Y has an angular velocity of precession

, there arises along axis X a moment of gvroscopic reaction M, = M-
%§~ is called the gyroscopic moment).

-

This conclusion appears in consequence of the consideration of the pe-
ripheral speed Vn, arising in the body and participating simultaneously in
two rotations, the angular velocity vectors of which are perpendicular.

Taking into consideration Eq. (10), (13) and (26),
magnitude of the gyroscopic moment may be written in the roiicwing form:

= My=Heo,, (28')
fi where H -- kinetic moment of the gyroscope.
é; . The gyroscopic moment appears as a vector and is generally defiied
'?‘ by the vector product:
M, =HXr,. (26"
' -16- : :
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Then its magnitude (modulus)

==
M, = Huw,sin (H, w,).

Vector M- is directed perpeadicular to the plane formed by vectors
b and wy, in that direction £rom which superposition of vector H on vector
wy by the shortest distance appears to be a counterclockwise movement.

q

The action of an externzal moment leads to the appearance of an angular
velocity of precession

The vector of this angular velocity is directed perpendicular to the
plane formed by vectors H and Mg, and in that direction from which super-
position of vector H on vector ﬁ:n by the shortest distance appears to be a
counterclockwise movement.

Section 4. A Gyroscope under the Action of External Moments

"Let us consider a gyroscope, to the interior gimbal of which is applied
external moment Mp, (Fig. 7, a). In accordance with the eguation for the
gycoscopic moment, an angular velocity of precession wnp appears on the
gyroscope, directed along the axis of the exterior gimbal. The reaction of
the gyroscope to this angular velocity of precession will be the gyroscopic
moment M, directed along the axis of the interior zimbal in the opposite
direction from moment Mg,.

The angular velocity of precession

M

Wyp = o
then the gyroscopic moment
M e Hay,
or '
Moo= M

Consequently, the gyroscopic moment is equ:l in magnitude to the
external moment. But, since these moments have opposite directions, the
gyroscopic moment fully compensates for the external moment and the interiox
gimbal proves ic be free from its action.
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Fig. 7:

Action of an external mcment on a gyroscope

Key: a. Fig. 7a
b. Fig. 7b
c. Angular velocity of precession
d. External moment oa the exterior gimbal
e. Gyroscope kinetic moment vector
f. Gyroscopic moment
g. Moment of gyroscopic reaction

A stabilizing property of a gyroscope is manifested by the phenomenon
under consideration. The stabilization of the interior gimbal requires an
expenditure of energy. This energy is generated in the gyroscope at the
expense of the precession of the exterior gimbal. Consequently, stabiliza-

tion of the interior gimbal is accomplished at the expense of exterior
precession.

Under the action of an external mument M, on the exterior gimbal
{see Fig. 7, b), precession of the interior gimbal takes place,
as a consequence of which the gyroscopic moment appears, which cumpensates
for the external moment. Consequently, the mechanism by which stabiliza-
tion is generated is the same as in the preceding case, only this tine

stabilization of the external gimbal is accomplishad at the expense of
precession of the interior.
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However, this uniformity hides a definite difference in the
stabilization of the external moments. During action of an external
moment on the axis of the interior gimbal its stabilization will be con-
tinued independent of time. Stabilization of the exterior gimbal will be
continued only in the course of that time which is necessary for the turn-
ing of the interior gimbal through an angle of %. By the turning of the

interior gimbal to an angle of %— the axis of the gyroscope rotor coincides

with the axis of the exterior gimbal, resulting in the loss of one -degree
cf freedom (by means of superposition of the axes). And along with
this -- a loss of stability of the gyrescope. In this case, the gyroscope
begins to behave like a solid body; that is, it acquires a rotaticn in the
direction of the external moment cpplied to the e¢xterior gimbal.

From this consideration it follows that, practicsally, it is necessary
to avoid x longitudinal application of a moment to the exterior gimbal,
if steps are not taken before hand to eliminate the coincideance of the
rotor axis with the axis of the exterior gimbal.

Considering the interaction of the gyroscope with external moments,
it is advisable to give some attention to the "external' moments themselves.
Only for an ideal gyroscope can it be considered that there is an absence
of external moments on the suspension axes. In practical designs there is
always a cause for the arising of a force located on some ‘'lever® of the
axes of rotation of the gyroscope suspension. Consequently, there is always
an “external'' moment on the suspension axes of a gyrcscope: from the force
of friction in the bearings, from imbalance, from the action of current
supply mechanisms, and others. These moments must be considered, since in
many cases they determine the accuracy of operation of gyroscopic aquipment.
By selection of designs and technology of manufacture, the total harmful
moment in contemporary gyrotheordolites has teen decreased to a magnitude
én the order of 10-6g-cm.

Section 5. Eguations for Gyroscopic Motion

The use of a gyroscope as a measuring instrument consists of i
determining the cdirection of the spin axis of its rotor compared to a direc-
tion ccnnected with the eartk. In view of the fact that the spin axis of an
ideal gyroscope remains unchanging in its direction coswpared with the stars,
it will appear to an observer standing on the eaxrth that the spin axis of
the gyroscope shifts.

To insurs the measuring function on sarth, a gyroscope is equipped with
supplementary mechanisms (adjusting systems). As a result, it is proved
that the dixection which is found with the help of a gyroscepe is the
direction of the dyn:mic equilibzium of the kinetic aoment vector, deter-
mined from the differential equation of motion.
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The gyroscope, in distinction frem the system with one degree of
freedom considered in Fig. S, has three degrees of freedom, of which two
determine the position of the spin axis of the gyroscope rotor, and the
third defines the proper rotation. The first two degrees of freedom, con-
aected with rotation of the gyroscope kinetic moment vector axis about ite
universal suspension axes, are of the most interest for measuring pur-
poses. This turning of the kinetic moment vecior H is plotted in Fig. 8
with two angles: angle a defines the turning of the external gimbal, angle
B -- the internal gimbal. Angles a and £ are measur=d relative to a fixed

coordinate system., Angle 9 is measured from line on and defines the turn-
ing of the gyroscope rotor.

Two coordinate systems are used for working out the gyroscope motion
equations: the mobile system XYZ, which rotates together with the gyroscope,
and the fixed system nff, relative to which the gyroscope motion is con-
sidered. The gyroscope axes are connected with these coordinate
systems in the following manner: the rotor axis and the interior gimbal
axis are situated along any two axes of system XYZ, then the third axis is
directed so that it forms three-dimensional coordinate axes with the first
two; the axis o the exterior gimbal is situated along one of the axes of
the fixed system nkg, since the axis of the exterior gimbal is connected

across its bearings and casing to a fixed base, relative to which the posi-
tion of the kinetic moment vector is measured.

Fig. 8: Angles turned by a gyroscope
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At the first instant of time we will consider that the axes of the
mobile and fixed coordinate systems coincide (Fig. 9, a), and for this the
kinetic moment vector H is directed along axis Z, and the extericr axis --
along axis §. Now, if an external moment My acts on the axis of the
interior gimbal, the reaction of the gyroscope to this _moment will be
angular velocity of precession of the exterior gimbal &. But before the
exterior gimbal begins to precess, its inertia must be overcome, that is,
the initiation of precession & is opposed by moment of inertia Id.
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Fig, ©: Diagram of coordinate axes for derivation cf the
equation for gyroscope motion
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In view of the fact that the external moment is applied to the interior
gimbal, which moves together with the exterior gimbal, vector M shifts
together with axis X. The precession of the exterior gimbal leads_;o this,
that axis Z of the proper rotation of the gyroscope rotor (vector H) and the

- axis of the interior gimbal turn through angle a (Fig. 9, b).
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Now let the external moment ﬁé be applied to the exterior gimbal
. (Fig. 9, ¢). The reaction of the gyroscope to this moment will be precess1on
of the interior gimbal with angular velccity g, with the result that in a
short time it turns through angle 8. Axis Z of the proper rotation of the
rotor and axis Y turn together with the interior gimbal. Before movement
of the interior gimbal begins, the inertiz must 2lso still be overcome,
since there arises on its axis moment of inertia I8.
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Let us find the moments applied to the axes of rotation of the
gyroscope gimbals.

Exterior gimbal:
External mcment "-Mg";

Moment of inertia "-Ira";
Gyroscopic moment "+HB cosg".

Interior gimbal:
External moment "-+My";

Moment of inertia "-I,f";
Gyroscopic moment "-Ha cosg".

Summarizing thes2 moments, we obtain the differential equations of
mo*ion of the exterior and interior gimbals:

T —M; — [ Hicosk-=
‘\i.\' e I,r;‘ bl l 11 Cos s :l o 0

The equations obtained are the technical equations of the gyroscope.
Reversing the cigns in these cquaticons and moving the external moments to

= the right hand side:
.. , = U2eoshem —M; l
& 134 theoss- A, | @7

Eq. (27) are correct fcr the situation when the base and its connected
coordinate system n&fz is fixed with reference to inertial space. However,
in practical problems this condition is not cbserved. Therefore, let us
find out what changes in the equation for gyroscope motion result if the
coordinate system nEg rotates with angular velocity Q. Let this velocity
heve as its projections w,, wg, w, (see Fig. 9, c)}. Projecting the vectors .
of these velocities on the axes o? the gyroscope suspension, we find that
its base rotates relative to the axis of the axterior gimbal with angular
velocity Wes and relative to the interior -- with angular velocity defined -
by the sum of wpcosa-wgsina. In addition, e charge in the angular veloc-
ity of the proper rotatfon takes place of a magnitude of
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In view of the great magnitude of the aigular velocity of proper
totation we will disregard its changes. Let uy consider further the velocity
under consideration in the equation for gyroscops motion, but first we trans-
form Eq. (27):

’.-;;. e :'.;COS::Jnm --m"p(A13)
1]

b ocoserg (M) 28

where 1

Y . ,' . =f3 d ‘_’_’Lwl‘l ‘.H-—‘:
.x-“,..'."‘ (Al'\) d““) —33—\"——(.“') i) N, - =33

1 -3y

Eq. (28) is anslogous to Eq. (27), but it is written, not in the form
of moments acting along the suspension axes, but in the form of awgular
velocities of the suspension axes. Now, considering that the velocitiés
discussed above still exist relative to the suspension axes,
the equation for gyroscope motion must be written in the form:

2 — (F 4 v co50 — v sina)cos == —u,, (M;) ]
’._‘,:3. + (é‘ - "’E) cos 3 TR (‘“x)

ox fiz =1 (B-Fugcosa —wg sina)casi\r-.—M:_}

L34 H{2 —o)casd =M, (29)

Depending on the functicn of the gyroscope and the magnitudes of angles
a and 8, sometimes the possibility of disregarding several items is present-
ed in Eq. (29). In widespread technical situations there are "truncated"
equations for gyroscope mo' on: - )

13 ==M; - Hu, sina - Hecos a }

Hx e M, 4 Ho; (30)
Or without taking into account the angular velocity of rotatioa
of the base .
“3-‘-‘-:“‘5 <
Him=M, | (20)

It is not difficult to see that Eq. (30) are the gyroscopic moment
equations, analogous to Eq. (26'} or (26").
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Section 6. Definitions

Considering the essence of gyroscopic phenomena, let us develop some
properties of gyroscopes.

A gyroscope possesses the sbilivy to maintain a given direction of the
>otor axis in space (relative to the stars). It resists the action of
any force which sttempts to move the roter from the plane of its rotation;
this resistance is a measure of the stability of the gyroscope or of its
gyroscopic inertie.

The action of an external force or a gyroscope lesds to a change in
position of the rotor, with the vector of angulax velocity of displacemeat
of the rotor perpsndicular to the moment of external force vector.

The deviation of the axis of proper rotation of the gyroscope rotor
compared to the theoretical position is called gyroscopic drift, which is
caused mainly by imbalance in a gyroscope part, €riction and the inertia
of the universal suspensiun.

In order to give the gyroscope the ability of maintaining 2 giveu
direction relative to earth, it is equippad with an adjusting mechanism
which astablishes 2 controlling moment of fo-cs on the universal sus-
pension axes. In aligning the spin axis of the rotor with the axis of
rotation of the extarnal gimbal, the gyroscope loses stvability and bsgins
to rotate in the direction of the applied moment.

A gyroscope in which one of the axes of rotation of the umivereal
suspeasion i3 fixed, is called two-degrees-of-freedcm, and it possesses the
property of being sble to align the axis of proper rotation with the vesctor
of cngular velocity of rotation of the base. A gyroscope is called free,
if no external moxent whatever acts on it.

The axis of proper rotation of the gyroscope votor is called the
principal axis of the gyroscope or simply the gyroscope spin axis.
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CHAPTER II
§ GYROTHEODOLITES
% Section 1. The Principle of Determining a Geographic Meridian by Use
i of a Gyroscope
g
oo The use of a gyroscope for determining the direction of geographic
i meridians is based on using the properties of the gyroscope and the daily
¥ rotation of the earth. The angular velocity 2 of rotation of the earth
Boo- may be distributed into two components: the horizontal w. and vertical u
g? {Fig. 10), The horizcntal compenent w- lies in a horizontal plane and
£ indicates the direction of the geogragiic meridian of the site. The
i vertical component wy is directed zlong the verticzl of the site; relative
P to space, it rotates in an east-west plane. If we construct this plane by
%% some method, the normal to it will indicate the direction of the geographic
%; meridian. Specifically, this plane may be constracted with the help of a
L35 gyroscope. Let us suppose that in the first instant the spin axis of a free
gg: gyroscope rotor coincides with the direction of the vertical of the site.
S In the following instant, as a result of the da.}y rotation, the vertical
g of the site relative to space turns to the west. The vertical of the -
g; site and the spin axis of the gyrcscope rotor intersect at the center of .
& the earth and define the east-west plane in this manner. Since the gyro- !
-4 scope spin axis remains fixed all the time, the angia between it and the

iy

Lo

LA

vertical of the site will continually increase; 2fter six hours it will be
equal to n, which leads to the coincidence of the planes of the gimbals

p

and loss of stsbiiity by the gyroscope. Iu order for this not to happen,

the principal axis of the gyroscope is malde to move after the vertical of

the site.
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The movement of the gyroscope spin axis following the vertical takes
place at some angle of delay, so that by this angle the east-west plane
(two intersecting lines: the gyToscope spin axis and the vertical of the

R
I

X
R

gﬁ site) is foxmed. The execution of such a mevemernc of the gyroscope spin
s & axis is accomplished with the help of an adjustment system. From Fig. 10
s %i we can see that the magnitude of this amgular velocity must be equal to
S the angular velocity of the horizontal component of the earth's rotation.

Gyrctheodolites with 2 spherical gyroscope (ses Fig. 2) are constructed by
the principle being considered.

T

The result of the interaction of the horizontal component of the

- anguiar velocity of rotation of the earth with the two-degrees-of-freedom
gyroscop: also permits z determination of the direction of a geographic
Reridian. In this case the spin axis of the gyrcscope rotor is locaced
in the horizontal plane znd the axis of rotation of the zyroscope gimbal
establishes the vertical. The interaction of the kiretic moment vector
with the angular velocity w~ generates a gyroscopic moment, forcing vector
H to be set in the direction of vector w. and, consequently, to indicate
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the direction of a geographic meridian at a given point in an area (two-
degrees-of-freedem gyrotheodolite -- see Fig. 2).

Fig. 10: Components of angular velocity of rotation of the earth

L ORI bl

2 Key: a. Vector of angular velocity of rotation of the earth
b. Horizontal component of earth's angular velocity of
rotation
c. Vertical component of earth's angular velocity of
rotation

d. Radius of the earth
e. Angle throughk which the gyroscope rotor is turned
£f. Center of the eartn

The examples considered do noct exhaust the possibilities of
constructing gyrotheodolite schemes, but they illustrate two basic -
principles: first, the use of the properties of vertical of a site and
a three-degrees-of-freedom gyroscope and second, the use of the reuction
of a two-degree-of-freedon gyroscope on angular velocity (G} or ). .

There are various modifications to gyruthecdolite schemes which use
one of the principles indicated. In recent years, to gyroscopic methods
for determining *he direction of geographic meridians has been added the
A method of measuring the angular velocity of rctation of the earth with the
e help of laser instruments. They use the method of determining the velocity
of rotation of the base by the difference in motion of two opposing light
beams.
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Section 2. Penculum gyrotheodolites

The greatest progress has been achieved with gyrotheodolites based
on a three-degrees-of-freedom gyroscope with a horizontally placed spin
axis of the rotor and a center of gravity displaced downward relative to
a fixed point. The displacement of the center of gravity leads to the
origin of a physical pendulum in the gyroscope, the principal property
of which is tracking the vertical of the site. Thus; in the pendulum

. gyrotheodolite use is made of the properties of the free three-degrees-of
ireedom gyroscope and the verticals of a site (of the horizontal plane).
Let us examine the principles of operation of the pendulum gyrotheodolite.

At some point on the earth's surface let us set a gyroscope in such
a manner that the kinetic moment vector of the gyroscope lies in a hori-
zontal plane and is directed to the east (Fig. 11, position I). In this
position, the line of action of the force of gravity (vector G) lies
siong the axis of rotation of the exterior gimbal, and in relation to the
axis of rotation of the interior gimbal, the moment of the force of gravity
does not arise. After some time the angular position of the earth relative
= to the gyroscope changes. Specifically, the plane of the horizon turns
relative to vector H through angle 8, (position II). In consequence of
such a turning of the vertical cf the site, the line of action of the force
of gravity vector G will no longer go througk the axis of rotation of the
exterior_gimbal. This leads to the appearance of a moment of the force of
gravity Mg, spplied to the axis of rotation of the interior gimbal and in
our direction. The reaction of the gyroscope to the moment generated will
be precession & of the exterior gimbal of the gyroscope. The direction
of the precession is such that the end of vector H moves to the south
(towards us) and after some time coincides with the direction of the geo-
graphical meridian (position III). However, the spin axis of the gyroscope
= cannot establish itself in this position, since ‘the end of vector H is
still elevated a little above the plane of the horizon and, corsequently.
is the moment of the force of gravity Mg, which forces tas spin axi: of the
- gyroscope to move farther to the west (positicn IV). The ictation ox the
earth 2lways leads to the result that, relative to space, the east end oi
the horizontal sinks and the west -- rises. Therefore, to the extent that
the end of vector H turns to the west, elevated above t.e plane of the
horizon, the plane of the horizon itself will approach the spin axis of
the gyroscope. In a fcw moments vector H finds itself located in the hori-
zontal plane (position V), and at that time the force of gravity moment
- vanishes and the precession of the exterior gimbal & ceases (a=0). But _
the earth continues to rotate, and in the next momenit the end of vector H
is now btelow the plane of the horizon (position VI). This gives rise anew
to the appearance of the force of gravity moment Mg. But the direction of
vector Mg will be opposite to that direction which was the elevated position
of the gyrescope 3pin axis above the plsne of the horizon (position II).
In consequence of the change in direction of vector Mg, the direction of
precession & of the exterior gimbal changes: the gyrascope spin axis will
move from the west to the north, going past the position of the geographical
meridian and stopping in a position analogous to position I. Thus, the
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Fig. 11: Penduium gyrocompass on the earth

Key: a. East
b. Plane of the horizen
¢. Radius of the earth
d. Angular velocity of earth rotation
e. West

gyrcscope spin axis performs an oscillation relative to the plane of the
horizon and the plane of the geographic meridian at a given point in an
area. Consequently, the pendulum moment generated because of the prop-
erty of a free gyroscope of holding constant the position of vector H in
space 1is & correcting moment, vhich insures the mcvoment of the
gyroscope &xis around the direction of the meridian and the plane of
earth's horizon.

Let us form an equation for the movement of a pendulum gyrothecdolite.
For this, the coordinate system nff is bound fast to the earth, as a con-
sequence ox which it will rotate relative to space togcther with the earth.
Let us direct axis O¢ along the vertical of the site, On ~- o the south
in the horizontal plane, and axis Of -- to the east along the horizontal
plane (Fig. 12). The mobile coordinate system XYZ has a common origin
with the fixed system. The gyroscope axes are connected with these coor-
dinate systems in the following manner: the axis of the exterior gimbal
is located vertically 2long axis 0f. the axis of the interior gimbal

e bt ot i o e S——D_—n o
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Fig. 12: Coordinate axes for a pendulum gyrotheodolite

coincides with axis OY, the spin axis of the rotor is directed along

axis OX in the negative direction (to the north), and axis 0Z is directed
in such a way that, with axis OY and OX, it forms a rsctangular coor-
dinate system with axes XYZ. The center of granty of the gyroscope is
displaced along axis 0Z.

To sstablish the nature ot the movement of the gyrotheodolite, we
apply an external moment successively to the interior and exterior gimbals
of its universal suspension and we find the moments -- inertial, gyroscopic
end adjusting -- aroused by the displacement of the center of gravity.

As a result, we find that the equations for motion of a pendulum
theodclite will be the expressions:

(31

I3+ e sinzcos 2= Hicos3- - M. -~0 }
B Hzcosgd- e cua gl Mg 2= M, =0

The designations in these equations: I, I, -- moments of inertis
cf the gyroscope relative to the axes of the exterior and interior gimbals
respectively; a, 8 -- the angles turned by the exterior and interior
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gimbals, Wep Wy = horizontal and vertical components of the angular
velocity of rotation of the earth; M., -- external moments on the axes
of a gyroscope suspension. The forcé of gravity mement M, as follows from
the coordinate axis scheme, may be represented in the following form:

.\-'l(; L G’ a1 :‘l.

where G -- the suspended weight forming the pendulum;
1 -- the arm by which the weight is attached.

The movement of the gyroscope axes proceeds sufficiemtly slowly
that the angular sccelerations & and B are insignificant, and the inertial
moments in comparison with the gyroscopic may be disregarded. The external
moments M, and also are small, since this situation is basic to the
design of the gyrotheodolite. Then, excluding the external moments from
consideration and counting angles a and 8 as trifles, for

cosze==COs2—:1, sip3e-32 sinza—a3.
we obtain Eq. (31) in the following form

Hwa -+ H3==0 } ] (32)

—Hz 4+ Hw, 4 Gi3==9

If we assume =0 in the first squation, then the angular velocity
B=0, and the angle turned by the interior gimbal 8 equals a constant.
Consequently, if the spin axis of tae gyroscope rotor is in the plane of
the aeridian, the interior gimbal will not precess, and the pendulum
moment insures movemeat of the gyroscope together with the earth.
Deflection of the gyroscope spin axis from the plane of the meridian
causes a movement Of the intericr gimbal and, together with it, change in
the pendulum moment, and signifies a precession of the exterior gimbal,
bringing ihe spin axis of the gyroscope to the plane of the meridian.
Consequently, the pendulum moment Mg always insures movement of the gyro-
scope together with the earth. But retention of vector H in the plane of
the geographic meridian during this movement is accomplished by the gyro-
scopic mcment Hu-a, which is called the directing moment My of the gyro-
theodolite. From (31) we have:

My ==12cos 9 sina &2 HRz cos 9. (33)
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From the first equation of systes (32) we find the expression for
angle a, and from the second -- for angle B:

a=—r -“ (3%)
Ha — 1lesg
B=——%r (35)

Differentiating the expressioas obtained by time, and asswuming that
H = constant, G = constant, 1 = constant, w- = constant, wg = constant:

@ == — b,
ﬁr

:  Ha

53—0—1

Let us substitute these expressions in (32) and, after simple
transformations, we will have two independent equations:

2 + $2=0, (36)
Pt sR=—om,. (37)
In these equations
« wGl _ QGlcose
F=—g-=—"g (38)

Let us find the solution of the differential eguations for motion of
a gyrotheodolite, assuming that, at the first instant of time, the gyro-
scope spin aris is in the horizontal plane and is directed exactly to the
north, that is, a(0)=0 and 8(0)=0, but that here the gyroscope moves
together with earth relative to space, giving a(0)=wg. Then, from
the general solution for the angle turned by the interior gimbal

a— C,cossl -+ C.sinst

and taking account of the specified initial conditions, we obtain
Cy=0, Cy= s, or
3

-
g = —= 11§/,
3 S

(39)

Lrd

[T




|;I
¥

"

it o .."J';“

" T
A A I

iR

i T
il AR
VT WAL A g

In order to find the solution for the equation which defines the
angle turned by the interior gimbal B8, we differentiate expression (39)
and substitute it in (35). Then, we obtain

==y (cass! -- 1), (40)

where

R (41)

It follows from the relations founa for angles a and B
that the gyroscope spin axis accomplishes undamped oscillaticn, both in
the horizontal plane (osciilation relative to the direction
of the geographic meridian) and in the vertical (movemernt of the interior
gimbal). If the «scillation of the gyroscope spin axis in the hcrizontal
plane takes place about the zero value of angle a (angle a=0, then,
when the gyroscope spin axis is dirscted to the north -- see the coor-
dinate axis diagram), then in the vertical plane the gyrcscope spin axis
oscillates relative to a position which is elevated above the plane of
the horizon by angle Bj. This inclination of the gyroscope is necessary
to insure uninterrupted movement of its exte.jor gimbal in space following
the plane of the geographic meridian of earth with angular velocity wg. If
this inclination did not exist, the exterior gimbal would oscillate about
the plane displaced with relation to the plane of the meridiaa, that is,
the oscillation would be asymmetric about the north direction. Actually,
the plane of the meridisn at a given point on the earth's surface rotates
in space with angular velecity wg=fising. In order to cause precession
of the exterior gimbal with such a velocity, a constant moment must be
applied to the interior gimbal. In a pendulum gyrotheodolite this moment
is generated automatically by the inclination of the interior gimbal.
The trajectory of the movement of the spin axis of a pendulum gyrotheodolite
is shown in Fig. 13. The angular velocity and the characteristic frequency
of oscillation of the interior and exterior gimbals are identical and, in
accordance with (20), are equal to

{42)
(M, =22 f— W'
==Y TR (radians/sec),
whence we get the veriod of cscillaticn
(43}

L) Ii
Te=2= ;/m (sec).
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PFig. 13: Trajectory of the movement of the gyrotheodolite on
a pictured plane

Kay: &. North
b. Plane of the horizom

In modern gyrotheodolites the period of oscillation lies within
the limits of 3 to 12 minutes.

The movement of the gyroscope spin axis under consideration is

correct for ideal operating conditicns. In practical gyrotheodoiites
doleterious moments are always introduct !, which, on the one hand, lead

to damping of the osciliations of the gy “oscope axes (that is, damping

is introduced), iand on the other hand -- generates asymmetric oscillations
of the gyroscope spin exis, that is, dispiace the equilibrius position

of the oscillatory process. These appear as direct errors in determiring
the direction of the gcographical meridian. Therefore, on the one harnd,
extremely high design and technological requirements are placed on
gyrotheodolites, and on the other hand -- such methods are adapted to
accomplishing preciseiy the measurements vhich exclude the greatest —_—
number of errors from the results of measurement.

At the present time, many diffesrent pendulum gyrotheodolites have
been developed and adapted to practice. By their structural features
they may be separated into two large groups, depending on the form of
suspension of the sensitive element (gyromotor)}: gyrotheodolites with
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fluid suspension and gyrothecdolites with torsion suspension.

The typical diagram of the first of the gyrotheodolites named showing
construction, is represented in Fig. 14. The sensitive eiement (Y43) is the
structure reprasented as a hollow, hermetically sealecd cylinder 5, in the
lower part of which is fixed gyromotor 7. The sensitive element floats
in a liquid which £ills reservoir 8 and has an insignificant buoyancy
(5-20g). The “3 is centered relative to the reservoir by means of
pivot 1, fastened to the cover of the casing, and ruby (or agate)
bearing 2, which is pressed against the pivot under the action of the
lifting force of the liquid in accordance with Archimedes'
law. The point of suspension of the sensitive element is point D,
at which is located the center of gravity of the volume of liquid displaced
by cylinder 5. Relative to this suspension point D, the center of gravity
of the Y3 is displaced downward and is located at point C. The distance
between points D and C is equal to approximately 100-120¢ mm. Owing to
such locations cf the center of volume of the liquid displaced and the
center of gravity, a pendulum moment is generated, and the geometrical
axis of the sensitive element attempts to maintain a vertical position,
which leads to a gyroscopic effect.

The supply of electric energy to the gyroscope rotor is accomplished
without mechanical contact with the 43; feed to the gyromctor is accom-
plished through the liquid. Consequently, the liquid, in addition to its
function of support, must fulfill the role of conductor of electrical
energy. A suitable mixture 0f alcohol, water and borax or water, borax
and formalin as a preservative substance may be used as such a liquid.
Electrical energy is transmitted from the casing of the gyrotheodolite
to the gyromotor through the liquid by electrcdes 6 and 9.

The locking mechanism is located on the top cover of the Y3 casing.
Counterclockwise rotation of gear 18 is transmitted through screw 19
and pushrod 17 to lever 16, which pulls down cone 15, bringing
the 43 up against the cushioning ring 10. Ir non-working status the
U3 presses against ring 10 and, for cone 15 to exert continual pressure
during transportation, the locking device is juipped with a spring latch
which f£ills between the gear teeth. The electrical connection is vlocked
with the locking mechanism; the electrical cable connection cannct be
disconnected from the 43 if the Y3 is not locked beforehand. This is done
so that the instrument is always locked before being removed from the
tripod.

For eéxcluding errors in operation of the gyrothecdelite under
consideration, the center of gravity of the Y3 must lie on its axis of
symzetry. This is accomplished by the use of two weights -- ballast 11
and balancing 12.

In consequence of the operation of the gyromotor, 2 local magnetic

field is generated which, interacting with the magnetic field of earth
and other external magnetic fields, causes supplementary external
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Construction of the gyroscope assembly
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moments of force, introducing errors in the cperation of the gyrothecdolite.
Therefore, the Y3 must be isolated from excerral magnetic fields. This
purpose is served by magnetic shield 13, composed of several thin sheets

of magnetically permeable materiai -- permalloy (a nickel-iron alloy).
Calculations show that a magnetic field with a flux density of 0.1 gauss

is capable of displacing the 2quilibrium pos1t10n of the gyrotheodolite

Y3 oscillations with a kinetic moment H=(4-5) 103 g-cm-sec to an angle

of up to 5. From this it follows that the magnetic screen must have the
capability of attenuating the internal magnetic field by a hundred times,
for a natural anomaly which reaches only two gauss.

Insulating layer 14 is placed between the magnetic shield and the
protective external housing.

Mirror 3, observed through window 4, serves to follow the movement
of the 43.

In gyrotheodolites similar to those under consideration, an adjustment
in the buoyancy is usually accomplished so that the pressure between pivot
1 and bearing 2 changes negligibly during a change of temperature. To do
this such a composition of liquid and 43 volume is selected that the change
in volume is compensated for by a change in the specific gravity of the
liquid displaced. For oxample, when the temperature rises the volume of
all liquids and, consequently, the volume of liquid displaced by the 43
will be increased, but while this happens the specific gravity of this
liquid will be decreased. To accomplish the adjustment, it is necessary
to select temperature parameters of the liquid and the volume of the
sensitive element in such a way that

where Vto' dt -~ volume of liquid d1sp1aced and its specific gravity
at a temperature t C;

Vg, d¢, -- velume and spec1f1c gravity at t1 C.

1

For the purpose of decreasing an effecc of the liquid, the frequently
appearing statistical moment ("adhesive' effect), the outer surface of the
Y3 is polished.

Among the deficiencies of gyrotheodolites similar to those under
discussion, the foremost has to do with instability of the moments of
frictiun between the pivot and the bearing and the viscosity of the fluid,
which lead to a decrease in the accecuracy and stability of operation of
the instrument.

At the present time gyrotheodolites with torsion suspensions have a
basic difference. Structurally, these gyroscopic systems are realized in
two versions: in the form of an organic ¢ombination of a gyroscopic part
with azimuth disk (gyrotheodclites) and in the form called a gyroscopic
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The principal scheme of suspension of a gyromotor on a thin, elastic
tape (torsion) is portr;yed in Fig. 15. If it is considered that, in the
initial instant,vector H is situated in the horizontal plane, than at the
following instant in time (similar to position II in Fig. :1) the plane
of the horizon is deflected from vector H and pendulum moment M arises,
tne vector of which will be ¢.rected perpendicular to the plane of Fig. 15.
. The interaction of the gyroscope with this pendulum moment leads to the
turning of vector H in the direction of the vector of moment MG and,
consequently, the thst1ng of the torsion msmber. As of the result of
this, torsion moment My arises, which is proportional to its angle of twist.
This moment opposes movement of the gyroscope axis. After a short time
the positions of vector H and the plane of the horizon change relative to
each other (see, for example, position VI, Fig. 11), from which the pendu-
lum moment begins in a different direction and changes the direction of
movement of the gyroscope axis. During this the torsion member untwists
at first and, then, begins to twist in the opposite directicrn. In this
manner, the twisting of the torsion member always generates an opposxng
E moment. The reaction of the gyrostope to this moment will be precession
e b of the interior gimbal (r1sing above vector H in the case of Fig. 15).
Change of the angular position of vector H relative to the plane of the
horizon from the action of the twist moment of the torsion member
B leads to a changs in the equilibrium position of oscillation of the
3 gyroscope axis relative to the geographic meridian. From this it turns :
- out that the use of a  torsion suspension of a gyromotor would worsen :
3 the conditions of operation of the gyroscope as a gyrocompass. However, :
- if the angle of twisting of the torsion member is followed without
g? interruption and, following it, the place where it is fastened revolves,

TN,
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;
L
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then the moment of twisting of the torsion member will not act on the

gyroscope. In addition, high stability of the elastic characteristic
- of the torsion member generates, through small angles, strongly symmetric
= moments on the gyroscope, which have a negligible effect on the accuracy
3 of operations.
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Since the gyromotor is connected to the casing {base), oniy through .
& the torsion member, other, mainly chance, perturbing factors
= (1iquid friction, friction between the pivot and the bearing -- Fig. 14)
3 are absent.

PN

Elimination of the moment of twisting of the torsion member introduces
into the measuring process the continuous operction of tracking of the
gyrosccpe and the synchronous turning of the place where the torsion member

. is fastened (built in). The position of the fastening site
in which the moment of twisting of the torsion member equals zero does
not remain constant in the process of operating the instrument. Therefore,
during measurements with such gyrotheodolites, it is necessary to determine
this position so that, during oscillation of the gyroscope spin axis around ;
the direction of the meridian, this position of the fastening site coin-
cides with the mark on the gyrosccpe. The trackirg of the gyroscope and
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turning of the torsion member are accomplished both by hand (the KT-1
and Gi-31 gyrotheodolites) and automatically (MT-1, Gi-B2, IMK-604).

Intreduction of automatic tracking eliminates irregularities in
motion, varigbility in the residual angle of twisting and, also, frees
the observer from the tiresome oparation of tracking the torsion member
and its twisting. Due to the accuracy of automatic tracking of the twist-
ing angle of the torsion member, the 4"-6" error in determining the direc-

. tion of the geographical meridian is reduced by 20-25%, compared with
tracking by hand [45]. Accuracy in tracking of 4"-6" means that only within
these limits will there be irregularity in twisting of the torsion membexr

. which generates a definite perturbation of the gyroscope. Fox a torsion
member with rectangular section, the twisting moment My is determined by
the equation
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5a where E=8:105 kg/cm? -- twisting modulus of the torsion member mate:ial;

3
Ic-%—- -- moment of inertia of the section;
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width of the tape;

thickness of the tape;

-- lenth ¢f the tape;

angle turned by the torsion member.
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For a torsion member with the measurements: b=0.04cm, h=0.005cm,
1=13cm and angle y=5", the twisting moment My=1:10"5g-cm. The absolute
value of tnis moment is small, but the directing moment of the gyro-
theodslite is smallish. In accordance with Eq. (33) for latitude ¢=60°
and the gyroscope with kinetic moment H=4000g-cm-sec, when the angle of
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deviation of vecter H from the glane of the geographical meridian a=10",

4 S the directing moment M,+5.5-10"°g-cm. From a comparison of moments M, and
M;, the inference foilows of an expedient increase i«n the accuracy of the -
tracking system for the twisting of the tcrsion member (decrease in angle .

Y). An increase in the accuracy of this tracking decreases the angle .
within whose limits the angular pusition of the torsion member is arbitrary.
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From nmong examples of gyrothemiolite consizuction produced by the

I

i Hungarian optical factory (MOM), let us examine the basis principles of a ;
o constructive solution for gyrotheodolites with torsion suspension. A :
; diagram of the Gi-Bl gyrotheodolite, which is the basic instrument for the

- . Gi-B2 gyrotheodolite, is represented in Fig. 16. The gyrotheodolite is

b composed of two main parts: azimuth disk (theodolite) and gyroscopic,

Fe which are combined in a single instrument aid transported as such.

{ However, its construction peramits replacement of the

o gyroscopic unit (n case it is necessary.
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The azimuth disk section is executed on the base of an MOM model Te-Bl
sccond-measuring theodolite, into which changes necessary for operation
with the gyroscope unit have been intrcduced: in the right hand column,
the optical telescope has been replaced by the automatic collimator for
tracking the gyroscope oscillations; a supplementary eyepiece elbow
is located con it for rcading the micrometer; the vertical axis
system is hollow, and the sensitive element mirror is ..tuated inside it.

Observation of the sensitive element by mirror 4 is conducted through
eyepiece 3 of the automatic collimator. The upper and lower parts of a
scale move in opposite directions in its fisld of viaw.

The distance between two thickened murks is equal to double the angle
througk which the gyroscope turns relative to the optical axis of the
automatic collimator. The value of the smallest division on the scale of
the Gi-Bl is equal to 30". The source of light for the automatic cnlli-
mstor scale is an electric light bulb placed in housing 5. Determination
of the position of the point where the torsion member is fastened, about
which the twisting moment M; is naar zero (the zero torsion point), is
done by the automatic collimator scale. According to the measurements
obtained, the position of the zero torsion point may be changed by turning
regulator screw 9, the head of which has divisions two times larger than
the divisions on the automatic collimator scale.

During operation of the gyromotor, tracking of the Y3 mirror is
accomplished by turning the alidade, with anchor screw 7 fastened down,

_aiming, by means of rotation of coarse reducing worm gear knob 7 and

fine aiming reducing gear knob 8, while continually keeping the thick-
ened marks of the automatic collimator s.aie lined up. During the
approach to the reversing point (the point of change of direction of
movement), coincidence of the marks is accomplished particularly thorough-
ly, and, - the moment the moving image of the autcmatic collimator scale
stops, a reading is taken from the horizontal circle by use of

knob 2 on eyepiece 1 of the supplementary indicating micrometer.

The gyroscopic part, or gyroscope unit, is produced as a complete
independent construction (Fig. 17). Gyroscope motox rotor 14 is located
i wacuum chamber 13. which is suspended on torsion member 11 from lifting

plate 4. This plate rests on three pins $ on rotating ring 6.
The retating ring has lug 8, on which the turning of upper torsion member
fastening acsemply 3 is accomplished with the help of micrometer

screw 7, for correcting the position of its zero point. Rotation of the
torsion member after the gyroscope during its oscillation about the
lirection of the «eridisn ic accomplished by rotation of the lifting
plate. Tubular bar 9 of tlie gyroscope motor, into which cuts are
made for a bracket fastening th. upper end of the torsion member, bears
mirror 1 and elsctrical conductor 2. The oscillation of the gyroscope

axis is ohserved through the mirror with the help of the automatic
collimation system. The gyroscope motor is a three phase electric motor;
therefore, there must be three isolated electrical circuits for its opera-
tion. Two silver spiral springs 2 are used for transmitting the two outer
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Fig. 17 5i-Bl pendulum gyro-
theodolite gyroscope
nssembly

1. Sensitive element
mirror :

2. Electric current
supply

3. Upper torsion .
element fastening
assembly

4. Lifting plate

5. Support pins

6. Rotatinyg ring

7. Micrometer screw

8. Rotating ring 1ug

9. Hollow bar ,

10. Position mxrrur
for Gi-B2 torsion
element twist
tracking system

11. Torsion element

12. Conical insert

13. Gyroscope chamber

14. Gylasccpe motor

-15. Magnetic protec-
tive screen

16. Base locking
mechanism knob

17. Pin

18. Plug

19. Lever

20. Locking pin

21. Auxiliary locking
mechanism knob

22. Spring

23. Pushrod

24, Mushroom

25, Current collector

26. Worm gear

27. Contact ring

28. Conical ring

29. Spring

30. Guide
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phases, and the third phase is transmitted across the torsion member.

The spiral spring conductors have mutually opposing moment character-
istics, with the result that the sum of the twisting moments acting on the
gyroscope is negligible. The conductors mentioned serve oaly to main-
tain the rotation of the rotor. Starting and stopping of the gyro-
scope motor is accomplished across different contact groups. At the
bottom of the gyroscope chamber are situated two current coliectors 25
which, while the gyroscope is in lecked position (sec

below) come into contact with current carrying lamellae, introduced

along spherical ssgment-mushroom 24 of the locking mechaniswm. The third
phase completes the circuit on the body of the gyroscope chamber.

Current is supplied by these conductors during starting-up of the
gyroscope motor. Transmission of braking current (in positive stopping)
to the gyroscope motor is accomplished across the cone shaped half-ring
contacts 28 and contact ring 27. Stopping is accompiished by transmission
of a constant current to the stator winding of the gyroscope motor.

The gyzoscope unit is equipped with turning mechanisms, serving in
the locked status for setting the reflecting surface
of mirror 1 of the Y3 perpendicular to the optical axis of the automatic
collimgtor. This position is determined visually during alignment of the
central marks of the automatic collimator. Turning of the gyroscope
assembly is accomplished by use of a pair of worm gears 26, rotating thrust
ring 28 with conical insert. 12, which carries along the gyroscope assembly
tightened tc it in locked condition.

The locking mechanism is intended for -ecuring the gyroscope unit in
non-operating (non-measuring) condition (including while being transported)
when stopping and starting. For locking the gyroscope assembly, knob 16,
which has a cam which moves pin 17 and which itself forces in lever 19,
is rotated. Thic laver, pushing against rod 20 of the locking mechanism,
which ends in mushroom 24, displaces the latter upwards, putting stress
on rubber membrane stretched over plug 18, raises the gyroscope assembly
upwards and presses conical ving 27 tightly against conical half-ring 12
of the turning mechanism. In this position the torsion ribbon is freed
from the weight of the gyroscope chamber and, consequently, the lifting
plate is also freed from it. The latter is squeezed upward by strong
springs, on account of which the torsion element is stretched with a force
of about 600g. The stressed state of the torsion element in the period
between start-ups insures a high stability of its mechanical charactsris-
tics, owing to meintainante of stability of the internal structure of the
material.

One more supplementary locking mechanism is provided in the structure
of the gyroscope unit to increase the reliability of locking. By rotation
of knob 21, spring 22 is compressed and, in addition, lever 19 is tightened
through pushrod 23. A safety cutout is located in the locking mechanism
knob which locks the power supply cut-off in locked condition.
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To decrease the deleterious effect of oxternal magnetic fields, the
gyrotheodolite has special magnetic screen 15, which is cylindrical in
shape, is made of 18 sheets of permalloy of a thickness of about 0.25mm
and possesses a great magnetic permeability. The magnetic screen is
electrically insulated from the remaining parts of the gyroscope assembly.

In addition to the cons‘ruction of the Gi-Bl gyroscope assembly under
consideration, provisionaily indicated on the cylindrical column is mirror
19, used for twisting of the torsion elemsntl in the Gi-B2 gyrotheodolite.

The torsion element is fastened to the gyroscope chamber in such a
manner that the axis of the gyroscope rotor is perpendicular to the plane
of the torsion ribbon. In this positiocn, the torsion element will show
the least resistance to the gyroscope during oscillations of its vector
H relstive to the plane of the horizon. The torsion ribbon has a rectan-
gular section of approximately 0.04x0.005cm and a length of 13cm. The
distance from the point where the lower ead of the torsion element is
fastened to the conter of gravity of the gyrcscope is 7.2cm, the spead of
rotation of the rotor is sbout 21,000 rpm and Kinetic moment
H=4000g-cm-sec.

Subsequent development of the gyrotheodolite under consideration is
model Gi~B2, in which a photoelectric tracking system is used, insuring
automatic turning of the torsion element linkage points after the gyro-
scope. The kinematic and structural diagram of this tracking system
is shown in Fig. 18. Light from source 12 is shaped ianto a parallei beanm
by condenser 11 and goes further through prisms 10 and 4 and falls on
mirror 3 (mirror 10 in Fig. 17), installed on sensitive element 8.
Reflecting off mirror 3 and, further, off prisms 4 and 10, the light falls
on photocell 5, the signal from which drives motor 7 through amplifier 6.
A split photoresistor is used as » photoreceptor, in which the magnitude
of the output current depends on the magnitude of the light beam falling
on it. The sides of the photoresistor (5a and 5b) are included in an
electrical bridge. The light beam (diffusion circle KP), in the absence
of angular deviation, shines on both halves of the photoresistor uniformly,
and the electric current across the bridge is equal to zero. As the gyro-
scope turns relative to the housing to angle ap, there is a displacement
of the light spot, and illumination on one half of the photoresistor in-
creases and on the other, decreases. As » result of this, a current
appears across the bridge, the magnitude of which is proportional to
angle o and the polarity of which is determined by the direction
of displacement of the light spot (sign of angle a-). However, the magni-
tude of the current across the bridge will be proportional to angle c-
only when the light spot shines simultaneously on both halves of the photo-
resistor. When the light spot illuminates only one of the halves of the
photoresistor, the magnitude of the light beam will not change; therefore,
the current across the bridge will not change (the relation between the

1

[Fig. 17, Key Item 10, indicates that mirror 10 is
used for tracking the twisting of the torsion element.]
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angular position of the light spot and the current across the bridge is
shown in the graph of Fig. 18).

The current acro:s the bridge is the input signal to the amplifier,
where a constant current is amplified and transformed into alternating
current with a frequency of ~400hz, since the turning of the housing
behind the torsion element is accomplished by a two-phase induction motor
with a DID-0.5 hollow rotor operating at an increased frequency.

In the Gi-B2 gyrotheodolite, the position of the zero point is
adjusted by turning the upper fastening point of the torsion element.
This displacement is accomplished by use of worm gear 9 of the tracking
system, but in this case supporting housing 14 is secured to exterjor
housing 15 by use of lever 16. After release of lever 16, the tracking
housing turns to the former position (while switching on the photoelectric
system) with relation to mirror 3, tut the zerc point of the torsion
eleaent proves to be displaced during this by the magnitude of change
of the zero point. Therefore, when tracking the gyroscope position, the
zero angle of turning will approximately match zero twisting of the torsion
element.

The presence of an automatic system for twisting the torsion member
frees the observer from the necessity of continuously observing the move-
ment of the sensitive element. Therefore, in construction, the Gi-B2
gyroscope unit is not connected mechanically with the theodolite alidade.
This permits accomplishment of geodetic tying-in of observed points during
the period of movement of the gyroscope from one reversing point to another,
while the gyroscope motor is starting up and stopping.

The characteristics discussed are the principal differences of the
Gi-B2 from the Gi-Bl gyrotheodolite. But, simultaneously with these, the
construction of the magnetic screen in the Gi-B2 gyrothsodolite has been
improved, several changes in construction of the locking mechanism have
been made and the power supply unit has been modernized.

We assign the Gi-Bl and Gi-B2 instruments as the basis for discussion
of other gyrotheodolites, and we will indicate distingu:shing character-
istics relative to them of the remaining pendulum instruments for dster-
mining the direction of a geographical meridian.

MT1 gyrotheodolite (USSR) -- pendulum, with torsion suspension of the
sensitive element in air, with photoelectric system for tracki\g twisting
of the torsion element; kinetic moment H=1G,000 g-cm-sec and H=23,000 g-cm-

sec [15].

IMK-604 gyrotheodolite ("Lear-Electronic" Company, Munich) -- perduium,
with torsion suspension in air, twisting of the torsion member iz avcom-
plished by use of an electromechanical tracking system with induction
sensor of the angle which serves to measure the angular position of the

gyrosccoe [50].
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Diagram of Gi-B2

gyrotheodolite

a. Kinematic diagram
of the system for
tracking twisting
of the torsion
meuber

1. Tracking housing

2. Sensitive element
uirror rfor observ-
ing reversing
points

3, Tracking system
mirror

4. Prism

5. Photocell

6. Amplifier

7. Motor

8. Sensitive element

9. Worm gear

10, Prisnm

11. Condensor

12. Light source

13. Torsion element

Continued

b. Tracking system
structural scheme

d. Angle turned by
the gyroscope

e. Photoresistor

f. Amplifier

g. Motor

h. Angle turned by
the housing

i. Current across
the bridge

Diffusion circle
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Fig. 18: Continued
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"Gitar" gyrotheodolite ("GYTAR" -- Gyro Theodolite Azimuth Reference,
U3A) -~ pendulum, with torsion suspension in air, with system for tracking
twisting of the torsion element [6]. Probably, subsequent development of
this instrument in the military engineer-topographical laboratories of
the USA will be a gyrotheodolite with electrical damping of the oscillation,
as a result of which its axis will be fixed by the direction of the
geographic meridian {accrsacy ~1', measurement time 12 min).

MRK -2 gyrotheodolite (Msridianrichtungskreisel, German Peoples
Republic) -- pendulum, with torsion suspension in air, with tracking of
the torsion arm (Fig. 19). Mercury conductor (liquid); the mercury -’
are shut off when the instrument 1s iocked.

Fig. 19: MRK -2 gyrotheodolite

N Key: 1. Torsion element
2. Current supply
lever with
eccentric
Mercury conductors
Damping rotor
Damping housing
Gyroscop¢ locking
lever

Eccentric
Automatic colli-
/§§§5 mating system

- eyepiece
Sensitive element
mirror
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The present instrument has a relatively small period of oscillation
(2-2.5 min); it is advertised by the manufacturing plant as a method of
measuring the equilibrium position of sensitive elements oscillations
without synchronous turning of the fastening point of the upper end of the
torsion element. For this, it is necessary to have a small (within the
field of vision of the autcnatic collimator system) amplitude of oscillation
of the sensitive element, for which a special mechanism to regulate the
amplitude of sensitive elsment oscillation is provided in the MRK-2
[28]. 1f the liawrid level in damper bath 5 is such that rotor 4 of
the damper does not touch it, the sensitive element oscillations will be
practically undamped (see Fig. 19). But if rotor 4 is immersed in the
liquid, the oscillati-m will be damped. Regulating the degree of immersion
of rotor 4 in the liquid by vertical shifting of bath 5 by use of eccentric
7 can regulate the amplitude of sensitive element oscillations.

KT-1A gyrotheodolite (German Federal Republic) -- pendulum, with
torsion suspension in alr, permitting orientation without determining the
instrumental correction of the apparatus. For this, gyroscope motor
casing 6 is fastened to axle 9, which is perpendicular to the spin axis
of rotor 10 (Fig. 20). Mirror 13 is fastened on this axle 9 of the gyro-
scope motor housing. It is used for observation of oscillations of sensi-
tive element 11, suspenced on torsion element 4 (the plane of the torsion
ribbon is perpendicvlar to the gyroscope rotor spin axis, which is shown
ir Fig. 20 in a position perpendicular to the plane of the sketch).

After carrying out the measurement in the first position of the rotor
(pictured in Fig. 20), the gyroscope motor stands still, and lever 8 is
moved to the lowest position by handle 7. Axle 9 of the gyroscope motor
housing is rotated through 180° together with lever 8, as a result of which
the "north" end of the axle proves to be directed to the south, and the
nsouth' -- to the north. The sensitive element mirror rotates together
with the rotation of the gyroscope motor housing. Fixing the rotation of
the gyroscope motur strictly on 180° is accomplished by use of conical
holes and pins.

For determining the direction of the geographic meridian in the
second position of the rotor, the goniometer part, together with the locked
sensitive element is rotated through 180°, after which the usual measuring
processes are carried out,

The final result of measurement is the average of the determinations
obtained in the two rotor positions.

The scheme of constructive solution produced permits elimination of
a number of instrumental errors, such as: eccentricity of the goniometer
part, nonconcoruance of the axes of the optical systems and gyroscope
motor axes, the effect of inclination of the tripod, invariable composi-
tion of internal magnetic fields and others.

-49.

P
b
]
:
;
:
b
¥
1.
%
FS
M
E
;




Fig. 20:

Key:

G T e e e

e e e

Ay

e e
N
i

~

i o

The KT1-A gyrotheodolite

a. A
b. B
c. View from B

d. View from A

1. Theodolite
2. Plug
3. Upper torsion element fasteni .-

4. Torsion element

5. Electric current supply

6. Gyroscope unit

7. locking handle

8. Lever

8. Gyroscope motor housing axle
10. Gyroscope rotor

11, Sensitive element

12. Lock

13. Sensitive element mirror
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The error in determining the direction of the geographical meridian
is on the order of 15" for a duration of measurement of 2-2.5 hr; the
gyroscope moment Hw=8.5+103g-cm-sec.

MW-10 gyrotheodolite (German Federal Republic) -- pendulum, with
torsion suspension of the sensitive element in liquid, has explosion-proof
housingl, and a liquid power supply mechanism, analogous to the power
supply in Fig. 14. Suspension of the sensitive element in a liquid permits
isolation from explosive parts of the surrounding environment, in which
electrical sparks may arise. On the other hand, suspension in liquid
permits the torsion element xo have a small cross-section and, consequently,
& smell rigidity.

Attempting to decrease the size and weight of the apparatus while
simultaneously shortening the time necessary for making a measurement,
led to the creation of the so-called gyroscope attachment, ir which the
gyroscopic measuring part is removable and is set on the theodolite
telescope. At the present time four groups of gyroscope attachments
("'gyroadapters') are known: gyroscope attachment models Gi-C and Gi-D
of the MOM works (Hungarian Pecoples Republic), model TK gyroscope attach-
meny (Theodolitkreisel) of the "Fennel'" Company, gyroscope attachments
of the "Vil'd" Company works (GAK-1, ARK-1) and the MVSh3 and MVT2
"gyroadapters" (developments of the All-Union Scientific Research Insti-
tute of Mine Surveying, USSR). The MVSh3 and MVT2 gyroscope adapters [15]
have such a structural composition that the gyroscopic part is located under
the optic:l thecdolite and is connected to a carrier. The MVSh3 sensitive
alement has a cylindrical form, suspended in liquid, and centered on a pin
(like the zensitive element pictured in Fig. 14). The sensitive element
in the MVT2 gyroscope adapter has a torsion suspension. The MVT2 gyroscope
aedapter is equipped with a photoelectric system for tracking twisting of
the torsion element. Both gyroscope adapters indicated have explosion-
proof configurations,

The MOM works gyroscope attachment differs principally from the model
TK and GAK gyroscope attachments in that with them observation of the
oscillations of the sensitive element and geodetic tying~in are carried
out by use of one and the same telescope. In the medel TK and model GAK
gyroscope attachments thesc optical channels are separate. On the one
hand, this permits observation to be conducted independently of movement
of the U3, and on the other hand -- increases the nurber of parts in the
construction,with the help of which movement of the gyroscope spin axis is
transmitted by an cptical system, reprcducing the equilibrium position of
the gyroscope spin axis on the terrain, which can introduce additional errors
into the measuring process.

1 The instrument can operate in such a configuration in an explosive gas
environment, for example, in fire damp surroundings, when electrical sparks
(in power supplies, gyroscope motors and others) may cause an explosion.
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The Gi-C2 gyroscope attachment, which is a pendulum gyrothecdnlite
with torsion suspension in air, is depicted in Fig. 21. Observation of the
sensitive element oscillations is carried out by use of the theodolite
telescope, on which there are three posts 12 with nuts 13 for fastening
the gyroscope attachment housing. An optica. connection of the gyroscope
attachment and theodeclite is created by use of base prism 8 for observa-
tion of the Y3 oscillations. Prism 8 is made of glass with a low coeffi-
cient of thermal expansion. During observations of objects on the terrain,
the base prism is moved aside from the thecdolite telescope objective.
Construction of the gyroscope attachment Y3 is similar to the construction
of the MOM works gyrotheodolite discussed earlier.

Electric power supply from connecticn 11 to the gyroscope attachment
is transmitted through current carrying terminals installed on posts 12.
In locked position, the gyroscope motor receives power from cuwrrent feed
receptacle 1 through split hemispherical current feeds 2 (phases I and III)
and through the body (phase Ii). In unlocked position (after starting the
gyroscope motor), electric energy is transmitted to the gyroscope motor
through current feed ribbon 3 and torsion element 4. In locked position,

the torsion element is in a stressed co..dition, created by springs &
(Fig. 21a).

Flat parallel plate 7 is set in the boitom of the Y3 for cbservaticn
of azimuthal oscillations. A light beam from the light source goes through
measuring grid 15 and adjusting grid 16 and, further, through the flat
rarallel plate, the collimator objective and the base prism to the theodolite
{2lescope. Using the property of the flat parallel plate, there is a
parallel displacement of the outgoiu, beam relative to the entering one.

The magnitude of thisdisplacement depends on the angle at which the in-
coming beam falls; the greater the argle of inclination of the beam from
normal to the entrance surface of the plate, the greater the displacement
of the exiting beam. Considering that the angle at which the beam falls
will change during azimuthal oscillations of the Y3, oa the exit edge ¢~
the plate this angle will correspond to the linear displacenent of the
measuring grid. In this case, the focal length of the optical system is
such that the measuring grid will be observed in the telescope in a form
which is analogous to che form of the grid of the Gi-31 automatvic -olli-
matoX. Superposing of the thick marks of the measuring grid¢ dwring —otation
of the theodolite alidade determines the position of the reversing points.

In locked status, the flat parallel plate is removed from the path of
the optical system beam, the image of the measuring grid is blurred aa
the image of the regulating grid will be observed cleariy in the field of
view of the telescope. Using the image of this grid, the optical axis cf
the coilimator is set in a position parallel to the optical axis of the
telescope, assuming that there are no errors in the base prism. This
setting is nade by turning the gyroscope attachment housing by use of
regulating screw 9, Systematic errors (corrections) connected with
different placements of the gyroscopce attachment on the theodolite and
with different thermal deformations of the gyroscope attachment and
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Fig. 21: Model Gi-C2 gyroscope

attachment
Key: a. Gyroscope attachment
b. Scheme for production
- of the constant correc-
tion
c. Current feed phase I
- d. Current feed phase III
e. Current feed phase Il
f. North
g. Divergence of beams
from parallel
h. Angle based on non-
c¢oincidence of measur-
ing and adjusting grids
i. Angie between tho normal
to the flat parallel
plate ind kinetic mi-ient
vector
s
g8 1. Current feed receptacle
£, 2. Split hemispberic cur-
v3 rent lead
v 3. Current lead ribbons
S 4. Torsion element
83 S. Springs
xa 6. Magnetic protective
screen
7. Flat parallel plate
8. Bese prism
9. Regulsting screw
10. Lock xod
11. Plug connextion
12. Posts (3 ez)
13. Nuts
14. Micrometer scew knob
I8, Measuring grid
i4. Adjusting grid
17. [Not identified]
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theodclite are eliminated from the results of measuring by introduction
i of this adjustment. The gyroscope attachment housing regulator for making
; the optical axes of the telescope parallel and the cnllimator are back-

coupled, locking two independeat structures (gyroscope attachment and
theodolite) into a single whole.

The Hungarian MOM optical works produces the Gi-Cl, Gi-C2, Gi-D1
and Gi-D2 gyroscope attachments. The Gi-Cl model is distinguished from
the Gi-C2 by the telescope optical system (the latest model has a dividing
prism). The Gi-C model gyroscope attachments are supplied with 34 v current
with a frequency of 410 hz; Gi-D model gyroscope attachments are supplied .
with current of a frequency of 300 hz, which shortens the period of
oscillation by 20-30% and, consequently, the time required for determin-

ing the direction of a geographical meridian, but together with this
g decreases the accuracy.

Two designs of the Vil'd Company gyroscope attachments are shown in
Fig. 22. The gyroscopic parts of both instruments are identical; the
difference concerns the theodolite part: in one case (GAK-1), the gyro-
scope attachment and theodolite are produced as independent structures,
and in the second ARK-1), the gyroscopic part and w.e theodolite are
united in a common structure. From the point of view taker above of
division of gyroscopic instruments into gyrotheodolites and gyrcscope
attachments, the ARK-1 belongs mcre teo the first by grouping the basic
parts together in construction put lets it be considered a yyroscope
attachment at the same time.

e
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The GAK-1 gyroscope motor casing 9 has .lamping plate 5 below, and
at the top tubular bar 12, on the upper part of which torsion element 14 is
fastened. Optical system 11 and gyroscope ma.k 10 are located in the bar.
Upper clamp 15 of tue torsion element can be turned by use of screw 16 for
adjustment of the torsion element zero point position. The gyroscope unit
is locked by tightening pins 7 of the damping plate to lugs 8 by rotation
of screw rod 4. Whether the gyroscope is in locked or unlocked position
can be determined through the inspection window. Fastening of the whole gyro-
scope attachment to the theodolite is accomplished by cover nuts 3.
Starting and stopping of the gyromotor is carried out in locked position.
After unlocking, the gyroscope oscillates about the equilibrium position.
In view of the fact that the method of determining the equilibrium position
recommended by the company consists in observation of reversing points
without twisting the torsion element, the amplitude of oscillations must
be small {within the limits of the field of view of the scale). Regulation
e . of the amplitude of oscillations of the gyrcscope jis accomplished by fric-
- tion of spring leaf 6 of the locking mechanism on the damping plate pins.
E i After estatlishment of the required amplitude of oscillations, the spring
. 53 leaf is dropped dowan by the locking mechanism bar.
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The gyroscope osciilations arz observed through telescope 1, which
has scale 2 in the field of view, on which the gyroscope mark is projected.
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Fig. 22: Vil'd Company gyroscepe attachments
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= Key: a. GAK-1 gyroscope attachment

b. ARK-1 gyroscope attachaent

c. Eye-pieces A and 3 for simultaneous observation of the
gyroscope marks hy two operstors
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Fig. 22: Continued

Key: 3. Ccver nut
4. Locking rnd
5. Damping plate
6. Spring
7. Pin
8. Lug
9. Gyroscope motor
10. Gyroscope mark
11. Gyroscope optical system
12. Tubular bar
13. Window
14. Torsion element
15. Upper torsion element fastener
16. Rogulating screws
17. Luminous mark

The ARK-1 gyroscope unit differs hardly at all from the GAK-1.
The A&K-1 instrument has a modified locking rod drive, has:luminous
mark 17 located on the upper part for sighting on the instrument from a
different pois*.and observation of the gyroscope unit oscillation can be
carried out simultaneously by two observers through eye-pieces A and B.

The model TK gyroscope attachments of the Fennel Company has a mode:
GAK-1 scheme; the TX-3 gyroscope attachment is prnduced, in addition to
the usual variant, in explosion-prcof configuratiom.

The designs of gyroscopic instruments for determining the directicn
of geographical meridians on a fixed base considered above are the most
widely distributed. Careful consideration of designers' decisions clearly
show their principal aim: attainment of accuracy in ¢ given size and
weight of instrument. For this two principal routes must be considered:
first, incressing accuracy of operation (accuracy of ascertainment) of
the gyroscopic part itself and, second, increasing the accuracy of finding
positions of the gyroscope spirn axes (or equilibrium position of oscilla-
tions) and transfer of the pos.tions found to the terrain.

In connection with this, it is advisable to coasider the so-called
internal and external accuracy.

For intsrnal accuracy of a gyrotheocdelite, we will vnderstand the
deviation of a single measurement from the average vzlue obtained from a
given series of measurements. With the Gi-Bi gyrothecdolite, observation
of 24-30 revexrsing points are made in one continuous operation iIn the course
of 2.5-3 hr. Groups of four points are formed from the reversing point
readings, by which the direction of the geographical meridian is determined.
Approximately 1500 readings were processed in all, giving a mean direction
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of north, relative to which the errors of individual measurements were
distributed in the following manner [45]:

A= (- 3)7 = 30,
A5 (3 6o Y,

AU (R (O

It follows from the results adduced that the bulk of the measurements
iie within the limits of #6'. At the same time, a measurement error ob-
tained under actual conditions, that is, at different temperatures of the
surroundings, after moving, under varying durations of gyroscope motor
operations and so forth, and calculation of the relative direction of the
meridian, taken from astronomical observations, is about 15", Such a
discrepancy is caused by & number of reasons, but the principal one of
them is instability of design elements '"located" between the measuring axis
of the gyroscope and the optical axis of the theodolite telescope, by use of
which the direction determined with the gyroscope is transferred to the ter-
rain. The angular error between the gyroscope axes is called the instrumental
correction (the "constant" cof the instrument, “constant" correction and
others). Let us consider, using the example of the design of the Gi-C2 (see
Fig. 21), the schem= of the development of these instrumental corrections,
assuming that the gyroscope spin axis lies exactly in the plane of the
meridian. Then the difference between the direction of north obtained
with the gyroscope and that previously known (astronomically) at a given
point on the terrain will introduce a systematic error, the instrumental
correction, which depends on the angle of deviation between the incoming
and outgoing light beams in base prism 8, measured in the horizontal plane
(deviation of the light beams from parallelism) -- 4,, from failure of the
optical axes to coincide during sighting on the measuring 15 and regulating
16 grids, which leads to angle 4,, and from the angle between the normal
to flat parailel plate 7 and the rotor spin axis (more accurately, the
kinetic mcment vector) -- 4,.

The instrumental correction is determined in this manner

A= A1+A2+A3.

The principal causes of changes in correction 4 are thermal deformation
and material aging. Research shows that the stability of measurement is
20-30% poorer under field conditions than in the laboratory or in measure-
ments underground (in mine shafts) [45]. In the model Gi-B gyrotheodolite,
where the number of component elements is greater than in the Gi-C, the
deviation in the correction during a change in temperature of surroundings
from -10°C to +25°C may reach 30-40" in individual measurements with a
mean deviation of 10" [37). The correction does not remain constant in
the course of a single start-up, since, in the time of cbservation (30min),
the condition of temperature equilibrium will still not be reacked in
various parts of the gyrotheodolite.
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One example of increasing the stability of the instrumental correction
is shortening the optical beam path and the number of clements of construc-
tion. A diagram of the construction of a gyrothcodelite with a torsion sus-
pension is given in Fig. 23, in which the automatic collimation system for
tracking che gyroscope unit is absent [46]. The role of these systems is ful-
filled by telescope 1 of the theodolite. Mirror 8 of sensitive element 6 is
fixed at an angle to the vertical axis, which permits cbservation of movement
of the sensitive element when the telescope is inciined around horizontai
axis 2. Post S5, connecting the sensitive element mirror with the gyrascope
unit, is made of glass with a small coefficient of thermal expansion. In
addition, the glass, having poor thermal conductivity, facilitates localiza-
tion of the effect of temperature and, consequently, thermal deformation of
measuring parts of the instrument in the period of a start-up.

All possible measures to insure the greatest mechanical and thermal
stability of the mutual locations of instrument elements are provided for
in actual construction of gy:ntheodolites. But, together with this, devel-
opment of methods of measurement which can materially increase the accuracy
of determinations has great significance. This is of particular concern to
engineering and geodetic work, which is carried out in a relative coordinate
system, where the principal condition for use of measuring instruments is
stability of their results for specified measurements (in a specified period
of time). In this sense, one may be guided by the internal accurzcy of a
gyrotheodolite (gyroscope attachment), which, as many investigations show,
lies within the limits of a few angular seconds.

From considerations introduced above, of instruments for determining
the direction of a geographical meridian, it may be found that, in recent
years, simultaneously witk finding methods of increasing the accuracy of
operation, definite attention has been given to such questions as:

-- decresasing the time necessary for one determination,

-- increasing the reliability of measurement results,

-- eliminating calculating operations frem the measuring process,

-- automation of the measuring process,

-- development of individual methods applicable to the instrument
wmodel and the kind of work being done.

Section 3. Two-degrees-of-freedom Gyrotheodolites

The basis of construction of two-degrees-of-freedom gyrotheodolites
lies in gyroscopes which have only twc degrees of freedom. Loss of one de-
gree of freedom in a_thrze-degrees-of-freedom gyroscope gives it the ability
to establish vector H along the direction of the vector of the angular velo-
city with which its housing rotates. If the gyroscope housing is fixed to
the earth, the angular velocity of the base is the horizontal component of
the angular velocity of rotation of the earth, and vector H, being fixed
along the direction of the vector of this velocity, will indicate the direc-
tion of north,
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Fig. 23: Construction of a torsion suspension
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Let us take some horizontal plane 'l*, in which we locate the spin
axis of the rotor of a two-degrees-of-freedom gyroscope (Fig. 24). The
vector of the horizontal component w- of the angular velocity 9 of rotation
of the earth lies in this plane, and the vector of the vertical component
wg of the angular velocity of rotation of arth is directed perpendicular
to plane "I. The kinetic moment vector H of the gyroscope under consider-
ation, interacting with the angular velocities w- and wg, creates two
gyroscopic moments, one of which is directed along the axis of rotation
of the gimbal (vertically up), and the second, perpendicular to the kinetic
moment vector in the horizontal plane. Under the action of the first
gyroscopic moment, the gyroscope rotor spin axis will attempt to turn and
line itself up with horizontal component W of the angular velccity of
rotation of the earth. The second gyroscopic moment is cancelled by a
reaction in the bearings of the gyroscope suspension gimbals. The spin
axis of the gyroscope establishes itself in the directicn of north in this
manner. This methcd of determining gecgraphical meridians is simpler than
that used in pendulum gyrotheodolites, and it permits the directicn of the
geographic meridian to be physically reproduced in the instrument.
However, putting the principle of the two-degrees-of-freedom gyrotheodolite
into practice encounters serious difficulties, for the frictional moment in
the bearings, the power supply mechanism moment and others must be less
than the gyruscopic moment to insure fixing the gyroscope rotor spin axis
in the plane of the meridian. To obtain an accuracy of operation which is
satisfactory from a geodetic point of view, the total of deleterious moments
on the suspension axes of such a gyroscope must be not greater than
2*10’5g-cm. Attaining such a small moment is a difficult assignment;
therefore, keeping the principal scheme given in Fig 24 in the apparatus,
such methods of measuring can be used as show the least effect of deiete-
rious moments on the suspension axes. The basic contents of this method
consist in finding that position of the gyroscope rotor spin axis in which
the gyroscopic moment

AT N (44)

attains the maximum value. This happens when the gyroscope axis is
located in the east-west plane (for an instrument located on the equator,
with kinetic moment H=1033-cm-sec, Mrmax=7°10'zg-cm). Finding the gyvo-

scope axis position in which Mf-=Mr.nax thereby determines the pesition of

the east-west plare, the normal to which indicates the direction of north

at a given point on the ground. The English "PIM" gyrotheodolite (precision
meridian indicator PIM) is built by this scheme. Exterior casing I, within
which is located housing 4 of gyroscope motor 5, is connected with vertical
axis 2 of theodolite 1 (Fig. 25). The gyroscope motor housing is herme-
tically sealed and fill with helium at close to atmospheric pressure. The
kinetic moment of the rotor H=2-103g-cm-sec, the revolution rate is

24,000 rpm, and rotor diameter is 50 mm. The space between the gyroscope
motor housing and the exterior case (0.2 mm) is filled with a liquid which
provides buoyancy to the gyroscope motor and generates a damping moment.
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Fig. 24: Diagram of a two-degrees-of-freedom gyroscope

Key: a. Vector of earth's angular velocity of rotation
b. Vertical component of "a"
¢. North

d. Horizontal component of "a'
e. Kinetic moment vector

f. Plane I’

g. South

The gyroscope motor housing can rotate inside the exterior case around the
vertical axis. The gyroscope motor housing suspension is on pin bearings.
Pins 6 are made {rom tungstei. carbide and insets 8 of agate or ruby.
Transmission of electrical energy is accomplished across silver band
" conductors 0.17 mm wide and 0.012 mm thick. Position of the housing
relative to the exterior case is determined by use of angle sensor 7.
An external moment may be applied to the gyroscope motor housing axis
of rotation by using moment pick-up 10. The angle and moment pick-ups
are connected together across amplifier mechanism 9 in the tracking system
scheme. The mechaaism being discussed is covered on the outside by case
11, which has thermal and magnetic shielding. Limb 12 is connected to
the theodolite. The interior voiume of case 3 has a thermostat and the
temperature inside the case is held at 7120.1°C. As long as this tempera-
ture is not reached, a blocking mechanism operates, which precludes making
measurements. This blocking system is excited by the parameters of the

5 -{i
53
R

e
£
e
<

-61-

N ST RSP

il

S R e e ey S ey e AL S




——— ;m;*; = X T S W S S s pur v N - — e =
== ;;E;ﬁ&?éﬁé%%ﬂs%@&?éﬁia%ﬁr&&?af%gé R iai i R o N A

s o o -~

=
ES
f=.

w

(

ol
i

N wha - TS ‘.
1‘«"" n:l'r‘ u(tf g y:’ ‘:“:'!v’u ;‘11“9*‘

ot ® N
i

‘W‘W’*‘d*' i)

o

Fig. 25:

[

¢

M "'
pLIy—.
"
V.l
4 ]

<k

N

LR

=

w7 N

et —— e A —————— . —

PIM gyrotheodolite diagram

1. Theodolite

2. Vertical axis

3. Exterior housing

4. Gyroscope motor housing
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6.
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8.
9.

Gyroscope motor
Pins

Angle sensor
Bearing (bushing)
Amplifier

10. Moment sensor
11. Protective housing
12, Limb
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measuring scheme, which are deésigned for quite definite coefficients of
damping, depending on the viscosity or the liquid in a given instrument.
Therefore, obtaining stable results of measurement requires stability
in temperaturc and, consequently, in viscosity of the liquid. It takes
from 5 to 10 min to warm up the instrument, deponding on the temperature
of the outside air; the instrument is designed to operate in the tom-
perature range between -31°C and +55°C [56].

After the instrument has warmed up and the speed of rotation of the
gyroscope rotor becomes constant, the measuring process begins. The
gyroscope rotor attempts to turn so that its axis coincides with the
vector of the hwrizontal component of the angular velccity of rotation
of the earth. This turning leads to the appearance of a signal from angle
sensor 7, which is amplified and sent to moment pick-up 10. The moment,
acting on axis 6, does not allow the gyroscope to rotate and simultaneously
shows its position relative to the meridian, since the magnitide of this
aoment will be variable: when the rotor axis is located in the plane of
the geographical meridian, the moment will be equal to zero, and when
located in the east-west plane, the moment will be at a maximum, When
the gyroscope axis is directed along the north-south line and when
along the east-west line can be established by observing the electrical
measuring apparatus shown, which is included in the chain of formation
of the directing moment.

The movement of the suspension axis of the gyroscope under
consideration is written in equation form

Foaa XN (45)
where I -- moment of inertia of housing 4 relative to axis 6;
¢ -- damping coefficient;
k -- amplification coefficient of amplifier 9;
M- -- gyroscopic moment, see (44);
B angle turned by the gyroscope relative to housing 3.

-

In order to insure the optimal nature of damping of the gyroscope
axis oscillations, moment kB should be variable, for which the amplification
coefficient k becomes a variable. Proceding from (45), we can obtain:

» Vo -’.. X . (46)

In the steady state (after damping of the oscillations)

(47}
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From the relations set forth it follows that the magnitude of the
coefficient of amplification k must be found by solving the differential
equation for the gyroscope. There is an analog computer which solves
Eq. (46) in the "PIM" control assembly for this. As applied to the
"PIM" gyrotheodolite, the angle and moment sensors provide, in the steady
state, measurement of angle B vithin the limits of a few angular seconds.

The measuring process with the "PIM'" gyrotheodolite consists in
determining the direction in which the magnitude of the moment on sensor
10 will be maximum, by means of rotation of the theodolite together with
the gyroscope tbout the verticecl axis. After the unknown pusition for the .
gyroscope is found, all transition processes in the system must be allowed
to come to completion, which takes 2-3 min. Then a reading is made by
the theodolite limb, and a correction is subtracted from the limb reading,
using the measuring apparatus in the control assembly. This correction
facilitates finding the maximum gyroscopic moment. In measuring with the
electrical measuring apparatus, two readings during clockwisc rotation of
the theodolite limb and two readings during counterclockwise rotation
usually are made. For a given gyrotheodolite, as for pendulum instruments,
there is an instrumental correction; the error in determining the direction
of a geographical meridian with the "PIM" is 10-15"; convergence of the
results of measurement at one setting is 2-3"; the weight of the gyroscope
unit with the theodolite and tripod is 16.4 kg [56]. Examples of entries
during work with the "PIM" gyrotheodolite are given in Table 1.

Table 1
Instrumental correction A=1°17'26"
By the instrument
Measurements By the limb Clockwise Counterclockwise
On the | Angular On the | Angular
scale | equivalent| scale | equivalent
Aiming vest 270° 10' 00"| 3 1/4| -03' 15" 2 1/2| -02' 30"
Aiming east 96 09 0OC 4 3/41 -04 45 714} -07 15
Total 360 10 00 -17' 45" .
Average 180 05 00 -04' 26"
North 00 05 00
Instrimental
correction 1 17 26
4pproximate north | 358 47 34
Average correction| -00 04 26 A
True north 358 43 08
-64-
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In principle, determination of the east-west plane using a two-
degrecs-of-freedom gyroscope is more advantageous than direct determina-
tion of the plane of the meridian, since in this case the deleterious
moments on the suspension axes have a veaker effect on the results of
measurement. In practice, however, to find the exact position of the
gyruscope axes at which the gyroscopic moment is at a maximum is also
a sufficiently complicated problem, since the gyroscope is a dynamic
system and the angle turned by the gyroscope stays equal tc the angle
turned by the theodolite only after completion cf the transition process.
Lack of the possibility of determining the maximum gyrcscopic moment
directly when turning the gyrotheodolite leads to the necessity for
introducing supplementary reading mechanisms and tzking no fewer than
four readings and the maximum agreement among which, as follows from
Table 1, reaches -5'.

Finding the maximum gyroscopic moment, it is necessary to create a
maximum restoring moment. The incoming signal to the moment sensor is the
angle turned by the gyroscope gimbal axis, and in the ideal case the maximum
moment must be at a zero angle turned. In actual ccnditions, this angle
reaches several seconds, which is & direct error of the instrument. All
this leads to the principal specific technical difficulties in constructive

fulfiilment of the idea.

Thesefore, censtruction of gyrotheodolites which determine the line
of the meridian directly also is of great interest. The diagram of a
two-degrees-of-freedom gyrotheodolite is presented in Fig. 26 where
sensitive element 7 is suspended in liquid and its orientation relative
to housing 2 is carried out by use of low-moment torsion ileaf 9. The
sensitive element i a hermstically sealed housing within which rotor
S rotates. Under the action of the horizontal component of the vector of
angular velocity of rotation of the earth a gyroscopic moment appears,
which attempts to bring the gyroscope rotor spin axis to the plane ot the
geographical meridian which crosses the position of the gyrotheo-
dolite. The gyroscope meets a coumteraction by the torsion suspension dur-
ing its movement to the plane of the meridian. To compensate for the
twisting moment of the torsion suspension, the angle turned by the gyro-
scope an¢ subsequunt turning of the torsion fastening point is carried out,
using automatic collimator system 3, by turning gimbals 8, which are con-
nected with the moving part of the theodolite. At some position of gimbal 8,
when the movement of the gyroscope has c=ased, the automatic coilimator
s, g> from prism 4 coincides with the zero mark on the automatic collimator
retit.  In this position, the angle to which the torsicn element is twisted
iz nes ly zero, and the gyrosiope spin axis is located close to the geo-
g-sphacal meridian, Since the goniometer part of theodolite 1 is connected
with gimbals 8, the theodolite indicatis the direction of north. Tracking
the angle of twisting of the torsion member may be accomplished visually, but
this prucess may be automated. For this, the light beam reflected from
prism 4 is transformed into an electric current by use of an optical-elec-
tronic system. The current is amplified by amplifier 6 and is transmitted
further to adjusting motor 10. The motor rotates gimbal 8 through a
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reducing gear during such time a3 the electric signal
input to amplifier 6 does not diminish to zero, which will witness to the
setting of the telescope optical axis on the meridian [23].

Let us make up the equation for motion of the gyrotheodolite undes
consideratio, for which we will assume that the kinetic moment vector i
of the gyrotneodolite is in the horizontal plane and inclineu from the
direction of the meridian »y angle .Z).('i--=. {see Fig. 26, b).
Then, under .he action of horizontal w- and vertical wg components of the
angular velocity of rotation of the earth, 2 gyroscopic moment arises,

3 which gives rise to precession of vector H. This precession counteracts
: torsion moments ka (around the vertical axis) and xB (around the horizon-
tal axis), damping moments cB and ca (damping coefficient, for simplicity
& taken as equal in both channels) and moments of inertia I.a and Iy8.

= In accordance with the diagram of coordinate axes (sz2e Fig. 26, b ) the

equation for movement of a gyrothecdolite, assuming all angles are insig-
nificant, will be:

134 ead b4 i1 =l {7, = ) =<0 l.
IA Ll s e, -0 | (48)

These equations are true for cocses when the angular position of the

) torsion elements relative to the position of the gyrotheodolite re-
1 mains fixed.

o

oo

PR

Taking into account that when carrying out measurements, the torsion
element fastening brackets turn together with gimbals 8, the moment from
twisting of the torsion element around the vertical axis will be determined

§ N , . . .

{ precisely with the automatic collimating system (by angle ay). For the

§ design shown in Fig. 26, c, the automatic collimator permits detection of
i anguiar shifts from one angular second up; the total rigidity of

: the two torsion elements k=0.3 g-cm. Assuming that the translational pro-
: cess of a gyrotheodolite comes to an end, from (48) we find:

H Pap e Ml fey =) =00 )
3.1, 0 e
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(49)
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Given the angle of elevation ¢f the gyroscope rotor spin axis above
the plane of the horizon, the necessary rigidity of the torsion elemsnt
X can be determined from the second equation. The accuracy of operation of
the gyrotheodolite may be decided by the first cquation.
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If the angle vurned by the gyroscope spin axis « is equal to its ini-
tial position relative to the direction of the meridian (a,}, the gyroscepe
spin axis will be directed towards the north. Therefore, the difference
(zg-a) determines the accuracy of setting of the gyroscope spin axis
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relative to the plane of the geographic meridian.

From Eq. (49) we have:

" Mg * (50)

For the construction in Fig. 26, c, kinetic mcment Hs1.5-103g-cm-sec,
then for latitude ¢=60°

Az =r oy —a =T,

Taking into account that an additicnal moment from the residuai angle
of twisting of the torsion elem=nts is another deleterious moment, the
magn.<ude of the error should double.

One of the variants in construction of a two-degrees-of-freedom

: gyrotheodolite with torsion suspension is presented in Fig. 26, c. The

' gyr~scope motor is instalied in hermetic casing 16 of the sensitive element,

. susjpended on torsion elements 13. The tension on the torsior suspension is
adjusted with screw 14. Glass 11 is a supporting element of construction
which permits attainment of a high coaxial alignment of the upper and
lower axes. Power is supplied to the gyromotor across low-moment current
leads. Adjusting nuts 15 are intended for balancing the Y3. Photocell 12
contrcls the turning of the casing by motor 18 through a dynamic ampiifier.
Valve system 17 with a filter permits compensation for changes in pressure
inside the apparatus, which are excited L; tempera..re changes. The TB-1

. theodolite is used as the azimuth disk part. The time for completicn of

: the translational process of the automatic turning system of the theodolite

to the direction of the geograrhical meridian is sbout 3 min.
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The two gyrotheodolites under consideration determine the direction
of the geographical meridian in the following manner: in the first case,
by constructien in the horizontal plane o< a normal to the east-we.st plane;
in the second -- by finding a line lying xn the horizontal plane and
directed to the north. In addition to these versicns, one more scheme for |
' finding the plane of the geographical meridian can be constructed by use

of the two-degrzes-of-freedom gyroscopes, when the unknown plane is deter-
rined by two lines radiating from one ncint: vertical lines and lines
situated in the plane of the meridian and forming an arbitrary angle with
“ the plane of the horizon. Conmstruction with an instrument of the vertical
lines is accompiished physically with & pendulum, and the lines in the
plane of the meridian, by use of a two-degrees-of-~freedom gyroscope.
For this, the gyroscope rotor spin axis is situated vertically, and the
axis of rotatioa of the interior gimbal, horizontally. Then the inter-
action of vector H with the angn' x velocity oi rotation of earth Q causes
a deflection of the gyroscope spin axis from the vertical directior in the
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plane of the meridian. Obviously, this inclination will occur oniy in
case the suspension axis of the gyroscope lies in the east-west piane.
Since the task of any gyrothecdolite is to find the meridional or east-
west piane, then the usual scheme of the two-degrees-of-freedom gyro-
scope, requiring knowledge of the position these planes, cannot be used
in the method under consideration. In the version of corstructive
implementation of the given method described below, the necessity for
previous knowledge of the east-west plane is eliminated.

let us consider the constructive system of an apparatus (Fig. 27)
in whick housing 1 is filied with a heavy liquid and gyroscope motor casing
2 is installed inside in a hermetic structure. Orientation of the gyro-
scope motor housing relative to the casing is accomplished by use of two
torsicn elements 3, the angle of twisting of which is measured by the
angle sensor 4. Housing 1 is set to rotating with a constant speed about
the vertical axis by motor 5. The angle turned by the casing around the
vertical axis is measured by angle sensor 6.

The kinetic moment vector of the gyroscopic mecaanisms under considera-
tion always attempt to coincide with the vector of angular velocity of
rotation of the earth, but in practice this matchirg does not happen, since
monments on the part of the torsion elements are proportional to the angle
turned by the gyroscope about the horizontal axis. Therefore, the gyro-
scope will incline only towards vector %. The magnitude of angle of
inclination of the gyroscope B will be determined by the equality of gyrc-

scopic moment M. and torsion moment Meop:
l‘\'.-! 5 -‘\'\r. (51)
Torsion moment
M= 43,

(52)

where k is the rigidity of the two torsion elements.

In view of the fac*- that the angular velocity vector Q is always
found in the plane of t. . meridian and that the azimuthal location cf the
line of the torsion element fastening points (axis XX) changes, the angle
of deflection of the gyroscope will alsc be different. Let us designate
the minimum rigidity of the torsion elements (along the line of their
fastening points) across k,, then:

b=k, -}~ kysinz, (53)

where ko is the value of the rigidity of the torsion elzments, changing
with the angle turned by the gyroscope;
a is the angle turned by the gyroscope about the vertical axis,
calculated from the north-south line.
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Taking into account (52) and (53}, from (51) we find:

M -
| y 4
V= T A lysina \34)

where M, = 1i2cos 4.

Imparting a positive rotation to the gyroscope around the vertical
axis, we find that angle B changes periodically: when a=0 the angle
turned by the gyroscope around the torsion elements is at a maximum,
and when as=x this angle is quite insignificant. Noting the reading on

the theodolite limb at which the angle of inclination of the gyrcscope
about the horizontal axis reaches a maximum, the same is the determina-

tion of the direction of the geographical meridian at a given point on
the ground.

Originally, the torsion element with a two-degrees-of-freedom

gyroscope was used in a gyrotheodolite., developed by the Italian company
Filotecnica Salmoiraghi s. p. A. [55].

Gyroscope rotor 4 with vertical spin axis suspended on torsioa
elepent 3, in most cases insures obtaining a gyroscope with three degrees
of freedom (Fig. 28). However, besides the axis of proper rotation, the
two other degrees of freedom are restricted. Inclination of the gyroscope
rotor spin axis from the vertical will cause a deformation of the torsion
element and, consequently, the appearance of an opposing moment; in addition,
inclination of the gyroscope from the vertical positicn causes the appear-
ance of a pendulum moment. Therefore, not withstanding the apparent free-
dom of movement of the gyroscope relative to three axes, it works like a
two-degrees-of-freedom gyroscope, that is, it attempts to match its kinetic
moment. vector with the vector of the external angular velocity. Weight S,
which forms a physical pendulum, is located beside  : gvroscope on exact-
ly the same kind of suspension. The gyroscope axis .ad the pendulum axis
form a plane, which may be the plane of the meridian under the conditions
described above. The gyroscope axis, shifting from the verti.al direction
towards the angular velocity vector of earth’s rotation, slowly performs
damping oscillations arovnd the equilibrium position. These oscillations
take place in the plane of the geographical meridian. Consequently, in
determining the plane in which the gyroscope spin axis oscillates, we
determine the direction of the geographical meridian itself. For fiading
this plane, the optical line connecting the gyroscope with the pendulum
may be used, reproducing the oscillation of the gyroscope in the field of
visw 0.7 telescope 2, which is firmly connected to casing $ of the gyro-
theodolite. The position of the gyroscope in the telescope field of view
is defined by a mark, and of the pendulum by 2 bisector. When the gyro-
scope motor is not working, owing to turniig of the housing of the
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1. Theodolite 6. Exterior housing
2. Telescope 7. Worm gear

3. Torsion element 8. Pendulur bisector
4. Gyroscope 9. Gyroscope mark

5. Pendulum 10. Second gyrocscope
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gyrotheodelite around the vertical axis, by use of worm gear 7, gyroscope
mark 9 is fixed symmetrical relative to pendulum bisector 8 (Fig. 28, ¢).
After starting up the gyroscope rotor, the gyroscope axis oscillates in the
plane of the meridian. If the initial orientation of the gyroscope housirg
(pendulus bisector) were exactly in the direction of the mid-day line, the
gyroscope mark would oscillate along the bisector marks in the telescope
field of view. If the initial orientation were approxisate, a sideways
component in the movement of the mark relative to the bisector would
appear. Two extreme positions of the mark in the presence of a sideways
component of movement are shown by dotted lines in Fig. 28, c. Turning the
gyrotheodolite housing, and together with it the pendulum bisector,
achieves a position in which the gyroscope mark oscillates only along the
bisector marks. Considering that the optical axis of the telescope
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is parallel to the bisector marks, the position of the telescope reproduces
the direction of the geographical meridian at a given point on the ground
in the instrument. Ter> ‘1 objects may also be observed by use of tele-
scope 2. Sighting on  .ume object on the terrain (or special installa-
tion), the image of which is projected on the optical axis, the direction
of the geographical meridian may be "anchored" on the earth's surface.

In addition, sighting theodolite telescope 1 on some object, the direction
of the meridian at a given point on the ground is transmitted to the
azimuth disk and may be read subseauentiy from any selected direction.

.

Fig. 28, a shows only the principal scheme of the gyrotheodolite being
discussed. The use of two gyroscopes having opposite directions of rota-
tion of the rotor (Fig. 28, b) is proposed, with the aim of practical
realization of an increase in accuracy of operation. The gyroscopes thnem-
selves are placed in a heavy liquid, which has a slight positive buoyancy
for this use. The static picture is left as tefore in the field of vision
of the telescope. When the gyroscope motors are operating, not only the
mark, but the bisector, oscillates. By turning the gyrothecdolite housing,

a position is reached in which the transverse movement of the marks is absent.
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The magnitude of the displacement of the gyroscope mark relative to the
vertical marks has a considerable reflection on the accuracy of determining
the plane of the meridian. Disregarding the twisting moments of the torsion
3 . element, the equilibrium position of the gyroscope will bs determined by the
gg : equality MMy, (55)

1 ) where Mg=HQcos$, the gyrcscobic moment;

2; : Mw= PlsinB8, the pendulum restoring moment;

% ) P, the weight of sensitive e¢lement 10;

’ 1, length of the torsion element;

8, angle turred by the gyroscope spin axis, calculating from the
vertical direction.

The approximate linear displacement of the Y3 can be fcund from the
relation

S=Isinl. (56)

Substituting the relations presented in (55), we obtain:

B §=22c085. (s7)
§ . In this equation
(58)
§ i owme -’;‘,'-r'. (59)
i
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Substituting Eq. (58) and (59) in (57), thare will be the following
relation:

P -
S-rafe eotleosy, (60)
where « -- angular velocity of proper rotation of the rotor;
r -- inertial redius;
m -- gyroscope rotor mass;
P -~ weight of the gyroscope rotor;
g -~ acceleration of gravity.

This equation shows that, for selection of a necessary value of
displacement S for given rcotor parameters, the relation between the weight
of the gyroscope and the weight of the entire Y3 can be varied. It is
found that the weight of the Y3 must be less than the weight of the gyro-
scope for acceptable gyroscope parameters in practice. To insure this
condition, the sensitive element is installed in a liquid, matching the
specific gravity of the latter and the volume of the Y3.

Two-degrees-of-freedom gyrotheodolites have considerably less
distribution than pendulum gyrotheodolites, but the potential simplicity
of automating the mvasuring process opens wide perspectives to them,
especially in investigating azimuthal deformations of heavy engineering
works.

Section 4. Gyrotheodolites with spherical gyroscopes (with spherical
gyroscope suspension)

Use of the property of free gyroscopes of retaining the direction
their axes in space permits determination of the position of the east-
west plane. Realization of this method in instruments is possibie only
by using gyroscopes with spherical suspension. At the present time several
models of spherical gyroscope suspensions are known; howevec, only aero-
dynamic (gas) suspensions have practical use now. The spherical gyroscope
(Fig. 29) consists of two basic parts: rotating cup 1 and rocating sphere
2, slightly elevated above cup 1 by gas pressure, which provides a clear-
ance between the cup and sphere. The cup ic rotated by an electric mctor
and thi< rotation is transmitted to the sphere by the viscosity of the
gas.

At the initial moment we will zssume that the axis of rctation of
the bowl and axis cf rotation of the sphere coincide (the sphere rotates
about the axis of cylindrical hoie 3j. In the next instant, the cup,
together with the earth, shifts relative to space and, consequently,
relative to the axis of the sphere (gyroscope). Angle a, which lies in
the 2ast-west plane, appears between the axis of the sphere and the
axis of the cup as a result of this. A moment component, directed per-
pendicular to the kinetic moment vector H, appears as a consequence of
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Fig. 29: Diagram of a gyrotheodoiite with sphexical
suspension

Key: a. Kinematic diagram
b. Coordinate axes
c. Vector diagram

1. Cup
2. Bal:

3. Cylindrical hole

: this angle. This component is directed in such a way that precession of
the sphere axis arises in the east-west plane following the cup axis
{(arsund the vertical of the site). Despite the movement of the sphere
after the cup, angle « maintains a definite magnitude, nrecessary for the
creation of just this movement. The magnitude of this concordant angle
. depends on the value of the horizontal component of the angular velocity
of rotation of the earth (that is, on the latitude of the place) anc¢ on
the strength of the aerodynamic interaction of the gas layer between
the sphere and cup. After starting the rotation of the sphers (at a
given latitude) concordant angle o appears and begins to increase, but
with the increase in the concordant angle, the angular velocity of preces-
sion of the sphere increases. Only when the speed of precession of the
sphere becomes equal to the angular velocity of rotation of the cup, does
angle a stop changing. If the strength of the aerodynamic interaction is
stable in the apparatus, the magnitude of angle a may be a characteristic

AN an

B e

v «
i
|
3
b}iu




E—— S e A i
P ™ S - ol 3 = . e = ey TEnew 3 e S Ly
i s o S oI M e PO TR SRS, B oA I ol o

of the latitude of the pcint on the earth's surface at which the spheri.cal
gyrotheodoiite is located.

Let us form an equation for movement o’ a spherical gyrotheodoliite,

i for which we assume that two external momerits act on the gyroscope: mo-
mernts ME' cirected from east to west, and M., directed initially from

north to south (see Fig. 29, b). In a short time the gyroscope axis

: inclines at angles a and B under the action of thase moments, and

: in consequence of this inclination corrective moments MHE and M“X

é appear, attempting to restore vector h to the initial position. In
‘ accordance with the coordinate axis diagram, equations for movement .

of a spherical gyroscope, on the assumption that angles a and 8 ar: trivial,
will have the following form:

: .
ETEY . .
=/ il L0 ML e

\
H

[ = ltar N f (61)
H M ' }

in these equations the correcting moments

. (62)

Moo ke
" i

1

i

where k, is the proportionality coefficient.

If the external moments, which have an insignificant magnitude for
the gyroscopes under consideration, are disregarded, and the nutational
= oscillations are not accounted for, Ea. (51) take the form:

S T (63)
fi':. ST (¢4)

; ~
[
i! i ’ ..._.; - l
£ e ot ?

o, Tt ¢ b (65)

from which the fixed value of the angle of inclination of the sphere from
! the axis of the cup turns out to be

H

i or

| Bet S OONE (66)
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In the equations cited [17, 51]

K<l
by "'";,—" X, (67)

.

where R -- radius of the sphere,
¥ ~-- viscosity of the supporting gas;
v -- clearance between sphere and cup;
A -- relative angular velocity of the sphere and cup.

Assuming in (66) that H, @ and are constant, we obtain a relation
between the angle of inclination of the sphere axis Syer and the latitude
of the point where the gyrotheodolite is located.

The proportionality coefficient k,, plays a basic role in the operation
of a gyroscope with spherical suspension and, as follaws from (66), to
increase angle ay., it is necessary to decrease k,. But decreasing coeffi-
cient k, leads to a delay in the translaticnal process, which follows from
(65). Therefore, an arbitrary change of k, is inadmissable, and its mag-
nitude must be chosen from a combined consideration of the dynamic and
static characteristics of the instrument. Practically, as follows from
{54}, k, has a relatively high value. In order t» decrease coefficient
ky, the cup has minimum dimensions: the central angie of inclusion is a
little larger than n in order to protect the sphere from falling out of
the cup when it is inclined (Fig. 30). The so-called inverted scheme of
spherical gyroscope (see Fig. 32) is conformed to for the purpose of de-
creasing coefficient ky. Let us examine the set-up of the gyrotheodolite
with a spherical gyroscope [52].

The axis of rotation of cup 8 of the gyrotheodolite (see Fig. 30)
is fixed in the vertical position by use of levels 5 and is rotated by
eleciric motor 11. The cup axis of rotatium has holes 10, by which air
under precsure of ~1 atm is fed to cavity 7, which is closed off by elastic
mebrane 9. Air is fed from this cavity through jets 12 under sphere 4
and lifts it slightly as a result of which there is & clearance between
sphere and cup of -25 microns. The cup has cylindrical holz 6, owing to
which it always rotates around only a single axis, which almost coincides
with the axis of this hole. Mirror 15 is located above the cylindrical
hole, and is used to observe the movement of the spl .¢ &nd to measure
angle Gycre In the apparatus under consideration, J:termination of the
east-west plane is carried out automatically by use of a photoelectric
tracking system. A two-channel automatic collimator 16 determines the
direction and value of inclination of housing 2 of the instrument relative
to the sphere and sends a corresponding signal through amplifier 14 to
azimuthal turning motor 13. As a result of this twmning, telescope 1 will
be oriented to the north. The automatic collimator c<an count off the
geographical latitude of the place where the instrurent is located simul-
taneously with the azimuth direction,using electrical measuring epparatus
3.
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Fig. 3C: Spherical gyrotheodolite

Key: 1. Telescope 9. Diaplragm
2. Housing 10. Air chennel
3. Latitude indicator 11. Gyroscope electric
4. Gyrozcope (sphere) motors
S. Levels 12, Jet
6. Internal cylindrical 13. Azimuthal turning
hole motor
s 7. Air cavity 14. Amplifier
4 8. Cup 15, G-vuscope mirror
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The two-channei automatic collimator is made according to the optical

system of D. D. Maksutov. A pencil of light from miniature lamp 2
raflucts from the mirror surfaces of lenses 3 and 1 and, further, through

i the transparent part of dividing pyramidal prism 4, reaches mirror surface

: 9 of correcting lens 6 (Fig. 31, a). The light pencil reflects from it

; onto the lower mirror surface of lens 5, from where, going through correct-
ing lens 6, it is formed into a parallel beam and falls on mirror 7,

L . which is fastened to sphere 8, Reflecting from this mirror, the beam

= falls on smooth side 11 of prism 4 and further on photocell 10. Two

cases of the position of the housing of the instrument relative to the
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east-west plane are shown schematically in Fig. 31, b and c¢. In the precise
location of the measuring plane of the instrument in the east-west plane
(Fig. 31, b), light reflected from mirror 7 illuminates only one (western)
phctocell 10, the magnitude of the signal from which is proportional to the
geographic latitude. If the meuisurement plane of the instrument is located
at some angle to the east-wes’. plane of earth, light reflected from mirsor
7 will fall on the "northern' 12 or on the "southern" 13 photocell. In the
case shown in Fig. 31, ¢, the "southern" photocell is illuminated, and the
electric signal from it will be further amplified and then sent to the
azimuth motor. This motor turns the instrument housing relative to the
sphere and, consequently, the automatic collimator, in such a way that

the signal from photodiode 13 will equal zero (analogous to Fig. 31, b).

In the variant under consideration, the gyrotheodolite has the following
parameters [54]: the top is made of steel; the spherel, with a diameter

of ~62 mm made of quartz or ceramic, rotates with a speed ~600 sec~!;
accelerating time of the sphere is about 1 min; time for completion of the
displacement process (establishing angle Gycr), about 7 min; error in deter-
mination of the meridian *24",

In a gyrotheodolite with an inverted spherical gyroscope, cup 1 of
gyroscope rotor 3 covers rotating sphere 2 (Fig. 32). This sphere and
its connected housing 5 are rotated by electric motor 6. The rotating
sphere and the cup of the rotor have chanrnels through which air moves tu
form an air film, providing freedom of rotatio: of the rctor. The gyro-
theodolite has azimuthal turning motor 7, which is directed by a photo-
electric tracking system. Light source 9, photocells 8 and thx gyrcscove
rotor, the lateral surfaces of which are made in the form of a .nany-sidad
mirror, are perts of this photoelectric azimuth tracking system. Light
source 9 and photocells 8 are situated in the meridional plane. The
analogous optical-electronic system is fastened in the east-west plane
and is used to obtain the geographical latitude by measuremesit of the
value of angle cqr.

A diagram of an azimuthal photoelectric system is presented in Fig. 33,
a, and a latitudinal in Fig. 33, b. If the measuring plane of the gyro-
theodolite, with which light source 1 and photocells 2 are connected, is
oriented strictly to the north,alight beam reflected from rotor 3 will not
lead tu the appearance of an electrical signal in the measuring circuit
(see Fig. 33, a). In this case, th2 bzam from znhe light source falls on
that point of the rotor across which in imagination the axis of apparent
drift of the gyroscope rotor passes. If the measurement plane of the gyro-
theodolite is situated at an angle to the meridional plane, the point where
the light beam fall:. lies at some distunce from the “axis of apparent
rotation" of the gyroscope rotor, as @ result of which the beam reflected
on the photocell is displaced relative to ite initial position and causes
the appearance of an electrical signal whick is proportional to the

1 In operation [54], it has been shown that, in actual construction of the
gyrotheodolite, a body of somewhat different form, nesrly gecidal, can be
used in place of the sphere.
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Fig. 32: Gyrothzodolite with inverted spherical gyroscope

Key: Cup

Rotating sphere
Gyroscope rotor
Wirdow

. Rotating housing

. Gyroscope motor
. Azimuth motor
Photocell

. Illvuinator
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corcordant angle of the plane me-tioned. This electrical signal reaches
the indicator and, further on, tnrough the amplifier, the azimuth mctor,
which corrects the azimuthal orientation of the gyrotheodolite housing.

: For measuring the geographic latitude, a diffes:ant pair is used,

3 "illuminator 4 and receiver S," located diametrically opposite from the

: azimuthal pair, "illuminator 1 and receiver 2" (see Fiz. 33, b). Wrwn
the plane of rotor 3 is lccated horizontally, illuminator 4 and phc scell
5 are set in such & way that there is no electrical signal in the m -<ur-
ing circuit. In operating status, the gyrotheodolite housing, together
with the illuminator and phctocell, are displaced relative to the gyro-
scope; this aigular displazenwunt causes a shift in the reflected light
beam and the appearance of an electrical signal. The magnitude of this
signal i3 proportional to the relative angle of inclination of the gyro-
scope, which depends in its turn on the latitude of the joint where the
instrument is located on the earth, The electri: signal is transtormed
into a value nf the gedgraphic lutitude counted off by indicator 6.
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Measurement scheme of an inverted spherical gyrotheo-
dolite

a. Azimuthal

b. Latitudinrl

1. Illwminator 4. Illuminator
2. Photncell 5. Photocell
3. Gyroscrre rosor

During operation of a spherical gyrotheodolite on a mobile base,
verticaiization of the axis of rotation of the gyroscope motor is carried
out automatically, and signals characteristic of the azimuth and latitude
are used for navigaticnal purposes [51].
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Section 5. Gyroscopically Stabilized Platforms Operating like a Gyroscopic
Compass (Gyrotheodolite)

Before setting inertial surveying equipment in motion, px’or to
starting an airplane or other flying machine, the gyroscopic system which
is inszalled in it must be oriented relative to a given direction, of
which the most widely used are the direction of the reridian and the
direction of the vertical [57].

Let us examine the orientation of the gyroscopic ins“rument in the
direction a geographical meridian. Most widespread are the gyrotheodolite
method and the method »f tying-in by 'remote landmarks'! when the inertial
surveying equipment or airplane is fixed over a point for which the
azimuth to the remote object is known.

Taking into account a substantial increase in accuracy in manufacture
of gyroscopic systems, many kinds of gyroscopic systems have appeared in
recent years, which are capable of operating, for example, like a gyroscopic
compass , a directional gyroscope or a gyromagnetic compass [2€]. There
is a definite interest in  two-mode-of-operation inertial gyroscopically
stabilized platforms,which are transferred to a gyrocompass mode of opera-
tion before starting (beginning of movement) [S8].

Let us consider a tri-axial gyroscopically stabilized platform, cn
which thize two-degrees-of-freedom gyroscopes, with kinetic moments H,,
Hp, and H;, and two accelerometars A, and Ag, capable of mrasuring the
inclinaticn relative to axes n and £, are instalied (Fig. 34). These
accelerometers, together with the gyroscopes which have Kinetic moments
Hy and Hg, form a system for bringing the interior platform to a horizontal
position. 1If, for example, for some reason or other the interior platform
turns around axis n, this inclination wiil be measured by accelerameter Aj
and a corresponding electrical signal will be sent tn momcnt sensor DM,.
The interaction of this kinetic moment with the moments generated by the
indicated sensor DM; ieads to the appearance of precession of tne entire
platform around axis n, as a result of which the inclination mentioned
above 1s removed. The connection between accelerometer and mowent sensor,
as between other elements, is accomplished through amplifisrs (they are
not shown in Fig. 34). Let us observe that, for operation under field
conditions in a fixed locaticn, the base accelerometers can be replaced
by high-accuracy electrical levels.

In addition to a system for making it horizontal, the platform under
consideration is equipped with an unloading system (compensation for exter-
nal moments on the stabilizing axis) [4, 21].

Let us consider the gyrocompass mode of operation, “or which we
assume that kineti: moment vector Hy makes some ingle ¢ . th the korizontal
component vector w- of the angular speed of rotation of the earth. Then,
vector Hy, in accordance with the gyroscopic moment rule (the sule of
N. E. Zhukovskiy), will attempt to match itself with vector w- and, after
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Fig. 34: Gyroscopically stabilized platform

Key: Hio-- DM
AC -- DS
y -- bu

a short time, an electrical signal will form on angle senssr DUC, which
will be fed to stabilizing motor DS; after amplification. This motor
causcs the platform to turn around axis £, which will be sensed by accel-
erometer Ap. The signal from this accelerometer is transmitted to moment
sensor DMgofthe cystem for bringing the platform to the horizontal and
to moment sensor My of the azimath setting system. Kinetic moment Hg,
aAzeracting with the moment generated by sensor DM,, causes the gyroszupic
platform to xurn around the vertical axis. This turning will be continued
as long as vector Hy is not parallel to vector w-, that is, does not
indicate the direction of the geographical meridian.

Section 6. Vibrating Gyrotheodelites

Develop~ent of means of autonomous determination of the direction of
a geographicai meridian is taking different rcutes. The basic aims of this
development are to increase the speed of action and accuracy ot operation,
and to decrease the weight of the instrument and the consumption of elec-
trical energy. Here, known metheds of reaching solutions are being
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improved and new metheds are being developed.

If thc basis for operation of the usual gyroscopic structures lies
in the use of the inertial property of a rapidly rotating mass, a
piezoceramic cylinder uses the property of a rapidly vibrating mass as
the basis of operation. Such instruments have received the name of
vibrating gyroscopes.

P RIS o il T
HEHE e i RORGIEN Y i 0 R S

: Various constructive schemes for creation of a vibrating mass are

z known [4]. The diagram for a tuning fork model of vibrational gyroscope

g is given in Fig. 35. Stimulating electromagnet 8 serves to put the blades
B ‘ of tuning fork 7 into continuous vihrational motion. The windings of these
- electromagnets are supplied with alternating current from amplifier 1,

: into which is fed a signal from tuning fork blade vibraticn sensor 6.

The tuning fork equipped with such a system of stimulating electromagnets
and sensors will vibrate with a natural frequency determined by its physi-
cal constants. In this case, vibrations will be vndamped, with constant
amplitude, since the loss of energy is regularly ..ade up by the stimula-
ting electromagnets.

A ]

= The action of external angular velocity Q causes a torsional vibration
* of stem 5, which is converted inte an electrical signal by use of lug 4,
: moving in the inter-pole gap of torsional vibration sensor 3. The
: signal ' eceived is amplified and equalized with the amplified tuning fork
- signal. The phase of the signal from torsional vibration sensor 3 is
: determined by the direction of movement of the lug relative to its joles;
the phase of the signal from tuning fork blade vibration sensor 6 is deter-
mined by the direction of movement of the tuning fork biades (receding or
approaching). As a result of transmission of hoth signals, phase discrimi-
nater 2 forms a direct current signai, the polarity of which determines the
- direction of the angular velocity vector, and the magnitude of which deter-
mines the speed. The "Vibrogiro'" instrument for measuring smail angular
velocities was manufactured on the basis of use of the gyroscopic effect
g of a vibrating mass (Westingh~use, Pittsburgh, USA) [34]. The "Vibrogiro"
is a thin-walled, hollow cylinder of bariim-titanium piezoceramic, the
height ana exterior diameter of which is 13 mmn. This cylinder is attached
in such a way that its butt-ends remain free and, under the action of an
applied voltage, vibrate in a r-dial direction with a frequency of 100 khz.
T Under the action of the aigular - ocity of the base on which the piezo-
ceramic vibrating cylinder is mc.nted, a piezoelectric signal arises in the
latter, the magnitude of which is proportional to the angular velocity.
i Setting the measuring axis cf the cylinder in the horizontal plane and
measuring the horizonal corponent of the angular velocity of rotation of
the earth, a position of the cylinder can be found in which its reading axis
will indicate the dive. tion of the geographical meridian. The virtues of
the "Vibrogiro" are absence of moving parts, small size and weight, insig-
rificant consumpticn of electric energy and rapid action.
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T.e accuracy ¢f operation of the vibrating gyroscopes still is
insufficient for development of instruments based cn them for geodetic
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Fig. 35: Kinematic diagram of a vibrating gyroscope

Key: 1. Amplifier 5. Stem
2. Phase discriminator 6. Vaibrution sensor
3. Torsional -ibration 7. Tuning fork blades
sensor 8. Stimulating electro-
4. Lug magnets

a. Angular velocity vector of earth rotation

purpcses. However, their potential arouses a definite interest, especially
the absence of the necessity for having bulky and heavy batteries. The
angular velccity which can be measured with tuning fork gyroscopes at the
present time is ~{1-0.5)<10"5 sec~1[20].

Section 7: Optical Gyrotheodolites

A method of determining the speed of rotation of a base using two
light beams moving toward each other, as proposed by Michelson, theoreti-
cally permits the detection of very small angular velocities. However,
for practical achievement of a mechanism capable of measuring a velocity
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less than the angular velocity of the earth requires considerable size to
g\ a perceptible difference in the paths of the light beams. For example,
Micheison had a large, rectangular area of 60 m? and a small one of 33 m?
(Fig. 36, a). A different method of obtaining the r-cessary difference

in paths of the beams is multiple passages through & loop of small dimen-
sions. But, in this case, there will be a gradual weakeniang of the light
bean by reflection from the mirrors, and it may turn out that, in attain-

ing the necessary path difference; all of thz energy of the light bear
will be lost.
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The use of quantum generators (lasers) permits the regular replenish-
ment of the loss uf light, owing to the stimulated emission effect. A
circular quantum optical generator can be used ar a sensor of the angular
velocity of the base. If this mechanism is set on tke earth in such a
manner that its incoming axis lies in the horizontal p.zne, then, by turn-
ing the generator housing, a position is found in which the angular velocity
attains 3 maximum. In this position, the incoming axis of the laser circuit
lies in the p‘ane of the geographic meridian and, consequently, permits
determination of the geographical azimuth of the line sought for. Consider-
ing that the horizontal component w- of the aagular velocity of rotation
of the earth depends on the geographic latitude, the latter may be deter-
mined if the magnitude of w- is measured.
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On the basis that the circular quantum optical generators, like the
two-degrees-of-freedom gyroscopes, measure the angular velocity of the
base, they are frequently called optical gyroscopes, cptical gyrocompasses
and laser gyroscopes.
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One of the optical gyroscopes developed [25] consists of a monolithic
quartz black 4, in which three channels 10, with a length of 12.5 om, are
drilled at an angle of 120°, forming a light conductor (Fig. 36, b). This
triangular light conductor acts as a gas discharge tube, and the three

- mirrors located at the apexes of the triangle form a circular resonator.

: The two mirrors 5 and 9 are fiat, and the third one is spherical; the
mirror reflecting surfaces have a 13-layer dielectric film, so that mirvors
1 and 9 have a covering with a good reflecting capability and mirror 5 is
semi-t> snsparent. Prism 7 directs the light signal going through this
semi-transparent mirror to photomultiplier 6. The quantum optical generator
works on a helium-neon mixture at a pressure of 5 mm Hg, and cathode 3 and
two anodes 2, as well as diaphragm 8, vhici. permits a single mode of opera-

. tior, are found in tiie quartz block.
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if the vibration frequencies of the light veams propagating in
opposite directions are identical i1 a fixed loop; during rotation of the
loop, the vibration frequency or one beam increases and that of the other
decreases. Compsaring th»se two light beams (using & photocell), the
changing beat frequency, which is the difference in vibration frequency of
the light beams, can be detected in the photodetector output voltage. It
is evident that, the higher the spee.” of rotation of the circular quantum
generator, the higher the beat frequency, measured by the photcslectronic
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Fig. 36:
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Diagram of an optical argular velocity sensor
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Michelson experiment
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Laser sensor diagram
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gg multiplier (PEUj. Knowing the beat frequency and the loop parameters,
2 ths angular velocity of rotation of :ae base can be determined. The in-
£ coming axis of the optical quantum circular generator, along which the
i vector of measured angular velocity is located, is normal to the plane
v in which the generator loop (ring) lies. The phenomenon of producticn

g ot different frequencies by the rotating loop is called the effect of
- San'yak, who discoverzd it in 1913.

L Xnown quantum gyroscopes have the followirng technica’. characteristics
L [25]):

- sensitivity, 1073°/hr;

o drift, 5 angular sec per day;

: time of preparation for operation, 1-2 sec.
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CHAPTER I1I

GYROTHEODOLITE MEASUREMENTS

Section 1. Field of Uses of Gyrotheodolite Measurements

The number of problems being soived with involvement of gyroscopic
instruments for determining the direction of the geographical meridian
increases in proportion tc mastery of the technology of gyrotheodolite
measurements, analysis of the measurement properties of gyrotheodolites
and increase in their accuracy of operation. A schematic enumeration of
several directions where application of gyrotheodolites is possible is
given in Fig. 1. Before considering several examples of the use of gyro-
theodolites, it should be noteZ that astronomical azimuths, by which
geodetic azimuths are calculated, and further, directional angles, can
be measured by use of a gyrothecdolite. The accuracy of operztion of
gyrotheodolites, cited on the rating plate of the instrument, character-
izes the accuracy of determination of the astronomical azimuth. This
astroncmical azimuth is obtained from two separate measurements: frcm
the measurement of the iastrumental correction and measurement of the
equilibrium position of Y3 oscillations. In those cases when the relative
aagular orientation of the piveri lines is required, the "_elative" azimuth,
defi- =d as the angle between a given line and the equilibrium position of
oscillations of the gyrotheodolite sensitive element, can bL: used. When
making measurements under identical meteorological (particularly tempera-
ture) conditions and over a short period of time, the error of these
measurements will lie within the limits of a few angular seconds [37].
Use of the '"relative" azimuth is of great practical interest in carrying
out engineering-geodetic work in construction of bridges, dams, erection
of large monolithic structures and so forth.

The direct use of an astronomjical azimuth is rarely encountered, and
serves mainly for initial orientation of space flight apparatus and for
tying-in and control of astrona.igational apparatus [3].

The use of a geodetic azimuth and directional angle is more widespreaa
at the present trime for determination of initial directions in surveying,
mine surveying, geophysics and others.

Evperience in the use of a wire plumb line for azimuthal tying-in of
underground mining shows that the plumb line is not completely stili, and,
consequently, in underground mining the azimuth cannot be transmitted
accurately. The error in transmission of the direction in a mine shaft
is, on the average, 3-53'; in addition, twisting (turning) of the geodetic
network laid out underground is observed [36, 38]. The use of a gyrotheo-
dolite decreases the time for carrying out work, increases the accuracy of
measurements made, insures controil and has a significant economic effect.
For example, the Gi-Bl gyrotheodolite, costing 9650 rubles, pays for
itself in 10-15 measurements, giving an annual saving eof 15,000-23,000
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rubles [36]. The comparative accuracy of tran;mission of directions in
a mine shaft is characterized by the results given in Table z [35].

Table 2
Method of Depth(;§ shaft
measurement
o | 6o l fa l 20
By plumb line o | BN i!ﬁ'fllr
By use of gyrotheodo'ite url 1i” ilﬂ”! 14"
{

Use of gyrotheodolite meacurements in underground surveying decreases
the incidental error and, also, decreases the effect of systematic errors.
Table 3 shows lateral divergence (ia om) of survey stations at : distance
of 1.6 kxm from the mine shaft [35].

Table 3
Method of Depth of shaft
measurement (m)
e I o i : e
By plumb line 50,2 mnsirsﬂsnmn
By use of gyrotheodolite 7,7| 89 U,G‘ILH

r d ced from @
%:E:oavuailab!e copy.

Geodetic work is pased on astronomical azimuths obtained from
observations at Laplace points. However, the high cost of astronomical
observations and their dependence on meterological conditions impose
definite limitations on the density of Laplace point locations. It is
advisable that construction of a full network based on neighboring
Laplace points be carried out by use of a gyrotheodolite, wh ch permits
the accumulation o7 errors in measurement to be excluded.

The most methodical development of gyrotheodolite use is in
survey work. Errors of lateral displacument of survey stations arise
because nf errors in measurement of the angle turned by the theode'ite
[29]:
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AS, = iSc—ii,"T‘-]/"("+])G(2"+l) . (68)

The directional angles in gyrotheodolite meazsuremeats [21]
. "y =1
38,e= xS )/ 2EL (69)

where 3. -- leaeth of a side;

n -- number of sides in a traverse;

m -- mean error of angle measurement (my -- with a theodolite,
m~ -- With a gyrotheodolite);

p" -- 206 265" (number of angular seconds in a radian).

Compariig (69) and (68), we find that

3

n(2n-p1) (70)

/
e==m, |/

In order that the accuracy in systematic determination of points by
two survey travers2s, by the usual method of laying ar‘ with the use of
a gyrotheodolite,might be the same, BEq. (70) determine the corresponding
error in measurement of angle. on these traverses. [r, for example,
the number of stations n=10, the accuracy of measurement of angles with
the use of a gyrotheodolite might be ~9 times smaller in comparison with
the accuracy of a theodolite; but if the aumber of stations is 20, the
accuracy produced with a gyrotheodoli’ : drops 16 times.

A graph of systcmatic displacement of - urvey stations using 2
theodolite with 2" and 5" accuracy and a gyrotheodolite having an
error of 5" is shown in Fig. 37, a. The magnitude of the displacement
is plotted on the ordinate and the number of stations (average length of
a side 120 m) on the abscissa. Use of a gyrotheodolite for Zetermining
directional angles permits transmission of coordinates to great distances
from the initial points. Gyrotheodolite measurements substantially
decrease the effect of systematic errors (Fig. 37, b). During tying-in
of aerial photographs with terrain noin.s by azimuth, tae productivity
of this work may be increased and, in some cases, the number of special
landimarks may be decreased by use of a gyrotheodolite.

Use of a gyrotheodolite in conjunction with light- and radio-distance
measuring equipment is especially effe-tive in the measurement of distarce:.

Combination of a gyroscopic compass with a magnetic needle led to the
formation of a geophysical instrument, gyrodeclinator (KD), intended fox
determinations of magnetic declination, that is, the direction of a magnetic
meridian with relation to the direction of a geographic meridian. Error in
determinttion of a gou raphic meridian i< #15", and of a magnetic meridisn
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Fig. 37: Graphs of errors in survey station poslitions
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Key: Graph of systematic displacement
Graph of the efrect of systematic errors
AS in cm

. Number of stations
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. Working with a theodoiite with a 5" accuracy
Working with a theodolite with a 2" accuracy
. Working with a gyrotheodolite with a 5" accuracy
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+20", and the error in determination of the magnretic de:liration taking
into account caanges in the magnetic pole of the eaxri;, is #40C' [48].
The gyrodeclinator permits determination of anomalies in the magnetic
fieid caused by the presence of ore bodics to be determined quickly c«nd
independently of the presence of geodeticaily prepared points. Use of
the gyrodeclinutor opens new possibilities for the development =f iron
ore deposits.
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In determining azimuthal direction, independence from triangulation
networks permits use of the gyrotheodolite in orienting television and
radio location station antennas and gyroscopic apparatus for ballistic
missiles (Fig. 38). An automatic aiming system has been develaped for
aiming the "Minuteman" missile for launching from railroad platforms,

Eh§ setting (azimuth determining) element of which is a gyrotheodolite
8].

Fig. 38: Aiming scheme of the American 'Minuteman" miscile

Key: 1. Accelerometer 5. Upper stabilizing
2, Syaserical gyroscope platform
3. Stapilizing platform 6. Gyrotheodolite
4. Missile controil 7. Lower stabilizing
element platform

To tring the gyrothecdolite quickly to the plane of the horizon and
to ciiminate possible inclination of its housing during the measurement,
it is installed on a horizontal stabilizing platform. Transmission of
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the launch direction of the missile from the gyrotheodolite to the optical
angle measuring instrument is accomplished by use of polarizing optical
systems. A signal from the optical azimuth disk is transmitted to the
inertial piatform, which.controls the missile launch. A pendulua gyro-
theodolite with torsion suspension, which has a sensitive element sus-
pended in liquid (similar to the MW-10) and Y3 period of oscillation

of 8 min, is used in this aiming system.

Section 2. Gyroscopic Azimuth and Directional Angle

A gyroscope, owing to its basic property, interacts with the angular
velocity of the «~rth (as lrng as it is fixed on t.... earth's st -face) and
determines the direction of the vector of the horizontal component of the
angular velocity of the earch relative to space. Therefore, it can be
taken into consideration that astronomical azimuth can be determmined by
use of the gyrotheodolite. In using gyroscopic azimuths in ground measure-
ments, it is necessary to transform this astroncsical azimiuth to geodetic
by the following equation |36]:

A=ze,y-l- Az, - 82, 4- 825 — Aa,, (713

where A -- geodetic azimuth on an ellapsoid;
ag -- gyroscopic azimuth;

ba, -- correcticn for height of the point of the gyrotheodolite
stand above the reference ellipsoid;

Aa, -- correction for change from the normal section tc a geodetic
line;

ba, -- correction for deviation of the plumb line;

Aa, -- correction for reduction to the ean pole,

Finding the geodetic azimuth on an ellipsciu, we can change to a
Gauss-Kreuger projection on a plane and find directional angle [ :

A=\ -1, (72

where [ -- corzection for transfer from an ellipsoid to a plane;
I -- corr:ction for the Gaussian approach of meridians.

Determination of azimuth by the equations introduced can be accomplished
only for an ideal gyroscopic measuring system, in which there is no instru-
mental errer. As was spoken of in Chapter II, in actual construction of
gyrotheodelites there is an angular divergence between the gyroscope spin
axis and the reasuring axis (telescope axis). Therefore, not knowing previ-
ously the magnitude of this disagreement, it is impossible to conduct 2
measurement using a gyrotheodolite. The magnitude of the disagreement is
determinsd experimentally each time by comparing the gyroscopic azimuth
a- and the azimuth calculated earlier, usually from astronomical observa-
tions. This comparison of azimuths, which discloses definite possibili-
ties for simplifying office work resulting from gyrotheodolite measurements,
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is standardized for gyrotheodolites. Gyrotheodolite measurements are
compared, according to the direction on the earth's surface in which they
are made. Then, under productive conditions, the astronomical azimuth
of the geodetic or relative direction observed can be determined. And
what is more, in determining the limits of the liicar dimensions of the
territory of a given gyrotheodolite operation, standardization of the
apparatus may be carried out sc that the results of the measurements will
turn out directly to be the directional angles.

As a result of standardization and use of known geodetic directions,
instrumenta. correction A of the gyrotheodolite i~ determired {see Fig. 21);
its magnitude is found from the following equation: .
A 7‘:[':.:\! == ".ll (73)
where N -- I: ™ reading, describing the equiiibrium position of
¢c.cillation of the 4Y3;
/1 -~ Limb reading, describing the geodetic direction at the
gyrotheodolite station.

Finding instrumental correction A, the directional angle of the
unknown direction can be calculated:

O==1— N4 (74)

Direction to a local featurc is obtained by sighting at it through the
telescope and subsequently reading the horizontai ring of the theodolite.

Determining the equilibrium position of oscillation of the sensitive
element directly by the theodolite limb does not always work out well. It
is calculated from readings on the limb which describe only the reversing
points. Finding readings N and /1 in this way and knowing 4 from standard-
ization, the directional angle is calculated.

Section 3. Determination of the Equilibrium Position of (Oscillation of a
Gyrotheodolite Sensitive Element

Fendulum gyrotheodolites with torsion suspensions have a oractizal .
application at the present time. Therefore, measurement and calculation
methods set forth below concern just such gyrotheodolites.

Oscillations of the Y3, with operating and with nonoperating gyroscope
motors, have very insignificant damping, so that in practical measurement
they can be considered harmonically. These oscillations have a constant
period at the moment of measurement and can be considered as functions of
the angle und the time. Let us evaluate the effect of damping on a gyro-
theodolite.
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The principzl csuse of damping of Y43 oscillations is an opposias
medim. In the majority of gyrotheodolites this is air, and in sone,

for exesnple, the MW-10 or Al gyrotheodolites, it is 2 liquid. The equation
for gyrotheodolite motion (36} was obtained without taking account of
daniping noaents. However, to derive the equation anew, accounting for
damping terms, is rot necessary, since they will have a form like that in
Eq. (18). Then, in accordance with (19), movement of the 43 relative to
the equilibrium position must be writter in the form

amgfﬁsmeI—w+JL (75)

where *

-

s=.-_].. (76)

If it is considered that, in this equation, a), represents the amplitude
of the first reversing point (the point of change of direction of movemcat)
and the initial time reading also is taken at the first reversing point,
the amplitude of oscillations at the second reversing point, displaced in
time by 0.5 T relative to the first point, is expressed by the equation

T

g, 7,(3_:‘?. (77)

where T -- period of oscillation of the “3.

Taking £q. (21) into account for the period of oscillation, we write
expression {77) in the form

7. 2 _.(.-Et_ (78)

The amplitude of oscillation of tne YO may be expressed through
rezdings of the horizontal circle of the theodolite:

AV (79
vy Neepi |0 )

wheiz n,, n, -- readings corresponding to the reversing points;
ﬁ -- reading corresponding to the equilibrium position of
oscillation of the 3.

Taking (79) into account, from expression (78) we find the ratio of
two adjacent amplitudes:

(80)




From sxpression (80) we find:

N = (= N)e ™. (81)

After reorganization, we obtain from (81) the expression for detemin-
ing equilibrium position

N=un+4 (n,—n,)

Lo 0 (82)

1
The factor 1 4 ¢=a accounts for attenuation (damping} of
oscillations and, for every model, it has a practically constant magnituvde.
This factor changes negligibly from specimen to specimen of a given tyvpe
of gyrotheodolite. IFor example, for the Gi-Bl gyrotheodolite

from which

e~ =0,9938, (83)

which allows us to find the magnitude of the relative damping coefficient

£ = 0,0003. (84)

It should be noted that the magnitude £ does not remain constant in
a gyrotheodolite start-up, but depends on the amplitude of the Y3 oscilla-
tion. This is explained ty the fact that the damping under discussion is
excited by an aerodynamic resistance, which depends on the square of the
linear speed of the moving body. An increase in amplitude leads to in- -
crease in this linear speed and, consequently, to an increase in damping.

The negligible magnitude of the relative damping coefficient generally
permits neglect of the theoretical existence of the attenuating factor,
since errors connected with locating the raversing point, sighting on
local features and others, are greater than the influence of errors con-
nected with ignoring attenuation. Therefore, rfor example, Eq. (82) can
be presented in the form

t"‘" _— ”] + 0,-"? (”: ‘;‘ l’|)
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But, in oxder for this equation to be used in measureaments, Eq. (84),
which indirectly characterizes the exactness of operation of the gyro-
theodolite, must be approximatsly adhered to. It has been established by
experience in cperations with pendulum gyrotheodolites with torsion sus-
pensions in air that, for an instrument in good repair, the relation is

! e 1 *
e 2:0,9950.

(86)

If the damping appears to be greater than indicated, but the
instrument is in good repair, attenuation should be accounted for in the
design equations.

The mein bases for constructing a scheme for finding the equilibrium
position of the oscillation under discussion follows from the constancy
of the period and amplitude of oscillation of the sensitive element of a
gyrotheodolite: by measuring the angle of inclination, by measuring the
time duration and by simultansously measuring the angle and time.

In order to determine the parameters of the sensitive element
oscillation, it is necessary to be able to observe its movement. After
unlocking the gyroscope, the sensitive element mark is observed in the
automatic collimator teiescope, and the effort is made to keep the moving
gyroscope mark continually in the center of the automatic collimator scale
by rotation of the free alidade. As the sensitive element approaches the
reversing poi.,t (the point at which the direction of movement changes),
the speed of muvement of the mark decreases, and at the point itself, it
remains motionless for a short instant. At this instant, a reading is
taken from the horizontal circle of the theodolite. After this, the alidade
moves in the opposite direction to the second reversing point and a reading
is taken again from the horizontal circle.

Location of the axis of symmetry of these oscillations is mainly for
locating an earth meridian, but the direct equilibrium position permits
carrying out a preliminary orientation of the gyrotheodolite.

Obtaining high accuracy in determining a geographical meridian places
definite demands on the initial installation of the gyrotheodolite. More
accurate preliminary orientation establishes smaller rotation moments during
oscillation of the sensitive elements and facilitates the work of the ob-
secver. Several methods of preliminary orientation are known: by magnetic
surveying compass and directly by gyrotheodolite. In the latter case,
orientation may be carried out by observing the amplitude of oscillation
(by reversing points) or ty knowin: the period of escillation of the ECH
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Preliminary orientation by two reversing points consists in
calculating the average values of the readings of these two points and
setting the telescope in a position corresponding to this value.

Calculation is carried out by the equation:

JV-e=e;(nx{ n.). .

The accuracy of determining north by these methods is: for
gyrothecdolites +45-60" in a time of 10-12 min, for gyroscope attachment,
*2-3* in 6-9 min.

Preliminary orientation by a known period of osciilation consists in
rinding one reversing point and fixing the position of the alidade {the
sensitive element mark) after a time of 0.25 T (T -- period of oscillation
of the sensitive element). A quarter period (0.25 T) -- this is the time
which is necessary for the gyroscope to move from the reversing point to
the equilibrium position .f the osciliation. Owing to the slow speed of
movement of the sensitive element near the reversing position it is diffi-
cult to determine exactly the moment in time when this speed reaches zero.
Therefore, in orienting by this method, the measurement of time begins a
lictle ahead of the reversing point (Fig. 39, a). For this, when a signi-
ficant decresase in the speed of movement of the Y3 is detected, the ali-
dade is fastened, and, at the instant thz mark crosses the center of the
automatic collimator scale, a stop watch is started (point A in Fig. 39,
b). At the moment when the mark crosses the center of the scale again vn
the return path (point B), time t is determined by the stop watch and
tracking of the sensitive element is continued for a length of time equal
to (%~T%-1¥T)- At the end of this segment of time, tracking is
stopped and the position of the telescope obtained in this manner is
nearly the direction of north. The period of oscillation of the sensitive
element of 2 gyrotheodolite depends on the latitude at the point where it
stands ¢; therefore, in a change of latitude, a correction AT must be
introduced into the value of period T, which is defined from the following
equation [53]: :

i

iy ,I|<l|\“’\| il

AT =Ty — 85 As,
® Veosso - (87)

then
0,257 = 0,25 (T, -}- AT). (88)

where T, -- period of oscillations of the sensitive element at the average
latitude of the region of the gyrotheodolite measurements;
A¢ -- latitude increment.
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Fig. 39: Determination of the equilibrium
position of sensitive element
oscillation

Key: 1. Scale
2. Equilibrium position

The accuracy of this method depends on the _aplitude of the

oscillation. An approximation is given for the GAK-1 gyroscope attach-
ment, presented in the following Table 4.

Table 4
Amplitude of
oscillation Mean error
3 -
TN :_:..v
3“‘ ' ;—'.“'
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Therefore, a special mechanism for regulating the amplitude of
oscillation is frequently provided in a gyroscope attachment.

The preliminary orientation method under consideration has
approximately the same accuracy as the two-reversing-point method, but
for this*method the time necessary to carry out an orientation is decreased
by 30-40%.

Methods for accurate orientation assume that the minimum possille
nurber of errors in determining the equilibrium position of the Y3 are
obtained from the gyrotheodolite. This takes an increase in time neces-
sary for such measurements, Along with this, definite effort has been
noticed in recent years in further development of gyrotheodolites, direc-
ted towards shortening the measurement times without decreasing accuracy.
Solution of these problems will be attained both through constructive
improvements in apparatus and in development of methods of measurement.

The reversing point method has achieved the most widespread use for
determining the equilibrium posi:ion of Y3 oscillations. It consists in
finding the reversing poiat by hand or automatic (in the MT1 and Gi-B2
gyrotheodolites) tracking of the sensitive clement with the aiidade.
Investigations conducted by many authors show that four reversing points
is the optimum numter for determining the equilibrium position of the
sensitive element. Using four reversing points, the equilibrium position
is found from the following relation {see Fig. 39, a):

AN EURAt S (89)

where

PO ('_:_'__ o K (90)

(91)

Some more accurate definition of results of measurement is attained
by repeated independent determinations of the equilibrium position of the
sensitive element at the same observation point. Together with this,
results of investigations [37) show that the vaiues N} and NIl are differ-
ent from nne another by not more than 2-3'. Considering that every value
of N} and Ngl is determined from three reversing points, for the purpose
of shortening the observation time, the possibility is presented of finding
equilibriun position of the sensitive element not by four, but by three,
reversing points. This gives a shortening of time of approximately 20%,
but it decreases the accuracy by 5-10%. Further shortening of the observa-
tion time is achieved by determining the sensitive element equilibrium
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positicn by two reversing points. In this case accuracy of determination
of equi'ihrium point is decreased by 15-20% by comparison with determina-
tion by four points. The principal deficiency in the method appears to

v+ the absence of checks on the values obtained. Such a possibility sp-
}’.¥3 if the equilibrium position of the sensitive element is determined
by two revercing points with check res ings, located symmetrically in

time relative to the reversing point (see Fig. 39, b). Introduction of
these check readings insures the reliability of measurements and brings

the ..curacy of determination rf the sensitive element ejuilibrium position
close to the accuracy of the three point method. Check readings are taken
a short time ailer the first reversing point {for example, t; and t,).
Here, the time is selected arbitrarily. The stop watch is stopped a little
past che second reversing point and, at moments of time equal to t, and t,,
secondary sym.etric readings are taken on the limb (2, and 2,). The point
.+ symmetry in time is obtained with an error of %(0.3-C.5) sec, which

). sides a letermination of the equilibrium position of sensitive element
.scillation wi-) a mean error of *(5-8)". While taking readings at points
L, 1550445 2j, 2, the sensitive element is not tracked, vhich gives rise
to the appearance of a certain twisting moment on the part of the torsion
element and, conse.uently, some distortion of the movement of the sensitive
element. Therefore, it is advisable that this method be used with gyro-
theodclites which have systems for tracking the twisting of the torsion
element (MT-1, LMK-604). It should be ncted that symmetrical check peints
are advisable in thes three-reversing-point method, owing to which the
reliability of the results of miasurements are increased. The use of
chack points permits determinaticn of the direction of a geographical meri-
dian with an error of about *20-25" in 9-10 min.

It is known that tracking the sensitive element during its oscillationms
is a process which takes a lot of work. Therefor:, in those cases where the
preliminary orientation is carried out with an error of 5-10 angular
minutes, the so-called amplitwude method may be used, in which successive
reversing points are cbserved by use of a fixed automatic collimator
telescope [53]. For this the amplitude of osciilations of the sensitive
element of no more than 20-30' should be scught for. With such an ampli-
tude, the influence of twisting of the torsion element on the equilibrium
position of the sensitive element may be considered linear-dependent on
the angle turned by the scnsitive element.

The torsion moment is determined by the equation:

M. I
‘3 l“l’
or v

Taking these moments into account, the equations for gyrotheodolite
motion (32) take the form

Ky o




e 7 - o= M, .
- » y '
—tlg et - Gy -0 (32%)
from which, after division of the variables, we obtain the equation for
azimuthai movement of the ‘3:

A v (92)

Solution of this equation shows that oscillations of the gyrotheodolite
Y3 will take place about the position defined by angle ag:

2 - T (93)

Consequentiy, the twisting moment of the torsion element shifts the
équilibrium position of the Y3 oscillations. The magnitude of this dis-
placement depends on the latitude of the point where the instrument is
standing, since the horizontal component of the angular velocity of rcta-
tion of the earth enters into (93).

Determining the equilibrium position of a gyrotheodolite sensitive
element oscillation relative to the zero mark of the automatic collimunor
scale when the gyroscope motor is not operating, and then comparing this
position with equilibrium position n- with a working gyroscope motor, the
angle twisted by the torsion element is found, and then the -~orrection
of the Y3 equilibrium position is determined:

ARy "lk;-(ll, -\ (94)

Then the final equilibrium pesition is found by the following equation

qoan 1. A oen
e B el T (95)

The ratio of rigidity k of the torsion ribbon to the gyroscopic mcment
Hwo- is approximately 2.5+107° in middle latitudes for a model Gi-B gyro-

<theodolite.

The amplitude method is used mainly for determining the zero point of
torsion suspensions, but it may be used for the direction of geographic
meridians under the conditions described above.
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The "passing method" is a further development of the amplitude
method. Using the method, the equilibrium position of the sensitive
element is determined by means of measuring the segment of tims between
instants when the sensitive element mark passes across a specified mark
on the automatic collimator telescope scale when the alidade is in a
fixed position ( Fig. 39, b}. A condition for use of this method it a
small smplitude of sensitive element oscillations. Let us assume that
the mark moves from west to east and at the instant wnen it crosses the
zero mark of the automatic collimator telescope scale, the stop watch
is started. The mark begins to move in the opposite direction past

the reversing point and, at the moment when it again crosses the zero
mark, the stop watch is stopped. At this same moment, using a model
C-II-1b two-hand thirty-second stop watch, a second count is begun
and the second segment of time is measured analogously, only now, when
the mark is on the west side relative to the zero mark of the scale.
Time segments ty and t3 are obtained as a result of the measurements.
If a segment of time necessary for the mark to move from
the zero mark to the equilibrium position is designated across T, then:

ly—fr==M=4<, (96}

Taking into account the linearity of the dependence between the angle
and the time interval near the cjuilibrium position, this equilibrium
position can be determined relative to the zero mark of the scale. Move-
ment of the sensitive element is written down in the equaticn

Q== 1° Si“ slo

Near the equilibrium position, when angle (st) is small, it can be
written:

G == 705’.

(87

where a; -- amplitude of oscillation;
s -- natural frequency of oscillation, see (38).

Transferring from angle a, to a reading on the automatic collimator
scale and taking into account the influence of twisting of the torsion
element, the YO equilibrium position will be determined by the equation

N == M- A'\;, . (98)

A feature of the method under discussion is the possibility of
obtaining a very large number of determinations of N, for which any pair
of marks located symmetrically with respect to the zero mark can be used.
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In this case: N =gqal'

will be distinguished frem N by the magnitude of displacement of the
selected mark relative to the zero mark.

A comparison of the approximate values of accuracy obtained and
the time necessary for one determination of a gyrotheodolite sensitive
element equilibrium position by differcat methods is given in Table S.

A LI

Table S
b
Model Gi-Bl1 Model Gi-Cl
- gyrotheodolite gyroscope
& ] -
S::ggn Method of orientation attachment
Mean |Observa- |Mean |Observa-
error |tion time jerror |tion time
5 (in min) {(in min)
Prelim- | By known period . . . . . .| SO 8 3 4
inary By two reversing points . .| 50" i1 2! 7
= By four reversing points .| 20" 20 25" 14
By three reversing points .| 23 15 25" 11
By three reversing points
with marking of symmetric
check points . . . . . . .| 23" i5 —_— -_—
By two reversing pomts
with marking of symmetric
check points . . . .| 25" 10 — —_—
Precise | Amplitude method w1th ob~
servation of four revers-
ing points . . . . . . . .| 20" 20 25" 12
Passing method with mea-
surement of four time
intervals . . . . . 20" 20 25" 12
Passing method w1th mea-
surement of twe intervals
and marking of supplemen-
tary intervals by symme-
tric marks of the scale . ] 2s" 14 — —_
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Section 4. Features of Gyroscopic Orientetion

At present all possible measures to decrease the influence of harmful
moments are taken in the construction of various gyrotheodolites. However,
as has biean shown above, in order to obtain satisfactory accuracy in
gyrotheodolite operations, it is necessary that the level of harmful
moments not exceed -10~6g-cm. There is little likelihood of achieving
such small moments by direct methods. However, the error in measurement
practical witk existing instruments ceriesponds to an infiuence of harm-
ful moments of approximately the magnitude indicated. But this is only
& formal comparison. Actually, such & correspondence is achieved by meth-
ods of making and subsequently processing gyrotheodolite measurements.

It follows from this that its own technology of measuring processes must
be developed for every type of gyrotheodolite. However, for groups of
instriments with identical principal schemes, but of differing construc-
tions, there are a nunker of common operatiens whose observance is neces-
sary for obtaining tr. required accuracy. These general recommendations
for penduium gyrothecdolites with torsion suspensions in air are con-
sidered below.

The principal influcnce on accuracy of determinaticn of the direction
«f geographical meridians is the stability of the instrumental correction
4. The magnitude of this correction depends on many factors, the nmutual

ffect of which generates complicated correlative connections. Specifi-

cally, the stability of speration of the generators supplying the gyro-
scope motor, temperature of the surroundings, stability of mechanical
characteristics of the torsion elexent {from start-up to start-up and in
the process of start-up), change in the magnetic field, mechanical
rigidity of parts of the gycrotheodolite structure (preservation of the
relative positions during jolting while being transported) and others
have an effect on the correction. For éxampla, a change in the incoming
current cf 1.5 v gives rise to a change in the instrumental correction of
~14" in the MRK-2 [44]. A given instrument can be qualitatively evaluated
by observing the stability of the correction under various conditions.
Many publications have beer devoted $o investigaticns of the stability of
the instruuental correction, part of them, characteristically, only for
a given modei, but in some more generai correiaticns are established.
Results of prolonged observations of the instrumental correction of the
modei Gi-B gyrotheodolites shows [36, 45] that:

1) accuracy of determinaticn of the correction lies within the limits
of 210" (accuracy of determirnation of the equilibrium pesition -2:8",
accuracy of the standardized azimuth ~x3"};

2) deviation of the correction from the average value vbeys the law
of normal distribution;

3) the mean value of the deviation of the correction from the average
value lies within the limits of 215",

These statistical values take on the role of criteria for evaluation

of the quality of an instrument: i the result of a check test discioses
& deviztion of the instrumental correction from its rating plate value of
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greater than *15", such a gyrotheodolite must be subjected to an additional,
many-sided examination. Only highly accurate geodetic networks shouid be
used to determine instrumenzal corrections. It is advisable for the mes-
suring process itself to be carried out at different times of the day in
order to cover various metarologicezl conditions After each start-up of
the instrument, the azimuthal orientation, horizontal setting and other
things should be changed. The number of start-ups should be 9; the equi-
1librium position is determined by four revarsing poin“s on every start-up.

The main point of these modifications is, in measuring the inctrumental
correction, to cover as wide 2 scope as possible of the conditions under
which the gyrotheodolite will be used.

A separate question arises periodically of checking of instrumentzi
corrections. A gyrotheodolite should be standardized over 1-2 months
under relatively uniform surrounding conditions (especially air teapera-
ture); when surrounding conditions change and when the instrument is trans-
ported over a voasidzrable distance, the instrumental correction should
be determined before beginning work and after it is completed. In this
regard, there is a significant compariscn of the results of a series of
2000 measurements with the Gi-Bl gyrotheodolite, carried out under experi-
mental mine-drifting and surface conditions [37]. The mean square ersor
of determination of the instrumental correcticn under laboratory condi-
tions was #9.0", and the mean error in determination of the azimuth was
£9.5". The picture changes significantly in the field: the erzor in the
correction is #9.5", but the error in determining azimuth is 215.5". The
difference of 6" is accommted for principally by change in surrounding
conditions during the period of measurement on the terrain as well as by
inaccuracies in the geodetic network, by which the error in calculated
azimuth was determined.

Considering the accuracy of determination of 3 direction using a
gyrotheodclite, the stability of the gyrotheodolite parameters must be
watched continuously in the proc2ss of & giver start-up, as wel’ as from
start-up to start-up. The period of free {when the gyromotor is not opers-
ating) oscillation of the Y5 should be measured with a stop watch dizing
every gyrotheodolite measurement. The period of free oscillation of the
sensitive element defines the stability of mechanical characteristics of
the oscillating system of the gyroscope suspension and is a sufficiently
accurate definition of its working condition. Changes in this period
under different surrounding conditions must be insignificant. For example,
the period of free oscillation for the Gi-Bi Tcg90 sec, and the permis-
sible chsange in it -4-5 sec.

The basic advantsge of the torsion suspension over other 3 suspensions
is the small harmful moment and the possibility of calculating the residurl
twisting moment. The twisting moment of the torsion element does not
influen.» the Y3 equiiibrium position during operation of the gyroscope
aotor only when the equilibrium position of free oscillations coincides
with the equilibrium position of oscillation of the gyroscope unit during
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the entire start-up. Practical realization of this condition encounters
serious difficulties and, therefore, the correction in equilibrium position
of the sensitive eiement is determined by taking into account the linear
dependence of the twisting moment of the torsion element con its angle
turned. For this, it is necessary tc determine the angle turned by the
torsion element relative to the equilibrium position of the gyroscope umit,
which is often called the zero point cr the point of zero torsion (MNT),
as “ell as to know the coefficient of passing from the MNT to the correction
in equilibrium position (for MOM gyrotheodolites, this coefficient is "C,"
the table of which is given in Appendix 1}. Use cf the table mentioned is
not recomzended for highly accurate determinations of azimuth. Coefficient
"C" should be determined immeciately before measuring. Two methods may be
used for this: a) carrying out the start-up with the aforementioned deter-
mination of displacement of the MNT and b) comparison of the periods of oscil-
lation of the Y3 while tracking with the alidade and without tracking
{with the 2lidade fixed). The instrument is oriented by the first method
by a previously found or known direction of a geographical meridian. Then
the gyroscops motor is started, the Y3 is unlockad, during which an amplitude
of oscillation of no more than 40' is attained, since tne grid image of the
automatic collimator will leave the field of view of the automatic collimator
at greater amplitudes. Leaving the aiidade part of the instrument fixsd,
the equilibrium position of the Y3 is determined by reversing points, observ-
ed by the automatic collimator scale. Then, nct stopping the gyroscope
motoxr and not locking, the Y5 is carefully turned relative to the initial
setting to some constant angle, for example +10', and the equilibrium posi-
tion of 43 oscillation is determined. The gyroscope is then turned to 2
-10* angle relative to the same initial position and the equilibriim posi-
tion is determined again ty reversing points. If the torsion element twist-
! moment does not influence the equilibrium position of the 43, the
position found in the first and second turns would differ by the magnitude
of the angular displacement, that is, the angle of *10'. The difference
Setween the angular position of the axis of symmetry of oscillation of the
Y3 and the angle of *10' indicates the effect of twisting of the torsion
member and permits the amount of it to be determined.

in cthe absence of an effect of twisting of the torsion - lements

(99)

J\.,Q --l\’ : "J !
N -5 No— ') ’
where Ny, N ,, N_ -- readings on the horizontal ring corresponding to
** TV equilibrium positions in initial und slewed positions
of the instrument,
$ -- suppiementary angle turned on the scale points.

The influence cf twisting of the torsion element leads to the necessity
for introducing a compeasuting item (correcticn) for maintaining the equal-

ity of (39) V.t CotAyty )
Ny Co Ny~ (100)
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where y -- angle of torsion element twisting (on the scale points):

=3 — N,
2+ .? “\'r? }‘ (101)
== N
Subtracting tue second equation of system (106 froe the first
equation of this system and taking {101) into account, after reorgan-
izing, we obtain:
Corlom 22 (102)

Neg—=N_,

The method for determiring coefficient C based on comparison of the
periods of oscillation of the Y3 obtained from tracking the movement of
the gyroscope unit with the alidade part and without tracking, follows
from comparison of differsntial equations (36) and {92) for movement cr
a gyrotheodolite. In the first instance, the oscillaticn peried is deter-
mined by Eo. (43) and in the second it has the form

To 2} Gmemor (103)

The relation between the period from (43) and the period from (1C0)
leads to the follewing expressicn

. N
N

Toae U0 (104)

.
E
N

l\

The second term in the right side of Eq. (104) defines the difference
in movement of the gyroscope relative to the equilibrium position, that is,
dztermines the magnitude of coefficient T discussed earlier. Then the
sagnitude of C mzy be determined by the equation from [42]:

3

~

C -~ L (105)

|

1|

Y
<

In practice, toth methods of determining the coefficient are eguivalent,
but the principal limitation of the second method arises from the smplitude
of escillation -- it must be small. This limitation is imposesd in the
£first method only by the field of view of the automatic collimater, since
the mmpli.ide of oscillation is taken into sccount tc a known extent in
Eq. (102).
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In order for the influence of twisting of the torsion element to be
insignificani, there should be a restriction of the torsion element zero
point, which, for example, in the Gi-Bl, is the angle between the optical
axis of the automatic collimator and the normal to the Y3 mirror in its
position when the moment of the torsion band equals zero. To detemmine
this position in practice doesn't work out weli, and then the equilibrium
position of free oscillations is determined, assuming that
the rest position and equilibrium positions coincide. The correction for

. the twisting of the torsion element is introduced by use of the average

value of the MNT, which is obtained before beginning and after completing

measurements, or MNT measured only after tho start-up is completed. In the
first case, it is assumed that MNT changes linearly as a result of tempera-
ture deformation during the time of the start-up, but, in the second case,
temperature stability of the MNT is assumed.
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The question of when to determine the MNT is important for highly
accurate measurements, and there must be a supplementary examination for
every type of instrument. This is connected to the effect of the tempera-
ture deformation of an ins'.rument on the MKT. A graph of change in the
Y5 oscillation equilibrium position as a function of the number n of re-
versing points (Fig. 40, ‘) and a graph of displacement of the center of
gravity of the G:-Bl oscillating system in the axial direction (Fig. 40, b),
reduced to displacement of the axis of symmetry of oscilliations [45] ave
~ shown in Fig. 40. From a comparison of the graphs and the times of mea-
surement with instrumeats, it follows that the whole measuring process is
completed before the instrument reaches thermal equilibrium. From the
point of view of accurate calculation of the MNT, all measurements with the
Gi-B gyrotheodolites should be made over 30-40 min of its operation when
the parts of its structure reach temperature stability.

A A ANRHOTASS BT, P S | S A0 QST

A probability of temperature deformation can explain the periodicity
of changes in the average values of a pair of successive readings of the
reversing points of the GAK-1 gyroscope attachment [59] by the results of
long start-ups (up to 45 reversing points). An idealized graph of the
pericdic changes of the equiiibrium position of oscillations of the gyro-
scope attachment Y3 is represented in Fig. 41, a, and graphs of actual
measurements in Fig. 41, b. The period of such changes lies within the
limits of 40-100 min and the amplitude does not exceed 30" on the average
(60" only in one case). The oscillations shown in Fig. 41, b (quasi-
harsonic oscillations of the gyroscope unit equilibrium position) do
not arise directly from gyroscope theory, and their cause should he sought
in structural features of the apparatus.

T
T St

- Ine fearures of gyroscopic orientation considered above directly
influence the accuracy of determination of azimuths and, therefore, in one
or ancthuor form, are accounted for in the final results of messurements.

There is still another series of factors which may change th2 end

results of measurements to one degree or another. When accuracy of measure-
ment is defined in angular seconds, it is impossible to ignoie even small
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Fig. 40: Graphs of changes in characteristics of a
gyrotheodolite dus to temperature

Key: a, Displacement of the equilibrium position

b, Displacement of the center of gravity

¢. Anguiar seconds

d. Minutes
intluonga -~ the surroundings. Thus, owing to heating of one side of
the trips. ae sun's rays, tha additiona) error may reach a magni-
tude ~f & % 1tions of the tripsd under the action of wind gusts are
passed ot © izrsion element and distort the movement of the sensi-

tive eleagnt.  « areless unlocking of the gvroscope unit mav changs the
position of ths torsion element zero point Ly 30-60". Change in amplitude
of oseilistion of the ‘O from 10° to 40° may lead to an additional error
in determining azimuth of up to 5.

Bverythizsy set forth above shows that provision of high accuracy in
deterxining directions of orientation is possible only by strict execution
f all instructions for gyroscope orientation, the specific character of
which depgnds hoth on the type of gyrotheodolite and on the kind of gyro-
theodolite wovk, Every gyrotheodolite start-up is subject to continuing
control by the magnitude of the free and gyroscopic oscillation periods,
by the magnitude of dasping, by the value of the torsion element zero
point and by discrepancies in particular values of the equilibrium posi-
tion (N} and NAI). Such control permits replacement of both faults in
operation of the instrument and 3ross exrors by cbservers.

-112-~




- " . v e = - T r—y_Ey Y
A SENE = =

T 228 T e e R e T
P AT — S E = ETRIEITE AT I = - = - =

e e e o - _ - I N
£

»
et

S A ORI )
LT I e s

H,
&
T
A
’/’
k‘
ll
N

i i i - \\';\‘\ LT - —"’?i'","z—

Fig. 41: Quasi-harmonic oscillations nf the equilibrium

position
Key: a. Ideal

b. Measured

¢c. Minutes

The accuracy of the gyroscopic azimuth is defined by the sum total of
errors, consisting mainly of errors in determination of equilibrium pcsition
Op, errors in changes of the torsion element zero point o; and errors in
determining and changing the instrumental correction c,:

——— e @ o
g > .

5 | s ose o (106)

G Section 5. Damping Cyrotheodolite Sensitive Element Oscillations
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Gyrotheodolite measurements require unremitting attention of the
operator in the course of the entire measuring process, which results in
his becoming tired quickly. Trivial external vibrations of the tripod,
nonuniform movement of the alidade part when tracking the sensitive element
ané other hindrances may lead to distortion of the resuits of measure-
ment. Revers 7 point readings obtained as a result of the operator's
strenuous work must then be processed in an appropriate manner with the
corrections resulting from calculations carried out, and cnly after this
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can the directional angle be transferred to the terrain.

These conditions of work with gyrothecdolites can be simplified if
the Y3 oscillation equilibrium position is not determined by reversing
points, but by waiting for the state when the oscillations of the gyro-
scope spin axis calm down. We find from Eq. (75) and taking into account
Eq. (22) and (84) that the Gi-Bl gyrctheodolite rotor spin axis will be
situated close by the equilibrium position only after 15 days. Obviously,
such a period for quieting down of the 43 oscillations is not acceptable
for practical use. In order for the time for the Y3 oscillations to
settle down to be short, the coefficient of relative damping £ must be
within the limits 0.7-0.9. With these values of the relative damping
coefficient, the 43 of the Gi-Bl gyrotheodolite will be settled down near
its equilibrium position after a time of 6-9 min. During the time that
the Y3 oscillations are settling down, the observer has the opportunity
of carrying out other work, for example, calculation of the correction for
transition frem gyroscopic azimuth to directicnal angle, orientation in
the locality and others.

Consequently, a special damping mechanism must be introduced into the
instrument for rapid settling down of the gyrotheodolite sensitive element
oscillations. The use of damping mechanisms in gyroscopic instruments
for determining direction of a geographical meridian has been known prac-
tically from the moment of appearance of these instruments themselves --
nautical gyrocompasses [14].

However, use of damping mechanisms in gyrothecdclites has a fundamental
distinction from damping in nautical gyrocompasses. The kinetic moment of
a gyrotheodolite is several orders of magnitude less than that of a nautical
gyrocompass, and the accurscy of operation is considerably higher. These
features produce an exceptionally strict dependence of the damping moment
only on the speed of movement of the sensitive element. The damping aech-
anism does not have to maintain a constant moment or a moment which is
dependent on the angle turned, since these moments will displace the sen-
sitive element oscillation equilibrium position and, consequently, intro-
duze an additional error. As follows from the foregoing, the sum total
of deleterious moments on the part of the damper must be less than 10°% g-cm.

Attenuation of the Y3 oscillation can be obtained by combination of
tke gyrotheodolite "interior' gimbal with the damper (see Section 1,
Chapter 1I), by combining the damper with its "extcrior'" gimbal, or by
simultaneous damping by both gimbals. ue designate the damping moment
of the exterior gimbal axis c;&, and of the interior axis c,B8. Then, by
anzlogy with Eq. (32), we obtain the equations for motion of a damped gyro-
theodolite:

floatcz--113=0
a4cz } (107)

—Ha +Ci3+ 34 Ho, =0
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We take advantage of the operator method [21] for further analysis
of these equations, and we write Eq. (107) for zero initial conditions
in operator form:

Hoa - ¢pn--1iph- 0

—Hpa-p Gl cplioivtla=0 ] (108)

In Eq. (108), in distinction from Eq. (107), angles o and B are
Laplace transforms.

From the first and second equations, respectively, we find:

i3 5 bz

L5 TN (109)
B Hpr —Gii — i,
-l (110)
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Fig. 42: Structw.al diagram of a gyrotheocolite with damping

These two equations correspond to the structural diagram given in
Fig. 42. Angle agp represents the sngle of initial (preliminary) orienta-
tion of the gyrotheodolite and the structural diagram indicates the inter-
nal interconnections of the gyroscope, as a result of which its axis
bacomes set in the direction of the geographical meridian. iIf the prelim-
inary orientation angle is presented on thegoniometer part of the instru-
mznt in the form of a zero reading, in the ideal case the gyroscope spin

axis must turn relative to this reading to angle apg, that is, the gyro-

scope must measure thr. valuz of the preliminary orientation angle. Fron

the structural diagram we present the correlation of gyroscope azimuthal

turn angle a with the preliminary orientation angle apg:
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Let us consider two separate cases:
a) only the interior gimbal damps the oscillation (in this case c1=0):

Hueop 4 GiHmg

20 == TopT & Honeop F MGl 20p (112)
b) only the exterior gimbal damps the cscillation (in this case c2=0):
. GJ’H e 2
767 TpE 4 Glegp + VGl o0 (113)

Formula (112) is structurally analogous to formulta (111), but formula
(113) is simpler than the first two. This simplification has a basic
nature, since actual differeatiating iinks (1la.p4-Gille: ) are replaced
by u simple amplifying link ( Glllwe ). 1f the preliminary orientation angle
is absolutely constant, then substitution of one of the links mentioned
in the other does not tell on the nature of the behavior of the gyroscope.
However, an insignificant push on the tripod, (for example, from a wind
gust) or the base on which the instrument is installed, the differentiating
link wili be actively emphasized (intensified), in which case it is impos-
sible to speak of the link Gl/ilw.. . Consequently, damping with the interior
gimbal is not advisable in these pusitions. In addition, there are some
technical difficulties in producing an efficient damper structure. One of
the versions of dawping with the interior gimbal is shown in Fig. ¢3. Two
lower cylinders 3, half filled with licuid, are connected to pendulum weight
S. Upper cylinders 2, which have capillary openings 1, are connected with
gyroscope motor iiousing 4 (by the interior giwbal). When the interior
gimbal is inclined the volume between the upper and iower cylinders changes,
and air escapes through the capillary cpenings, as a result of which a
force is gencrated, which creates a damping moment relative to the gyroscspe.
Experimental ®ork conducted with a similar damping system showed that such

a system has negligible damping and is not stable, especially during tempera-
ture changes in ‘he surroundings [40]}.

Further developmen® of damped gyrotheodolites is proceding by wey of
applying a damping moment to thé gyroscope exterior gimbtal, that is, by
way of direct damping of azinuthal oscillations. This wiy permits only
one part of the damping mechanism to be fastened to the gyroscope, the seccnd
to be located on the instrument bousing. Since the damping moment must
be strictly proportional zo the velocity, then, considering that angle c
turned by the exterior gimbal is appro-imately 200 times greater than
angle B turned by the interior gimbal, creation of such a moment is sim-
plified in the case of direct damping of azimuthal sscillations.

£q9. (1i3) may be written dewn in the form

SR e (124)

- .
-r g
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Fig. 43:

Key:

from which, proceeding <rom

gguation analogous to (18):

where, from expression (38)

and

arv

\\
)

Damping interior gimbal
oscillat.ion

1. Air jet nozzle

2. Upper cylinder

3. Lower cylinder

4. Interior gimbal (gyro-
scope motor housing)

S. Exterior gimbal

symbols to objects, we obtain a differenti.l

. B
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' ’ (115)
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We determine the approximate value of damping coefficient ¢, for the
- type Gi-B gyrotheodolite if we use a magnitude for the relative damping

2 coefficient £=0.5 (settling down of the oscillation with such a value of

: £ will tcke place over approximately 13 min). From (116) ,taking (43) into
account with a Y3 period of oscillations T=10 min, we find

Cl -= ““" l'": .

so that for latitude ¢=60° and 4=4000 g-cm-sec

¢, 15 l'emcer.

In view of the small speed of movement of the gyrotheodolite 43,
obtaining such a value of the damping coefficient is made more difficult
by use of a pneumatic mechanism; therefore, liquid or electromagnetic
damping is used. Detailed investigations of these forms »f damping have

5 shown [31, 40] that liquid damping leads tc a significant displacement
* ¥ of the stopping position of the Y3 axis relative to the equilibrium

2 position calculated by reversing points. One of the reasons for this
= displacement is the "sticking effect" (Klebeeffekt) of liquid in the

“3 housing, owing to which a moment,in some manner dependent on the angle
turned by the sensitive elemnent,begins to act on the gyroscope. This
moment, like the moment due to twisting of the torsion element, introduces
an error into the Y3 settled state.

Practical interest is shown in electromagnetic damping. During
rotation of the magnetic field of a solid rotor which possesses good elec-
trical conductivity an induction current arises as a conseguence, which
interacts with the magnetic field, as a result of which a force arises
which opposes the movement of this rotor. This force depends on the
design parameters and on the speed of movement of the rotor reiative to the
poles of the magnet. A damping scheme is shown in Fig. 44, a, in which
sensitive element 2 is fastened to torsion element 1 and is joined to cop-
per cylinder 7 through bar 9. Cylinder 7 rotates in an air clearance
between permanent magnets 8, which are arrarged in a ring. Many layered
screen 6 is located above the copper cylinder; observation of the ‘3
movement is conducted by use of an optical system, consisting of light
source 5, mirror 4 and collimator telescope 3 with a scale. Experiments
have been conducted with twe miagnetic systems (Fig. 44, b anu ¢£): in the
first magnet system the arrangement of nagnet poles alternatzs, and in

; the second their arrangement is mmiform. The value of the inductance in
the first system amounts to 3250 gauss, and in the second 4500 gauss.
Results of experiments have shown that for both cases the deviation in
establishment of the Y3 axis relative to the position calculated by
reversing points Jdoes not exceed :30"; however, the damping force in the
first system is more substantial than in the second. Evidently, this

is linked with the fact that in the first magnet systenm additional
induction currents arise which are connected with the changing direction
of the magnetic field, while in the second svstem this field remains in
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a constant direction. Fig. 45 illustrates the difference in the damping
of the Y3 oscillations with both magnet systems: curve 1 is drawn for

the magnetic system with alternating poles, and curve 2, for a system with
uniform arrangement of poles.
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Fig. 44: Damping of azimuthal oscillations

Key: a. Kinemat * diagram
b. Magnet ring with alternating poles
c. Magnet ring with uniform pole arrangement

1. Torsion element 5. Light source

2. Sensitive element 6. Magnetic protective

3. Telescope screen

4. Sensitive element 7. Copper cylinder
mirror 8. Magnet

Location of the magnet system near the gyroscope unit can't help
but effect the equilibrium position of an oscillating system. The influence
of the magnetic field of the Jdamper lsads to displacement of the zero
point of the torsion element. Graphs of the change in zero point of a
torsion element for different situations are given in Fig. 46: curve 1 --
magnetic screen absent, curve 2 -- a monclayer magnetic screen is used,
and curve 3 -- drawn for the case of use of a three-layer screen. The
displacenent of the torsion element zero point (MNT) is set forth on the
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ig, 45: Graphs of attenuation of azimuthal oscillations of a
sensitive element

Key: a. Ordinate, angle turned by sensitive element in
degrees
b. Abscissa, time in minutes

1. Graph for magnet system with alternating poles
2. Graph for magnet system with uniform pole arrangeaent

ordinate, and on the abscisza, the depth L to which the copper cylinder
sinks in the air gap between the poles. A negative value of L means that
tae copper cylinder is located higher than the ma’netic ring. Dependence
of the displacement of the torsior element zero point on thz depth to
which the copper cylinder sinks in the interpole clearance is difficult

to explain by a basic law of an ideal damping system. It is most likely
that all of this is connected with the preseace cf ferromagnetic impurities
in the copper, as well as the transfer of ferromagnetic dust from the body
of the magnet to the copper cylinder, remaining after its manufacture.

An experimental model of gyroscope was used with kinetic moment
H=2000 g-cm-sec, a magnet system of 6 magnets, a copper cylinder (purity of
copper 99.9997%) with a diameter of i20 mm and thickness of ! mm. The
following data were obtained as a result of experiments:

-- time to quiet the 43 oscillations -- 8 min;

-~ mean error of the sevies of measurements -- 240";

-~ mean error dof individual measurements -- +70";

-= total time of measurement (including setting up, starting, stopping)

-< 19 min.
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Fig. 46: Graphs of change in zero
vosition of the torsion
element

Key: 1. Without magnetic shield
2. One-layer magnetic shield
3. Three-layer magnetic shield

Damping of the oscillations of a gyroth:odolite sensitive element
frees the operator from the necessity of conducting continuous observa-
tion of the gyroscope. Another feature of a damped gyrotheodolite is
the poesibility of carrying out the measurements on a mobile base. Con-
ditions for operating a gyrotheodolite on a mobile base are its mounting
on an sutomatic horizontal leveling platform and frequency correlations
between linear acceleration of oscillations and the damping frequency of
the osciliating svstem (see Cection 2, Chapter I)

The frequency of a gyroscope system uwy must be substantially lower
than the frequency of change in linear acceleration and azimuthal turning
of the base.

In conclusion, we return again to the structural diagram (see Fig. 42)
and evaluate the influence of gyroscopic moment Hwg on the azimuthal move-
nent of a gyrothrvodolite. Using this diagram,we obtain the following
relation:
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. The numerator of the fraction is an operator description of a doubie
differentiating link. In view of the fact that gyroscopic moment Hug
has a constant value, its product will equal zero and, consequently,

: angle =’ will equal zero. This testifies to the fact that gyroscopic
moment Hwg does not introduce an additional azimuthal displacement of
the gyrotheodolite measuring axis into the scheme umder discussicn.
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Section 6. Automation of Gvrotheodolite {perations

Gyroscopic orientatison is vonneCted with the execution of a number
of measuring and computing operations, such-as orientation in the local-
ity, preliainary orientation of the gyrotheodolite, determinaticn of the
equilibrium position, calculation of the geodetic correction, and cal-
culation of the instrumental correction. These operations ars distinguished
by a great diversity, and automatiorni of several of them is an independent,
complex task of modern geodetic instrument making. They are concerned
specifically with developrment of automatic systems for sighting and reading of
angles in the horizontal and vertical planes [6]. Therefore, only questions
connected with automation of direct measuring operations by the gyroscopic
parts of gyrotheodolites are considered below. In the first place, automat-
ic determination of the equilibrium position of 43 oscillations should
be considered. One of the versions of solution to these problems is damping of
gyroscope oscillationsS. However, this version is connected witl aoplication
uf moments of external force to the gyroscops and, technically, to attain
such a position that stabilized or constant components of the moments are
completely absent from the composition of dampii._, moments is a complicated
pzoblem. Therefore, damping methods kncwn at present cannot be used in
high-accuracy gyrotheodolites, for which the methods usually applied for
calcuiation of equilibrium position using results of cbservation and
measurement of the characteristics of sensitive element oscillation, are
abandoned. A principal scheme of a mechanism for automatic calculation of
the 43 equilibrium position of the pendulum gyrotheodolite is given in
Fig. 47.

The angular position of sensitive element 1, transmitted by use of
mirror 2, is cetermined visually by using automatic collimator telescope 3
and auvtomatically, -by using photoelectric telescope 4 (24]. A linear-effect
photodiode, which generates an electrical signal proportional toc iae angle
turned by the light beam, is located in the focal plane of telaescope 4 for
transforming the light energy reflected by mirror 2. This signal exercises
control over motor 5, which moves frame 6 and telescone 4, which is mounted
on it. The system for moving telescope 4 is constructed in such a manner
that, when the light beam reflected from mirror 2 coincides with the optical
axis of tclescope 4, movement is stopped. The moving part of electrical
movement sensor 7, which is shown as a potentiocmeter in Fig. 47 a, is con-
nected kinematically with telescope 4.

Inductive elements can be used as movement sensors, put = variety of
potentiometers, especially with corrections, are quite useful for practical
employment. In the latter case, accuracy of operation of the system uider
consigsration is attained by scanning the anguiar amplitude of the gyro-
theodolite sensitive element oscillation over the entire winding of the
potentioneter. The output voltage of displacement sensor 7 is fed to in- P

TSI
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Fig. 47. Schene for automatic calculation of a gyro-
theodolite sensitive element oscillation equilibrium

position:
Key: a} kinematic diagram 5) motor

b) oscillations of a sensitive 8) reducing gear

sienment 7) angle sensor
¢} correlation of areas 8) rheocdolite telescope
1] sensitive element 9} integration mechanisa
2} sensitive element mirror 10) reversing point
3) automatic collimator telescope indicator
4) phatoelectric automatic collimator

telescope

tegrating mechanism 9. In view of the fact that the initial setting of
theodolite 8 is approximate, it actually is necessary, in operatisns with
the gyrotheodolite, to calcuiate exactly the error in orientation of theo-
dolite telescope 8; therefore, the slider of potentiometer 7 is set in the
positicn in which its output voltage equals zerc. Thenr, as a result of
inteyrating the voltage from the slider of potentiometer 7, while the gyro-
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scope unit is operating, we will have a certzin voltage value, which is
proportional *to the angular divergence between the 4B oscillation equilib-
rium position and the direction of the optical axis of theodolite telescope
8, that is, we will have a voltage proportional to the desired angle of
divergence.

The dotted line shown in Fig. 47 b is a regular sinusoid, and the
sclid, a curve cbtained from the results of readings with the instrument.
If the gyrotheodolite is set up in some direction 0Z; which does not coincide
with the Girection of a true medidian, but is close to it °'nd, with the
gyroscope motor cut in, only three reversing point reading. are taken, the
angle to which it is necessary to shift the goniometrical part of previously
oriented theodolite 8 can be determined (for simplicity of discussion, we
shall conditionally take the instrumental correction A=0).

Direction OZ will coincide with the direction of the true meridian only
in the event that area LN§ is equal to the Sum of areas AKL and NCQ (the
areas necessary for ccmparison are determined by integration from readings
of the three reversing points A, B, and C). If the equality indicated is
not observed, CZ does not coincide with the direction of the true meridian.
As long as point O is unchanged (this is the pcint where the instrument is
standing), the difference among these areas:

Stxn — (Sake 4 Saca)

depends simply on the deviation angle of the directions under consideration.
This comparison of areas does not require special proof during undamped
sinuscidal oscillations. However, it is easy to show that such a comparison
of areas can be made during damped oscillations. The following argument is
conducted tcward such 2 conclusion.

Although the decreasec in amplitude of oscillations during damping takes
place uccording to the exponential law, the damping taking place in one
period may confidentliy be taken as linear, In such a case, the difference
between the area bounded by the undamped sinusoid and the areas bounded by
the damped curve has & linear dependence (Fig, 47 c¢), where T is the period
of oscillation of the sensitive element, h=kT=f sT -- see (77).

Let us prove that, if S3+54+S5=5,+Sz, the damping of oscillations does
not affzct the difference in areas sugject to comparison.

From Fig. 47 c , it follows that:

5 = JT2 . kT2
i 5 = -

e




o 8 6

Substituting the vslues found for the areas, we cbtain,

W2 ATR TR ATD . kT2
= ®

32 -+ 32 ¢ 16 3]

or -

which was required to be proven.

In order for the integrator output current obtzined to be proportional
to the unknown angular correction, the switching on and switching off of
the integrator must be accomplished 2zt perfectly defined instants of time.
Such instants are the revercing points; for example, the instant of switch-
ing on is point A, and the instant of switching off is point C (see Fig.

47 b).

Determination of the moments for turning the integrator on and off,
that is, its control, is accomplished by mechanism 10 {see Fig. 47 a),
which may be an electrical or a mechanical configuration. There will be
a commen tachogenerator in the electrical configuration of this mechanism,
which will give a zero voltage value at the reversing point instant. The
mechanical type is a small-moment, fricticn clutch with a moving electrical
contact, which gives an electrical signal to integrator 9 at the instant
motor 5 stops, which corresponds to the reversing point.

The mechanism under discussion for automatic calculation of the gyvo-
theodclite sensitive element equilibrium position permits automation of the
measurement process for finding the direction of a geographical meridiun
using a gyrotheodolite. The accuracy of the calculating operation is im-
proved here. Thus, photoelectric telescopz 4 has a measurement error or
the order of 1-2 angular seconds, at the same time as the visual :sethod
gives an error of 4-6 angular seconds. Determinztion of the instant of
arrival of a gyrotheodolite at th' reversing peint in the mechanism under
discussion is carried out with an accuracy of 0.7-1 angular seconds, while
in the visual method it is several seconds. Use of such a mechanism is
particularly advisable for gyrothecdolites with a small period of occillation,
in which it is difficult to insure the vequired accuracy of reading the
reversing pvint by visual methods.

Some of the methods cited ahove for determination of the sensitive
eiemeént oscillation equilibrium pesitionway also be automated. Im this
regard, the simplest solutions to the problem may be found in methods of
automation which use time as 2 measurement parameter, using a time-impulse
reading method,
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In finding the 2quilibrium position ==u setting it on the limb of
the theodolite, it is necessary that this result be transmitted for further
processing.

In this case, the best solution may be to provide coding systams, the
use of which makes it advisable for all calculations to be carried ou: by
a digital computer, into which the constant correction for a given location
of gyrotheodolite can be introduced beforehand. The result obtained from
the calculator is a value of the angle to which the telescope must be
shifted in order for the angular measuraments on the terrain to be the
directional angles. If the cornection between the gyrotheodolite and the
digital computer is not broken off, the latter can check the observers'
measurement operations and then print out all angles sighted in cipher
form. The computer in inertial surveying equipment [S8] solves such a
volume of calculations in an exemplary manner.
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APPENDIX I

ting Plate Data for the Gi-B2 Gyrotheodolite
Technical characteristics

A. Gyrotheodolite

Telescope
1. Objective free aperture 45 mm
2. Exit pupil diameter 1.5 mm
3. Magnification uf the telescope 30 x
4. Field of view 1412
5. Resolution 3.5"
6. Distance measuring coefficient 100
7. Focal length 240 mm
8. Near focusing limit 2 mm
Limbs Boriz Vert.
1. Scale diameter 132 mm 68 mm
2. Value of a division 20 20°
3. Reading microscope magnification 27 x 42 x
4. Value of a micrometer division 1" 1
5. Micrometer "Ren" i 1"
6. Mean square error of a division on
the horizontal limb 1"
A Levels
f, 1. Value of a division on the 16"

3 horizontal rirg level
= 2. Dimensions of the

e horizontal ring level @ 12 x 52 mm
3. Value of a divisicn on the
vertical ring level 20"
4. Dimensions of the
vertical ring level 95 12 x 52 mm

Gyrotheodolite electrical illumination

N
y
3

1. Automatic collimator illumination

Lamp type designation 2674
E Lamp voltage 12 v
Lamp power 3 watts

PRI
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2. Limb illumination
Lamp type designation
Lamp voltage
Lamp power
3. Tracking system illumination
Lamp type designation
Lamp voltage
Lamp power

Optical plumbline with circular compass

1. Optical plumbline depth of field

2. Optical plumbline telescope magnificaticn
3. Telescope field of view

4. Accuracy of centering above a point

5. Value of a circular ccmpass division

6. Precision of compass return

7. Value of a circular ievel division

8. Dimensions of circular level

9. Value of a cylindrical level division

10. Dimensions of ¢ylindrical level

Electrified iliuminated marker

1. Mean sighting error (with Gi-B2 telescope)
By day, from 3 m to 3000 m
By night, from 3 m to 6C00 m

2. Lamp type designation
Lamp voltage
Lamp power

3. Greatest eccentricity of the illuminated
marker relative to the theodolite vertical
axis

4. Height of the mark above the thendolite
horizontal axis

5. Illuminated marker weight

Semi-~conductor <7riode transformer

1. Power supply voltage
2. Power requirements (exciuding thermostat
and illumination)
When starting (2 min)
In operation
When stopping (over 1.8 min)

-129-

7563
12 v
3 watts

7563
12 v
3 watts

from0.Smto =
4,25 x
6°20
1 om
10
6'
6'/2 mm
i5x 6 mn
1.5 mm
10 x 44

*2"
21 .8"
7575
12 v
S watts

0.2 mm

300 mm
0.25 kg

12vily

60 watts
13 watts
6 watts
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3. Power output

When starting 25 watts
During operation 8 watts
4. Operating voltage output 3 x 30.5 v 20.12 v/30 min
5. Operating frequency 416 h7 * 3.2 x 10~5hz/°C
6. Efficiency fuctor 65%
7. Installed thermostat power requirement
at surrounding temperature of -40°C 20 v
8. Energy requirement for one measurement 1.2 ampere hrs
(by hand tracking) i
9. Tracking system power requirement 0.2 ampere hrs
10. Transformer electrical illumination
Lamp type designation 7563 2692 6984
Lamp voltage 12v 12v 12v
Lamp power 3 wattsl.2watts 1.2 watts

E. Weight data

1. Gyrotheodolite (less sensitive element) 9.5 kg
2. Sensitive element weight 7 kg
3. Weight of gyrotheodolite together with
case 32.5 kg
4. Reserve sensitive element with case 12.5 kg
S. Accessories in chest 16 kg
6. Tripod we:ght 7.5 kg
7. Tripod together with cover 12.5 kg
8. Three stakes with caps and covers 6 kg
9. Transforker weight 13.5 kg
10. Transformer in case 21 kg
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Gyrothecdolite Accessories and Spare Parts

No. Name Quantity

Gyrotheodolite in case

Instrument No. G00GD

Moisture sbsorbing unit

Covering made of synthetic naterial
Screwdriver

Objective cap

Certificate

Spare gyroscope

Tripod

Cable

each
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Accessories in case

10 Operating instructions 1cy
Diagram of fundamentals
12 Assembly diagram
13 Log book
Upper shelf
14 Optical ccntering device No. 000
15 Electrified illuminated marker
* Middle shelf
17 Thermometer
18 Screwdriver
19 Brush
20 Wrench 12/9
Storage battery cleaning appliance
Rukber iens hood for automatic collinator
Spare compass needles
24 Blade case
25 Elades
26 Pins
2? Ocular prisxs
28 Spare light bulbs
. 29 Flannel
30 Plumb with cord
. 31 Lubricator
. . 32 Pocket flashlight
33 Hammer with cord
34 Rubber lens hood for syepiece
35 Automatic collimator illuminator housing
36 Sclar lens hood
37 Daytime illuminating device

e p o e P L e
ol
Pt

o
o
3]

R R HREE
ot
[+ )

: ;ﬂ!ﬂ‘mmw-mﬂ; R Rk R
(SN S
2 B M

»n
b P b pud Pk P ek b ot O NI N O DD U bt et s St DY Ped ped Pk i
=




. K] . " m
AR A s o e B ey ol e B N
R TR et e s

bt

38 Rubber brake membrane

39 “Yweezers

40 Flat broaching file

41 General purpose pincers

42 Screws

43 Elastic

44 Illuminated marker lightbulbs
45 Lower shelf

46 Carriage

47 Plumb device

48 Transformer in case

49 Transformer

50 Storage battery clamps on cable
51 Transformer lamps

52 0.7a fuse

53 5a fuse

Results of Laboratory and Field Trials
Conducted by the Manufacturing Plant

1. Theodolite part constant (41) and its changes

No. 000 000 Date Time Magnitude of
(change) 8 4
Change in 4 ; due to shaking 11/18 } 10 hr 00 min o
Change in 4 ; due to refrigerating
to -30°C 11/18 {14 hr 00 min +3"
Magnitude of 4 ; after an operational
sequence consisting of 9 operations 11727 116 hr 00 min] 90°05'S2"

2. Sensitive element constant (4 ;) and its changes

No. 000 00C Date Time Magnitude of
(change) 4 ;
Change in 4 7 due to shaking in two
operational sequences consisting
of 6 operations each 11718 {10 hr 00 min o
Change in 4 z due to refrigerating
te -30°C in aperational sequences
consisting of 6 and 9 operations 11/1% {14 hr 00 min 12
Magnitude of 4, in an operational )
sequence consisting of 9 opcrations 11/27 {13 hr 00 min {359°59'12"
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3. Gyrotheodolite constant A = 81+ 45, its changes and mean square error
in its determination

No. 000 000 7Tﬁagnitude Mean square error A
(change) Before test After test

Change in & due to shaking in 2
operational sequences consisting
of 6 measurements each o M %0.0"

Change in A due to refrigerating to
-30°C in operational sequences

consisting of 6 and 9 operations !  +2" 4" £5.4"
Magnitude of 4 in an operational
sequence consisting of 9 operations 89°56'04" £5.4"

4. Test of 2ero point slippage (test of free oscillations in the course of
30 min).

No. 000 000 Slippage Magnitude of slippage
(in scale units)

+ 0.4

5. Gyroscope motor heating test (slippage of average values of oscillationms,
axcited by the motor in the course of 2 hrs)

No. 000 0060 Slippage Magnitude of slippage

* 4.9

6. Errors in angle measurement with the theodolite part

Magnitude of greatest deviation from the mark Mean square error

+1, m -1.0m +1.7"

Automatic Tracking System Characteristics

1. Tracking error in the case of an optimal magnitude of amplification:

At -40°C and amplitude of oscillations #30°,not exceeding +30",

At -20°C and amplitude of oscillations +10°, not exceeding 15",

. Reproduction error in automatic tracking system, 10".

3. Sensitivity of photoresistance at t°C+20°C. (
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Resistance under illumins-
tion at 200 lux

Resistance in the dark I
|
10 megohm ! 15 kg onl

Left 10 megohm 14 kg onl

FUI
Ry

4, Change in the output voltage depending on the angle turned by the
sensitivs element

— ——

] -3'go" -1v30" 0100 J130v +3'00"

*

T

1 40 v 2.7 v 0v 0v 0 v

Us-14

1 [Terms not known.}

Certificate for Gi-B2 Gyrotheodoliite

Theodolite
Theodolite number .......................No. 000 000
Thecdolite correction constant........8;=90°05'52"
Gyroscope assembly
Sensitive element number .............., No. 000 000
Sensitive element correction

CONSEANL tevevscvccrransannnanaanaaes 852359°50112
Gyrotheodolite correction

constant (Fig. 48)cccvceccnvonaaanos, B 2814822900552

359°50112"=4 =85°56'04"

Free oscillation period ....... eeeesees T=1 min 18 sec

—_ 7 T
v k4
’[ 7 "‘—0 !
] -—— [}
{1 2 . ;
' -.‘:/- Y .'( t P~
VLT N
1, < N v H
U \
/, s TN \
j"' o — ———.—‘? [
Vd - - I

Fig. 48 Diagram representing the instrumental correction of a gyrotheodolite
Key: a) north b) gyroscope moment vector
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Coefficient "C" {in angular sec)

(always negative)

. &. . b) flonnoq canfusutix xozed auit {€rK)
o) £33 .
-3 s a -
&gg 4 €3 6 6?7 {a ‘ o) u 7 72 ‘ Q9 "
300 | 5,95] 6,771 5,601 5.3 5.27‘ 3.121 4.08] 4.81] 4,701 458} 445 . :
% | 6o 610! 5.62] 5.7 5.3 5,411 §,26) 5111 4.4 4,851 47!
| 6] o] 6] aoa] s 5700 5,637 5,474 5.2 <47l 5,00
a5 | 7.9 7.07] 6,88 6,65 r.,u;‘ Goorl 6o} 3921 5,761 ¢ O 4.
5 son! 77s] 7051 T.a2] 7.1 6.0y Gaol 6,521 6.3 6,171 6,40
55 | 8.90] 8,71 8.5 8,20 7.9:'.‘ 7'73] 7.51] 7.301 7,10| 6.1l 6,72
60 110°31110000] 9i70f wiat) 913l s.87| 8,621 X33} 8,13 7.93] 7.71
6 1272011 s3] a7} 1130t 10,50116,20] 9,911 9.6 9,3%1 9.1
7 15.07 114,61} 14,37 13,751 13 ¢ 12,97 12,60”‘.!.‘.3-’)‘1!.91 11,511,008
Key: a) Geographic latitude
b) Period of free oscillations (sec)
-:‘- - " b) Hepiton eretolanis rosehamnd (e0a)
a) 3z
sEr| W ‘ wluols]o]s l sm | 2] o] ong o
| -1 H H
ano | 4,311 4.22; 5,01 .01, 3,91 J.S:!-’S,??\sm .54 3.-:-?}3.-‘.5
25 | oaes] el s ot ans ] s 03,03 33 A6 AT
T R I N R RS HE N 1 RS rat bbb pan eass g
R Y Nt HE R R R R E KRR R R LS T 4230 5
A I B R N KR X S RN T R R RO TN |
o lu.&\;i o) 6ol G5 Ay 5,95 1 3,611 5,48 IR IRKR IR Y
o L Tot. 7,000 7,120 6,81 65T b.\',(!lﬁ,-!l’b.‘ls 5,13 ] 5,80 ¢ 3,5
65 1 8ol o] 8.43] 8217301781 T6207,48,7. 708§ 6,92 :
70 |10,95]10:59[10.41{ 10,13} 9,89 | 9,65 | 9,31 | 9,13 8,96 | §,75 ¢ 8.5%

Key: [same as above]
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APPENDIX 2
Table of Gyrotheodolites

Explanation of the table:

1. Instrument , code number of which is enclosed in a rectangular frame,
has explosion-proof configuration.

2. Characteristics denoted by an astsrisk symbol (*) are of an orienting
nature.

3. The accuracy indiceted in the table corresponds tc the certificate data
(factual sccuracy, obtained in several investigations and published,
may be a little higher).

Pendulum gyrotheodolites with supporting liquids

v
Technical charscteristics M3 MWV2B | MW | MYPa | YWt
Dzte of manufacture 1951 | 198 1954 | 1959
o T F) 3 3) 2)
Country )CCCP $Pr | ¢PI" | CCCP ml‘
Accuracy (angular sec) 60 6 %0 10
Period of oscillations T
(8 > 60°) (min) SO 30
Weight data on complete sets 500 | G40 250
L ¢ ) -
Form of sensitive element Gyroscopic sphere
Method of centering . Electromagl_\etic
Dimensions of the torsion :
element {mm)
) Kinetic moment (g-cm sec)-103 155 115 20 .
Electric current supply B Through liquids
Footnotes !

[P ——————
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[Continuation of table from previous page]
Yy |5 ; !
[asn] | [woa]j s AT e B
e ( P —
106 | 1057 | 1055 | 19%9 06 | 108 : 106 1 12 L
) P EY) 3) DN E Y T AR
3)‘1'!’5‘ CCCr] ccacpy cCCp CCCPi ccapl @pr : phr \ )'. or
!
i i
% 13 50 60 3 3 ST I B N
i .
: i i !
30 | 14 18 2 RS u 14 P
, i
! !
L 55 165 65 L} 55 175 77 i W pw (
Cylinder Cylinder
On a pivot M a8 torsion element
i o o
(L A
Lo
- : . Y
i |
e 4 4 1,0 24 ' i 3.7
(] i
Through
|
| 2 | | '
b |
soes 1) MUG-3
2) USSR
3) Federal Republic of Germany
) MG
S) AS
1 The optical telescope is common to observation of ¢the Y3 and tervain %
2 featyres.
A pneumatic gyroscope motor is used for explosion proving.
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Pendulum gyrotheodolites with torsion suspension in air

]
Technical characteristics KT LHRS arort | | w4 |
Date of manufacture 1959 | 190 1563 1963
T T ' ) 3 D )
Country $Pr | CUIA- pHp ccee
e )T
Accuracy (&ngular sec) 2 10 % 1 -
Period of oscillation - s .
(min) (at s latitude 60°) 9 1.5 1
Weight data for complete set £t to* 6f st
k). L . . - S
0,62¢* | 062+ 0,31
Dimensions of torsion 0,032 5,03+ 0,05
element (mm) 150 150 150
Kinetic moment (g-cm sec) *103 3.7 2 4.3 10, 8
Type of system for tracking twisting of - s)lncxa- - N wore-
tvisting of the torsion ° ngceRan aneKTp-
elemnt ICCRAR
Weight of oscillating system | .. -
(kg) 1,5 1,8 1.25
Electric power supprl 100 8 =|v Na:zv
P uprLy 400 2y ulhz 416 2y=m2
80 a1l olanitiacsp
Number of revolutions (rpm)-103 A A %
T e mT o o T T )
Electric current feed Jeuronuge
e e e e e . A o - cnupadenu
Foctnotes .

1 In determining the equilibrium position by the "passing" method,(while the
alidade is fixed), the period of oscillations is 2.5-3.5 min; there is
a mechanism for ascertaining the amplitude of oscillations of the Y5 by the

, iquid short tiwme damping method.

“ “he measurement is accomplished with two rotor positions and, therefore, does
not require introduction of the instrumental correction.

3 Manufactured by Fennel Co. for military purposes (Klaingerdt) [43].

4 12 min--totsl time of measurement.
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[Continuation of table from previous page]
| R
MRKA KT-1A NER2 annr b ORTT Ll d.,
. . etls
! i : ;
i !
M ]
1053 154 1555 12 1w !
D) b 4, p }
rar P e (P e 1P osee [ Peer 1P
—_ - ; | :
2 % I % ! ; o
8 6 65 | a3 } 12
¥ H
70 70 062 l 1o o
0,5* 0.52 0.5 0.} ‘
0.05~ 0. 0.05 003
110 150 im o :
: i
1.7 3.7 2 4,3 :
‘ 1
[3) ! ‘e
- - - WaTaraex- A
TrHMadion e
! | : '
Attt | i
0.8 1,56 1,19 1.5
3 36 asv Iezv by
£ 400 aphe ) :x;sul o
: |
£ !
% "3 21 2 2;
§ i) 1) n 0)
2 Prymsie | Jleweosuae | Pryvue | Jcurounnice !
— . (R TR
T 1 i 2 1 3 ! 4

. Key: 1) developed by GIMRADA 7) electromechanical

Z) Federsl Republic of Germany 8) photoelectric
3) USA 9) electrical damping until oscil-
4) Hungarian People's Republic lations are quieted down
§) USSR 10) spiral ridbbon
» 6) German Democratic Repubiic 11) mercury 12) ribbon
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Gyroscopic attachments (to a theodolyte) with torsion suspension of the 43

Technical characteristics T2 | ha ] GAK:1 | onct QLD | TR-4
Date of manufacture 1961 1963 1963 | 1965 1965 1955
T TooTrmeTm e D 0 £ k) 3) D
Country Dpr WPy Weeii, | BlIIP BUHP | &P
e mem o ——— — N i

Accuracy (angular sec) o0 0 25 30 60 30
Period of oscillation at

latitude ¢~60° (min) 6 8 8 _7 6 8
Weight of gyroscope attachment 2 1.8
Dimensions of torsion element 8‘30 8‘35 8'4-

(2m) R ‘
Kinetic moment (g-cm-sec) .103 2 2 1,2
Jscillation damping ] ;)

- Bosayumoe
Number of revolutions of .

the rotor (rpm)-163 o 24 22

Electrid?o;vef'sdp‘iﬁy’ T T Y v v v
115a 115 8 3s s
399,99 :u 400 iﬁi 410 2 | 300 i“

— - 3 L.} t N
Weight of oscillating system

(kg) 0,35 0455
Electric power suppl: o 15

po UPPLY ).a'lcmo'muc
cnupaanitie
. . . . .
Footnotes | 1 3 1

There is a mechanical braking system for establishingsmall amplitudes of
oscillation of the 43,
3 A double image prism is used in the optical telescope.

The time for complete measurement is shown instead of the pzriod of oscilla-
tion; Y3 oscillation is quickly damped and the gyroscope spin axis is
brought to the rest position.

Gyrcscope zssembly is Jocated under the theodolite (gyrosccpe attachment).
Cylindrical Y3 in a supporting liquid, centered on a pivot.
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[Continuation of table from previous page ]

! Glealit ' l
GiHC2 | GND2 0 TS | OARKS D Gieolit 1 NSK @ TRW ;* Wy e
: i b i j VT2 mvsh 3
; ! ' [ o
1560 1966 { 1960 L 175G~ 1000 ! 1'.*',1“ LigaT ' AN )
H : ! H
3) ) D) ST Ty )
BHP L BHP | Pr Uiteein, &P 5 GPr o Dean : 20 1 R COGi
——t e - —— H !
1 i 1 i 1
20 | o F o} | s el g Pas oo
! | . i
. . i .
7 6 8 li) 15 !9 i [} i 11
. ‘ !
[ ' b
l 3.8 | 4ed
0.1 | 0. 0,4 | | -
0,02 | 0,02 0,02 ' g :
! ! e
— - : .'—
43 2 IR SR
; i
7 K $) ) ! . i
).\. swos IMame- Coetie | : 1
1 LCENTIAIE DR YCHNE B TTTCt B | ' i
i ceTe i H t
- ; ! .
3 f {
2 ' }
| gl |
v v v! \ -
el dte 195 n | i
1410 21| 300 2n Cens o |
i m hy oy i
1 l___
0.51) ;
]
)nc:u-'--uu-zc )
chipaatine !_
2 ! 2 3 ER

Fed. Rep. of Germany

Switzerland

Hungarian People's Republic

Belgium
USSR

3 at

7) liquid
8) magnetic

9) with tracking system
10} spiral ribbon
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Two-degrees-of-freedom gyrotheodolites and other instruments, for determmmg

—the direction of a meridian B D, 39
30630 .? « g R
. s Abl 2 3 IR
Technical characteristics WL ELE l 2g |
> 0 =g
Date of manufacture 1058 1960 |1962* {1963 ] 1039

%) H (»H |9 |P

Ccuntry
ClIA  (CIMAJCHIA JCIUA} Ancannt

e - . PR

Accuracy (angular sec)
120 G0 e} 10 15

Time for one measurement

(min) 30 20 10 0

S

Weight data (kg)
30 70 55 | 95

T 14) 15)
Craannoit . Ccen m3
] N I ] KOpyiLt
Support Characteristics ca:“;’"pom“ . ’cgn‘p.v
aounnnu p'mu\x
naxunan,
Kinetic moment (g-cm sec)-103
f)
bamping - A w
Aiaxo-

TUGL

Footnotes

1 Referencas to literature in the book are given in square brackets; numerical
values for the instruments are calculated.
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[Continuation of table from previous page]
9 ] ' 5) 'e) {7)
R RAT Lipae | 1 L
JUTHO g ) B ean cuire K3 !
; ! :
160+ | 1065 | 165 boen e
70) "‘;'i,) Vig (™ v |» ;':z.) 12)
! €Coos L CCCP CCCP § fkame i Cln cig: ¢ w2l Iy
’ i3
120 X0 15 15 2
X 15 ‘ ] 8 7
i - )
) ) %) ) ‘19), .
Boaayum-y Topenoiie | Topeat- | Tupenos Teluel ™ v’
e ity [EIREHE Wi
SeRiep by ;
T i i
BEPTH. Lo §
R2AL0 TRETERY |
' |
!
110 4 E + i
20)
Auarectioe
N
. s
"Eybl" 9) England 15) corundum axis on
"Orientor" 10) USSR sapphire bearing
small gyroscope 11) Italy 16) air
LITMO 12) Fed. Rep, of 17) vertical torsion
Vibrogiro Germany vector A
KD 13) Gyroscope model 18) torsion suspension
TKD 14) steel core on 19) accuracy, 30"
USA sapphire bearing 20) 1liquid

21) device for measuring magnetic declination
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