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PREFACE

The fulfillment of the goals set by the Communist Party of the Soviet Union for
the Soviet Instrument Builders requires further development of the technology of in-

strument building and specifically of the technology of assembly, regulation and in-

spection of instruments.

The most laborious and complicated processes in the production of modern instru-
)

ments are assembly and regulation or control. Assembly and testing-control operations,
according to the data of a number of instrument-building plants, represent more than
50 to 60% of the total labor in the production of the instruments. There are many

different assembly operations in instrument building, which is explained by the vari-

ety of operatirg principles employed in modern instruments. Often one instrument in-

corporates mechanical, electrical, pneumatic, and other elements. Many subassemblies
of the instruments must be selected so as to satisfy the requirements of interchange-
ability not only with respect to geometric parameters, but also with respect to a
number of physical characteristics. The requirement of jinterchangeability of sub-

assemblies with respect to elastic, magnetic, electrical, and other characteristics

»

could be mentioned as an example.

At present, the demands on the technoiogy of production of instruments are con-
siderably increasede The technological processes of assembly, regulation, and cantrol
of the instruments should yield a high degree of accuracy and reliability of opera-
tion under djfficult operating conditions; at the same time, these processes should

in many cases be planned and designed for large series production, assembly and in-
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spection of instruments for continuous flow, on assembly lines,

One of the main directions of work of the scientific-research work of the chair
of "Technology of Aircraft Tnstrument laking" at the Hoscow Aviation Technology In-
stitute ( MATI ) is the study of questions of accuracy and production capacity of
assembly and control processes in instrument making.

A number of investigations performed by members of the seientific staff of the
institute in the foremost instrument plants was reported during the conference on
the technology of instrument assembly, organized by the chair of Technology of Air-
craft Instrument Making of MATI in 1954, in collaboration with representatives of
industry and of loscow Institutes.

During the conference it was resolved to publish the most pertinent reports and
investigations about the assembly of instruments. That resolution is in some measure
being fulfilled by the release of this collection.

Included in the articles of the collection are the results of investigations,
theoretical relationships, announcements, classifications, descriptions of original
designs, and other material which could be useful to engineering-technical and sci-
entific employees of plants and Institutes.

The Chair will be obliged to all readers who will submit to the Institute their
remarks and wishes regarding the articles in this collection.

V. P. GHUMAKOV
candidate in technical science,

Lecturer

Head, Chair of Technology of Airecraft

Instrument Making

i
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i
PROBLEMS OF ACCURACY OF ?ECHNOLOGICAL PROCESSES

|
IN THE WINDING OF ELECTRIC SUBASSEMBLIES
by

V. P. Chumakov, Cand.'Tech. Sci., Docent

i
i

Many modern instruments and automati% devices are based on electric or electro-
mechanical principles of operation. Windings of various types find numerous applica-
tions in instrument making.

Subassemblies of current-carrying coils of wires are called windingse Windings
are used in coils, potentiometers, rotors, stators, and other electric cubassem-
bliese

Almost all instrument—making plants concern themselves in one way or another
with the production of windings. The technology of production of windings has its
own peculiarities and is only little explored. The winding process itself is the
most important and most difficult one in the production of windings. The quality of
the windings produced, and consequently the quality of the instruments, depends on
the proper processing practices in winding operationse

The quality of the windings is characterized by the ohmic resistance, the cor-
rectness of the geometric shape and dimensions, high insulation strength and resis—
tance, and the nunber and arrangement of the coils. For certain windings, the fol-
lowing may be required: a predetermined magnetic flux, 2 certain space factor in the
slots, rate of change of ohmic resistance, and other pérameters.

The requirements for accuracy of the ohmic resistance of the windings vary; for
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“the deviation of the ohmic. resistance may in general be” 5—="10%; and"in7"""

“~|specific cases not more than 3 - 1%; there are potentiometer applications with non-

- ‘;linearities of not more than 1 - 0.5% and leven of Oel - 0.01%.

The technological process™of winding ishould. be so planned and carried out in
actual production as to guarantee that theE necessary quality of the entire series of
'windings is obtained with minimum losses n'.n time and resourceSe

With any technological process of wiri‘ding it is practically impossible to ob-
tain truly accurate parameters of the windings. Because of detectable errors or de-
viations of dimensicns and of electrical properties of the wire and tension forces
during winding, the parameter obtained is in all cases larger or smaller than that
given. Even under uniform conditions during the winding of two or more subassemb-
1lies deviations of dimensions and of electric characteristics of the windings are
unavoidable. To obtain completely uniform characteristics of windings consistently
is practically impossible.

Deviations in the technological process used from ideal conditions of manufac-—
ture of windings, under which the windings in the best case correspond to their
nominal values, cause €rrors in the windingse.

The direct basic reasons causing the appearance of errors in winding are con-
gsidered in this article. The possibility of establishing a quantitative relationship
between the production error and its cause is shown for several caseSe.

As a preliminary step we will briefly review the characteristics of systematic
and random errors occurring in the manufacture of windingse.

An error which, within the limits of the problem under consideration, remains
constant or changes according to a law is called systematic. If, for example, the
counter for the turns being wound, which transmits a stop signal to the machine
after the winding of a given number of turns, has an instrument error of one revo-
lution in 200, and if this error is not taken into account in setting up the

machine, then all windings with a number of turns larger than 200 will be wound on
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the machine with not less than one excessive coil.

An error which, within the 1imits of the problem under consideration,has dif-
ferent values (Bibl. 1) so that the time of its appearance and its exact value for
each subassembly in the 1ot cannot previously be determined, is called a random er-
ror. Random errors are caused by the influence of factors whose regularity cannot be
previously determined or by the influence of a large number of errors, which, even

though subject to laws, enter into and disappear from the process abt randone

DY
I N

. IK ALA A y
I B

Figel — Two Schemabic Representations of Probable Correct Arrange-

ment of Tui'ns in a Winding

It would appear that the turns of wire in the winding are distributed correctly
and evenly (Fig.l). Actually the turns arrange themselves with various, hardly de-

tectable, deviations {rom the correct arrangement .

As showm in Fige. 2 the turns (L) and (2) of the second layer are located be-
tween the turns of the first layer, while the turns (3) and (4) are lying on top of'
the turns of the first layer. This could occur as bthe result of random factors:
nonuniformity of the wire diameter, deformation of the yire, varying wire tension
during the winding process, and other factors. The turns (3) and (4) are located
higher than the turns (1) and (2) by the value Ar, and their perimeters are differ-
ent. The turn (5) extends slightly above the plane of the second layer of coils;
this may have been due to an elastic deflection of the wire, to insufficient tension

in winding, to adherence of dust particles to the lacquer insulation of the wire,

and to other reasons, For the same reasons, and possibly due to a deviation of the
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diameter and oﬁlthe S;;ég séction of the wire or nonuniformity of the layer of the

insulation, the tdvn (7) protrudes from the first layer of turns, entraining the
turns (6) and (8) with which it is in contact. The coil (9) is raised since the gap

between the preceding turns and the end of the body is too narrowe.

9 8 765
2-a)

:\\\ ' ,;\bi \\\\
1

Fige2 - Schematic Presentation of Possible Arrangement of
Turns in a Winding

a) First layer; b) Second layer

There can be an infinite number of combinations of various arrangements and de-
viations of turns. Deformations of the cable and insulation are of great influence;
of importance are also the angle of incidence of the lay of the turns, frictional
forces between the turns and also frictional forces between the turns and the body,
and other factors.

The transition to the second layer of turns during winding causes a change in
the direction of lay of the turns and an increase in the length of the turn (Fige3)e

A change in the arrangement and in the density of lay of the turns is reflected
in the overall size of the winding, the length of the wire, the ohmic resistance,
and in other electric characteristics of the windings. Below, a typical example will
be given for demonstrating the influence of nonuniformity of the lay on single-
iayer windings with a definite pitch.

The wiper of the potentiometer (Fig.k), after traveling past the first turn

~
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| _iinmediately contacts turn (4), bypassing turns (2) and (3). This causes an error in
?the change of the ohmic resistance.

The position of the turns and their éensity of lay depends mainly on the method

of winding. It wae found that the density of lay of the turns in the slots of rotor

windings of small electric nachines is slightly higher
if wound on winding machines with wire stays than on
winding machines without wire stay although the dif-

ference is insignificant. Rotors wound by hand usually

result in the highest density of lay of the turns.

LJ . .
Therefore, due to various reasons influencing the

Fig.3 - Position of the Ex- quality of the windings during the process of winding,
treme Turn at the Point of the windings obtained are not exactly uniform in terﬁ;
Transition to the Next Layer of resistance, geometric gﬁnmnsions, nonlinearity, and
of Turns other characteristics.

e Random errors occurring in different windings of

» p .
a series being produced depend on-the winding prgcess and the combination of struc-
%

tural features of the windings; the method selécted and the operating conditions
during winding; nonuniformity of the diameter and of the mechanical properties of
the wire; the quality of the insulation; and many other factorse
Direct basic reasons causing errors in the manufacture of windings are sub-
divided into two groups:
Group I — Errors caused by the winding materials;
Group II - Errors inherent in the winding processe.
Of the causes of Group I, the following have a great influence on the accuracy
of manufacture of windings:
1. Nonuniformity of diameter and of physical properties of the wire
used in windings;

2, Low quality of the wire insulation;

] . . 9
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B 3.‘Inaccdiééiéé“&GE’EBWﬁéhﬁfihﬁﬁfé1of the bodies.
!

Reasons for errors caused by the winding process are:
1. Tnaccuracies in the kinematic séheme adopted for obtaining the windings.
2, Geometric inaccuracy of equipment and apparatuse
3, Deformations of the wire, body, and machine partse
Le Measurement inaccuracies during the winding processs

5e Tnaccuracies in the construction of the winding machine.

ERRORS CAUSED BY THE WINDING MATERTALS

1. Nonuniformiby of Diameter and Physical Properties of the Vire.

The experience of the winding departmenbs of instrument—making plants shovs

that one of the basic conditions for obtaining windings which fully satisfy techni-
cal requirements and drawings in series
production, is accuracy of dimensions
and high quality of thre wire. This is
confirmed on bthe example for determin—
ing the influence of the variation in
the paraneters of the wire on its obmic

resistance

NI s
SIS
KRR RIS

__det
4.1 — Touching of Turns of the "inding R=—:,

on Displacement of the Potenti-
where R is the ohmic resistance;
omeber \iper
d is the wire diameter;
a) ‘per; b) Wire; ¢) mody
o is the resistivity;

! is the length of the wire.

DeC|aSSI |ed N a t' tZ C P PP {a - 2 3 = - -
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For purposes of caleulating the absolute error AR of tle olmic resistance ue
disregard srall aquantities of hirher orders; setting the increment AR equal to &

differential function of 7, we obtain

(2)

The valuc of the relative error for the ohmic resistance of the wire 1is equal

2| <2l ]
()

a) A considerable influence on the relative crror of olmic resistance of the
vire is ererted by nonuniformity of its diameter. This is of especially rreat im-
portance in the case of Hhin and very thin wire.

The relative error of tle ohmic resistance due only to nonuniformity of the

wire diameter is equal to
MR

R

_2
d

(k)

Bquation (4) indicates that the relative error of the ohmic resistance for

each rated wire dimension is different for the same absolute deviation of the di-

anetere.

For copper wire of 4 = 0.1 ¥ 0.005 nm (according to GOST - Soviet State Stan-

dard - 2112-10)

MR _ 2005 _ o4
R - 0,1 e

Diameter variations of the wire within the 1imits of tolerance permitted by
GOST may cause 2 chan~e in the ohmic resistance of & 1073, i. e., sienilicantly more
than tre tolerance permitted for the overall ohmic resistance of many windings.

Equation (4) is based on & substitution of the differential dR for the incre-
ment AR, and the error caused by this is of practical significance in calculabing

AP
—_ for thin and very thin wire. liore accurate results are given by a formula

R

wire of a diameter up to 0.02 nm is referred to as very thin or microwire.
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¢

whose use requires in every case that the direction of the diameter deviation from

the rated value is taken into account; in the case of a positive deviation, the

in case of a negative deviation,

quantity Ad has to be taken with a plus sign and,

with o minus signe
Ad

AR
R Ad
I+2 - (5)

In some cases, it is more convenient to use equation (5) in the arrangement

MR 2Md

R d+2Md :
(5a)

For wires of a diameter of 0.05 t 0.003 mm, the relative error of the ohmic

resistance computed according to equation (4) equals + 12%, and according to equa=

tion (5) is - 10.7 to +13.67.

Accurate calculations yield, correspondingly, values of =11 and * 13.77

For accurabte calculations, equation (4) should not be used. In severzcl litera-

sources (Ribl.2), this is not taken into aczount.

According to GOST 2112-4, the permissible deviation of the diameter of copper

is:
0,09 mm . . .« - - 0,003 mm;

(),1—0,‘25 mm . o+ . 0.005 mm
0,26—0,69 mm . . . 0,01 mm.

for diameters upTo
» » »

» ”

The relative error of the olmic resistance, caused by these deviations is

shown on the graph (Fige5).

The considerable marnitude of error cause.l by deviations of the wire diameter

sndicates tlabt it is not possible (wit! out making a sample winding and subsequent
p ) q

measurement) to make any auborntic asswunptions as to the ohmic resistance of pre-

cision windings (wit!, small tolerances).

Measurements indicate that the nonuniformity of the diameter of samples taken

from dilferent spocls of wire, received by the plant in one lot, is in many cases

s

De - gne . _ wgs i ‘
classified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/20 : CIA-RDP81-01043R002300210011-7



Declassified in Part - Sanitized C
opy Approved for Release @ 50-Y )
y Al @ 50-Yr 2013/09/20 : CIA-RDP81-01043
: - R002300210011-7

RN
‘e N

i

~Tiess than that S Ehe Timiting values perjivted 5§ COST+ Consequently, the Telative

orror of the ohmic resistance of the wire is also smaller. Nevertheless, the devi-

1a.tions of the ohmic resistance often € exceéd the permissible figurese
. |

Investigations of a large , number of—gamples of thin wire indicate t that the

—*ivariations of the wire diameter among spoLls of the same nominal diameter are sub-
" ject to the laws of normal distribution. The absolute value of deviation limits of
' the wire diameter depends on the type and!dimensions of the wire.

In the winding of multilayer (dense turns, one next to the other) slotted, and
some other types of windings, uniformity 9f the layer of jnsulation and dimensional *
stability of the insulation along the lenLth of the wire are of great importance.

"Usually, the overall size of the wnnding,,nonllnear characteristics of a potenti-
ometer, coefficient of space utilization in the slots, and other parameters, are
. dependent on the nonuniformity of the insulation layers

For wire samples of the same diameter, taken from different spools, the mean-
square deviation of the insulation diameter is usually somewhat larger than the
mean-square deviation of the metal diameters .

Even within the 1imits of a single spool, the wire diameter is not exactly
constant. According to our investigation, the wire diameter changes along its length
1rregularly within the limits of one coil.

b) The resistivity P of wire sam amples taken from different coils of the same
type and diameter is not uniform. Slight variations in resistivity have even been
cbserved within the 1imits of a single coile.

This must be taken into account in the design of windings and in planning the
technological processes of production.

On the other hand, each type of wire has a probable mean value of resistivity
which has to be assumed in calculations and designe Investigations performed by
Graduate Student V. 3. Loktayev showed that the resistivity value most often en-

countered in several types of annealed copper wire of a diameter of 0.15 mm, equals
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3 U, O
..1'0.017 ohm mm 2/m.
o

It will, therefore, be expedient to yse this resistivity value instead of the

'maximum value of 0.0175L ohm mm2/m shown Ein GOST 2112-46, in the calculation and

Coee . | - . !
_ design of windings made of such wire.

| [
I P
I [
| I
] | |
a 2 2
[ [y <

Fige.5 - Relative Error of Ohmic Resistance of Copper Wire as a Function
of Diameter Tolerance Limits

a) Relative error of ohmic resistance; b) Wire diameter; in mm

Otherwise, the actual ohmic resistance of windings made of this given wire will
on the average be 2 to 3% less than that calculated.

Figure 6 shows the curve of resistance deviations of samples of annealed copper
wire PEL of a diameter of 0.07 mm and a length of 1 m, taken from different coils

of a lot. The resistance variations reached t 4.2% of the nominal value.

s of other diameters (from 0.05 to 0.5 mm) indicated that
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the vafiations in resistance of annealed copper wire of a length of 1 m, on differ-
ent coils of the same dismeter are 3 - 8%. The resistance variation of 1 m of cop-
per wire, within the limits of a single coil, did not exceed 3,58, The resistance
change of Nichrome and Constantan alloy wire of diameters up to 0.1 mm.within the
limits of a single spool did not exceed 0.3%.

The sorting of wire according to its resistance is an excellent way of prevent-
ing extra work in connection with a trial
winding operation in the manufacture of
certain precision windings with close over-
'all ohmic resistance tolerances.

c) The reasons for a change in the

1% '{7' 12120 1% 12 1% length of the wire in windings may be as

-4 282107107 214 321428
. R =4,6813 follows:
Elongation due to pulling of the wire

Fig.6 - Distribution Curve of Resis-
during the winding process; varying den-

tance Deviations of Samples of Copper
sity and nonuniformity of lay of the turns;

Wire PEL of a Diameter of 0,07 mm and
inaccurate number of turns; variations in

Length of 1 m, Taken from Different
shape and dimensions of bodies (also in-

Coils of the Lot
: cluding thickness variations in insulating

. spacers); nonuniformity of wire diameter.

The last two reasons cause a change in the perimeter of the coils and the in-

fluencé of these reasons on the ohmic resistance does not lend itself to calcula-

tions. ) .

2. Low Quality of the Wire Insulation

During the production of the windings it is also important to obtain a high
quality insulation of the wire for the coils. The quality of the insulation is

gth and insulation resistance according to GOST - Soviet Govern-'

checked for‘stren
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ment Standard - 2773-51 and checked also for short-circuiting of the coils.

The insulation can be damaged during the production of the wire, as well as dur-
ing the process of winding.

puring the production of wire the following defects in the insulation are pos-—
sible: gaps, i.e., places not covered by enamel, damp enamel which beccmes easily
detached from the metal, uneven enamel with bubbles and various defects, cracks, and
other flaws.

Enameled wire of diameters up to ©.35 mm, is inspected not only for breakdown
strength, but also for detecting damage points. Damage point is the designation for
places in the enamel cover with a lower dielectric strength of the insulation, i.e.,
spots which will not withstand a voltage of 60 V. Even with good eyesight, damage
points cannot be seen, but they can be determined by running the wire through a mer-
cury bath under direct current of a voltage of 60 V. For this purpose, one lead
from the power source is connected to the mercury bath, and the other lead to the
wire being inspected. In the presence of damages of the insulation, a closed elec-
trical circuit is created and a gsignal lamp, connected in series in the circuit,
1lights up. The setup for inspection of the insulation is equipped with a special
counter, which records the number of defects over & length of.1l5 m established by
GOST - Soviet State Standards. The wire being passed through the mercury bath is
wound from one spool onto another.

In practice, it is very difficult to produce wire without a single puncture in
a length of 15 m, and therefore GOST and technical specifications for every type of
wire establish a permissible number of defects. For example, for PEL wire of diam-

. eters of 0.05 - 0.35 mm, the permissible number of damage points for a length of
15 m should not exceed 10.

Cases of damage to the jnsulation during the process of winding are compara-

tively few. The jnsulation in most cases 1is damaged as a result of contact with

fins or protruding parts, and plso due to roughness of parts of the machine through

Declassified in Part - Saniti
- Sanit|
itized Copy Approved for Release @ 50-Yr 2013/09/20 : CIA-RDP81-01
: - -01043R002300210011-7



Declassified in Part - Sanitized C
opy Approved for Release @ 50-Y
[ @ 50-Yr 2013/09/20 : CIA-RDP81-0104
: - 3R002300210011-7

which tho wire passes in winding.

______._S,h‘g_rp__p_qrt,_s of the body and burrs remai.ning on grooves of the stack may also

| tear or scratch the insulation. Aside from this, the insulation may be considerably

“|'deformed in these places, since, as a resylt of Very small radiiof “Gurvature, it is|

\

_| subject to large specific stresses, as inéicated by the equation

(6)

!whero: q is the specific ‘pressure of the\, coil on a unit length of the perimeter of ‘

_! the cross section of the frame, i

{
P, 1s the tensile force established during winding,

R is the radius of curvature of the frame.

; g Damage to the insulation due to pulling of the wire in the process of winding
L —l

__J is fairly rare. Experiments have shown t,hat in the process of pulling the wire to

)-\

' 4ts proportional 1imit no damage to the insulation occurred. The PEL insulation was:

sufficiently elastic and stretched together with the metal without damage, up to tent

;' sions exceeding the yield point.¥ ‘

Viniflex insulation of the PEV wires was stronger and more elastic and failed

Th
ifar beyond the yield point, much closer to the point of failure of the wire on the
) ; stresa—strain diagram. The tensile strength of copper wire in the winding process

**  is limited only by its mechanical properties.

Inaccuracy in the Production of Frames

All windings are obtained by means of winding wire on frames or forms (in the
—n case of coreless windings). The shape, dimensions, and material, of the frames are

{ determined by the structural requlranents. of the windings.

:' a) Deviations in shape and dimensions of the cross section of the frames from

¢

- ﬁ their calculated values have an influence on the dimensions and electrical charact-

¥ See transactions of MATI, No. 22. .
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of various kinds, _

0 : [
:xoristics of the windings. 1
o -

_ Deviations of the shape_and _ dimensions of tho frames cAan be O

‘\including doviatiom of the geometric configurations of the second order (eccentri-

R ot e s e e e e T TS

| city, “hon-parallelism’ of the sides, etc.) b
The category of errors under consideration includes changes in shape and dimen-

aions of the frames caused by slack contal:t and variations in the thickness of the

layers, which insulate the frame or its individual parts (slots). Variations in the

“{ cross-sectional areas of the frame are also taken into account below (see infra) in |

nto a frame of rectang-*

_— |
‘ the example where errors of ohmic resistance during winding o

,ular cross section are calculated.
Deviations of dimensions and of the shape of the frame, due to mechanical pro- '

e in most cases subject to the 1aw of normal distribution. Inaccuracies

, cesses, ar )
[

in stamping the frames cause & systematic-error. For precision windings manufac-

tured in large quantities, the normal change of dimensions caused by the wear of the

l
s to be taken into account“. In the case of wear, the systematic

|

'. punch and die ha

' error will be variable.
Manufacturing errors of parts molded from plastics deperd on: the molding mat-
‘ erial used; tolerances in the preparatiomof the parts of the mold; wear of the sur-
" faces of the mold; thickness variations of the lining; deposits of loose particles
_in the mold, and other reasons.
The largest influence on the manufacturing accuracy of frames is the variation
in the setting time of the mold_ing compouz}d, which depends on its moisture content, }
the amount of yolatile matber, the quantity of filler, and the conditions in moldlng.
Variations in the setting time of the molding material are subject to the law
of normal d;istribution; variations in the dimensions and shapes of frames molded
_from plastics vary similarly.
b) The influence of residual internal strésses. The cold-working in the frames

a to stamping and other operations should be eliminated. If the cold-working is
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" not compietely removed, the frame will deform in time, as & result of equalization
' of internal stresses, leading to a change in the accuracy of the finished windings.

~ The material of the frame manufactured from thermosetting plastics by means of a
molding process should undergo complete polymerization.

The process of transition of the plastic into stage C - into a state of complete
hardness - may cause some warping and change in dimensions and shape of the frames.
If this process is not fully completed prior to winding, the dimensions of the frame
may- change with time, disturbing the required accuracy of the windings. For complete

polymerization, the frames are sometimes heated in oil at a temperature of 120 to
14,0°%C for 2 - 3 hrs.

¢) Various defects of frames made of plastics. The most characteristic defects
of frames are: porosity, bubbles, depressions, cracks, discoloration of various sec-
tions, low electric quality, etc, In most cases, these defects are due to lack of
observation of proper molding practices, inaccuracies in the proportioning of the
molding compounds, their unsuitability, and disregard of proper techniques.

A1l plastics and molding powders destined for frames should satisfy specific
technological requirements, the most important of which are: flowability, rate of

hardening, moisture content, set, grain size, and absence of extraneous admixtures.

Deviation of the properties of plastics and molding powders beyond the limits estab-
1ished by the technical requirements causes a change in dimensions and physical pro-

perties of the core material (dielectric losses, thermal stability, thermal conduc-

tivity, and others).

The flowability of molding powders, i.e., the ability to fill all cavities in

the mold under the action of temperature and pressure, is of greatest importance.
Molding powders of low flowability inadequately £i11 the working space of the mold
so that the molded product does not completely correspond to the required shape.

| . ' on the other hand too much flow of the molding powder is the cause of the appear-

: ance-of flash and sharp protrusions, as a result of the flow of the plastic into

15
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gaps between the parts of the mold.

d) Frames for magnetic circuits. Magnetic circuits should have minimum losses
from hysteresis and eddy currents, high magnetic permeability, considerable coercive
force, maximum stacking factor, and the required shape and dimensions. Of great in-
fluence on the quality of magnetic circuits are the. materials and their heat treat-
ment. The production of magnetic circuits, starting with the stamping of laminations
and ending with the assembly, requires high accuracy and conscientious execution.

Laminations are produced to accuracies of the second and third class. The ac-
curacy of location of the slots around the circumference of the laminations ;s usu-
ally not above a tolerance of * 10 to 15'. In the stamping of laminations, the mag-
netic properties of electrotechnical steel and iron-nickel alloys deteriorate due to
internal stresses. The deformed zone with sharply decreased properties extends a-
round the perimeter of the stamping to a distance of 0.5 to 4 mm, depending on the
magnitude of the clearance between punch and die, and also on the thickness and the
brand of steel. In assembly, the laminations are distributed in a specific fashion
relative to one another, since in many steels used for magnetic circuits an inductive
anisotropy may be present.

The stacking factor, i.e., the relationship of the actual volume of the steel
or alloy of the part to the total volume of the part, varies in practice from 0,80
to 0.97 and depends on the surface finish of the laminations or strip, the amount of
their bending, the absence of burrs on the internal and external perimeters, uniform

thickness of the material, and the degree of compression of the part by clamps. A

decrease in the stacking factor to 0.8 - 0.85, at constant volume of the part,

causes a decrease in the number of laminations, and as a consequence a considerable
increase in the number of ampere-turns required for magnetization, while at the
same time increasing the losses in the part.

The assembly of frames from laminations of iron-nickel alloys requires special

precautions since not only impact,.but alsc compression, elongation, and bending of
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| the 1a-imtiona cmu the appearance of r sidual stresses which lower the magr}etio'

B propertiea or the parts. In the case of exertion of of pull on the ‘laminations , the

: tractivo force should not exceed the compressive 1imit at which the magnetic qual-
T

] ities of the stacks start to decrease.
A number of special investigations td determine the influence of errors in the

frames on the accuracy of production of windings is required.

ERRORS DUE TO THE PROCESS OF WINDING

g Lo Inaccuracies in the Kinematic Arrangement for Forming the Windings

18
20 _]
Errors of this type result from cons¢ious deviations from a theoretically cor-
)

rect process arrangement for forming windings and substitution of an approximately

(-
| equal arrangement.
AU

E

- Example I. In order to obtain the rcquired pitch of the winding, a specific
-9 4 gear ratio in the kinematic linkage between the spindle of the machine and the

) : spreader attachment is required. Frequen'qu, it is difficult to obtain exactly this
"] gear ratio (for example, this may require the making of special gears); in such a

_lcase, a gear ratio close to the calculated one is used, which may easily be obtained

{on a given machine. by means of an approxinate selection of intermediate gears be-

tween the spindle and the spreader attacMent.
The difference between an approximatc gear ratio and its theoretical value
__lcauses an error in the pitch of the assembly being wound.

§

Example II. In manual assembly, all sec‘hions of many two-layer slotted wind-

*:iings are, as a rule, first inserted into the slots of one side of the section, where;
leach of these sides is placed in the lower part of the slot and then is placed in

;.éthe other side of the section, where it occupies the upper part of the slot. Due to
52-
j»‘t.hj.s, all sections of the winding are obta:med in a uniform and symmetric manner.

£ S N—

\Using the described "method for mechanical assembly is very difficult. In producing
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such windings on machines, both sides of the sections are. put;’;int,o the slots simul~

. tanoously, so that_the resultant sections are_not uniform in length ﬂapg_'__gg_o___rlgt_, sym-

metrical. Some sections have both sides located in the lower parts of the slots,

| other sections “have only one side in the . {ower part of the slot and the other side
—|4in the upper part and, finally, still other sections have both sides in the upper

parts of the slots,
Substitution of an approximate arran, gement, for the theoretical arrangement in

1

X ~ﬂ| the forming of windings should be resorted to when the exact arrangement, under the

16 —t
_| given conditions, can only be obtained with difficulty and is not economically juste

| ified. A similar substitution is permissible if the sum of errors of the approxi-

_| mate arrangement in winding does not exceed the tolerances shown in the drawings of

" | the windings to be produced. ,

Inaccuracies of the basic kinematic diagram for forming windings will cause 8ys;
| . i

’. tematic srrors, which can be calculated.

—_ 2, Geometric Inaccuracy of Equipment and Lttachments
|

i

The precision of winding equipment and attachments, in contrast to metal work- »

i

2 ards for winding machines and their assemblies. Data on the precision of machines

‘4n use is very scarce.

E However, in many cases the accuracy pf the winding processes depends largely on

the winding equipment and attachments.

The following are primarily of influence on the accuracy of the winding opera-

1

; tions:

3 a) Inaccuracy in Operation of Spreader Attachments. Spreader attachments de-

, termine the correctness of lay of the turns along the core, i.e., the accuracy of

Hhe winding pitch.

-E. "Reasons for inaccuracies in operation-of the spreader attachment may be imper-,
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(uuffécﬁiaﬁ;-in the construction of the attachments and errors in the production of
\ wlparts of the kinematic linkage of the machine, connecting the spindle and the spread-
*~] er attachment.

Errors in the kinematic linkage may be due to the following:

Inaccuracy of pitch of the feed screw or of the cam profile driving the spread-
'iy‘rer. If the inaccuracies of the lead screw are fully transferred during threading to
‘:: the pitch of the thread (i.e., in the casg of tight fits), these inaccuracies are of
:::zconéiderably jess definite influence during the winding process.

Inaccuracies in the production.and mounting of gears of the linkage. These in-

15

I accuracies cause errors in the pitch of the part being wound, as a function of the

23
_, period determined by the change in the gear ratio. The magnitude of error in the

1) b

- pwinding pitch is less than the corresponding inaccuracy in the cut of the gear teeth.

Y
— b) Inaccuracy in the Performance of Devises Regulating the Tension, Tension of

. the wire during the process of winding is the basic technical factor determining the
K resistance and overall shape of the windings and also the accuracy of lay of the
pritch. Tension of the wire during windiné is produced by a tension-regulating at-
‘ _, tdchment.
The purpose of the tension-regulating attachment is not only the creation of
! the reduired tension on the wire, corresponding to its mechnical properties and the
| technical requirements of the winding, but also the maintenance of this tension
- rithin predetermiﬁed 1imits during the entire process of winding of the first as
well as of the ‘last windings obtained from the same spool of wire.
The tension force during winding should not exceed the force at which permanent

| elongation of the wire causes conslderable changes of its electric properties and

' dimensions, exceeding those permissible fbr the given wire and the part being

1wound* The tension force should guarantee the required shape and density of the

Lwinding, and also high-quality performance of the part. In factories, the amount of
L% N DO - - .

646 i? See .transactions MATI, No. 22.
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tension on the wire is established by the setup man, on the basis of experiments.
‘Usually a completely even winding, without torn wires or excessive elongation, serves
as a criterion.

In rare cases, the specifications for obtaining the necessary electric charact-
eristics in all windings of a given series are used as a guide in establishing the
tension on the wire.

At the plant of one instrument manufacturer, it was found that the magnitude of
tension on the wire during winding of the same parts on a machine SNYa-4 varied with-
in considerable 1imits, deviating from the mean value by 20 - 25%. This was reflect-
ed in the uniformity of the electric characteristics and overall contours of the
windings produced.

Some of the tension-regulating atbtachments used in instrument-making plants do
not completely satisfy the specifications and can only be used for a very narrow |
range of sizes and makes of wire.

In one plant, it was impossible for a long time to produce windings of armatures
with PEV-2 wire of a diameter of 0,31 mm on the semiautomatic machine SNYa-1. After
the tension-regulating attachment on the machine SNYa-1 was equipped with an addi-
tional braking attachment, the winding of the armatures became successful; ab present,
such windings are produced mechanically at a high output rate.

The braking attachments of many winding machines have no regulators. Such at-

tachments produce large variations in the tension of the wire during the process of

winding, which is nonuniform (especially during the winding of noncylindrical cores)

and is accompanied by large inertia loads and elongations of the wire. Furthermore,
ﬁhe tension force also changes as a function of the amount of wire unwound from the
%pool.

; , ¢) Inaccuracies in the Control Mechanisms of the Machine and of the Braking

Attachments. The main purpose of these mechanisms is shutting off the electric drive

of the machine and simultaneously actuating the braking mechanism, upon completion
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,i:f the winding of the required number 5t tuirns.  The mechanisms of modern winding

machines recoive the actuation signal from a counter which counts the number of turn:

' ound and whose pointer or lever, at the proper instant, actuates a microswitch in-

ifllﬁdid"iﬁ ‘the electric éircuit of the machine. Délay or premature actiation of the
b echanism controlling the machine causes inaccuracy in the number of turns wound.

Inaccuracy in the operation of the mechanism may be due to inaccuracies of the

counter. Certain braking attachments do not guarantee a sufficiently accurate stop-'

_iping of the machine: depending on the inertia, the spindle undergoes a long deceler

‘ation or stops without reaching the position required for stopping.

ol

‘73. Deformation of the Wire, Body, and Machine Parts
K
"‘ Deformation of the wires is of prime importance in the accuracy of the windings
l 'iproduced. In any type of winding operatiop, the wire is deformed. Deformation of

1

the cores is observed in the case of low rigidity in the direction of tension of the
_ wire or in the case of seizing during the I;clamping process. Deformation of machine
__parts occur relatively seldom: only durin‘g the winding of thick wire of high rigid- |
:ity. ‘
i Deformations during the process of winding occur under the influence of wire
ltens:lon required for bending it and for close contact with the frame, and also under
‘__;t.he influence of inertia loads. In practice, it is difficult to obtain a winding
- :process without accelerating the movement of the wire. Therefore, inertia loads ap-
pear to some degree at all times¥.

a) Deformation of the Wire. During winding , the ohmic resistance of the wire

iincreases due to the fact that the outer fibers of the wire, when bent around the

core, undergo plastic deformation and also due to some work-hardening of the wire

) ,* Reasons for acceleration during the process of winding and formulas for calculat-
Vs _iing accelerations during winding on cores of various cross sections are included in

-i_the Transactions MATI, No.22.
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ot ‘trn

'3§”if?iiiﬁ%enod“iﬁa“ﬁiﬁt several times on-

0 :Wﬁ'{éﬁﬁi‘ﬁi‘ being unwound from the 8pool,
B gﬁraighten;ng rolls apd the spreader mqphap}am o{lghg)naqhine. ’It was esyab}@shed

:

|
' 4"ithat, during the winding of annealed copper wire of a diameter of 0.05 to 0.5 mm at :
4] R s . — _0__]
" _|the mirifmia tension required to beid it aroind a Gylindrical core and at very low

I":winding speeds, the ohmic resistance increases by 1 - 2% of the mean value of the

resistance of the wire.
and as a conse=-

Inertia overloads, in turn, may causﬁ elongation of the wire

!
quence increase its ohmic resistance which is nonuniform in different windings of the
{

" !aeries. The scatter of the ohmic resistaﬁce of the windings may be determined by ex%
|

-’ perimental means. ;

Py l }
The influence of elastic deflection of the wire (turn 4) on the nonlinearity of;
|

‘the potentiometer is 11lustrated in Fig.h.
{
tes, shafts, and other bodies of low rig-"

{

b) Deformation of the Cores. Thin pla

the wire. Deformﬁ

forces ﬁn tightening when, for example, the cross-'

idity bend during winding under the action of the tension force of

ation is possible also due to the

sectional area of the core has the shape of a thin wall bushing or of a box, assembled

‘from thin sheets. If the bending of the cores takes place within the limits of elas-

. tic deformation, they resume their original shape upon completion of the process of

winding or upon'release of the cores from pressure, which may influence the distri- ;

bution of the turns of the winding.

The deformation of the cores in many cases may be determined by calculation.

) Fig.7 - Schematic Representation of the Action of Forces during Wind-

ing upon a Shaft with Fixed Ends

22
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During the winding upon a shaft with fixed ends (Fig.7), the bending of any

. : np
given point of the core may be determined by the following equations for an elastic

" line:

Along the length from A toP

y=P02 (341 3ax—bx);
6EI3

the length from P to B

— PaU—x) (357 (3b+a)(l—x)],
6EIR

P is the tension force of the wire during winding, in kg;

E is the modulus of elasticity of the material of the core in kg/cm 3
I is the moment of inertia of the cross section of the core in cm’.

The maximum deflection due to bending of the core

2al
at x= a-:b (for a>0b)

2 P a
Jmux="3 B Gator

2 P a%d
3 EI (3b+a)t

fmax

If the body has the shape of a plate (Fig.8) and the ratio of its sides 1s
k n> 4, then in determining the displacement of the various points of the core
pEns .
it is necessary to take torsional deformation into account in addition to bending.
s

The angle of twist (in radians) of the cores (Fig.9) in any given cross section

23
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perpendicular to the axis may be determined from the formula

o8 = Mba
B = TGI,

k]

: t
where M is the torque in kg-cm. M=P :r;

dulus of shear in kg/mnzg

¢ is the mo
ulus of rigidity in torsion,

Ix is the geometric mod in cmh.

_ (m—0,63) h*

x 3 (12)

t
m=—.
h

The angle of twist of any given cross section of the core to the left of the
be determined on the basis of gimiliarity of the triangles ACC! and

section CC' may
from the

correspondingly £

or cross sectlons to the right of the section,

ADD!' and,

triangles 5CC' and BEE'.

3

<

during Winding onto a Flat'Core

4] }

,————-———,L

ram of Action of Forces

Fig.8 - Diag
with Reinforced Ends. a) Section through HM
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,

~Suring ‘the action of & torque appiiei st Sk center of the body (see FIg.8)
1 the_twlst of the center section is determined from the formua

ML .
Pmax = 4Gl, . e e e (13)- - -

For determining the linear displac nt of points located at a distance z from

7| the axis of the core we use eq.(11), obtaining

C ez = Mbaz
IGlx * ()

The -l1inear displacement of the points on the fins of the core is determined

t

| after making the substitution z = <

Mbat
21Gl ° (15)

For determining the total displacement (Fig.lO) of the points of a given cross
. section of the core, the bending determined according to eq.(7) or eq.(8), has to '
be added to the linear displacement computed according to eqs.(14) or (15)%,
, The maximum total displacement depex;fis on the ratios of the bending and twist-.
| ing moments acting on the body. In orde ! to determine the cross gection at which
! the total deflection is at a maximum, it iis in every case necessary to perform cal—;
) culations and to construct deformation di:agrams for bending and twisting.
It should be mentioned that the defo"rmation of the cores obtained by means of :
1 oegs.(7) - (15) are approximate, since the dymamic effects during winding and certain
" (always possible) deviations of actual conditions in fastening of the parts from
| theoretical ones are not considered in tﬂe calculation.

¢) Deformation of Machine Parts. Un;der the action of forces during winding,

i ‘
I ( such deformations may occur as a consequence of insufficient rigidity of the parts
3 . .

:*st: sﬂi)licity in the given case, we do not consider bending of the core along
i its plane cross section.

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/20 : CIA-RDP81-01043R002300210011-7



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/20 : CIA-RDP81-01043R002300210011-7

e g e o # gbutting surfaces be-
"and assemblies of the machine, and also dhie to deformation ot abutting s

tions of parts or
tween the parts (contact deformations). Gplcuxgyigg_g§_§0$9§n§< ons of pa

-

44

l
1

f the
Fig.9 - Diagram of the Angles of Twist Fig.10 - Total Displacement o
fC s Sections of Plane Cores ! Cross Section of a Plane Core due to
(o] ros

Bend and Twisting
in Winding ending

na

. t thening its frame, and bending of the spreader attachments was observed.
. streng

4. Inaccuracy of Measurements in the Proqess of Winding

Inaccuracies in measurements of the ;parameters of the windings, creating the

'

[o]

The number of turns wound is read on a counter in which instrument errors are

: inherent. The number of divisions in counters with circular scales is insufficient.
s e .
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Many winding operations are not performed with methods which automatically re-
: gult in the required parameter of the windings. For example, during the production
' of certain types of windings, the worker stops the process of winding only after a
. trial measurement of the wound assembly has indicated that the winding has the nec-
essary ohmic resistance. The accuracy of measurement of the ohmic resistance of the
winding depends on the class of accuracy of the control instruments and the method
of measurement.
The density and overall shape of the windings, and sometimes their ohmic resis-
tance, are largely determined by the tension of the wire during winding. As a rule,
the tension of the wire is determined "by eye', by experience, and by trial measure-
ment of the first windings in the series produced first piece inspection.
On certain Qinding'machines, special gram-meters for control of the tension of

the wire are attached. They have considerable instrument errors, and their readings

are being made difficult by strong fluctuations of the pointer, caused by inertia

loads ard vibrations.

5 Inaccuracies in Design of the Machine

Work on tooled=-up machines is the most popular way of obtaining ¢certain parame-
ters. The method of trial winding is only used in cases where the method of work
1 of the setup 1is, for some reason, not usable, for example, where the zone of scatter

. of the ohmic resistance of the wire within the limits of the spool exceeds the per-

' missible region of ohmic resistance of the winding.

Winding machines are set up simultaneously for several parameters: for pitch

" or density of lay of the winding, for the number of turns, etc,

During setting up of winding machinés it is necessary:
To regulate the tension mechanism of the machine for a given wire;
To correctly gelect the speed of winding and set the gears of the machine for

f fgﬁg Qpeed. Winding speeds which are too high cause rupture of the wire or unaccep-
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tably excessive elongations of the wire. Low speeds affect the productivity of the

. machine. The speed depends upon the type and diameter of the wire and upon the

shape and dimensions of the core;

To regulate the feed of the wire along the axis of the core for each turn of

the spindle of the machine;

To regulate the starting and braking mechanisms of the machine;

To regulate the interaction of auxiliary mechanisms of the machine, which turn

the part at the pitch for winding the following sections, which eject the loop for .

soldering of the wire to the collector and which serve other functions. ;

P

Despite preparatory setup of the machine the operator is required to regulate

the work of the machine in a number of cases. For example, if the starting mechan-

1sm does not give a sufficiently smooth start, the operator 1is required to brake the

flywheel of the spindle by hand during starting of the machine., With existing, not

completely satisfactory, tension attachments the operator is often required to

change the getting of this attachment during the process of winding, i.e., t9 change

the magnitude of the braking moment according to the amount of wire unwound from the

spool.

Inaccuracies in setups of the winding machines (similarly as in mechanical

work) influence the quality of the produced assemblies. For example, our investi-

gations of winding processes for PEL copper wire of a diameter of 0,05 mm on a core

of square cross gection indicated that, in cases of unsatisfactory regulation of the

tension attachment (which could. be seen an an oscillogram), the elongation of the

wire and its ohmic resistance increased sharply.

The magnitude of tension on the wire is in most cases established on the pbasis

of experience and "feel" of the foreman and operator. To date, there are no accur-

" ate and objective methods and instrumentslused in the factories to determine the

magnitude of tension on the wire during the process of its winding. No methodology

. of setting up winding machines is used.
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" The ‘_dcy.olo;-‘-‘o;; o ;lubﬁiatorhl"., sh

_ Very important in Q-tting up winding ehinea is the proper selection md estab<

WA

1ishment of the tenii‘on of the wire and of the spood of winding, and also that the

_lcenter or The field of distribution of eagh h parameter should be 80 regul"t'oﬁ"fé’f’th"é‘

_|entire lot of windirigs produced, as to coincide with the center of the field of tol-
__lerances of the corresponding parameter.
mniplos of determining relative errqrs of ohmic resistance of a flat potentio-
_{meter, caused by inaccuracy of preparation of the core and wire and by deviation’s in
the density of the lay of the turns, are ¢ited below. The resistance of the poten~

tiometer (F:is.ll) is equal.to

where p is the specific resistivity;
! is the length of kflre;‘
L

S is the cross section of the wire {

d is the diameter of the metal in th:

] Substituting | = NW, we obtain

nw 2n(b +2d\) &
R=pZ=p ".-H’s 1) Ry

w is the length of the turn#

where n is the number of turns, \
!
i
|

P

. w=2 (b+y+2ds) ks (18)
] |

it

._%* The increase in length of the turn, dueLto the inclination of the turns is omit=-

) g

4 ted, since in our case (dense winding of
YL AU P

thin wire) this increase represents hund- 1
; redt;hs

29
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dy is the diameter of the wire across _the insulation

4 et £ Sk A S SR T SURUDISRPRPAY

(19)

S ) e e e e e e e

—ko is a coefficient allowing for inuulatim thickness;
lky 1s a coefficient allow:Lns for loose fitj between the turns and the cores (rig.12)
and dependent on the diameter and the

elastic properties of the wire and its
insulation, the tension force during

winding, the dimensions and relationship
petween the sides of the cross section

of the core, the radii of curvature of

its fins and other factors.
Fig.11 - Diagram of the Lay of Turns

on a Flat Potentiometer ‘ - =Lny, (20)

“lwhere ng is the number of turns per unit length of the winding.

1
no=‘—'_',

diky

|

-
!where k, is the coefficient of density of lay of the turns.
i

For our case we assume: k, = 1.03 tc} 1.08. Performing the substitution of n, :

l’~:rS, and d according to eqs.(20), (21), and: (19), we obtain the following relation

!:from eq.(17): !

.R= 8 (b+:)'+2d|) Lk
ﬂdakokz

t

: i
For calculating the absolute error of the ohmic resistance A R, we dn.sregard

equating the increment AR to
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“ithe differential function R, we obtain

I

l . -

: 1 Ab+Ay+2Ad1 AL +95L_§_A_¢!___%,__é_h_, (23)
b+y+2d; L ko d kg ks

\

'me difference between 2 b4y and 2 A d is small in comparison with Ab + Ay »

Jm]d the difference between 2dy and 2d is small ip comparison with b + 75 therefore, .

din the second term, d may be substituted ﬁor dy. For more accurate determination of

the magnitude of the

__1 ohmic resistance , the following has to be: used in place of the term - 3_%-9'- H
!

i

)
the influence of variations in the diameter of thin wire on

3Ad
__.—-_—___ .
d+33d (24)

In eq.(23), this term is obtained _wiﬁh a negative sign if the diameter of the

;wire is less than nominal. We then obtair"n

AR

AR ab+Ay+25d
R

Ap
=—+
P b+y+2d
{
{

The maximum relative error of ohmic resistance of the potentiometer i

©|Ab|+|dyl+123d] |, 8L |Ak,) |
b+y+2d +T T + |
_iaadp 1Skl 18kl (26) |
d+33d ko By v = 1
l |

|

|

13 ]
_!Here, A d in the denominato % = i sign if the diameter ofj
L]

i r’)"—.‘% . i
-—{the wire {s less than nominal. l

bR
. 2]

- As was shown in the beginning of thelarticle, many primary errors of winding l}}

ST G T

o procosses are random and depend upon the variation of one or Qéveral factors. These‘

-
3
!
X
i

1
3
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" “lerrors can be characterized by means of corresponding distribution’curves.

'{ For determining the resultant error of the controlling characteristic for wire

of a certain type and dimensions, the character and magnitude of the constant errors

has to be known and, for random errors, also the law of their distribution.”

Compared to the mechanical working ot metals, the field of production of wind- '

|

- ) . i
_?ings still has insufficient empirical data for the establishing of guide lines on thc

ﬁcalculation of winding processes for accufacy.

For practical calculations of the accuracy of technological processes in the

-
<

7

)

Fig.l2 - Section of the Core of a Po-

tentiometer with Applied Turns

*ability.

!
!
production of windings, it is necessary toi

!
,observe a large number of typical winding !

ioperations and to evaluate the laws of dis%
‘tribution of individual type of errors é
junder various conditions of winding, on %
the basis of observation data. §

| This, in turn, permits a determinatioﬁ

'of individual deviation limits of given

H
i
{
H
H
|
i

errors, at a certain selected level reli- !

In addition, it is necessary to determine the character of the relationship of :

'the‘centers of the groups of these errors of their systematic elements with the

%factors to be controlled.

The assembled statistical material permits the establishment of. norms of ac-

curacy for typical winding operations.

We believe that statistical and mathematical-analytical methods for the deter-

v

i

At s Wi L e e
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ACCURACY AND PHYSICAL INTERC GEABILITY OF PICKUP ELEMENTS
b

Engineer D. A. Braslavskiy

Modern remote-indicating instruments automatic devices contain a ‘].-a.rge

__:number of pickup elements, utilized in the) conversion of a measured or regulated

"(input) physical quantity into another (output), which is more convenient for trans-

l 1 __,
._}mission over a distance, for amplification, or for starting motion of a recording

oo
;device.

2
The most common elementa are represented in Table 1, where the horizontal

)
Ve

" !solumns show the input parameters , and the vertical ones the output parameters¥.

[

‘of simplification in the use of complex in"strument.s and automatic device is maximum

i
%
!
E One of the most effective means of decreasing the cost of mass production and
|

,interchangeability of their parts, subassanblies, and pickup elements,

+

- While a sufficient specification as to interchangeability of parts and mechan~. '
ical subassemblies is the retention of their geometric shape and dimensions within r
the limits of permissible tolerances, the interchangeability of pickup elements also
,Jrequires maintenance of a given accuracy in its characteristics, expressing the func-

tional dependence between input and output‘ in physical quantities (Fig.l).

‘» The term "physical interchangeability" originates from this, and is understood

;to represent an interchangeability of elaqents according to their physical charact-

N
'

¥ For.more detailed information on the function of pickup elements. shown "Ln__'raemble.,l,E

see the book by D. A. Braslavskiy, S. S. Logunov and D, S. Pelpor (Bible3)e. .. ...

- 3k
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eristics.

In an analysis of the accuracy and of the physical interchangeability of a
pickup element, not only its shape and dimensions but also the physical parameters of
the materials from which this element is produced must be taken into consideration:
specific gravity, modulus of elasticity, specific electric conductivity, temperature
coefficients, etc., which have an influence upon its physical characteristics.

In the following article, general methods of calculating the errors of a separ-
ate pickup element (see Chapter 1) are considered, and a relationship between the
error of the measuring instruments and its elements (see Chapter II) is established.

Only statistical errors of the elements are discussed.

As a basis for the calculation of errors a method developed by N. Bruyevitch¥ is
used; in this method a small movement of a system, caused by a deflection of the

actual system from the ideal one, is linearized and gtudied separately from the main

movement,

I. CALCULATION OF ERRORS OF A PICKUP ELEMENT

etermination and Classification of Errors

1. D

We will consider the pickup element as the converter of the general input coord-
jnate X into the output coordinate ¥ (Fig.2).

The absolute error of the pickup elements will be used for denoting the differ-

ence between the actual and jdeal (required) values of the output coordinates, at a

certain constant value of the input coordinate.
The absolute error may be found analytically or graphically.

If the absolute expression of the characteristic of the ideal element is of the’

type

| Yofo(X),

l

* For data, see Bruyevitch (Bibl.4)
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coordinate; and the charaeﬁeristic of the

‘where Yg is the ideal value of the output

{actual element is [

(2)

then the absolute error of the element is

AY=Y—Yo=f(X)—o(X) =0 (X). -

If the ideal and actual characteristics are graphically represented (curves 1

|
S mm

w l/fsec

t,=const

t

Fig.l - Characteristics of Pickup Elgments a - Elastic pickup element;

& - Gyroscope with two degrees of freedom; b- Thermocouple, p - Pres-
sure; s - Displacement; w - Angular velocity; M - Moment of forces;
)

t - Temperature; E - Electromotive force.
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CTRY tlue

Ow_viind 2, A?ig.Bl), then the error A Y is ¢ doEomﬁ"o& u ‘E‘Eﬂo ditTerence of the ordinates of

. N . “
"Tlourves 2 and Lo b e ’

The absolute error of the element may| be also expressed in dimensions of the

4

-
('wgiﬁpﬁt coordinate AX if; on the graph in rﬁg”‘.’a',‘“‘t;ﬁi’d{ffii‘"éﬁcb of ‘the abscissas of
}"’%curvea 2 and 1 is used. i
13 In view of the relatively small m&gni%’.ude of the errors, their transformation
1

b

‘ ‘from one dimension to another may be perfofnnod by utilizing a transformation coe-
- 3

! H
‘fficient¥*, !

AY=KAX or AX

3

| (e

j
m. and my are the scales of the graph on the x and y axes;
6 1s the angle between the tangent and the ideal curve l.
The subscript zero of the partial derivative indicates that the ideal charact-
" eristic is being differentiated.

We further decide to express the absolute error of

the element in dimensions of the output ccordinate.

b The relative error of the element will be referred
Fig.2 - Generalized Pickup to as the relation of its absolute error to the ideal
Element value of the output coordinate at a given point:

x - Generalized inpui? co-

VB _gx). W

ordinate; Y - Generalized -
’ Yo fo(X)

output coordinate.

¥ Together with the term ntransformation coefficient" the literature also uses the
following terms: transformation ratio, sensitivity, transconductance, steepness of :

characteristics, amplification factor.
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bay
The total relative error of the element will be referred to as the relationship

of its absolute error to the largest ideal value of the output coordinate

AY — ¢ (X) — X
Yo JoXmas) # (X)- W)

From eqs.(3), (4), and (4') it follows that the errors of the elements are func-
tions of the input coordinate.

The general error of the element consists of individual (partial) errors which,

.,depending upon the reasons causing them, may be divided into the following basic
types:

a) Methodical errors, appearing in the design of the element in cases where, for
simplification of'constru'ction of the element, the exact (required) function of trans-
formation is substituted by an approximate one;

b) Manufacturing errors, produced in the manufacture of the element, due to in-
accurate execution of the given geometric and physical parameters which have an in-
fluence upon the characteristics of the elsments (for the sake of brevity we will

call 'bhese the main parameters);

c) Temperatures .errors, caused by a change in the main parameters of the element

during a change in its temperature;
d) Errors caused by friction, in the case where the element dpes work of which
a part is expended in overcoming frictional forces;
e) Hysteresis errors, caused by internal friction in the material of the element;

f£) Errors due to clearance, caused by additional (parasitic) displacements of

\the moving system of the element within the limits of the clearance in supports or

:guides.

The manner of summarizing partial errors of the element depends on whether they

are systematic or random errorse

Systematic errors are added algebraically. Random errors are added with con-

‘sideration of the probability of compounding these random errors.
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the
When the overall error of one complete sample elen:.e.rhlt is determined, then

' tic ones
partial errors (see paragraphs a, b, and c) should be related to the systema

y

Fig.3 - Graphic Determination of Error of the Element

1 - Ideal characteristic; 2 - Actual characteristic.

nd the remainder to random ones¥, If, however, the overall error of a large lot

a

( jes) of elements of the same type is to be found, then the manufacturing errors
ser

( ph b) also pass into the category of random errors since the distribution of
paragra .

the main parameters of the elements during their serial production is mainly due 'to
e n ,

random factors.

We will consider methods of determining partial errors of the element.

2, Methodic errors

During the design of the element given by a function (1), some approximate func-’

tion may be substituted for the ideal function ¥ = £, (X) in order to simplify the

construction:

Y=f (X) ql) qiv s q”)’ (5)

* In certain case’s , methodical errors should also be related to random ones, as .

shown below in example l.
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the main‘parameter. of the eleaent (gecmetric dimensions and physical coed

- v

officients, having an influence on the characteristics __o_{_t_h__e__’_g;l._qmggg)_,._‘_ o :

!
i
4
!
'

-

N nd

The methodic error is equal to the di[fference of eqs.(5) and (1), where the

_|parameters of 'q4 in7eq.(5) are assumed to ibe equal to their ideal (calculated)
.Tdvalueaz l
i

. 3 b . _
Ayme*t:Y_Yo:f(X'QIaql'"'qn)'—'fo(X)‘ (6)
!

i
Example 1, Let us find the methodical error of the linear rheostat* (Fig..).

RIS
2020507000 % %0 % % %6 %%
oSese &
AV A

:":

 row

‘. Fig.4 - Linear Rheostat

The ideal characteristic of the ljinear rheostat represents a proportional ratio
of electric resistance to the displacement s of the glider, represented in Fig.5a by

the broken line OA:

rg= "='—"
0 Ks u'tq'

where K is the transfer coefficient, K = 'w%' in ohm/mm;
R is the overall resistance of the rheostat in ohms;
w is the overall number of turns;
t is the lay of the winding, in mm,
In an actual rheostat, even produced with ideal accuracy, the output coordinate

.does not change proportionally to s » but in steps. In Fig.5a the characteristic of -

* This “e—z—';'or is kno%n as error of turn or of resolving power of the rheostat.
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"

-

’ equal to the number of turns. The width of

The stepped characteristic iém&’eaci-_fb;éa” by the equation “of horizontal sections
- . [ SO
r“

‘ttn. actusl rheostat is represented by the [stepped line, with the number of steps

_each_step is equal to t, the height is

—

7

L

-

Fig.5 - Methodical Errors of a Linear Rheostat

a - Characteristic of the rheostat; 6 - Change of methodical error.

on sectors of the width t.
In the first section (0 < s< t): r = .g.
R
In the second section (t < s < 2t): r=2 -

L] > . L] L] L] L]

In the nth section [(n = 1)t < s< nt}: r=n -

The methodical error in any given section is equal to
1

i Armet=r—ry=n

e G AR T A T 1R €
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RV
1R

where (n = 1)t < s <mt; n =1, 2, «coWe i
| R.. at s = nt, the error is
At s = (n - 1)t, the maximum error is equal to <5 @ ’
equal to zero.
Fig.5b.
The graph for the change in the methodical error is shown in Fig.5
rall
In view of the small magnitude of the step t, in comparison with the ove
d the appear-
length of the rheostat, the methodical error may be considered as random,
eng
= = B i3 equally probable.
ance of which within the limits Arpey = 0 10 Arpet = i )
c err
} In this case the mean value (mathematical probability ) of the me

is equal to

R
Almet mun= ’é;} ’

and the mean squarse deviation

1.

R
cﬁf=2}/'—3 w .

the rheostat, is equal to

AL"_*L') 1
( R Jop 2w

The mean sguare deviation is

Gmet 1
R 2y 3w

S q

to 0,005 or O 5%, and the mean square deviation is equal to 0,003 or 0.3%.
,' o . O

‘3, Manufacturing Errors

| be
‘ f In listing manufacturing errors, the methodical errors are considered to

: ! ( be ideal.
"equal to zero and therefore the approximate function (5) is assumed to be 1de
"equal to 2z
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(The parameters gy are considered equal to their ideal values):

' . Yo=F(X, q1, G2 ... qn).

The characteristic of the actual element is of the type

Y=F(X, qu-+-2qs, qrtAgs . dxtAGn), ' (9)

rs (deviations of the main parameters from ideal values),

where A qi are primary erro

appearing during manufacture of the element.
The absolute production error is equal to the difference of egs.(9) and (8):

A Y?r=Y_Y0=f(X' q1+-'-\‘71, q-’+-3q2 . q"+Aq")—
—f (X, q1, 92 ... ). (10)

e increments Aqy, the absolute
if

In view of the relatively small magnitude of th

production error may be represented as a linear function of primary ‘errors,

(10) is expanded into a Taylor series around the ideal values of the main param-

imited to the zero and first members of the series:

eq.
eters and is 1

AYp= 3 -
i f : (1)

The relative manufacturing errors may be found on substituting eq.(11l) into

eqs.(4) and (4').

In concrete calculations, the expression for relative errors is often consider-

able simplified.

We will consider a specific case which is fairly popular in practice, where the

function of thsa type

characteristic of the ideal element is expressed as a

‘ n
Y=F(X)gm g - . gr=f(X)1 g,
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P —— '
1 where the P‘“l't'l‘l Qg and exponents &y are iﬂaoporxfoni—' of Xo
_ Inthiscass @ _simple expression is ‘obtained for the relative manufacturing

error, which may be found if oq.(12) is expruaod 1oga.rithnioally and the full difr

-pérential of ‘the logarithm is “taken, assulning X ="c¢onstt

_ |

|
|
n . |

A A Aq L\q;
al'g’l‘+a2”(’—2‘+ o ,‘,_a"._f'—;—v ; \\
1
|

e e M'"M“"i

1

q2 qn ﬁ qi " (13)

Consequently, the manufacturing error of the element, having characteristics of;
{

'"1 the type (12), is equal to the sum of the products of relative primary errors in the,

}
|
w:} exponents of the steps of the corresponding main parameters. i
|

B lj MO__Z_.. Let us find the manufacturing error of a linear rheostat, shown in |
1

. T g !

In determining the manufacturing error of the rheostat, we will consider its
) methodical error equal to zero and, furthermore, for simplifying the calculation, :
assume the primary errors of the rheostat’ to be constant, i.¢e., jindependent of the
B displacement s. | |
We will express the overall resistance of the rheostat by jts parameters:
4-107% (D~ dia) w
= dz (1)

ohm — mm?
where p is the specific resistivity of the wire in —3
o

‘i L is the developed length of the wire, in mm;
i

1
vy

q is the cross section of the wire without insulation, in nm2;

d is the diameter of the wire withou‘b insulation, in mm;

djg is the diameter of the wire with insulation, in mm;

D is the diasmeter of the body, in mm (we will assume a round cross gection of
{ the body).
' " Bubstituting eq.(lk) into eq.(7), we obtain the idesl characteristic of the

Ly
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T{rheostat, “expressed by its main paranot.ord:
o . . ..
"

4. 10_39(D+duz)
s ‘ o= dit

B
7
obtain the Jolative manufacturing error of the rheoatat

Analogous to eq.(13), we

i

i

B expressed by its relative primary errors. l
- \

1
Ar Ap AD+Ad,»,__2ér_i___At_.
(_r_),., =% " Dtdx d ¢
i h th
e
t t the relative primary errors ave
For example, if :LnADa specific rheosta

. Ac
Bp  _ . " i =4+ o.oz;_@_ = - 0,057 = ¢ 0.03, then the overa]l
Valuo -—p— - - 0005, D ¥ diz ;'d

conductivity error will be equal to

\ (-—A') — —0,05+0,02 —2(—0,05)—0,03=0,04 or 4%.
p
pr

|

If the primary errors are not consta.nt along the length of the rheostat , then %

he calculation of the manufacturing error becomes much more complicated, since it is
the calc y

v f the !

displacement of the glider.

In this case, the manufacturing errors of the rheostat are determined by exper-':
n ’

iment.

Fig.6 - Cylindrical Spring

e i ’ £ the Cylind ical , Sp: ng
P . L et us £ iﬂd the m&nuf acturlng error o ) of ‘ I‘j

(Fige6).
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The characteristics of such a spring are determined by the formula

’a o 8D
~ Gat

where s is the displaéunent, in mm;
P is'the force, in kg;
D is the mean diameter of the turn, )in mm;
n is the number of turns; ’
G is the modulus of shear, in kg/mz;
d is the diameter of the wire, in mm.

The manufacturing error is equal to

. As

—

SA

" Limiting Values of Manufacturing Errors

To find the limiting values of the absolute manufacturing errors of a group of
elements of the same type, by the "maximum-minimum" method, we will use eq.(11), tak-
ing into account that the partial derivatives(:;) may be positive as well as neg-
ative.

We will assume that, of the overall number n of partial derivatives, there are

m positive and n - m negative.

The upper limiting value of the manufacturing error is determined from the ex-

. pression

AY e = 2_‘( ~).a ‘”"”"2;((3(,,) g,

i=1 =m-+1

The lower limiting value, from

srine 3YE) a3, (35 e

i=m-{-
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For elements with a characteristic-of the type (12) we obtain from eq.(13) the

following expressions for the limiting values of relative manufacturing errors

- A‘h" 1'1 Aq\lower
=Sa ) 3 a3

i= 1

“Sal@f e D alE™ e

i=1 i=m+1 '

In egs.(16) and (16'), the terms A gy upper and Agy loxt:er are the upper and
lower deviations of the main parameters from the jdeal values shown in drawings and .
technical specifications for materials.

It must be mentioned that the calculation of the limiting manui‘ac‘turing errors
of elements by the tpaximum-minimum" method cannot be recommended for accurate calcu~
lations, since the laws of the theory of probability are not taken into account,
which leads to an uncorrected tightening of tolerances of prime errors. The applic=-
ability of calculations, taking into account the laws of the theory of probability,

is outlined at the end of Chapter II.

4, Temperature Errors

Temperature errors appear as a result of additional increases of the mein par-
ameters gy with changes of temperature.

For calculating temp;arature srrors we will use eq.(10) but will assume that the
element is produced to ideal accuracy (mariufacturing errors equal to zero) and that

increments AQ4y are caused by the influence of temperature.

With an accuracy sufi‘icient in practice it can be assumed that the increments

A q4 are proportional to the change in temperature
‘ A‘Ii=€hai_\i, - (17)

,where gy is the value of the xpain parametgr at normal temperature;
ay is the temperature. coefficient of the parameter;

At is the change in temperature as compared to normal temperature.

i
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0 . - e e
~ * ‘gubstituting eq.(17) into eq. (10), we obtain an expression for the absolute

. ﬂttmperature error:

»‘_!
K
—c

AY g =1 [ X, 41 (14 2,88),qa (1 +230), - -
g, (1 2, A0 —F (X1, s - - - qn) (18)

Equation (18) should be used when the: product a4 A t is relatively large (for
_|example, if it exceeds 0.1). '
For the majority of ‘elements, the tedperature coefficients are so small that
justifiably the inequality is ay At«1l and the temperature error can be linearized

" by means of eq.(11), where the value of Aqi is substituted from eq.(17):

A B N ‘1{) :
Yl’!mp H(dq: oqialAt

i=

(19)

In the specific case when an element has the characteristic of eq.(12), its rel-

ative temperature error is determined by a formula obtained by means of substituting

eq.(17) into eq. (13):

n

(%;)mr = Ea,a,At. (20)

i=1

The overall temperature coefficient* of such a pickup element is obtained from

eq.(20), assuming that & t = 1°C; then
n
a= Y a9 (21)
jam]
Example 4. Let us find the overall temperature coefficient of .a cylindrical
spring, whose characteristic is expressed by eq.(lS).
On the basis of eq.(21) and (15), the overall temperature coefficient of the
spring may be represented in the form

a=3ap— oG — 4ay,

¥ The overall temperature coefficient of a pickup element we denote as the relative

change of its output coordinate during a temperature variation of 1°cC.

48
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e s e b s i e 408

“jwhere ap, ag and aq are temperature c‘oeff"jéienth ~"ihe pavameters D, G, and d.

3
|

If it 1is considered that ap and ay arle. equal to the relatively small coefficien

’ “"‘or 1inear expansion of the spring material and, consequently, one is equal t_.o the
‘ - - - . b - - — = — — e = B R
lother, “then the overall temperature coeffilcient of the spring will be equal to the

ltemperature coefficient of the modulus of |shear, taken with the reverse signs

| a = — ag.
! !

L]

'For example, for phosphorous bronze we ha»lp ag = - 5><'.\.O"l‘r , from which ¢ % 5x10'4‘.

Consequently, during a temperature variation of At = 100°C, the temperature

error is equal to .‘
e =5-10"4.100=0,05 or 5%.

‘5. Errors Caused by Friction

We will separate the elements with an output parameter P (see Table 1).

These elements in which the output pzirameter is the force P or the moment of
forces M we will, in view of these conditi‘ons , call uforces"elements.

In the construction of instruments and automatic equipment, the force element is
usually mechanically connected with one or more mechanisms or other elements, Conse-
.quently, the force developed by the force element is able to overcome friction forces
acting not only within the given element but also in the mechanisms and other ele-
ments to which it is connected.

For mechanical systems with one degree of freedom, all forces of friction, over-;-
come by the force element, may be substituted by an assumed (equivalent) friction .
force, applied at some point A of the element, or by an applied friction moment , ;
.applied at some axis zero.

The selection of the point A or of the axis zero is generally arbitrary, but iti;
is more convenient to select a point of the force element where it is connected wi’ch

other elements (in the case of translatory motion of the element), or an axis along

which it is connected with other elements (in the case of rotational motioh of the

L9
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~ element).
!
The frictional force Pl applled at the point A is determined by.conditions of

nis force through a small displacement ds and on

he frictional forces on the a

ality of the elementary work of t
e sum of the elementary work of t
'

dparts of the moving system, during corresponding displaceme

= (D + 2 V)

equ
ctual

the basis of th
nt¥#

\

where Pi is the fri Rarts in translatory motion;

ction force of the
is the translatory relationship of point A to the ith part;
he friction moments of th+;parts in rotating motion;

h

Mk are t
1t A to the k' part.

i:' is the translatory ratio of poi
. ds
In an analogous manner, jon moment applied at the axis

the fricti gero 1is de-

termined

tp'— +(2P1 i + 2 M, da;,)

ry ratio of the axis gzero to the 1th part;

dyi _ 4s the translato

do
dag 35 the translatory ratio of the axis zero to the KB
due to friction is not

dy |
(22) and (23) means that the

Thé'éign + in eqgs.
ed since the frictional forcegschange their direction duri

where
part.

error
_single-valu ng a change of
direction of motion of

Equations (22) and (23) give
expressed in unit

the moving system.

the limiting values' of the absolute error of the

s of the output coordinate (force P

:iforce element due to friction,

moment of forces M).
) and (23) are divided by a t

g values of thie absolute error,

.or
e ele-

- If eqs.(22 ranslatory coefficient of a forc

then we obtain 1imitin

caused by friction, ex=

gment,

9% fo;“SZQEj see Tikhmenev (Bibl.2)
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nold of sensitivity or
d in units of the input coordinate and called the thresho
. pressed 1in

the zone of rest of the system.

(25)

not cause move-=
£ the input coordinate within the zone of rest does
S j rdinate by the force
tem, since the increase of the resultant input coo
e ts) of friction.
i 1ied force (moments
i s cient for overcomlng the app
element 18 insufficlen e o
Examp. 5 we will find the error due to friction of the electrome
. i atically connected
dicator consisting of a membrane (force element), kinem
pressure indica , | -
a translatory mechanism with the rheostat slide (Fig ) d .
- ] f the slide on
i frictional force O
i 111 only consider the
For simplicity, we W

811

dv

b
— o —
a

ds

here s is the displacement of the membrane;
W
y is the displacement of the slide.

A. cor rlg [}

. b
Pp=="g fu

'

' L n .

O

; he indicator due to friction, :
i the error of the indica
i 2l,), we determine
According to eq.( ’
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O —
:1oxpressod 1in units of the pressure being measured.

- PL, P
Pw="gp T~ aF’

dp

::where F = ‘3_ is the effective area of the membrane, If, for example, a = 3mm,

15mm, Pgy = 0.5 gm, F= 5 c2 then thJ error due to friction is equal to

15:0,5

Pp=t "< 3.5

= +0,5quem*= 4+ 5 mm water ca\.

"| 6. Errors Due to Hysteresis

t

Errors dus to hysteresis, similarly to errors caused by friction, do not defi-

'
i
i
H

'nitely depend upon the input coordinate, i.e., oge and the same value of the input
. coordinate corresponds to various values qf the output coordinate, depending upon
.:the character of the znange of the input coordlnate prior to the time it assumed the.
_established value. T ' ‘21
Errors due to hysteresis are determined by means of measuring the output co-
ordinate first during the increase in in-
]put coordinate and later during its de-
‘crease.
The graph of the characteristic of an
'element obtained in a similar manner has

the appearance of a closed 1oop (Fig.8),

whose axis (broken line OB) corresponds to

the characteristic of the jdeal element,
i
. 'in the case where the element does not
o FigeT - Electromechanical Pressure
. have any errors other than those due to
Indicator. .
hysteresis. The difference of the ordin-
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(1 oo o oz e .
Wi’ates of the upper part of the loop OBC and of the axial “iine OB “gives the upper 1
inimiting value of the absolute error due to hysteresis, while the difference of the

|

-t
f
i
i

. ) i
i y ordinates of the Jower part of the loop :
‘. OAB “and of the axial 1ine OB gives the \
|

1 lower limiting value for the absolute error

due to hysteresis.

| i
" *.
' If the pickup element also has errorsg

H
!
i
|

due to friction, then the experimentally

'obtained graph of Fig.8 will express the

!sum of the errors due to friction and hys-!

Fig.8 - Hysteresis Loop ' !
peresis. In order to eliminate errors due:

‘AOB - Curve during rise; BCO ~ Curve I
X to friction, the hysteresis loops are re-

during decrease
porded in practice after lightly tapping

the element or after a short-time puzzing (light vibration).
!

u - l
7. Errors Due to Clearance |

We will consider errors due to clearance in the pickup elements, containing a

with one degree of freedom, which is secured by application of suitable
i
kinematic couples, i.e., guides permitting freedom of translatory motion, or sup-

moving system
ports, giving freedom of rotational motion. i

In the presence of clearances in kinematic couples, the moving system may have,;
in addition to freedom of motion in the main direction, also additional small (Withrz

1

in the limits of the clearances) displacements in other directions, resulting in an

error of the element.

The error is equal to the jncrease of the output coordinate, caused by addition;
al small displacements of the moving system at a certain constant value of the input’

coordinate.

In the presence of clearances, the moving system in a general case ﬁé& obté{nw

53
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- ifivé additional degrees of freedom, above the one degree of freedom in the main
_ ;;direction.

For calculating the errors due to cléarances , we will construct around the ele~-
ment a coordinate system &nl oriented with respect to the element in such a way,
‘that the main direction of motion takes place downward (or about) the axis & (Fig.9).

The two other axes are gelected in aﬁ arbitrary direction.

If the main motion of the element is translatory, then the absolute error of the

output coordinate due to clearances will be equal to

Y aY aY
AY, A AL Age +{—] A O\ Age, (26)
da™ ( ) "H'( ) +(‘7?E) ? +(a?~q)o %+(\‘7‘Pc>o ¥

where On and A are small translatory motions of the system along the axes n and T
bog s Boy » Dpy BTE amall rotational displacements of the system about the axes &, n’
and &.

1f the main motion of the element is rotational, then the error of the output

!.coordinat.e is equal to

AVt = (%?)0 AR+ (den)o At (%%)OAC + (a?

j

)A ,,+( )Acp:, (27)

n

[}

“J..A_;.where AE is a small forward motion of the system along the axis &

li The partial derivatives in eqs.(26) and (27) and the magnitudes of possible dis-

| ..";placements are determined from the analysis of the specific construction arrangement
iof the element;

For determining the mean and limitiné values of .errors due to clearances, cal-

;culation methods worked out in the field 6f theory on the accuracy of mechanlsms are

‘ applied.
Example b, Let us find the error du’e to clearance, for a 1inear rheostat whose
! s1ide undergoes rotational motion (Fig. 9) we will select the axis of coordinates

f,qt. in such a manner that the axis & coincides with the axis of rotation of the
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~ ‘;Ifive additional degrees of freedom, above the one degree of freedoﬁ in the main
:%direction.

For calculating the errors due to clearances, We will construct around the ele-
ment a coordinate system &nC oriented with respect to the element in such a way,
:that the main direction of motion takes place downward (or about) the axis & (Fige9).

The two other axes are gelected in an arbitrary direction.

If the main motion of the element is translatory, then the absolute error of the

output coordinate due to clearances will be equal to

oY
AYga= ( )AvH-( )AC+( )A?<+(6?>Acp,,+( ?C)A?’ (26)
n/0 \9

where On and AZ are small translatory motions of the system along the axes n and &3
Bog s By, o e are small rotational displacements of the system about the axes &, N
and &.

If the main motion of the element is rotational, then the error of the output

)

_coordinate is equal to

stau= (1) 25 (504 ()2 s

'
|

)Ar‘+( )OA‘?:, (27)

|

IR !
,where AZ is a small forward motion of the system along the axis g,
3 The partial derivatives in egs.(26) and (27) and the magnitudes of possible dis-
” placements are determined from the analysis of the specific construction arrangement

of the element.

For determining the mean and 1i1nitiné values of 'errors due to clearances, cal-
a:culation methods worked out in the field of theory on the accuracy of mechanisms are
Eapplied.

., Example 6, Let us find the error due to clearance, for a linear rheostat whose
oy

slide undergoes rotational motion (Fig. 9). we will select the axis of ooordlnates

1
[

stqt in such a manner that the axis & coincides with the axis of rotation of the
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3

& and &
of the slide C as well as the axis n are perpendicular to the axes

Fig.9 - For Calculating the Error due to Clearance

i e of
The main motion is a rotation of the slide about the axis £, In the presenc |
. ‘4
Jearance between the axis of the slide and the bushing, the moving system (slide)
c
the
attains an additional five degrees of freedom and the error due to clearance in

general case is determined according to eq.(27), as follows:

or or ar , (Or)A '+(6r)A?,
A’;“‘=(—‘3—E—)OAE+(3 )oAn+(a:)oA'+ Oy /g F 0% /4 ¢

€A . g [o] i g |t '

is obvious that, within the selected system of coordinates, we have

) -3~
(aE )O— ac 0 a?q 0 a?c 0

dr :
The partial derivative (7%\_)0 is equal toz
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R(D—d)
Arclctm“’ 2 ’

is equal to

1f, for example, D-d=01lmmy =

Arﬂ.. =-2—1—3——- or 0,12%.
™ \"r 2.27-20

max
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depends upon the operating principles of
coordinate X, =@ represents the deflecti

) -

xh:d b e e v s i

”———.‘

Xy X2
2 3

Fig.,12 - Generalized Open Structural Arrangement
X - Input coordinate (magnitude to be xjeasurod); Xy Xpeee Xy - Intermediate

coordinates, Xpmet - Output coordinat (deflection of the reading device),

|2+ Equation of the Scale of the Instrument, Absolute and Relative Errors

The static characteristics of the measuring instrument, known as the equation
Tlof the scale and indicating the ratio of the deflection of the reading device to the

value of the quantity to be measured, may be expressed by the formula

a=f(X). (28)

This ratio can be found by solving a [system of equafions , expressing the char-

_|acteristics of the links in the structural scheme.
For example if in the arrangement shown in Fig.12 the number of links is n = 4,

» _ |then the equations for the links will be

!
|
|

X1=f; (X);

Xa=[2(X1);

Xs=fa(xz);

a=fi(Xs). (29)
|

As a result of the solution of the S)Latem of equations (29) we obtain the equa-

]
i
.2 _!tion for the scale of the instrument i
|

a=fiih 1 F O =f(X). oo
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OJ"~”MW~E§§ﬁgle‘7:T'iit"hilflnd the equation rf the scale 5¢ & thermoelectric thermome- |

.

xer, shown in Fig.10. o : . . e

The équation for the first link (thermocouple) is,

" “where E is the electromotive force;

a and b are coefficients dependent on the materials of the thermoelectrodes,

T is the temperature.

The equation of the second link (electric link) is

1
]
o

lwhere Z R is the sum of the electric resistances connected in series within the cir-:

‘cuit of the thermocouple.

i

The equation for the third 1ink (electromagnetic element) is

M ‘BSu)I
= 9810

where B 1s the magnetic induction in the air gap;
S is the area of the frame;
w is the number of turns.

The equation for the fourth link (two helical springs) is
1
aQ = """
2

where | is the free length of the spring;
b and h are the width and thickness of the cross section of the spring;
¢ is the modulus of elasticity.

Solving this system of equations for the links according to eq.(30), we obtain

61
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. the equation of the scale of the instrument:

.\A‘: '

_ 6/ BSuWaTrbT%
=Sme  OBI0XR

The characteristic of the scale of the instrument may be constructed by graph-

jcal methods, if the characteristics of the links are given as graphs or in Tables.

Equation (30) gives the characteristic of the jdeal instrument, if the output

characteristics, given in eq.(29), are taken as jdeal elements

ao=Fo(X). (31)

1.
ments are to be considered, then

If, however, "the characteristics of actual ele

Y -,.
the deflection of the reading device will be different from jdeal and will be ex-

'
1

, pressed by. the formula
a=f (X). (32)

The absolute error of deflection of the reading device is equal to the differ-

'_‘ ence between its actual (32) and jdeal (31) values, being
A g—=a—ao=l (X)—Fo(X). (33)

The gensitivity of the instrument is the partial derivative of deflection of

;
L
.';"-_g
“lthe specific device with respect to the quantity to be measured:

K= (?;l‘?\)o (34)

The subscript © indicates that the ideal eq:aation.'(Bl) of the scale is being

: differentiated.

: The sensivity of the jnstrument with an open structural arrangement 1s equal to

i

A

" | the product of the transfer c

KR K da X,
-‘(atv);(ax

cefficients of all of its links:
(0)(,) (OX,,_1> ( 0Xn )

PRSI . . . J—— — | =
0 X1 /o 0Xp_2/0 90X,

n
=K1Kl- . .Kn—‘Kn—-.i_[—;‘]Kj.

1
H
. !
§

k]
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' dimensions of
The absolute errors of the instrument are usually expressed in

the quantity measured, reading
;‘ Ax=xrr—x ’

measured
where Xp is the reading of the instrument in units of the quantity being ,
r
corresponding to the deflection a of the reading device;
£ the
X is the actual value of the quantity measured, causing a deflection a ©
reading device. | | |
i dimension
In order to transform the absolute error of the instrument from the _
ity of
into the dimension X, it suffices to divide the error Aa (33) by the gensivity |
nto the

the instrument (35):

(37

L3
The relative error 'of ttfe instrument is equal to
% .
4 AX
) X

The total relative error is equal to

i AX
% Xmax

Finding the Instrument_ Error from the Errors of its Elements

In general we consider the absolute instrument error to be th‘at caused by a
n
rdeviation of the characteristics of its elements from ideal values. |
Let us assume that, as a result of calculation or of experimental investiga- -
et u
ti the errors of all 1inks in the structural arrangement are found, expressed in
on, the

te of the correaponding link
of the output coordina
‘d:!mensions

| (40)
Error of the 18t link| AX =, (X).

63
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“Error of the 2nd 1ink A;\"V_:;; (X))
= ).

Error of the ith 1ink .
AX,::(;,(,\,_,).

00000000000 CRIOONIONOICERIRROCEOEOREOESROEOOETOTEOETOEDH

Error of the nth 1ink AXn=‘?,. (Xn—l)-

In finding the overall error of the-instrument we will consider errors of A X
~as primary.
In the beginning, we assume that all elements of the instrument, with exception
o of the 1th eilement, are ideal.,
The partial error of deflection of the reading device, resulting from the error
;of the ith elament may, with an accuracy sufficient for practical purposes, be con-
sidered as a linear function of the primary error AXi:

Axi) =(_‘3‘L) AX.. (41)
aX: /o

The index i of the error Ae indicates, that this error is partial, caused by
the influence by the i'P element.

The linear approximation is completely proper in the given case, since all
partial errors of the instrument lie within the limits of the field of tolerances,
whose dimensions are very small relative to the length of the scale of the instru-

ment .

oX;

da
The partial derivative (—) may be represented as the product of transfer co-
(o]

efficients of links from (i + 1) to n:

(ox, o\ 9X; 0(axi+, -

=Ki+1Kiy2 .
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0 177" The overall error of deflection of the reading device, during simultaneous ac-

i

-
“" 'tion of errors of all links, is equal to the sum of the partial errors

!

Aa= Y Aot =3 (AX, n K,). (1+3)'"“"';

=1 =1 smsi1

In order to find the absolute error of the instrument, expressed in units of
the quantity measured, the error of deflection (43) should be divided by the sensi-

tivity of the instrument; according to eq.(37) we obtain

a [ ]
AX; N K)
( Cemipn ) E AXi

n i
n Ki i =1

n

n Ks

I=l ‘=.l

The relative error of the instrument is computed by substituting eq.(44) into

eq.(38), and the total relative error by substituting eq.(44) into eq.(39).

)

For specific calculations, the expressions for the relative error of the instru-

ment are often considerably simplified.

We will consider the simplest specific case, where the instrument consists of

linear links, whose characteristics are expressed by the equation

X =K X;
Xa=KaXy;
Xs=K;X,;

X,=K; X113

Xn =Knxﬂ—1° )

Using eqs.(45), any intermediate coordinate may be expressed in terms of X:
Xl = KIX;
)(z==k&)(1==k;ka)h
X8=K3Xg= K1K2K31Y;
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X,=K1K’K3 . . . K[X:XS[!'II(‘?
. from which

(46)

Substituting eq.(46) into eq.(44) and dividing both parts of the equation by X

we obtain:

AX VA& (47)

X X,

From eq.(47) it follows that the relative error of the instrument, consisting
of linear links, is equal to the sum of the relative errors of all links,
Analogously, it may be shown that the total relative error of the instrument,

. consisting of linear links, is equal to the sum of the total relative errors of all

links:

— AX1
Xmax z (X1) max ' (48)

Example 8, Lét us find the overall relative error of a thermoelectric (Fig.10),

where for simplification we will assume the characteristic of the thermocouple to

be linear, i.e.,
E=aT,

»

In this case, the overall.relative error of the instrument may be expressed by

the relative errors of its links by means of eq.(47), as follows:

Al AM Aa
Ly b
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error of the thermocouple;
is the relative error of the electric circuit;
is the relative error of the electromagnetic element;
is the relative error of the springs.

3., Conditions of Physical Interchangeability of Elements of a Measuring Instrument

The physical interchangeability of pickup elements, as well as the dimensional
interchangeability of parts and subassemblies, may be obtained by one of five meth-
ods, accepted in the construction of machinery (Bibl.4):

Method of absolute interchangeability;

Method of incomplete (partial) interchangeability;
Method of selection or of selective assembly;
Methodqof fitting;

Method of regulation.

The conditions of absolute physical interchangeability are determined by means
of eq.(44) if, in the latter, concrete values of errors of the elements are substi=
tuted by their limiting values (calculations of "maximum-minimum"), taking into
account the signs of the transfer coefficient. -

Let us assume‘that, of the overall number n of links,.there are m links for
which the product ﬁK is positive and (n-m) links, for which the product ﬁK is
npgative. " Il

Then the upper limiting error of the instrument is equal to

n
u . -~ AX;'W"
1 o= y=1

e
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is the relative error of the electric circuit;
is the relative error of the electromagnetic element;
is the relative error of the springs.

3, Conditions of Physical Interchangeability of Elements of a Measuring Instrument

The physical interchangeability of pickup elements, as well as the dimensional

interchangeability of parts and subassemblies, may be obtained by one of five meth-

ods, accepted in the construction of machinery (Bibl.h):
Method of absolute interchangeability;
Method of incomplete (partial) interchangeability;
Method of selection or of selective assembly;
Method ‘of fitting;
Method of regulation. X
The conditions of absolute physical interchangeability are determined by means
of eq.(44) if, in the latter, concrete values of errors of the elements are substi-
tuted by their limiting values (calculations of "maximum-minimum"), taking into

account the signs of the transfer coefficient.

Let us assume that, of the oyerall number n of links, there are m links for

1 A
which the product IK is positive and (n-m) links, for which the product [IK is

8= s=1

negative,

Then the upper limiting error of the instrument is equal to -

n
N A Xllowﬂ

i
nKs
=1

.
k]

e
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and the lower limiting error of the instrument is equal to

n
{\ Ilower 3 AN upper

|0W¢|' 1 A A
3 2_, (50)
y-l " l\" 1—m+1 K?

uppe low )
where AX; PP and AX; er are the upper and lower values of the errors of the ele-

ments, permitted by the technical specifications for a given element.
If the instrument consists of linear links, eq.(47) will yield the following
expression for the limiting relative errors of the instrument:

m n

'._X_{( upper_ upper N X;\lower
(-\') >_,( ) +S(X,) ’

i=m-{-1

(-%3’ )Iower___ i( 2 )lowcr ZJ ( X' )urrﬂ: (52)

] i=m+-1

Analagous expressions are obtained for the limiting values of total relative
errors, if eq.(48) is used.

The method of absolute interchangeability, the basis for which is the "maximum~
minimum" calculation, is principally and practically without justification in most
cases, if it is taken into account that primary errors are mainly random quantities
and the probability of addition of their extreme values, especially in multilink
chains is quite negligible.

N. A. Borodachev cites, for example, the following data for chains with ten
primary errors, uniform in magnitude. The probability of obtaining a resultant err-
or within the limits of 0.9 to 1.0 of its value, computed as a maximum, isvas fol~
lows:

a) With diétribution of primary errors according to the law of equal probab-
ility (which is rarely encountered in practice) it is less than one case
out of a million.

of primary errors according to the normal law (closé to

68
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practical cases) it is less than one case out of 107 cases.

The method of partial inﬁerchangeability, where the overall crror of the instru-
ment is computed in accordance with the rules of the theory of probability, seems to
be more justified, as accepted for measuring and kinematic linkages.

The applicability of this method of computing is primarily derived from an ex-
planation of the laws of distribution of primary errors by means of statistical
treatment of the results of control of a large number of elements and, secondly,
from the application of the following rules for the addition of errors (Bibl.2):

a) Systematic errors and quantities, characterizing centers of grouping

of deviations of random errors, are added algebraically;

b) wuantities, characterizing the scatter of deviations of independent

random errors, are added quadratically.
The possibility of appearance of any possible value of a partial error of the

instrument, independently of the value of the other errors, is referred to as the

independence of errors.

The formula for computing the tolerances of the overall error of the instrument,

derived on the basis of the above rules, is of the type

AX}_'= AX(, + '\:.\', (53)

where A X, is the systematic part of the overall instrument error, equal to

AXQ:ﬁ(fi(‘)o(Aw’*‘a;a, " (54)

i=1

Here, 6X is the practical limiting random part of the overall error,vequal to

(55)
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In eqs.(54) and (55)

dX
(—_.dX- ) is the transfer coefficient from the input coordinate of the instrument X
1

o]

to the output coordinate of the ith 1link;
Aoi is the coordinate of the center of the field of tolerances of the jth prim-

th

ary error (if this error is random) or its algebraic value (if the i~ error is sys-

tematic),

a; is the coefficient of relative asymnetry of the ith error;

6; is one-half of the absolute magnitude of the field of tolerances of the ith
random error (if the 1Ph error is systematic, then & = 0);

A; 1is the relative mean guadratic deviation of the law of distribution of the
ith error()\i =-§—i. , where o; is the mean guadratic deviation of the ith error);

A is the relative mean guadratic deviation of the overall instrument error;

= —,
v X
where o is the mean quadratic deviation of the instrunent errorj;
kj =—?\7\i— is the coefficient of relative scatter of the primary error.

If the fields of tolerances of all primary errors are given and the law of
their distribution is known, then all coefficients of the right side of eq.(55) are
determined, with the exception of the coefficient A which may be made variable.

An increase in A permits a decrease of the tolerance of the instrument error,
but in this case the so-called percentage of risk, i.e., the probable percentage of

instruments with errors exceeding the limits of established tolerances, is increased.

In determining the percentage of risk, it has been accepted to use the quantity
1
t=—.
A

Since, in most cases of practical problems, the distribution of the overall

error may be considered subject to the normal law, the percentage of risk is deter-
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mined according to the formula

2
P% =100 [1 — & (8)] =100[ 1——

where ¢ (t) is a Laplace function.

The computed values of the integral ®(t) are given in Tables used in courses
on the theory of probability and mathematical statistics,

Table 2 gives certain values of the integral $ (t) and the percentage of risk,

as a function of the parameter t.

Table 2

(1) P %

0,6827 30
0,9011 10
0,9545
0,9901 1,0

In practice the triple mean-square deviation is considered to be the limit of
the normal curve of distribution, i.e., 8X = 3 ¢, which corresponds to the percent-
age of risk P = 0,27% (for t = 3).

Applying this condition, Tables yielding the values for the coefficients a; and
ky for the most frequently encountered laws of distribution of primary errors in
manufacturing, have been prepared.

After determining the coefficient ki and computing the error X, the upper and
lower limits of the overall instrument error can be found from eqs.(53), (54), and

(55).

AXU(’P"-—-AAQ"'I“OX \W(OX) (A01+aiai) + (57)

i=1
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n
O
AXYPPr— A X —8X = 5

S -V Dlox )i

1=1

("’) (Sos Fed) — (57)

J

OX')
. (%X
For an open undeveloped structural arrangement, the transfer coefficien ( axXily

: . £ the links
is inversely proportional to the product of the transfer coefficients o e

from 1 to i, i.ey,

1

1
X\ __ 1 _ =— ) )
(0)(")0— 0X1 01\’2 0X; KiKq...Ki n Ks (

s=1

Substituting eq.(58) into eq.(57), we obtain the final expression for the tol-

f

arrangement,
| n k262
An[—*‘alb] Q) [l } ,
XW':Z VY 2« (59)
= ;21 Ke Pi=l og=1
E—
n k%2
3 / i’
AX“’"""‘ Aol+°l [ 2 ‘ .
“ K ; n Ks
i1 et i=1 s=1

. (s &
Equations (59) are also conditions of partial interchangeability of the elements
tquatio

of the measuring instrw}lent.

o s . e
The method of selective assembly, widely used in instrument making, and esp

had

also based on assumptions which have peen accepted for analo-

) cated that these are

gous methods in the theory of measuring and kinematic linkages.

72
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SCOPE
IMBALANCE OF THE GYROMOTOR ON THE BEHAVIOR OF THE GYRO

by

cand. Tech. Sci., Docent G. A. Slomyanskiy

V’e Vi con de[‘ i,w() ()‘ ‘, e 0SS I)()p ase O[ ar an e]nellb [o] blle synme -

cal gyroscope in a gimbal suspension (Figs.la and 1b).
t y'
Vi Myl

k

%

Fig.l - Arrangement of a Gyroscope on Gimbals
. is of the
ope, 6 - Horizontal axas
& i the outer frame of the gyroscope
a - Vertical axis of
outer frame of the gyroscope.: ‘
igi ith the inner
tem Enf is stationary, the axis x'y'z rigidly connected wi
- 1e B is the
| 1e o is the angle of rotation of the outer frame, the ang
frame, the ang . | ’
' ted in a posil
£ rotation of the inner frame, the angles @ and B are indicate
angle of rova

tive direction.

i h 3¢}

Th

Rl caavearl
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At it s 4 emmant af tha gvroscope and causing nutation"

the equations of motion of the axis of the gyroscope for both cases of arrangement

of the gyroscope in a universal suspension are of the following type (Bibl.1l):

A (acos B—24f sin B) + Hp =M, I
A (B + 42 sin B cos B) — Ha cos B= — M., (1)
H=M., l

Where My, My,,and Mz are the projections, upon the axes x', y', and z, of the mo-
ment M of the internal forces applied to the gyroscope. Then, equating M, =0, we
will have H = const according to the third equation of the system (1). In this case,
the motion of the axis of the gyroscope is fully characterized by the two first equa~ |
tions of the system (1). Only moments (or their projections), directed along the
axes of rotation of the frames of the suspension, i.e., along the axes x! and ¢ for
the gyroscope shown in Fig.la and along the axes x!' and n for the gyroscope shown in
Fig.lb, can show any influence upon the behavior of the axis of the gyroscope in
universal suspension., We will transform the first two equations of the system (1)
in such a fashion that they will include only moments directed,along the axes of
rotation of the inner and outer frames of the universal suspension. These moments

we correspondingly designate by Min and M Since Mj, = My1 then it is only nec-

out *
essary to transform the first of the equations in the system (1). Multiplying this
equation by cos B and taking into account that Myn cos B = Mgyt (in the case of
Fig.la, the moment Mout = My and in the case of Fig,lb the moment Moys =M ) we

I |

will rewrite the first two equations of the system (1) as follows:

A («'cos B— 24 sin B) cos B+ HB cos =M,
A (B+4d*sin B cos B)— Hé cos p= —M,,

(2)

Abreviation of the Equation of Motion of a Rapidly Rotating Gyroscope in éimbals

We will assume that the gyroscope rotates rapidly. In order to obtain abbre-
viated equations, characterizing the basic precessional motion of the gyroscope in

gimbals, the terms in the equations of the system (2) containing A, depending upon

75
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- p i
the equatorial component of the kinetic moment of the gyroscops and causing nutation{

.wiJJ. have to be discarded. Then we obtain

HB COSQ:M“A,] (3)
HoacosB=M,,. J

Equations (3) are applicable to any given values of the angle B , satisfying

T r i i al abbreviated
the inequality - 3 <B <—2—. They differ in this respect from the usu

equations
HB =My, Ha =M.,
applicable only for small values of the anglef.

Law of Precession of the Rapidly Rotating Gyroscope in Gimbals

We will designate the angle between the frames of the universal suspension by \y..

T ' . . . .
= — S i ct to ¢ and B and in
Figure 1 indicates that v = 3 -B. Solving eqs.(3) with respe

troducing the angle y we obtain

M, . Q. Moyt

Hsing ' o Hsin ¢ '

These expressions determine the rate of precession ¢ and é of the rapidly rota-
ting gyroscope about the axes of rotation of the outer and inner frames of the sus-
pension, and are applicable to any given values of the angle vy, except for y = 0,
permitting the formulation of the law of precession of a rapidly rotating gyroscope
in gimbals in the following manner: The internal moment M, acting upon the gyroscope
about the axis of rotation of any of the frames of the universal suspension, causes
the axis of the gyroscope to rotate (precess) about the axis of rotation of the other

frame with a speed

T
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'} During this rotation, the vector H tends to coincide with the vector M. In this ‘

ez S I SN R S el T TR s i

rpsianti

!
fashion, the same moments acting about the axes of rotation of the frames of the

universal suspension increase the rate of precession as the angle between the frames
deviates from a right angle. The smallest values of the rates of precession ¢ and é
are obtained when the frames of the universal suspension are mutually perpendicu-
lar (B = 0,y = J%.). From this follows a conclusion important for the technical
utilization of the gyroscope, namely that at mutually perpendicular frames of the
universal suspension, a rapidly rotating gyroscope possesses maximum stability with
respect to upsetting moments applied to it.. The more the angle between the frames
of the universal suspension differs from a right angle, the less stable will the
gyroscope be. Therefore, in cases when it is absolutely necessary that moments of
friction on the axis of the universal suspension, moments caused by insufficient
balances of the frames of the suspension, and also moments of transfer forces of
inertia, have as little an influence as possible on the location of the axis of the
gyroscope, then special devices for automatic suspension of the fraues of the uni-
versal suspension in a mutually perpendicular position have to be considered.
Equation (4) is also applicable in cases, when the freedom of rotation of the

gyroscope about its dead point is secured not by means of a universal suspension,

but in some other fashion; as an example, the following may be mentioned: gyrostat,
a gyroscope suspended by one end from a string, and others. In that case, the

A T
angle y is the angle between H and Q, if H,M =—§-= const; if, under the action of

the moment M, the angle between H and M changes, then y = H, M.

PRI

As an example of application of the laws of precession formulated by us, we

oA 4 oy e R s £

Ex)

will consider how a displacement of the center of gravity of the gyromotor (the in-

ternal frame with the rotor of the gyroscope) in the direction of the axes y' and 2,

ST

at various values of the angle ¥ between the frames of the universal suspension,

3R I ey I

will influence the gyroscope shown in Fig.la. e will assume that o, y', and z are

the coordinates of the center of gravity of the gyomotor and that the weight of the

'ffj
STQT
77 '
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gyromotor is equal to P. Then, at an angle between the frames eyual to ¥ < E_, the
2
moment

M;,==P (zsin ¢ —y’ cos $),

will act on the gyroscope, which in accordance with the law of precession (4) will

cause a rotation of the gyroscope about the axis of the outer frame with a speed of

Min
Hsiny

P '
Qe=a= = -(z—y'ctgy).

, Eyces)
This expression indicates that a displacement of the center of gravity of the gyro-
motor along the axis z causes a precession whose speed does not depend on the

angle V¥ between the frames. The rate of precession, cuused by a displacement of the

center of gravity along the axis y', is proportional to cot V.

Integration of Abbreviated Equations of Motion of the Gyroscope

The possibility of integration of eqs.(3) depends on the character of the mo-

ments Min and My,¢e ye will consider certain important cases where integration of

these equations is possible. We will assume that the moment Mg,4 is a function only

of the angle B (or is constant), i.e., that Mout = Moyt (B). Then, assuning, that,
during the instant of initial motion B = B, at t = 0, we obtain the general solution

of the first equations of the system (3) of the following type:

B - 2
t=H cos gdp )
5 Mouf (i’) (5)

Tt is obvious that the possibility of expressing the given integral in terms of
elementary functions is determined only by the type of the function M,y (B). The
relation (5) permits a determination of the time of btransition of the gyroscope

from one position to another. For integration of the second equation in the sys-

tem (3), we will initially assume that the moment M;, depends only on the angle p

78
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(or is constant), i.e., Min = Mjp (B) and, therefore, that this moment is a function
= cases

of the angle o only (or is constant), i.e., My, = Min (¢). In each of these s

the general solution of the equation under consideration can be expressed in quad-

ratics and, under the conditions that ¢ = @, at t =0, is of the type

!
r1=a l——g‘ Mlﬂ—(g)‘dt (for Min=Min (B))' (6)
’ H cos 4
and
, '
da_ (A (o M, =M, (). (7)
H.S‘-Iﬁn (a) —‘ cos f (s "

In a number of practically important cases, the integrals appearing in egs.(5),

(6), and (7) may be expressed in terms of elementary functions.
J

Dividing the eyuations of the system (3), we obtain the differential equations

of the trajectory of the top of the gyroscope along the surface of a unit sphere:
dfi _ Mot a)

da Min (
From eq.(8) it follows that the type of trajectory, described by the top of the

gyroscope, depends only on the character of the moments acting on the gyroscope
J

about the axis of rotation of the inner and outer frames of the universal suspension.
M

_out Fi : tio -
i to the fixed value of the ra
The entire fixed value of the ratio m corresponds to e :

in

dp

independently of the angle between the frames of the universal suspension.
. ?

In a number of technical gyfoscopes the moments Mgy, and Min are functions of
the angle B only (or are constant), i.e., Mouty = Mout B) and My, = My, (B). In
this case, the general solution of eq.(8), under the initial conditions ¢ = @, and
=B, at t =0, is of the type

3 . i
— ' Min (q) d'_: . (9)
1_—‘/.0+! Mou!’(;) . ’

!ﬁll
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In cases when the moment My,; depends only on the angle P (or is constant ),
i.e., when Moyy = Moy (B), and the moment My, is a function of the angle & only (or
LN is constant), i.e., when Mj, = M;, (a), the general solution of eq.(8), under the

same initial conditions, is of the type:

r

¢ i

‘ J Min () 5 Moyt (8) (10)

k)

s .
TR e RS e
e e B

KT

v

In a number of practically important cases, the integrals in eqs.(9) and (10)

ma& be expressed in terms of elementary functions.
1

,. M
b o ‘ We will note that, at Mlnt- k = const, the trajectory of the top of the gyro-
* ou

scope along the surface of a unit sphere is determined, as follows from eq. (9), by

3 the equation
, a=0ao-+&( B—Po)- ,

M
If _out - q cos B where (q = const), the top of the gyroscope will describe a loxo-

Min
drome on the surface of a unit sphere.

The relatlo?shlps considered permit an investigation of the behavior of techni-

T
cal gyroscopes for any values of the angles @ and B, except where B = —gn

Influence of Static Imbalance of the Gyromotor on the Behavior of the Gyroscope

We will consider a gyroscope, shown in Fig.la, and assume that the axis of ro-
tation of the supporting frame is vertical.
We will assume that the center of gravity of the gyromotor does not coincide

with the center of rotation of the inner frame (axis x') and is located at the

point C with the pélar coordinates | and ¥ (Fig.2). Here, l is the distance from
the axis x' to the point C, y is the angle between the plane x'z and the plane pass-—

. ing through the axis x' and the point C; the angle ¥ is considered positive in the

direction of positive y'. The weight of the gyromctor will be denoted by P. The
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he inner frame will then !

i ft
. following moment with respect to the axis of rotation o .

act on the gyroscope:

M, =IPcos(B+ ).

The moment will be considered positive,

[l

Fig.2 - Schematic of the arrangement
and polar coordinates l, ¥ of the

center of gravity C of the gyromotor.

where Mp ip and MT.

axes x' and & .

Thus, in the case under consideration, the moments applied to the gyroscope
2

with r

suspension, are equal to

In order to set the gyroscope in motion (on a rigid support) it is necessary

y are the absolute values of the friction moments about the
ou

espect to the axis of rotation of the inner and outer frames of the universal

M, = IP cos (B+ %)+ My, sign B»} (11)
Mauf= —M'Rou? Sigﬂ d.

if it tends to rotate the gyromotor
counterclockwise, looking at it from the
positive end of the axis x' (Figs.la and 2).
aside from this, friction moments will
act on the gyroscope in the bearings of the
frames of the universal suspension and will
be constant in magnitude and opposite in
direction to the angular velocities a, é .
Since, at positive & and é , the vectors of
these angular velocities are erected along
the axes (+ ¢ ) and (-x'), the friction

moments along the axes x! and . are equal

to

M, signB and —M__ . signd,

8l
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i e will then
following moment with respect to the axis of rotation of the inner fram

act on the gyroscope:

/wl’in =[P cos (p + "{’)

tor
The moment will be considered positive, if it tends to rotate the gyromo
counterclockwise, looking at it from the
positive end of the axis x' (Figs.la and 2).

Aside fro;n this, friction moments will

™

i
|

act on the gyroscope in the bearings of the'

¥ \ } z frames of the universal suspension and will
. k be constant in magnitude and opposite in

direction to the angular velocities a, B .

\ 0c=1 Since, at positive & and B , the vectors of
| these angular velocities are erected along -
¢ the axes (+ ¢ ) and (-x'), the friction

moments along the axes x! and & are equal

angement
Fig.2 - Schematic of the arrang o

and polar coordinates l, v of the

. sign B and — M sign a
center of gravity C of the gyromotor. My, signB r.out S1BN A,

h M ;nd M’l‘ t are the absolute values of the friction moments about the
where DT in .ou ’

axes x' and & .

Thus, in the case under consideration, the moments applied to the gyroscope
, N

with respect to the axis of rotation of the inner and 0L.1ter frames of the universal

suspension, are equal to

M, =IPcos(B+%)+ My, Sign B’} (11)
M, ,=—M,, signa

In order to set the gyroscope in motion (on a rigid support) it is necessary

81
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to have the absolute value of the moment Mpjn, larger than the friction moment Mp 4po

j.e., it should satisfy the inequation

1
T YIRS AT

i3 25,0
-

LR

1P| cos (B + @)l > Mrin: (12)

X

where B, is the initial value of the angle B.

.
TR A AT

If the unbalance IP is equal to or less than the friction moment MT.in motion

of the gyroscope is impossible for any values of the angle B,. If, however,

e

4 P> Mp 5n then the gyroscope will only start moving at angles Bo satisfying the in-
§~ equation (12).

% Substituting in expression (12) an equal sipn for the sign > we obtain an equa-
% tion for the limits of the region of rest. The graph in Fig.3 has been constructed
5

% according to this equation. If T.in and (B, * @) are such that the point corres-

ponding to them in Fig.3 lies in the hatched region, which is the region of rest,
then the motion of the gyroscope cannot start since the inequation (12) is not sat- .
isfied. On the other hand, the graph in Fig.3 indicates that, at lP > Mp sps there
always exist such values of Bjat which the inequation (12) is satisfied, and also
values at which it is not satisfied. Therefore, the balancing of the gyromotor and
the checking of its quality must be done at several values of the angle By
Furthermore, the graph in Fig.3, shows that it is impermissible to limit the
balancing of the gyromotor to only two values of the angle B, 900 apart, since such

a method of balancing may prevent an unbalance from becoming apparent. This is pos-

sible, if HELE_ and (Bo + ¢) are such that the point corresponding to them in the
.in

+ i i P = d l
| graph of Fig.3 falls into the crosshatched region. For example, if WT.in 1.2 an i

the balancing is in one case done at B +9 = 4,0° and in the other case at B, *+ ¢ *

90° = 130o or at B, + 9 90° = - 500, then an unbalance will not become apparent,

. since the corresponding points Ay Ao, and Ay, (Fig.3) are located in the region of i
7

rest, whereas the point #; is in the crosshatched region. ﬁ
Considering further,- that the inequation (12) has been satisfied, we obtain, E

‘]
STAT

82 ;
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on the basis of eys.(3) and (11), the following expressions for the rates of preces-

i sion B and @ :

4 _Mq oyt
g = — o —
£ B sign Hcosh ' (13)
,!;"2
3 . 1P Ms. in
5 °‘==—Fl—;‘é‘cos(3+9)+31gn5 H cos 8
g‘ If in the expression for &, the member containing Mp sn is omitted and if it
h is assumed that @ = O or m , i.e., if it is assumed that the center of gravity of
g the gyromotor lies in the plane x'z, then we obtain the result that the velocity of
: 0 P = st a se-
% precession @, caused by the unbalance of lP, is equal to T const and, con
: - » betwe frames of the
%& quently, does not depend on the angle 3 or on the angle between the
%
;

. d)

' . D, i
TR0 ~135 —90 -45 0 45 90 135 180(p+f)”

Fig.3 - Regions of Rest of the Gyromotor A i

. a) Region of rest

I PR T

'
i grm e gAY

universal suspension. In all other cases of location of the center of gravity C

a

. 4

(see Fig.2), and also at Mp 35 7 O» this velocity is a function of the angle B :
The velocity B, as may be seeén from eq.(13), does not'depend on the ma‘g)mtu e o STET
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. . . f
. the unbalance !P. The absolute value of the velocity B increases as a function o

n

~e should mention that B is independent of [P
2 L ] 1)

the increase. of |B| from O to

i rtic which
only in the case where the axis of rotation of the inner frame is vertical,
was also assumed in the beginning of this Section.

i i btain
* Substituting eq.(11) for Mout in eq.(5) and integrating, we obta

t= —signa -- (sin B—sin Bo).

()
T. out
From this we obtain the law of change of the angle B with time
| : H . : M'r.ouf B
8= arcsm(sm B, —signa — t). (15)

i .(11), we obtain
Substituting in eq.(6) the moment M, by its value from eq (11),

£ My jsian B+1P cos (3+¢)
1 My jasign B+IPcos 3+¢
NI dt.

H

. cosp
0

Eliminating, by means of eq.(15), the angle B and applying the substitution:
J

. My o .
sin B, —signé — -};ﬁt=?‘3

: e : . M out —
sin By =X, —signe—-— dt= [{X.’

we obtain . .
ign d : ax ¥
IR0 M, ., sign BS o choscde
Q=0 — —— ) ~—
0 Mr. out T X, }/1 X3 X, ;
¢ xdx }j
—I[Psino Y — ;
: 1—X? ;
No 4

W

Using the integrals which are part of the last expression, we have

oy

sign a . .
o == 0y— _E1% M, ., sign  arc sin X+

T- out

+chos<gX+lPsi11(pV1 — X?

%3

XL

=

X
Xo

%
>

o
F
wqa

=

X > RISy eSS
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The first of the equations in the systenm (13) indicates that, at H> O and -

t

bt e £

- L. B <—, the sign of the velocity B is always opposite to that of the velocity
2

‘ @ and that, at_ <p < _En, the velocities a andB are always single-valued.
. 2 2 . 3
. We will further consider motions of the gyroscope at wh:.ch_9. <B< < e
“ In this case,
F
{ signa.signp= —1. (16)
E:;; 3 03
'&l' Substituting the limits in the expression for ® and taking into account the
! k3
é equality (16), we obtain the following final expression for the law of change of the
“ angle a with times:

.. P B
a=a0+(~ll—§ cos'{»)t-{- sig{\a———/-w sinf(cos Bo —

14 r. out
::
- r ou+ M, m

' — — —signa —%° t) [BO

‘/ : sin ﬁo S8 Mz out
M (17)
~ —arcsin (sm 8, —sign ¢ ——1-evt t)]
I ‘9 'r ; \ H
! IS . ‘\‘

In order to utilize the der.,lved equations, it is necessary to know the sign of
the velocity &. For this purpose, we will use the second of the expressions in (13).

n n
1 . - —< <
Above, we limited ourselves to a consideration of the cases where -— B 5"

T e

. . . T n . . b8 s
Under this condition, we find that & > 0, if - Y < B+toc< - and @ < 0 at7)-<[3+(p<z_1r.
We will prove that, in the process of the motion of the gyroscope being consid-

ered, the signs of the velocities &,[.3 do not change, remaining the same as they

were,at the instant of incipient motion, The sign of the velocity @ can only change

SES

in the case where the sign of the moment M, changes. The latter, as may be seen

from eq.(11), consists of the friction moment Mp ;. and the moment due to unbalance

Mpijne During the process of motion, the signs of Mq ;,, and Mpy,, are always opposite 1
: al
. i
to each other. It was mentioned above that, during motion, the absolute value of :
Mpin must be larger than that of Mpi,. During the process of motion in connection g

with a change in the angle B, the value of | Mpsn| may increase as well as decrease STAT

85 [
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in comparison with its value at the instant of incipient motion. It is apparent

'
| S
TANAITLE

that an increase in IMPinl cannot change the initial sign of My, A decrease in

LS

. | Mpin | can only take place up to such a time when lMPinldoes not equal the friction

moment Mp 5n since, at the instant of reaching this equality, the motion of the gy-

TN e Litw -

roscope stops. Consequently, even a decrease of | MPin‘ cannot cause a change in the

i

sign of Mjp. Thus, at all times during the motion of the gyroscope according to the

Ny

laws being considered, the sign of Mijn and consequently, also the sign of @ remain

the Eame as they were at the instant of incipient motion. From the fact that the

- 3 amgrey

sign of @ cannot change, it follows that the sign of B cannot change, which may be

e

seen from the first expression in the system (13).

This will give

N—
; a>0 B<LO0 g —— <Bote<
; 3 (18)
a<0; >0 for —_<po+‘“ 5
As a result of an analysis of the signs of the velocities @ B the following
rule can be formulated: A change in angle B takes place in the direction of action
of the moment of unbalance. This simple rule should be utilized in balancing of an |
i
operating gyromotor,
. . . }
Eliminating from eq.(l?), by means of expression (14), the time t, we obtain %
k
- the equation of the trajectory of the top of the gyroscope along the surface of a K
¢ :
unit sphere of the type {
@ =a,+signa [sin (Bo + ¢)— sin(B+¢)] — l}
T. out i
Moin_ (g, _p). - :
T. | . :
MT-OU(’ &,
:
. If from the instant of incipient motion and up to the point of its stopping, ‘
the angle B remains small, then it can be assumed that Bx B and cos Bx 1, so that :
. . . }ij
the equation of the trajectory (19) may be approx1mate;y represented in the :
STAT
86 (
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form

: a=a,+——;41 (signalPcos @ —M, ;) (Bo—B) (191)

T. out

The motion of the gyroscope according to the laws under consideration will con-
tinue, depending on the magnitude of IP up to the time when the velocity ¢ 1s not
equal to zero, which will take place as soon as the moment M;, becomes zero or up to

T
the instant the angle B reaches a value off— which corresponds to the loss of one

-

T R Rt

degree of freedom by the gyroscope.

<

vle will find the value of the angle B = B*up to which the moment M; ., and, con-

HYSPRDE I AV (Y maey p

sequently, the velocity & become equal to zero. For this purpose, we equate the
first of the expressions in the system (11) to zero; solving the resultant equation

for B, we find

o . = T

—arc cos M/‘j‘)‘ﬂ——? for —'2*<Bo+'7"<—r,"

* (20)
! @ xarccos Huin o for Z- < Byt < 2

; ‘ T 2 =" 2

From this it can be seen that, if 1P sin @ = Mg ip» then B* = % _;.. In this
fashion, at [P sin ¢ 2 Mpoin (which in turn is possible at 0 <@ < n), the frames of !
the universal suspension will, in time, coincide and the gyroscope will lose one
degree of freedom.

At LP sin @ < Mp 4p (if n<g@<2m, then this will hold for any l P), the frames
will not align. In this case, the motion of the gyroscope will continue for the
duration of the time t¥, after which the gyroscope will attain an equilibrium posi-

rr T . a—@es
tion, determined by the coordinates o* and B*, where —--)—:<P*<—2—- . Using B =B*in

ST W TS T T

eqs.(14) and (19), we obtain for t# and o* the following expressions:

el o8

H

T. out

(sin B* - sin B), (21)

t* = —sign Ly

[

~

HARAL

STAT
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o*=a, 4 signa TIP__ [sin (3o +¢) ——sin (B* + ¢)] —
T. O (22)

Mrin_ (B, —B*).

M. out

From a consideration of eqs.(20), (21), and (22), the following conclusions may

Hy
. .in
be drawn. The angle B* is a function only of the angle ¢ and of the ratio T

An increase in the ratio ﬁ—l——-causes an increase in the time t%*, as well as in the
T.in

angles a*, B*. The time t# and the angle ®* become smaller with increasing friction
moment in the bearings of the supporting frame MT.out' This is explained in the
following manner: In the case under consideration, the moment MT.out causes a pre-
cession of the gyroscope with a velocity'é, directed in such a way that it changes
the moment M;, to zero. The larger Mp ., the larger will be é. Therefore, the
larger MT.out the more rapidly will M;, become zero; consequently, other conditions
being equal, the smaller will be the deviation of the gyroscope by an angle @

(angle a*), caused by the moment My e However, with an increase in Mg the value

out
of the transmitted velocity, at which the gyroscope is driven by translatory rota-
tion, will also increase. In cases when ® <@ < 2t, i,e., when the center of gravity
of the gyromotor is located below the plane x'z, the gyroscope will more rapidly
reach an equilibrium position (a* B*), and the angles a*, B* will be smaller than at
0 <g<n i.e., when the center of‘gravity of the gyromotor is located above the

plane x'z. This is illustrated in Fig.4, which gives the graphs of the ratios

ti#, ¢ ¥, p¥, as a function of @ for values of the ratio 23 equal to 1.1, 1.2, and
.in
1.4 at g = B, = 0 . The graphs in Fig., further indicate that B¥* is considerably

larger than ¢¥. For a given value of Ml P_, the angle a# decreases as the ratio
T.in

M.
El;&ﬂ_ decreases, that is the larger Mp ...

m x
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We will consider the character of change in the angles a and f§ with time., 1In

order not to restrict the calculation to specific values of H and MT.out’ we will

_/3:‘
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Fig.4 - Graphs of the Ratio of the Coordinates of Location of the

Equilibrium of the Gyromotor o¥*, # and of the Time ti# of Motion

to this Location to the Angle ¢, Unbalance [ P, and Moments 'of Fric-
tion M‘I‘.in and Mp it under the Condition that, at the Instant of

Incipient Motion, i.e., at t = O, we have ¢ = B = 0,

€9
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substitute the time t in egs.(15) and (17) for « and B8 by the dimensionless time

;, - MT. out t. 2
_ and thus obtain
P !
! B = arc sin (sin B,—sign dx), (24)

a=2,+4 M. in { IP‘ [ cos ¢+ signa sin ¢ (cos Bo—

M'r. ouf T. th

(25)

—1/1—(sin B, —sign at)? | — B, + arcsin (sin , —sign a’m)J .

The graphs in Fig.5 are constructed according to these formulas.
Equation (24) and Fig.5 show that the angle B is a function only of the dimen-
sionless time T; the rate of increase in the angle 8 increases with an increase in

its absolute value. The character of the change in the angle @ with time, as may

e TSI QA SN T Gy e s ORI ) BB ¢

be seen from Fig.5, depends on the magnitude of the angle Byt ®. At Bt > O, the

e

rate of increase of the angle o increases in the beginning, reaches a certain maxi-
mum, and then decreases to zero, If B, * ® £ 0, then the velocity ® has its largest
value at the instant t = 0, after which it will gradually decrease to zero. The
curves 1, 3, and 5 are constructed for values of @ corresponding to the limits of
the region of rest.

The eguilibrium values of the angles o and B, obtained in this case egqual o#

and p#* are the maximum possible ones at given values of —L¥ . The curves 2, 4,
T.in

and 6 are constructed for ¢ = O and are characteristic of the maximum possible ini-

tial velocity «.

It may be seen from Fig.5 that the deviation of the gyroscope by an, angle takes
place considerably faster than by an angle @. The graphs in Fig.5 permit an evalua-

tion of the behavior of gyroscopes, characterized by any given values of the quanti-

- M
ties H, My i4s EILQEE at values of _!P_ equal to 1.1, 1.2, 1.3. As an example,
i T.in

90
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o G .

we will determine the deviation of a gyroscope b, the angles a and B at t = 15 min,

M
if H = 1200 gm-cm-sec, m lP_=1.1,9 =0, Mp oout = 0.3 gm-cm, and _L.out = 1,2,
T.in .in

According to eq.(23), we find: ¢ = 0.225. Erom the graph in Fig.5, along curve 2,

TTT

Ne

of curve

24°30

Fig.5 - Graphs for the Change of the Angles a and B, as a Function of the
Dimensionless Time T at Various Values of the Angle ¢ and the Ratio __IP .

T.in

M
we have: Lyout o = 1.20.
T.in

M
Considering that MTAQHL = 1,2, we obtain @ = 1°, For the angle B we immediate-
T.in

ly obtain the value g = 13°.' Equations (23), (24), (25) and the graphs in Fig.5

91
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.permit the following conclusions on the influence of the quantities lP, MT in?® and

Mp, out €xerted on the magnitude of the angles by which the gyroscope declines from
initial position a, = B, = 0 at t = O through the time t (t < t#). An influence on
the magnitude of the angle B is exerted only by MT.out' The larger MT.out’ the
larger will be the angle B. The angle « increases with an increase of 1P and de-

creases with an increase in MT in °F the larger the ratio [P , the larger will be
T.in

the angle q.
If n<p<2n, the increase in MT out leads to a decrease in the angle @, 1f,

at which the bisectrix of the angle

however, O <¢ < n then for all values of MT out

passing through the arc OC (Fig.2) during the time t lies above the plane of the
horizon, the angle a will be smaller in proportion to MT.out' In cases when, at
0<¢<n, the mentioned bisectrix lies below the plane of the horizon, a decrease in
MT.out will cause an increase in the angle ., Thus, if the gyromotor has a low ten-—
dency to oscillate, the increase in My .4 will lead to a decrease in the deviation
of the gyroscope by an angle « during the time t. At a maximum tendency to oscill-

ate, an increase in Mg leads, in some cases, to an increase in the angle @ and,

out
in other cases, its decrease. Thus, the decrease in the deviation of the gyroscope
by an angle ¢ during the time t may be obtained by increasing the accuracy of static
balance, i.e., by decreasing the unbalance [P, as well as by increasing the fixed
moments MT.in and MT.out (in specific cases, a decrease of MT.out may be required).
However, in no case should My ;. and MT.out be increased, since the increase in the
friction mom?nts decreases the sensivity of the gyroscope to translatory rotation
and adversely affects the performance of the instrument on a moving and oscillating
support, Therefore, it follows that My ;. and MT.out should be decreased if possi-
ble. For a decrease in the deviation of the gyroscope by an angle a, the quality
of the static balancing of the gyromotor should be increased, which will cauée a de~

LP  due to a decrease in the value of . The

crease in the value of the ratio
T.in

balancing should be done with the gyromotor operating, i.e., with MT in in the oper-

92 .
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. ating condition of the instrument. If it is practically impossible to obtain the
desired accuracy of static balancing of the gyromotor and to decrease the quantities

i M and Mp .5 it becomes necessary to increase H. It must be mentioned that an

T.in
. increase in H should not be done by increasing the moment of inertia of the gyro-
! scope, but by increasing the velocity of its specific rotation, while simultaneously

decreasing its weight.
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GENERAL CLASS1F1CATION OF WINDING MACHINZS 1N 1 STRUMENT
by

Cand. Tech. Sci., Docent V.P.ChumakoVv, Senior Lecturer Ye.ki. Nikolayev¥

A large number of winding machines of various types are used in instrument mak-

ing. The total pnumber of types of winding machines exceeds 150. Many models of

winding machines, used for the same types of windings and differing only in accuracy

and productﬂvity, could be mentioned. such a diversity of winding equipinent is ex—
plained not only by the considerable nomenclature of the windings used in modern in-
struments and automatic devices, but also by the fact that, up to this time, little
attention was paid to the calculation and construction of winding machines and that

these machines were developed by many organizations at times without a sufficient

theoretical foundation or investigation of winding processes. Technologists do not

always rationally select winding equipment, in planning winding processes.

One of the more important and timely problems in the field of the production of

windings is the typification of technological processes of winding, to assist in the

creation of high productivity and accuratbe processes. Jork on the standardization

of technological processes of winding requires the classification of winding ma-

chines. The absence of such a classification causes considerable difficulties at

present in the planning of technologicul processes and the gelection of winding ma-

chines. The classification of winding machines should serve as basic principles in

the unification of winding equipment and the development of types of machines. At

the same time, 2 classification will be of value in the creation of uniform termin-

ology in the field of winding equipment .

It can be stated that the planning and utilization of winding machines at the

—_‘———-_—.-— k3 ' -
¥ The first two Chapters were written by V. Fo Chumakov; the third Chapter was writ-

ten by V. P. Chumakov in cooperation with Ye. M. Nikalagev.
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present time is at approximately the same level as it was in our country twenty to

twenty-five years ago with respect to metal working machines, at which time a large

variety of models and types of metul working machines, and specifically many lathe-
type machines, were in use. ENINSH* and other organizations, within the last years
have done a large amount of work on the classification and unification of metal-
cutting machines and the development of various types of machines. The work per-
formed played an important role in the development of machine-building and metal-
working. Similar work should be performed on winding eguipment.

The starting materials in the development of classifications of winding ma-
chines were: 1) a classification of windings by technological criterioﬁs developed
by us, 2) a classified compilation of types of windings, 3) investigations of wind-
ing equipment. Data on more thoroughly perfected domestic equipment were mainly
utilized in the compilation of the classification.

As a basis for classification, the principle of formation and lay of the wind- -
ings in the process of windings was used. From this point of view, it will serve
the purpose to divide all winding machines into three classes:

1. Machines for coil (open) windings;
I1. Machines for closed windings;
I1I. Machines for slotted windings.

As coil windings we consider windings, which are obtained by means of windings
wire onto a core rotating about its own axis. During this process, the wire or the
core, in addition to the basic motion, frequently also has an additional regular
motion along the axis of the coil, required for a given lay of the turns.

Circular (toroidal) windings are formed by winding wire around the axis of the
cross section of a core which has the shape of a ring or semicircle, and which ro-
tates slowly relative to its own axis, thus attaining the required lay of the turns.

In order to run around the cross section of the body, the wire must be fed through

* Experimental Scientific Research Institute for Metal-Cutting Machines
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{
.| the inside of the contour; this is obtained by special circular shuttles,
T .

For slotted windings, the wire is layed in the slots of the rotor or stator

" stack.

Each of the mentioned classes of machines are divided into separate types,

groups, and kinds., For convenient illustration, three separate Tables of classifi-
cations by winding classes have been prepared.

In the ciassifications of winding machines presented, the structural and pro-
duction characteristics of the machines are not mentioned, and models or overall

dimensions are not indicated. Only a brief technological characteristic of the wind~

ing equipment ;is given, and general criteria of separate kinds, groups, and types of
|
' machines are differentiated. It is apparent that more detailed classification
schemes for various kinds of machines along construction and usage characteristics

could be proposed in the future.

.Class I: Machines for Coil Windings

Entirely different coil windings have different accuracy, distribution of turns,
diameters of wire, cross—sectional shapes of the cores, and other data.
In instrument-making plants winding machines differing in construction, produc-
tivity, and overall dimensions are used for core windings.
According to technological criteria, we divide the machines for coil windings
into:
I. Machines for general or wide application;
II. Machines for special application;
III. Machines of high productivity (for simultaneous winding of several

. !
assemblies). |
I. Machihes for general application are useful for various types of spool wind-
ings: layer windings, single-layer and qultilayer windings, crossed-over windings,

bifilar windings, and other types.

96

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/20 : CIA-RDP81-01043R002300210011-7



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/20 : CIA-RDP81-01043R002300210011-7

i

1

These are obtained not only by means of structural possibilities of the ma-
'chines, but also as a result of utllization of various types of interchangeable fix-
tures and attachments, mounted to the machines. For example, attachments for cross-i
over and functional windings, two spool-holders and chucks on the spreader, and

others. The machines have large speed and feed ranges and may be utilizqd for the

winding of cores of various cross sections and dimensions.

Modern machines for general application are equipped with braking mechanisms,
actuated by a counter after the winding of a given number of turns, mechanisms for
automatic spreading of the turns, infinitely variable speed and feed control, and
other mechanisms increasing the quality and automation of the winding processes.

! Such machines find widest application ih experimental and small-series production.,
‘ II. Under machines for special applicitions we include machines, utilized for
|

special types of coil windings, cross sections and dimensions of bodies, and diame-
ters of wires. These machines will, in their construction, closely rese&ble machines
for general apéiicapion, but the design of each will be adapted for a special type of
winding. Newer maéhines f;r spizial applications also have a number of improved at-
tachments and mechanisms, used ;n a manner similar to that in general-purpose ma-
chines. However, older models of machines are still being utilized in plants (main-
ly those of foreign make) for example, machines without automatic spreading of turns
(make "Scincilla") or without speed control (make "Boston" and "Mikafil").
Brief technological characteristics of the various types of winding machines for
special applications are given in Table 1.
1. Machines for layer windings are divided into:
a) Machines without spreader mechanisms, utilized for free windings ("bulk"
windings);
b) Machines for single-layer windings with attachments for automatic spread-

ing of the turns; the majority of such machines have no automatic shifting

of the spreader for the return sequence.

STAT
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¢) Machines for multilayer windings. The most popular machines of this type
areiequipped with attachments for automatic spreading of the turns and
shifting for the return sequence.

2. Machiles for polar coils and coils of heavy wire (of diameters of 0.6 - 3 m) o
| These machines are of one and the same type as the machines of the preceding group
but have stroﬁger braking attachments, spreaders operated by a cam, and other attach-
ments,

The winding of polar coils and coils of heavy wire on other machines for layer
windings is usually made difficult because of the large diameters of the bodies.

3, Machines for yindings of thin wire of diameters of 0.008 - 0,07 mm, used for

accurate resistances, frames of measuring instruments, and other assemblies. wire

jof diameters up to 0.02 mm is often called very fine or microwire. Machines of this

i

type are characterized by high accuracy of production, low moment of inertia of ro-
tating and moving parts, and work at low speeds; thus permit return winding of the
wire from the core onto the spool.
L, Machines for winding of flat cores (rectangular, trapezoidal, or curvilinear).
Characteristic of the construction of machines of this type is the transmission of
o rotation to the headstock as well as tailstock. Rotation of the tailstock eliminates
twisting of the bodies, held in the spindles of the headstock and tailstock during
the winding process. A special differential transmission to the spreader is mounted
on these machines in order to increase the accuracy of spreading of the turns and ad-
justment of the lay, which changes as a function of the profile of the body.
5, Machines for winding of flat cores of great length; (up to 0.5 m) were devel-
.oped due to the requirement for spreads of high accuracy (tolerance of lay of the
'spread, + 0,01), éomplicated profiles and, mainly, large dimensions of the bodies.
To avoid considerable differences in tension of the wire during winding and in
n:order to increase the accuracy of spreading of the turns, the machines are equipped

with special differential mechanisms and other special devices.

98
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‘4 6. Machines for winding of bodies of :low rigidity, i.e., of thin plates made of!

.plastics and other materials; wire is also used for the bodies. The bodies are

‘tnfstretched by clamping between the headstock and the tailstock. The latter has a

deive shaft and turns with the same velocity as the headstock. A moving support of

"i the machine supports the body, protecting it from bending during the winding process.

The moving support is displaced together with the carriage, on which the spreader
mechanism for the wire is mounted, and supports the body in the place where the lay-
ing of the turns takes place.

7. Machines for cross-over windings. The main feature of machines for cross-
over windings is the relatively large speed of the return motion of the dog with the
j'wire. During the cycle of this motion, the spindle, with the body being wound, makes
‘one revolution (for universal windings) or two and more revolutions (for cross-over

multiple turn windings). Machines of this kind come in two types: a) with slide-
block mechanisms (Fig.l), which permits the winding of spools of various widths by -
means of changing the ratio of the levers of the slide; b) with shifting of the dog
from the camj for each width of winding in most cases a separate cam is required.

8, Machines for layer windings with paper spacers. These machines have a spec-
jal attachment, for cutting off and positioning the insulating paper. The paper is
cut off for the required length which increases with- each new layer of ﬁurns, and is
automatically placed on the spool after the end of winding of each layer of turns of
wire. The transport mechanism of the paper as well as the mechanism for positioning
the wires, is usually put into motion by means of a friction clutch.

9, Machines for layer windings with cotton threads. Simultaneously with the
wire, cotton thread is wound between the turns and between the layers of wire. For
winding the thread, a special mechanism is provided. Cotton thread is used for in-
creasing the electric and mechanical strength of the windings. 1In coreless coils,
the thread serves as a connecting element.

ITI. Machines of high produvtivity. This group includes machines on which sev-

]
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Class 1I1: Machines for Ring Windings

Machines for ring windings (Table 2) are subdivided int'o:
I. Machines for geuneral or wide applic_ation;
II. Machines for special applications;
1II. High-productivity machines (multispindle).

11 fOI‘ g 301 3
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Fig.2 - Machines for Continuous Ring Windings

transfer of motion to the rolls which turn the core to be wound, is ?btainfd bzr
- srif connecting rods and gear trains. The core or frame can be set 1n motion by
m::is of a flexible metal strip, which gives & smoother transmission. -
" Machines for continuous windings on large cores of diameters up to L . )
M ch;i;sinr such windings should contain suitable attachments for fastening and ro-.
a

tating the bodies.
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II11. Machines

h

type.
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: jope Engi ¥.7T. Grishin. Winding
R P P f the type developed by Engineer V !
= scept e l ds, with the s h head dis+
- ously by five heads, e ixﬁ E
- 2 on_these machines is performed simultarje .} y :
A (-““ ) ) ‘ '
(l: " '"J I T e -— = N
! {//'/ ‘.‘\\Q
‘, ; ( E - ; /// . \‘\\ ‘
. U—j = "I/ . ) ‘
q N ' - ——
{g- 10 — : -_-WT—. ' :
5 ) \ ;
‘“ ] | \ \ /
‘C 12 .4 ,
He ! l \\\ W
s-}j 14 - £ ||‘ N P ;
% ° 7 indi gections of One
:§ ) i Fig.5 - Schematic sketch of Winding Two Se |
.ﬁ ) B . hinc ‘
; ’ Gore on the Machine Developed by V. I. Gris
: ST
-1
é such as: replace-
; } hines are used for set-up and supplemental work
3 _connected; the machin e
N . . ]
5 - nt or turning of cores, threading of wire onto sSp ) . o
% " by two shuttles,
i i formed simultaneously by
§ ‘ The winding of each body is per | e o
: ion (Fig.5). The machines are mainly
i which winds its own section o5 et e, -
it . i}
g " jzed windings but may easily be adapted for various O e
% ze ’
: | the
i ilinear cores of short leng
% ' jcally for the winding of rectiline
".I
B
; ' Class IILs Machines for Slotbed Windings
%
g i d windings for
i 1 of machines includes machines for produclng slotte
| e i i of the stacks
| | y uipment, i.€e, machines in which the outside diameter |
’ small electric eq » 1. ( i
a1l slots and the inside diameter (diameter of the hole) o
with external S N s -
ts does not exceed 60 mm. This limit, it should be unders ’
I ‘ \
ternal slots doe | R
Most of the slotted windings in instrument making have smal
o . i i that are some-
l i However, there are winding assemblies with diameters -
i ing dimensions. ’ | e
? than 60 mm. Packets with internal and external slots have a g
C— what larger than 00 mm.

Ear W gs O.f Small el I n Ir ( I g
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. soviet State Standard - 63214-52) with diameters of 0,05 - 1.2 mm are used, usually *

with enameled (PEL, PEV, PEM) insulation, and less frequently with silk (PELShO) or

cotton (PELKhO) insulation.

1
’i
‘-
x

The basic classification of a given class of machines is the grouping of slot-

‘3 \ted windings according to technological application and dimensions developed by us
Ré (see Table 3).

?% Each of the machines, included by us in Class IIl, is characterized by its meth-
'2 od of laying the turns into the stacks and is primarily intended for one type of

% windings or for several types which are similar in shape and spacing of turns.

g Many slotted windings, up to this time, are being made by hand, since no ma-

: Y~ hines, generally applicable to series production, are available.

% Some types of slotted windings or groups of windings have characteristic fea-
2

% tures which require special machines for their production.

% The classification of machines geveloped by us reflects, to 8 certain extent,
% the state of presently available winding equipment in instrument making. Machines
? " for chord windings with internal slots have found the widest application.

% ’ gome of these machines are successfully used in series production. These in-
j . B clude types of machines with simplest automation, belonging to the subgroups of ma-
% chines with rotating packet and with rotating reel, and also semiautomatic machines

of the first subgroup.

There are no machines for the winding of internal slots available, but investi-

gative work is being done on the creation of machines included in Table 3 in the cat-

.egory of machines for windings with internal slots. Work is also being done on a

|

.machine for separate winding and laying of sections (machine developed by Ye. D. Kly-

ushnev) .

The slots in the packets may be located along the line of generation of the

In many cases one

~vpacket (straight glots) or along @ winding line (slanted slots).
: <«

and the game machines may be used for packets with straight slots and for packets

STAT
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T
pe adapted for both
arious machines can ‘
" with slanted internal slots. Sometimes var
it d slots.
. straight and slante | N
A1l machines for slotted windings are gubdivided into machines
: ts
s with internal slots.
| jnes for windings
) the packets and mach
: ‘with external slots on

| chord W d s'3 these include'
l d under the term wch indings";

) { lar are windings which can be groupe ‘
.| | |
‘bhe fOIlowing types single—chord, two-chord, christmas tree, 51ngle-chord with varie
| - tions evenl, distributed) with a small
- ion ( Yy ’
| three phase of eqpal sec

able pitch of slots, .
num er O - - and sinuso .
b £ slots per pole and phase, single phase, two phase, idal
i - d windings there
h ct to the techniques characteristic of 51ngle chor > |
With respe | | | |
is the pos p X durin the windin

‘ P it‘oning of windings of all sections in one directlon £ g

rocess i of the sections

‘ P Figure 6 shows turns layed counterclockwise. The winding

'js done. O direction.

along one chord from slot to slot without change of di
e w of two-cC on wo chords, S nmetrical wit
| ind] is g y SV
i i hOI‘d w1ndlngs 18 done a
Th inding £ V 1 t hord h
i F. . ).
respect to the axis of the packet of the armature winding ( 1g { |
e ri indin (in the direction O
i ds during winding b
! correspondlng to chor
Looking at sections | | | | . |

the arrows A and B) the direction of the secti ons will dlffel‘ (Flg.8) This 18 .

, - hOI‘d windings in
istic of two chord windings. From here on, all types of ¢

characterls icC |

which the direction of winding, when going from one section to another, has to be

i 1
- indings.
chang d to as two chord win
ed Will be referre N ;
[nlluded in b o—chord windings in this general sense are sp601flcally t o—chord
i Wi | |
- i ¢ ther windingse.
(christmas tree), three phase, equlspaced, and O |
on O WO=-Cchor i i i tion of rotati
duction fv hord windings, the direc tation of
| .
Since, 11 the pro | | -
h 124
(:h]' ne nas o hanged, the machlnes 1
i h to be C for such w ndings should
the splndle of the ma | | |
be reverslble An except.ion is the machine for the winding of small rotors and |
| . ee below), 1n which the pac et is clamped in two palrs
int al slots (S 1 ), i h pa k 1s P
stators with intern ] | | '
o unide Jjaws In this case the direction of rotation of the Splndle of the ma-
. . s
f g J *

indi following sec-
h to be changed. 1In passing to the winding of the
chine does not have
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tion, the wire is transferred from one pair of jaws to the other.

. number of slots included i

Fig.6 - Schematic gketch of the \Jinding Process of a 5ing

In small electric machines the majority of windings are tw

In chord windings of two-pole €

Fig.7 = schematic sketch of a Two-Chord

"gric machines by simple rotational motio

tionary axise

Armature Winding

Machines for chord winding

The first group

1ectric machines the

n the section of turns wound )

n is fairly difficult.
s can be subdivided

comprises machine whose main motion js rotabion about a sta-

o-pole windings.

/
View alongarrow A

N

Direction of winding

7,

1 e-Chord Jinding.

pitch of the slots (or the
corresponds as & rule to a -
central angle of ~180°, but in some in-
stances of two-phase windings, the pitch
is equal to 900.

1n chord windings for multipole elec-

tric machines, the pitch of the slots is

equal to or less than 90° (with windings
of four-pole electric machines, with an

elongated pitch, the spacing of the slots

may be slightly more than 90°); therefore
the winding of armatures of multipole elec~

into two basic groups:

This group is divided into two subgroups.
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ne he packet of the rotor or sta-
"~ The beroup comprises machines on which the packe |
e fpe first subgroup ‘
i |
o

orY b .

i
!
i
\

{
!

.

.
YL

semiautomatic machines.

i rmatures and rotors
i with "simplest automation" are used for winding a
Machines

indi achines also include
t of single-chord or two-chord windings. These m
ets of the type

machine (Fig.9).

eI

J

e ety Py BN

View along arrow A View along arvow B

Fig.8 Direction of Turns for a Two-Chord Winding.
1E e -

. . . . 03 . . . . . . .

g 3 2

ic positioning of the turns.

j

indi iven number of
{ automation is perfonned manually. After winding a 8
with simplest au

¥ See next Chapter of this book.

N
I
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p

. . i nce
i hines 1s possible sinc
f single chord windings for two-pole electric mac
. s _
production ©

P i

P N el

i
k
1
]
1
4
g
H
¥
i

Fig.9 - Machine shYa-4 for Slotted Windings.
g7 =

i i s in a section. The
indings of armatures with approximately eight turn
single-chord win

of slots.
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1 four to five armatures per hour). i

. ;ihrmhturés per hour (during manual winding,
N ]

The second subgroup of machines of the first group comprises machines in which

e o

'ilthe reel rotates, winding the wire onto a stationary stack of the rotor or stator.
t

V%Répresentative of the second subgroup of machines is the machine produced by the

{ “, !

! fnifactory wSchetmash"# (see pbelow). Larger stacks, of diameters above 40 - 50 mm are

- 10t
\ _.jwound on machines of the second Subgroup.

vk

‘ Both subgroups are in the same (first) group since in all machines included in

‘tﬁese subgroups the relative motion of the wire with respect to the stack to be

o ' wound is of the same type.

The stacks of rotors and stators, except for rare exceptions, have semi-closed

';islots. The wire falls into the slots through narrow slits in the slots. Therefore,
" a required attachment for all machines of this group are guide jaws along which the

| wire slides into the slots of the stack.

The manufacture of semiautomatic machines for the second subgroup with rotating:
reels is fully possible, since they are structurally simpler than semiautomatic ma=
™ chines with rotating stacks. Consequently, We should also specify types of semiauto-
matic machines in the second subgroups
| Second group - shuttle machines, in which the reel performs & complex motion,
somewhat similar to the motion of a human hand during manual winding of a stack of
the rotor with wire, and in which the stack performs & rocking motion about its geo~
metric axis (for stacks with straight slots, the latter motion is absent) .

Shuttle machines can be divided into two subgroups:

The first subgroup comprises machines in which, during the winding of sections,
the stack remains stationary while the second subgroup is composed of machines with
a rocking stacke.

Shuttle machines, at present, are in the development stage and are nob yet used

in production. The proposed field of application of these machines is the winding

______-‘
¥ Later in texte. STAT|
1
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0 : . , N .
1 of stacks with small slobt piteh (in multipole rotors) and 4ith slanted slots (at a |
t { |

1arge angle of inclination of the slots). 1

B R .
‘ Existing machines are only used for chord windings of two-pole machines. Chord[
! |

However, nobt all types and dimen—.

1

windings of multipole machines are made manuallye

sions of chord windings of two-pole machines can be made on the above machines. Dif-

' ficulties are created by certain design feature of the agsemblies:

a) Presence of collectors, plates and other parts, attached to the axis of

- . the stack (armature) and interfering with the laying of the wire into the

glots;

b) Necessity of tight laying of the wire on the face parts of the stacks; in

manual work, the viires are usually clamped several times;
c) Large angle of inclination of the slots in their plane;

4) High space factor of the slots;
e) Reqpirement for identity of the sections; in mechanical winding, the dif-

ference in ohmic resistance of the section sometimes exceeds the estab—

1ished tolerance.

For the following types of slot winding, corresponding machines for special ap-

plications should be produced (see Table 3).

For "petticoat“ windings, each turn coming from the slot is not pent. around the

end of the stack as in other windings, put forms 1oOPS on both sides of the cylin-

drical surface of the armature (Fig.ll). The loops of each row of turns of all

slots form something like a “petticoat". The front part may consist of several lay-

ers or separate “petticoats“. The number of the "petticoats“ is equal to the number

of turns in the section. The individual loopé and layers ("petticoabs") are separ-

ated by insulation. In jnstrument making, armatures with several layers (up to .

four) are used.

For “pettiCoat“ windings, Do machines are in existence and no methods for mech=

anization of the winding nave ever been reported.

t
113 i
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For re-entrant windings, the stacks (cores) have open slots. The sections of

]

' +he turns of the wire bent around the teeth of the st

acks in a predetermined se-

o quence, are distributed into the slots

(Fig.12).
Re-entrant windings with internal
! slots do not differ in principle from such
windings with external slots, but the meth-
ods of their mechanical production may dif-
fer. No machines for re-entrant windings
are in existence. At present in the pro-
duction of windings, sections of wire are

wound onto patterne which are then manually

inserted tooth by tooth into the slots of

the stacks and separated by insulatiné in- ¢

Fig.10 - Semlautomatic Machines for
serts.

slotted Windings ATk~1
A characteristic peculiarity of con-

centric coil windings is the concentric distribution of the sections or coils within

. the slots of the stack (Fig.lB). In concentric coil windings, the spacing of the

76,5 pr

Fig.ll - Petticoat Winding

slots of the winding for internal (a) and external (b) turns located in ditferent

glots, will differ.

STAT
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i i and external slots.
tri oil windings are used in stacks with internal
Concentric €

. s .  fe
s of windings will di
| thods for mechnaical production of such and other type
The metho

.

|

i ot spacing equal to
ial group are windings with internal slots, with a sl P
A special g

un t 1le.€ v |,h l,he Se(:l, (o) wou ourn one b()Obh Of ttle StaCk g.m) .
1 F) eTey

premm——— -

t
|
§

i windings with in-
i1 windings presumably will be easlier than for other
cqncentric coil w

i )

- T
ey 5 -
Bt At wed e Pl v $AFET AT

3

i ted. There are no
ks of this type of windings may be straight or slan
of the stacks

ST iAo b

special machines for windings with two open wide slots. It ii Si;fiiijiilikiiffi;-'
: i ndi ith slanted slots .
o tZZZZZi:%ji?i;:::iZZZiOZQZZ;IZZZ:zi%;iz machine ShYa-k, will not give uni-
chines p .
o Of;ZZ:;:z::: ijg;jigjl:Zihojnitinzza:jits we include three-phase equi-
Under =8¢ _ e, d inusoidal
eetion (equalli.ii:fii?z;:dl;n21:i:e;i:%ii;aizz z:?ize(zziciéi;oiz ﬁi; chords with
types. The sectl

p i i i Of th urns.

to this time the problem of mechanization of the winding processes for sbacks
i Ifpt Onal slots has not been solved in instrument making plants. This ?an be ex-
Wlt? B ir the considerable technical difficulties encountered in the solution of
plaln?d ' roblem. The greatest difficulty is presented in forming the front part
theti%szniings and in reaching & satisfactory space factor in the Slotf. étt%re;;
Oft experimental machines for sectional and concentric coil windings with intern
ent, e

2
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i The first group comprises shuttle madhines,

‘ !iings are placed by a special shuttle, describing (relati

0 i.e., machines in which “the Wind= "1

I
ve to the stator) a trajec- |
!

|

Cross section thru A B
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M.W 2 Main winding

Winding with Internal Slots.

Fig.1l2 - Re-entrant

ey e < &

mam— (1 - pp y i i i i T TeTeTe SeCODd

n winding. 1 - Rotor stack; 2 - Slot insulation;

e

mentary excitatio ™
- st); 5 - Supplementary winding

3 - Main winding; L - Supplementary winding (fir

(second); 6 - Wedge.
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n the slots of the stator stack.
1

of the coil, Jocated i

h follows the outline
h separate winding &
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The gecond group includes machines wit
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Jinding of 2 Three-Phase Rotor

Fig.l3 - Schematic Layoubt of Concentric Coil

sections into the slots of the stator sback
vided into two subgroups, based

' The machines jncluded in the first group are di
aying the turns:

In these machines,

on the principle of 1
a complex

the shuttle performs

a) With stationary stacks.

8
Cross section the. AB
Windfnq
Arramqemenﬁ
blqinning
E P
end
PEL Ol

rnal Slots Fig.l5 - wWinding with Two wide Open

i1 Winding with Inte
al Machines (the

Fig.lh - Co
Slanted Slots

of Multipole Electric

pitch of the winding is equal to unity) s
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M e
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motion, while the stator is stationary.
b) with a rocking stack. 1n these machines, the shuttle has a reciprocating
motion, while the stator rocks about its geometric axis.
These subgroups are, in turn, divided into: machines for sectionalized evenly
distributed windings; machines for concentric coil windings; and machines for wind-

ings with a pitch between the slots equal to unity.
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THE WINDING OF SMALL-SIZE ROTORS W1TH COILS SPREAD IN THE SLOT

by
Senior Lecturer Ye. N. Nikolayev and Cand. Tech. Sci., Docent V. P, Chumakov

For the winding of small-size rotors of two-pole electric equipment, a machine
on which single-chord as well as double-chord windings can Le wound, is used.

The operating principle of the machine is similar to that of machines with a
rotating stack (see Table 3 of the preceding article). The wire to be wound slides
along guide jaws into the slot of the stack (rotor or stator), which, turning to-
gether with the jaws, winds the wire upon itself.

The stack is secured in the machine by means of two pairs of guide jaws. This

permits manufacture of two-chord windings, without change in direction of rotation

of the spindle.

Stacks of diameters from 10 to 50 mm and widths from L to 40 mm are wound on
the machine. The wire diameter ranges from 0.08 to 0.5 mm. The rotational speed of
the spindle is 1500 rpm.

The machine operates at a higher speed than most other machines for slotted
windings.

A feature of the machine is the presence of a mechanism which spreads the turns
at the front part of the stack to be wound and of a mechanism for automatic shut-off
of the machine and brading of the spindle, After winding a given number of turns, a
signal from the counter simultaneously disengages the spindle of the machine from
the driver and starts the spindle brake., Such a system considerably decreases the
angle through which the spindle turns during the time between initial braking and
full stop, since in this case the brake only has to overcome the kinetic energy of
the spindle and of the parts rigidly connected with it, but not the energy of the

drive and the electric motor.

In addition to slot windings, individual sections for subsequent manual arrange-
n a
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.ment in the slots of the stack may also be wound on the machine.
‘ The electric-kinematic arrangement of the machine is given in Fig.l.
The machine consists of the following basic parts:

Spindle with drive; mechanism for automatic shut-off of the machine; mech-
anism for spreading the turns; counter for the number of turns, with an
attachment for automatic shut-off of the machine; two holders with guide
jaws; tailstock; spool holder with tension buckle (not shown in Fig.1l);
electric motor of the type MSh-11 with a voltage of 26 v and a power of

60 w; pedal with rheostat; countershaft.

Prior to winding, a special Jjig (38) with two cones is inserted into the uper-

=

S5

20211222324 25 2621229
5177818

123456'7 8 91 llIZIJ/#/f

'lumml’

42 0 40 39 38 37 36 95 3¥ 3T N1 38

{ Gc ‘ﬁ-.@/

"I'
o A,
3 525155 49 d o1 46 45

59 585756 55 5

N 27v
Qv

Fig.l - Electric-Kenematic Arrangement of the Machine.
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ture of the stack. The jig is used for forming the front parts of the windings.

The stack with the jig (38) is clamped in the holders (41) and (31) by means of

R

"121

Iy - -~

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/20 : CIA-RDP81-01043R002300210011-7



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/20 : CIA-RDP81-01043R002300210011-7

guide jaws which grip the stack. The edges of the jaws enter the slits of the slots
to be wound.

The guide jaws (2) (Fig.2) are attached to the levers (3) and (5) which, on de-
pression of the cams (4) spread apart [(rotating with respect to the axis (6)] and
disengage the guide jaws. The guide jaws are held against the stack by the
springs (1).

The holder (41) (see Fig.l) is secured in the chuck ot the spindle of the ma-
chine and turns the packet together with the holder (31), rotating freely in the
tailstock (30).

The wire passes through the right~hand guide pieces (24) if the guide jaws of
the holder (31) are used. If the guide jaws of the holder (41) are used, the wire
is switched to the left guide pieces (24).

Prior to winding the first section, the wire is secured in the ear of the
jig (38).

In order to start the electric motor (54), the rheostat is connected by means
of the foot pedal (57). The motion from the motor is transmitted to a three-step
pulley (5) over the sleeve (55), shaft (58), pulley (59) and drive belt (4). The
pulley (5), sitting freely on the spiudle (8), may Le displaced along the spindle.
The pulley is pressed against the friction lining (6) of the disk (7) attached to
the spindle (€) by means of the support (1) of the lever (2). .hen the pulley (5)
is forced against the disk (7), the spindle (8) is put into rotation by the shaft of

the motor (54).

For starting and nubraitic stopping of the machine, asmechanisum is provided

consisting of the electromagnet (44) with the armature (45), lever (51) with the

brakeshoe (53) and the supporting screw (48), which closes the contact (47) of the

counter circuit,

Before starting the machine, the handle (46) must be pushed down; during this

process, the lug at the right end of the lever (51) clicks into the space behind the
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i resses against th
step of the armature (45) of the motor (44). The spring (50) presses uagains e
lever (2) causing the support (1) of the lever (2) to force the pulley (5) against

the disk (7). The small brakeshoe (53) is disengaged from the disk (7) and releases

Section AR

e

Fig.2 - Holding the 4inding Machine with Two Pairs of Guide Jaws

f

the spindle from the braking position. The screw (48), in the process, closes the
contact (47). This contact is installed for disconnecting the cur?ent of the elec-
tromagnet (44) after the machiue is shut off and for preventing start-up of the ma-
chine without canceling the counter reading and resetting it to zero.

The motion is transmitted to the counter (13) by means of the gears (42) and
(20) [in Fig.l, the counter and gear (20) are purposely raised out of the plane] .
In addition to the usual mechunism, the counter is equipped with a special electric
contact device set for a given number of turns to be wound; on reaching this number,
i.e., after finishing the winding of the section, the contacts close and current
flows through the windings of the electromagnet (L) .

when the electromagnet attracts the armature (45), the right end of the
lever (51) is freed of the retaining armature (45), and the lever (51) starts rotat-
ing with respect to the axis (52), under the action of the spring (49). Upon rota-
tion of the lever, the brakeshoe (53) pushes against the disk (7), quickly stopping
the spindle. The support (1) moves away from the pulley (5), thus cutting the con-

nection of the spindle with the pulley (5) and with the driver.

The spreader mechanism works in the following manner: The cam (17), displacing

the lever (11) of the spreader mechanism, is put into rotation via the spind}e of
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‘the machine through the worm (9 and 10) and gear (12 and 1) drives. The displacé—{
ment of the lever (11) is transmitted to the spreading guides (24) over the thrust

. bearing (18), the traction rod (21), and the slide (22).

The spring (36), via the lever (21), forces the pulley (15) against the cam (17).

The travel of the slide (21) to which the guide pieces (24,) are connected, is deter-
nined by means of the screw (19) which shifts the thrust member (18).

. The distance between thé guide pieces is regulated by the screw (23) and (29).

| The machine is started by depressing

the foot pedal (56). The rotational speed

of the spindle is also regulated by means

of the same pedal (the pedal is connected

to a rheostat included in the feed circuit

of the electric motor).

The design of the described machine,

in our opinion, has many advantages and

le 1p
can be recommended for the winding of

small-size rotors ans stators with inter-

nal slots, without further modification.

Fig.3 - Stator Stack

To check the advantages of winding

with a spreader, as compared with the usual winding without a spreader, various ex-
periments were made.
The cbject of the experiments was a stator, whose stack is shown in Fig.3.
Winding Data of the Stator

Copper WAre . o o o + ¢ ot ® 0 0 0 0" pPiM-1 (with metal-vinyl insulation),

diameter 0.15 mm
pitch of winding along slots « » o o s L =06

Number of turns in section « « o o o o 75

JR———

Resistance of section T v o o oo eI ohms t 10%
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38t 4 ohms
Resistance between phases + « « '
Nominal static tension of wire
175 8
during winding « « « ¢ ¢ . o
. 5 mm
stroke of spreader o o ¢ * *° | R
utions O
double stroke of the spreader at 50 revol " | e
- with cone of 16° and diameter
! ji two types ¢ ¢ ¢ ° .
oontest a2 ¥ " (at end of stack) with cone of 14° and

diameter of 12 mm (at end of stack)

Ex erimental Methods

Experimentaz Z=-—==

i ed:
Two series of experiments were perform

. : 2
)

4

3 tah e

results of several measurements.

Table 1

: i Spreading of Turns
(in ohms) between Phases of Stators, Jound with Sp
Resistance (11

No of leads

-
Ne Angle of

9—-1
cone of f\q 1—5 5—9
in degrees

37,83 40,25 38,45
y , 36,5
35,5 37,25 ,

Table 2

. (

Ne of lead

2 Angle of cone
N o{q,‘u‘q,indcqtus 59

. —

16
14
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b) The number of turns wound on a pair of slots, UpP to the point when the wire
stopped entering the slot, was determined. The results of these experiments are
summarized in Table 3.

Table 3

Number of turns, Laid in a Pair of Slots

Ne of sections

Mean number

Method of winding i 9 3 4 5 §t
0 urns

1 Without spreading 150 | 145 | 151 145 | 149 | 140 147
2 with spread 155 | 150 | 161 155 | 159 | 150 155

The purpose of the first series of experiments was to clarify the influence of
the spreading on the front parts of the windings, while the purpose of the second
series of experiments was to clarify the influence of the spreading on the lay of
the wire in the slot.

1. The front parts of the windings filled by spreading along the slots, practi-
cally do not differ from the windings obtained without spreading.

2. During winding with a spreader, the winding is more closely laid into the
slots, but the difference is not very large.

3, It is possible that, for windings in which machine winding is difficult due
to a high space factor for the slot, a spreader attachment may prove of some helpe.
Therefore, further experimental work on winding with spreaders, for various types

and dimensions of stacks, is recommended.
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MACHINES FOR 71NDING ROTORS AND STATORS wITH INTERNAL SLOTS
by

Cand. Tech. Sci. Docent V. P. Chumakov and Senior Lecturer Ye. h. Nikolayev

Two machines for the winding of small-size rotors und_stators with internal
slots, the machine produced by n3chetmash® and the machine 3hYa-3, are included in
the group of machines with rotating reel (see preceding Classification of winding
Machines, Table 3)

In these machines, the reel rotates while winding the wire on a stationary ro-
éor or stator.

The wire is directed into the slots of the stack by stationary guides, along
which it slides into the slots during the winding process. such a winding method is
useful in winding large rotors and rotors with long shafts. For the winding of such
rotors on machines in which the stacks rotate, together with the spindle, chucks of
large diameters and of considerable moments of inertia would be needed. The type of
work on winding machines required that the machine be started at fregquent intervals
(every few seconds) and, after a comparatively small nd@ber of revolutions of the
spindle, be quickly stopped. Under such operating conditions it is desirable to
have the moments of inertia of the rotating masses,relative to the axis of rotation,
remain as small as possible. Therefore, the best method of winding large rotors is
the method where the stack remains stationary. In working on machines with station-
ary armatures, this process of winding should be further investigated.

on some machines with rotating reels (specifically on thé machine SNYa-3), the
spool from which the wire is unwound rotates together with the reel. This is done
to prevent the wire from twisting in the process of winding. In our opinion, such
twisting is no maJjor hazard since it is negligibly slight (one revolution per turn
of winding) and does not affect the mechanical or electrical propertles of the wire

and insulation. Care must be taken, however, that thin wire with excessive slack
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. cannot form loops which, on subqequent tightening will not open but will be pulled f
closer (forming a Ukink"); this weakens the wire and damages the insulation. How-
S ever, such danger is present in any method of winding.
v During the time of operation of the machine, the wire is under tension and the
formation of "kinks" during its normal operations is impossible.
Experimental work on the machine "Schetmash" indicates, that minor twisting of
the wire in winding armatures on this machine, does not affect the quality of per-
- formance of the armature. On the other hand, rotational motion of the spool. axis

complicates the machine specifically creating great difficulties due to the reguire-

ment of keeping the wire under tension in the mechanism.

Machine for Winding Rotors, Developed by the "Schetmash" Plant

Stacks of diameters up to 100 mn and widths up to 120 mm may be wound on the
.machine. Wihding conductors of diameters of 0.08 - 1.2 mm may be used. stacks with
straight and slanted slots can be wound on the machine.
The machine has a reverse which permits manufacture of windings with #two-chord"
characteristics. The speed of the spindle of the machine is 800 rpm.
The kinematic diagram of the machine is shown in Fig.l.
The machine can be broken down into the following parts:
1. Drive of the machine;
2. Reversing mechanism;
3, Spindle-braking mechanism;
4. Hollow spindle with flywheel and reel;
These four parts are united into one tailstock assembly in actual construction.
5. Headstock with holder and centers for clamping the stack to be wound;
» 6. Guide Jaws;
7. Counter of turns (revolutions);

8. Spool holder post with tension mechanism.
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The shaft (5), rigidly comnected with the pulley (34), also carries rigidly

connected gear (4) from which, over the gear (20), rotation is transmitted to the

hollow spindle (26).
Shaft (5) rotates in one direction, while the direction of rotation of the

spindle with the reel changes (for the case of "two-chord" winding). Therefore, the

machine has a reversing mechanism. Jhen the handle (21) of the reversing mechanisn

occupies the position shown in Fig.l, the gear (4) is connectea to the gear (20)

over the gear (36) so that the direction of rotation of the spindle coincides with

the direction of rotation of the shaft (5).

If the handle (21) is moved '!'away from the operator! (i.e€., to the lett, look-

ang at it from the side of the headstock), then the gears (36) and (20) are disen-

gaged SO that motion will be transmitted to the gear (20) through the gear (35). In

th s pc~ition of the reversing mechanism, the gears (20) and (4) will rotate in dif-

ferent directions. Since the number of teeth of the gears (4) and (20) are the same,

the gear ratio between the shaft (5) and the spindle is equal to unity. Therefore,

the counter (6), connected to the shaft (5), indicates the number of revolutions of

the spindle, i.e., the number of turns wound. The counter in this machine is placed

in the kinematic linkage in fron of the reversing mechanism, so that the counter

shaft rotates only in one direction, regardless of the direction of rotation of the

spinu £ the machine.
As soon as the reel lays the required number of turns, the machine is stopped
by moving the handle (33) upward. puring this time, the pulley (31) and (32) are

lowered; this causes the tension on the belt (3) to decrease and the pulleys (34)

and (2) to disengage.
On further raising of the handle (33), the braking mechanism is actuated and
the spindle of the machine 1is stopped rapidly.

The braking mechanisﬁ is constructed in the following manners

The brake pulley (23), against which the spring (25) presses the brakeshoes (22)
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sions
*  (29), which spreads the b.ake blocks and sets the pulley (23) free. The dimen

- t of the
- of the braking mechanism are so calculated that, at the instant of engagemen

23)"
pulley (34) over the tightened V-belt (3) with the pulley (2), the brake pulley (23)

isfi i i i ; when
- rides completely free. If this condition is satisfied, it will become obvious;

- i ctric
stopping the machine by raising the handle (33) the connection between the ele

isi ; ber
motor and the pulley (34) is broken and, on further raising the handle, the membe

(29) turns until the brake blocks touch the pulley (23).
i i i.,e., is
Figure 1 shows the location of the handle (»3) in the lower position, i.e.,

22) and
with the machine running, when the member (29) has moved the brake blocks (22)

i from
(24) apart. Upon completion of winding one section, the guide Jaws are removed

i je d to
the rotor the follower is turned on the centers and the gulde Jaws are attache
J

. . c s {or
new pair of slots, corresponding to the schematic diagram of the winding. Prio
a

to starting the machine by means of the handle (7), the reading of the counter is
)

canceled, i.e., it 1is returned to zero.

The machine should be used for winding of large stacks of diameters over 50 mm

f stacks of smaller diameters, but which are elongated, of a width (length) of
y or o

more than 60 mm.

The speed of the machine (800 rpm) is completely sufficient for the indicated

sl1zes e C e o . .
:y . i i p n t I‘eSUl

o . ]] . 3 :i :t- *l ” i |] 3-‘- ‘] . l-

is short in comparison with auxiliary time.

R . atic
The main drawback of the machine is the absence of a mechanism for automati

. shutoff.

After the reguired number of turns in the section is reached, the machine has

A to be stopped manually This requires the operator to watch the counter at all times,
o be sto ' . !

STAT
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! which complicates the work and causes additional fatigue. :

The counter mounted on the machine may be used for automatic shutoff of the ma-
chine. Therefore, without changing the design of the machine, a mechanism for auto-
matic shutoff could be added. The operating principle of this mechanism may be the

same as for the machine for winding small-size rotors and stators with internal slots

(see previously in text).

Machine SNYa-3 for Winding Armatures

The machine SNYa-3 was constructed by engineers V. I. Antonov, N. V. Mironov,
and A. V. Salov. An overall view of this machine is shown in Fig.2, and the electro-
kinematic diagram is given in Fig.3. The machine is meant for winding of small-size

rotors and stators with external slots, with single-chord and two~chord characteris-

tics of windings of two-pole motors. The diameter of the stacks to be wound is

Fig.2 - SNYa-3 Machine Tool for Winding of Armatures

12 - 40 mm; the width of the stacks is 10 - 40 mm. The diameter of the wire is

0.08 - 0,5 mm.

The main difference of the machine SNYa-3 from the machine made by the "Schet-

mash" plant consists in that, on the machine SNYa-3 the spool from which the conduc- STAT
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tor is unwound rotates together with the traverse, whereas the axis of rotation of
the spool in the spool holder of the nSchetmash" machine is rigid. Therefore, in
winding armatures on the machine ShYa-3, the wire is not twisted.

The entire mechanism of the machine may be subdivided into the following parts:

1. Spindle with drive;

2, Chuck with spool holder, braking mechanism, and traverse;

3, Counter with mechanism for automatic starting of the machine;
L. Tailstock with pedal mechanism;

5. Guide jaws;

6. Holder with ceuter for the armature.

Parts i, 2, 3, 4 and 5 are basically the same as the corresponding parts of the
SNYa-/4, machine¥.

The chuck (2) with the spool holder is attached to the spindle (1) of the ma-
chine SNYa-3. The spool (5) together with the cones (4) and (21) is clamped.to the
chuck on tHe centers (3) and '(19). The brake block (20) is forced against the cyl-
indrical part of the surface of the part (21) by means of the spring (16).

The friction forces between the block (20) and the cone (21) create, with re-
spect to the axis of the centers (3) and (19), a moment required for tightening of
the conductor being wound. The compressive force of the block and, consequently,
the tractive force on the conductor, is regulated by means of the screw (18).

The frame (22) of the spool holder caries the traverse (6) to whose end the
pulley (9) is mounted. The conductor travels across this pulley, going from the

¥

spool and being wound on the stationary armature (13).

The clamp (12) with centers in which the shaft of the armature is secured, is
usually of the design used in the machine ShYa-k; however, in the machine SNYa-3 the

clamp is not attached to the chuck of the spindle of the machine but to the

# See V. I. Antonov, Automation and Mechanization of Winding Operations in Instru-

ment Making, Progressive Technology of Instrument Making. Mashgiz (1953)
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