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Electronic Analog Computers and Their
Appliceiicn for Investigation of
Automatic Control Systems., State
Publishing House of Physico-
Mathematical Literature., Moscow,
1963,

Pages Cover — 510

FOREWARD TO THE PIRST EDITIOM

The development of systems of automatic adjustment and control confrents the

theory and practice of automatic adjustment with new and incressingly complicated
problems,

For the last 8-10 years in the solution of these problems d-c electronic
analog computers of direct current found wids application. They are used for cal-
culation, in the carrying out of expsrimsntal investigations and :~-:tings, and most
recently as clements themselves of systems of control and adjustment., However, the
value of electranic analog camputers is far from exhausted by theee applications
alone.

The cambination of electronic models with electronic digital computers, the
construction of combined discrete-comtinuous computers opens in the technology of
modeling brosd new prospects,

In spite of all this, in the damestic literuture to the preesnt in essence,
books containing generelised and systematised questions of theory, general princi-
ples of construction and asthods of wee of d-¢ electromic models, summarising experi-
ence accumilated in the Soviet Uniom and abroad, are lacking.

The purpose of the present dook is to fill the existing gap in the literature
on the considered question., Contemts of the bosk are limited to the consideration
of electronic models and their main decision eclements, and also to Questioms of
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application of models for solution of problems of the dynamics of autometic control
systems,

In this there is taken the assumption that the operational amplifier possesses
ideal frequency responses, i.¢,, its trensfer function in the open state is ¢ con-
stant mmber, equal to the amplification factor. This assumption 1ade it possible
to ignore in thic book, intended for the initial familiarisation for a wide circle
of readers with the technology of electromic modeling, with a mumber of ccmplicated,
very important, interesting, but at the same time still not completely devuloped
questions,

The limited contents of the book also impelled the author to exclude from in-
vestigation a number of questions which, in regard to the solutiom of problems of
automatic comtrol are not of prime importance or can be solved with [rest effective~
ness with the help of other means of computing technique, The latter Questions
include in the first place sclution with the help of electronic modele of algebreic
equations, partial differetial equations and integrel equationms.

Contents of the book are calculsted for Lthe reader, who is familiar with Ques-
cions of theory and practice of automatic adjustment and comtrol, and also with
the prinsiples of electronics.

In the writing of this book there were used results of the development of a
series of electrenic models of type EMU*, obtained by the author and his callabore-
tors in the Institute of Autamation and Telemschanics of the Academy of Sciences of
the USSR, and aleo material from lectures om the course "Simmlation of systems of
autamtic adjustasat,” prerented by the amthor fram 1950 to 1956 for ths Kigher
Engineering Courses at Moscow Highest Techmiocal School, in the Imstitute of Amtoma-
tion and Telemechanics of the Asademy of Sciemces of USSR for sciemtific collabore-
tors and in the Noscow Fiysicotecimical Imstitute.

*DU is Russian abbreviation for elsstrenic amalog oamputer. [, Note.

4-




References to the litereture used are given in the text with indication of the
surnames of the author and ordinal mumber of his work (in breckets). The list of
cited litersture shown at the end of the book is composed in Russiam alphabetical
order by surnames of the authors ),

I consider it my o pleasant duty to offsr my deep gratitude to A, A, Pel'dbawm,
I, Z, Teypidn, I. M, Tetel'baum and L, V. Yamshanov, who examined the msnuscript and
made a number of valuable remarks, which were considered in the final editing of the
book. I express gratitude to V, A, Trepesnikov, whose advice I constantly used during
the ten-year joint work in the fields of electronic simulation, and to the collective
of collaborators with whom the author worked at the Institute of Autamation and Tele-
mechanics,

During preparetion of the manuscript for publication great help was rendered to
the author by F, Yo, Trenin, V., V, Gurov, A. A, Maslov and T, V, Pritullo, for which
the author expresses his sincere gratitude,

Moscow, April 1957.

Wer a fuller tibliogrephy en Questions of simmlation from 197 to 1955 see the
Jourmal Autamation and Telemschanics, V. XVII, Ne. ) and 4, 1956,
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FOREWARD TO THE SECOND EDITION

The broad introducticn of electronic analog computers (electronic modeling
denies) in the prectice of scientific investigations and technical developments,
apparently explains the fact that the first edition of the present book was sold
out very fast and there appeared the necessity for republication,

In the secand edition the ganeral structure of book is retained. The intro-
duction was rewritten; in the first Section (Chapter IV) there is added a Sub-Section
on amplifiers with parallel chamels of amplification, The second Section is sup-
plemented by two Chapters — XII and XIV, The first is devotad to solution of “ro-
blems of autamatic contral in cases of frectional retional treunsfer functions, the
secord — to methods of investigation of the dymamics of systems, wvhoee range of
change of variables (coordinates) exceeds the dynamic range of the analog installa-
tion, Corrections are introduced in the table of installations produced in the USSR
and abroad (Appendix I1); photographs of obsalete samples are replaced by photogrephs
of contemporary anes. The list of literature is completed mainly with names of books

on analog computing tochnique, issued after the first edition of this book™),
In the second edition are aleo corrected noticed misprints and inaccurecies.

#5¢¢ bibliogreaphy on questiana of amaiog computing technique from 1955 to 1960
in the jourmal Automstion and Telemechanics, V. XVIII, Mo, 9, 1957; V. XIX, No, §,

1958; V. XX, No. 11, 12, 1959; & XXI, %o. 12, 1960; V. XXIII, No. 2, 3, 1962,




The author considers it his privilege to express deep gratitude to all comrades who
1..dicated orrors in the first editiom.

Moscow, May, 1962 B. Kogan




INTRODUCTION

The development and wide propagation of systems of autamtic adjustment and
control in industry and military technology require the solution of a nuwber of
problems commected with questions cf reational selection of structurs and elements
of these systems, eviluating the influerce of separate paremeters on the nature of
transient and steady statee,

Refore the investigator and designer there is placed the problem of giving not
only & qualitative sclution of these problems, but also to bring the solution to a
numerical resilt. Even for camparatively simpls linear systems of autcmatic adjust-
nent the latter presents known difficulties prectically in all stages of develoment
(camposition of the msthematical description, calculations of trensients, experi-
mental investigation of systems) and requires significant axpenditure of tims, These
difficulties increase with complication of the system of autamatic adjustment (for
example, in case of the multicircuit systems), with the presence in ihe system of
slements with nonlinear ~harecteristics and wariable pauemeters, and aleso with the
necessity of taking into accoumt contanuously varying rendom digturbances,

Rxamples of such systems of auvamatic adjustment are systems of stabilisation
of the motion of a.rcraft, systems of industrial adjustment with a constant delay
(for examplo, systems of autamatic adjustasmt of *L3s thiciness of rolled material),
systems of autamstic tracking of target Uy redar, whem into the error sigml enter




besides the useful sigmals also interferences, systems of automatic adjustment and
control with many intercamnected regulated magnitudes (boiler, paper-meking machine,
complex power installation, etc).

On the other hand, the accelerstion of processes in objects of adjustment (in-
tensification of production) leads to increase of the influence of small parameters
and nonlinearity of the regulator and object, In these cases the systems are des-

- eribed by nonlinear differential equations of a high order, for whose solution, in
general, amalytic methods are still not developed., With the analogous position one
also cames into contact during investigation of autamatic control and adjustment,
systems which are based on new principles (for example, optimising control and self-
adjusting systems).

“he use of the methods and means of simultation at a definite level of the
analytic investigation of systems of automatic adjustment allows one to obtain
solutions for the enumerated problems, reducing thereby to a minimum the requirea
expenditure of time.

The essence simulation consists of replacement of the whole control system or
certain of its eloments with a model, in its properties to greater or lesser extent
reproducing propertives of the initial system or its separste perts. Then in the
system, containing the model, there appear processes anaiogous to those which take
place in the real system. These processes one can obeerve, record, check for their
canformdty to the results of theoretical amalywuls, : e the amalytic calculations
of the transient with its direct obeervation, test, and adjust the system .n
laborstory conditions.

Thus, simulation allows ane also to solve the basic problems of axperimental in-
vestigation,

At present ther are distinguished two basic methods of simulation:

l. Physical simlation.

2. Mathematioca) simmlation.




Phyesical slmilating is basea an study of nhanomena on models of the same physical
nature as the original., Exasplee are tests of aircraft models in wind tunnels, the
replacement of huge synchronous gererator by a synchionoue generator of smaller
dimensicns.

Inasmuch as the physical nature of the process is retained, the model reproduce
whola complex of phenomena, characterizing the investigated process. In this com-
plex enter or can enter, in particular, also such aspects cf tie phenomena or process,
which do not yield to mathematical description and cannot be considersd in the equa-
tions of the process. Therefore, physical simulacion permits one to dsepen the know-
ledge regerding tre complex of the occurring phencmens, to refine and to facilitate
the mathematical descripiion of separate processes, Methods of mat 2matical simla-
tion, which reproduce the investigated process only in ths frames of the given equa-
tions are partly devoid of these possibilities,

Physical simulation has been applied in technology for a leng time, mainly

in aero- ard hydrodynamice and in construciion technology; it finds application also
in many cases ol investigations of control systems.

The method of physical simulation of control systems has the following merits:

a) the properties of the control system are reproduced more fully than in mathe-
matical eimulavion, resting on an idealized matlematical aescription of the
object;

b) the regulzting equipment can be joined to the modsl without conversion de-
vices, introducing additional errors and distortion,

At the same time physical simulation has also substantial deficiencies:

A) during investigation of each new process it is necussary to create a new
model:

b) variation of the parameters of the simulated objec'. usually causes labor-
consuming alterations of the mcdel or even its replacement;

c) mcdels of complicated oblects (bcilers, variois power plants) usunlly are

—— —




very expensivs,

Daterm’ning the place of physical simulation, ons should note that this method,
without doubt, is leses versatvile than the method of mathematical eimulation, but in
& numbar of cases it turns ocul to be very effect.ive; for example, for the investi-
gation of processes of adjusitment anu various non-etationary regimes in power sye-
tems, separate units of chemical and metallurgic productions, in investigation of
autcaation of electric drives, in investigation of pneumstic regulators, otc,

The theory and practice of physical simulation is sufficiertly well-developac
in docostic and foreign worke*.

Ducing the investigation of aystems of sutomstic ccatrol during the last few
yoars msthods of mathematicsai siwmulstion received wide application, based on the
identity of differential equations detcribing the phenomena ii the original and the
model, They permit one to accomplish with the help of one device the solution of a
thole group of problems, provide speed and esase cf transition fram one problem to
another, the possibility of introduction of variable paramsters and various initial
conditions, alm::* complece removal of the influence of its owrn rarameters of the
model equipmont on accurccy of the sclution, simplicity of introduction of various
kinds of systematic and random disturbances, possibility of simulating systeas of
automatic control by elsments,

Equally with this with mathematical simulation it is possible coxparavively
simple to change the parameters of separate elements of the investigated system and
explain the irfluence of these changes on the performance of the systea on the
whole,

In many cases it is aseful to coabine instaliations of plhiysical and mathematica.
sirulation in a single system, allowing o to combine the advantags of both methods.

In mathematical simulati-n the criginal is the mathematical description of the

%#See in Ruseian the works of M, V, Kirpichev and M. A, Mikheyev (1], M, P,
KO!tOﬂkO [‘.]’ vo A. vmh’ :l].




process, and the mathematical models themselves can be considsred the devices realiz-
ing the given mathematical relationships, i.s., computers,

In sach computer the methema*ical operstions, asszignad by the initial equations,
are oxecuted oa certain so-called machine quantities. Each quantity, perticipating
in the initial relationships, can be, thus, placed in sonformity with one or several
of the machine quantities,

Depending upon the method of representation of the initial quantities in the
machine there are distinguished two classes of computers:

1) digital computers,

2) analog computers,

In digital computers ths instantaneous value of each initial cuantity is repre-
sentod ag several machine quantities, whose weight., or value, ie determined by their
spatial or temporar; lccaticn (the position code of ths representation of the inl-
tial quantity). In purely digital machines the transition from the initial quantity
to its represuntation is accomplishied by quantization of the first one by leval,
Flementary mathematical operations, executed on the representing quantities, are
limited here to the addition ccmposition and shift, Since each mathematical operation
requires a certain number of additions of numbers, renresented in position codes,
then to obtain a resuit alweys requires a finite time, By force of this the seclection
of the values of initial continuous quantities is executed discretely (with quanti-
sation in tiue).

Anlog computers are characteriged by the fact that to each instantaneous value
of the initial quantity is placed in conformity an instantaneous value of a machine
quantity, often differing in physical nature and scale factor.

Important is the fact that ecach elementary computing element in the machine
exocutes a strictly defined ¢lementary mathematical operetion on machine quantities.

To this operation, as rule, there corresponds a certain physical law, estab-
lishing required mathematical dependences between the physical quantities at the
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input and output of the computing element. As such laws it is possible, for example,
to indicate the laws of Chm and Kirchhoff for electric eircuits, the expression for
the Hall effect, Lorents force and so forth,

The division accepted herein of computers, by the method of representation of
quantities, into analog and digital, in distinction from the general-usage division
(by the nature of signals circulating in the machine) into continuous and discrste,
in the opinion of the author, reflects bstter the most es.ential laws of the work of
& computer,

Processes in computers of both classes can be described by mathematical relation-
ships (although different), which are analogous to the mathematical relationships of
the initial problem, and in this sense from the most general positions computers
can be considered means of mathematical simulation and one can preserve for electronic
analog computers their former name-—electronic similating devices.

In accordance with these determinations in Fig. 1 i3 depicted the classification
of means of mathematical simulatiomn,

Peculiarities of representation of initial quantities and construction of seps-
rate computing elements in analog computers to a significant measure predetermine
their comparetively high speed of work, simplicity of progremming and setting-up,
limiting, on the other hand, the dynamic renge and accurecy of the obtained result,

As compared with digital computers analog devices differ also by less versatility
in the sense that during transition from one class of problems to another it is neces-
sary not only to change the relationship between the number of linear and nonlinear
computing elements, but also to supplement the installation in principle with new
elements.

The limitation of accuracy in most cases is not a substantial cbstacle to use
of these devices, since systeme of automatic adjustasmt and ocomtrol, as a rule, are
ocrude, in the sense of Andranov, dynamic systems whoeo paremsters are knowm with
an acourecy not exceeding 10 to 20%.




The impossibility of solving any problem by the same equipment should also not
be considered a substantial limitation for analog technology, considering its appli-

N

cation for the solution of problems of the dynamics of adjustment and control. These
problems, basically reducible to the class of ordinary differential equations, can
be solved with success within the limits of one, sufficiently great quantity of

computing elemonts, installation which remains still comparatively simple and re-~
} liable.

It is impossible to compare digital computers to analog ones. Both classes of
computers have an independent value and their own sufficiently clearly outlined region
of application.

Future progress of analog technology, apparently, will be connected with tho
penetration of digital methods. For example, one should point ocut the development
of so-called digital models, for which separate computing elements execute mathemati-
cal operations on increments of variables, represenited in one of the digital codes,

S B s Tt USRI

and where the transfer of results from block to block is carried out just as in
analog computers. During paralled carrying out of separeste arithmetical operatioms
it is possible to reach a comparetively high speed of operation and accuracy, avoiding
the necesaity of labor-consuming progremming of the problem., The skeleton disgram

of the joining of two blocks of such a device is showm in Fig, 2%,

Still greater prospects are praorised by the construction of combined analog-

et T

digital devices, in which to increase accuracy of solution the part of the opere-
tions, mainly nunlinesar placed on digital devices or in which the analog installation
solves the problem simultanecusly with the digital, wvhere to Lhe analog installation
i is entrusted solution of the problem in increments, and to the digital--eeeking

' the solution, corresponding to unperturbed motion. Here the error of the analog part
f will be an error of the second order of smallness as compared to the errcr of

*

X, V, Diprose [1). Analogous principle of construction of machines f'or imte-
gretion of differential equations was offered independently by Prof. L. I. Gutenmakhen
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determination of the unperturbed motion.
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Fig. 2. Skeleton diagrem of electronic model with
digital elemonts, l-=input memory units; 2--
arithmetical element (adder); 3-—cutput memory
units; L—transmission of signal to other units;
S——aritimetical element (integrator); 6-~control
element, 7—order to start calculations; 8--
order to transmit the result.

It is natural that in such combined cystems devices coamecting the analog
part with the digital part aocquire gresat significance,

To the analog computer technique and related dieciplines is devoted & great
number of works of damestic and foreign scientists., Thus, in the book by I. S. Bruk
{1] there is a description of the mechanical integ-:tor created under his ieadership
and method of its use is presented,

Regarding the theory of the work and canstructim of the mechanical cosputers
light is throwm upon the subjects in books of N, I. Pchel'nikov (1), A. A. Birshteyn
{1), A. Svoboda {1}, S, O, Dobrogurs«ciy 1], S, O, Dobrogursiciy and V. K. Titov [1].

Quaestions of the general theory of acouracy of mechanical computers and dynamic
acouracy of electric circuite are discusssd in books by N. G. Bruyevich [1) and }
M, L. Bykhoveiddy {3]. In the bdook by I. I, Ettexman (1) there is considered a mueber

!
of msthematical aspects of preparation of problems for solution on analog camputers, |
and also there are shzin certain sprroaches to appreisal of the accureacy of solution l
and there is camposed a set of test problems,

Mechanical and slectromechaniocal computers is the subject of books by B, I.

Stanislaveily [1], Ya. V. Novoeel'tesvy and A. N, Lebedev {1), a monograph by




N. Yeo. Kobrinskiy{l], a textbook by N, G. Bruyevich and B, G. Dostupov [1] and
sumaries of lectures by G, M, Zhdanov {1, 2], In these booka are touched also
questions of construction of electromic linear and nonlinear computing slements,

G. L. Shnirman (1) in & work devoted to the developmeat of differsatiating and
integrating devices for vibrogrephs, first systesatically expounds the analysis of
electric differentiating and integrating circuits and indicates the expediency of
their use for the construction of elactronic amplifiers,

Theory and results of the development of the original electronic integrator with
the use of a—c amplifiers, working with artificial iteration of processes, and also
an electirointegrator for solution of partial differential equations, carried out on
electric nets, are presented in books by L. I. Gutenmakhor (1, 2]). Theories and
techniques of electronic analog-camputers with iteration of processes are developed
also in books by R, Tamovic (1), R, Tamovic and W. Karplus (1].

Principles of the theory of electric and electronic amalog computers, besides
the monograph by N. Ye. Kobrinskiyand the msniioned books by L. I. Gutenmakher,
wore developed alec in books by F. J. Murray (1] and F, H. Raymend [1]. In the
latter the acoount is conducted with reference to d-¢ linear electronic integretors,
and a number of theorstical camputations based on results, published in the book by
I. Gutenmakher (2] mentioned above. In the book by F., H. Raymond is discuseed
experience of the French firm SEA.

westions of mathematical simulation are most campletely considered in the book
by W W. Soroka [1]. Here are the description and principle of work of mechanical,
electramechanical, electric and electronic computing elements, devices for solution
of algebraic linear and nonlinear equations, description of a mechanical integrator
and principles of construction of electromic imtegretors. In the book there are
aleso expounded the principles of construction of modale on the basis of amalogies
and devices, reproducing partial differential equations and finite differemces. The

book reminds one in many respects of the work of L, I. Outenmmkher {2). Principles
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of construction of models on the basis of analogies from passive elements and the
application of the theory of similitude to simulation are presented in the book by
I. M, Tetel'baum [1].

D=¢c electronic analog computers received the moct detailed discussion in bonks
by G. Korn and T, Xorn (3], A. S. Jackson [1] and the four volumes by S. #ilar [i].
Here are questions regarding the msthod of solution of problems, principles of con-
struction of separate computing elements and description of certain types of elec-
tronic models, produced in the United States of America. The books of C, L, Johnson
(1), G. Smith and R, Wood [1], I, N, Warfield [1]), A, E. Rogers and T, W. Connoly
(1), Danloux-Dumesnils [1] are good guides and training aids .n application of
electronic amalog camputers, Among treining aids ome must also mentimn the summary
of lectures by V. S. Tarasov [1], devoted to linear computing elements,

At the sams time there appeared bocks in which the authors sought to embrece
the whole field of cammuter technique, both analog and digital, Among these works
first of all one should consider the books by A. A. Fel'dbaum [5]) and M., Pelegrin
{1]. The encyclopedicness and extreordinarily wide ecope of questions, naturally,
could not allow the authors to allot sufficient place to questions of analog com—
puter technique,

Problems of mathomatical simulation were also considered in a number of books,
devoted to the theory and prectice of automatic control: T. N. Sokolov (1], A. A,
Fel'dbaur {1}, F, E. Nixon [1].

Books of the overwhelming majority of foreign authors basiscally are devoted to
questions of terhnique of analog computers and specifically their application for
solution of concrete problems,

Together with the extensive litersture on questions of techniques of anmalog
camputers, produced recently intense sciemtific -d design developments both of
machines as a whole, and also their separate elements have not stopped., In the
United States, France, England, Yugoslavia, Norwvay, Belgiux and especially in recent




years in Japan many firms; including aviation firms, are occupied with the develop-
ment of these machines,

Ori;inal constructions of analog computers of various type, buiit in our country
under the leadership of L, I, Gutersmkher, 1. V. Korol'kov, V., k., Trapesnikov, A, A.
Fel 'dbaum, V, B, Ushakoy, G, M. Petrov, L. N. Fitsner, I, M, Vittenberg, T. N. Sokolov,
P, P, Gorayev, O, V, Kirillov, L. V. Yamshanov, V, A, Kotel'nikov, G, L. Polisar,

A. V, Shishkin and slhers, were successfully used for the solution of problems of
automatic adjustment and control.
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SECTION 1T

ELECTRONIC ANALOG COMPUTERS AND THETR ELEMENTS




CHAPTEPR 1
METHODS Q' MATHEMATICAL SIMULATION

1, the f

Mathematical cimulation in recent years is developing into two besic directions:
construction of mocels by direct analogy on the basis of known systems of analogies
ari construction of computers (digital and analog).

In the construction of models of ine first type there are used systems of analo-
gles between phenomena of & diffsrent phyesical naiure, for example the analogy be-
tween mecaaniical and electric phenomena, between electric and acoustic phenomena,
between alectric and thermtl phenomena, ™his allows one to transfer the study of
phenomena i the original to the models of a physical nature different from the
original. Transition {rum one regicn of physicai phencmena into another here pursues
the goal of simplifying cheapening manufacture of models, making method easier and
increasing the accuracy of msasurement of the desired quantities, Thus, for exampie,
the motion of a mechanical pendulum (Fig. 3) near the position of equilibrium with
viscous friction undsr the inrliance of a perturbing influence F(t) can be described
bty differential equation of this form

22,

.’.—‘é‘-;- v A :";‘ ~ mgls — F (1~l)

Yotion of charges in a circuit {Pig. &) with lumped constants (L, R and C),

to which there is applied an electramotive force (emf) E(t), is described analogous.y




by the equation:

ll.7 . l [
. -y - Et,
R dt L Y 10

L dig (102)

et’"—
whers q la the electric charge.
The identity of dif{erential equations
(1.1), (1.2) allows one with the corres-
pending selection of constants to conduct

the atudy of mechanical oscillations on

an electric model and vice versa,

Il

Fig. 3. Physical An oxample of the application -f ana-

pendul.um, _
ww logy for investigation of systems of auto-

matic control is an slectrcdynamic device®,

E I3 }
1] c At the basa of the device is an electro-~

b— W —— dynamic analog {Fig. 5), a system of five
Fiso l&:p OE"

cillatory cir- elsctramagnete and five frames, located
cuit,

in the air gapa of the cores of the elec~
tromagnets,

The first four frames are placed in redial gaps of the electromagnets; the {ifth
frame is disposed in an uniform ield, formed hetwesn the plane-parrallel peoles of
the core of the last electromngnet. In the abssnce of current in the frames cof the
analog the plane of the fifth {rawe is perpendicular to the direction of the magnetic
flux, Each freme has an outlet from the conter point. In the instrument there is an
indicator of the angle of rotation of the frams (the critical angle 13 * 45°) and
& limiter of current in the frames, triggered with turning of the mobile part at the
critical angle, In the lower part of the mobile system are affixed loads un & rod

#A device of this type for solution of equations of the second order was offered
by N. F, Minorsky (1] (see also K. A. Ludeke (1], {2]). V. V, Soldownikov (1)
applied it in 1939 for investigation of a system of sutamatic adjustment of a hydro-
turbine. Results of later works with an electrodyramic analog sre doscribod by
V. A. Karabanov [1],




for application of the required momant of inertia.

S N The equation of motic of the mobile
t '2 part of the analog can be written thus:
\ }’!"\ 4/ i;?[::}:l"‘. (1.3)

i s i

b Ll
' ; where J — the mcment of inertis of the
'ﬂ‘ ' | mobile part, ¥ - the angle of roctation
' ; of the mobile part, counted off from: the
A//”..g} 1 ’ initisl positiom, }EM, w the sum of

) ¢
ﬂﬁ]‘,//l / moments of all l‘orctm,l acting on the mobils
_ system,

P ‘l ? L] .

acting on the mobile cystem, can be divided

into two groupe: mechanical moments and
= electromagnetic momente, Disregarding

8

3 l .

m the moment of dry friction, mechanical
1

v’:‘. M moments can be reduced to the sum of the
—~ mament, caused by elasticity of the sus-

Fig. 5. Dovice of an electrody- pension and the woment of friction with
namic analog, l~—dural shaft;

2—{rames of electromagnets with air:

& radial gap; 3—permaliocy cylin- p

ders; L—fixed part (f the mag- M = ezt 0F) (L)

netic circuit; S—awindings of
electromagnets with redial gap;
6-~-loads, movable on the rod; 7—

framos of electromagnet with plane~ where c; and b, — constants,

parallel gap; S—elactromagnet 1

winding. Electromagnetic moments, devsloped
by frames, can pe in twmn divided into motive and retarding for ecach typs of magnetic
systom, utilised in the instrument.

For a magnetic system with redial gep the torque caused by interection of current
in the freme with a megnetic flux in the gap, will be

M = kI, ¥ cos 3. (1.5)
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vhere T =oDIB8=wl() « the total number of flux linkages (0 — frame width,
B ~ magnetic flux density in gap, ] -~ freme length), Ip ~ current intensity in
winding of the loop, k -~ proportiomslity facter, considering dimension, w — number
of turns of the loop winding.

In casos, when ¢ is small

MM = RIN (1.6)

During motion of the frame in the radial magnetic field in the winding of the
frens 1s induced an emf of rotation, which in the variable flux will be determined
by the expressiocn

8- i Baunz) (1.7}

dt

For smll ¢ we obtain:

8 S g— uv(-{, _:y_! — (() _‘;f_). (108)
If the resistance of the circuit of the freme is equal to r + R, then current
in the frams under the influence of this emf will be

1 =8
$ - r+ R

ard the retarding moment can be found by the formla

" Ree? d® (1) o, 4l
Moy = - Ff’k [;¢ )= + W 7—;] (1.9)
for the fifth frame, moving in a plane-parallel fisld, the torque will be
MY = &Y () 1 (3) sin 3, (1.10)
for small angles ¢
M =N (15 (0) 7.
The retarding moment, caused by the interection of currents from the emf of
the rotation of the fifth frame and the magnetic flux, can be found from the




re.stionship vl

dd ¢¢) dy
Mg s =~ F.'Fiﬁl [@,(l) — - cos ¢ — sin g3 (O 7 J sin 3:

wrl; de. (1) v, d7
—— 2 ._.,,'4_ - (b l - - 1 l-l
R LR e LU | (2.11)

The general equaticn of motion of the analog for small angles of rotation of

the mobile system will have the form:

2. 4 2 ? do
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Depending en the nature of change in time of magnitudes o ). &), /, )
and /,;() the anslog can reproduce different linear and nonlinsar second order
equations,

For an example, let us consider the solution, by an electrodynamic analog, of
& linear second order differential equation. The circuit diagram of separate
electrodynamic instruments of the analog fc- this case is shown in Fig. 6.

By adjusting the anzlog we establish:

Py ek, const. 153 == ®, max sin wt, B,(1) = 0'b), = const,
W) by zconst, () - (D)) = const,

d:
Rio= .1 -0 1 = A g o =60 1y =), =const.

The second frame serves to record and, therefore does not participete in the
formation of moments,

For selected values of fluxes and currents the equation of the avvile systea

ot SRR, R~
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Fig. 6, Diagram for the solution of
linear differential second order
equation by an electrodynamic analog.
l—freame for msasurement of speed of
the mobile system;, 2—frame for e~
cording results; 3-—~frame fur creation
of damping moment; 4—=loop for creation
of perturbing forces; 5—=freme for re-
production of moments; 6--go-and-return
circuit; 7-=device; ensuring constancy
of current,

5 and small ¢ component (P.)

Ry T

can be dis-

regarded as compared to the remaining ones and then the motion of the system will

be described by a nonuniform linear differential second order equation,

Initial

conditions for angle are assigned by the initial setting of the angle of rotation

of the mobile system, the initial conditions for speed — by supplying a currert

pulse to one of the windings of a frame, moving in the raiical gap.
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The considered electrodynamic instrument gives the possibility alec to solve
nonlinear differential equations,

Another example of simnlatica of systems of autometic comtrol on the basis
of amalogies is investigation of banking of & neutral aircraft with the help of a
d-c electric motor, The squation of isolated motion of banking of an sircreft, as

is knom (V. S. Vedrov [1]), has the form
L i dy
15 =M (o G ) (1.13)
where ¢ — the angle of banking (Fig. 7), i — angle of displacemsnt of ailerons.
If ocne were *~ ~m~ider the spe~d of
flight v constant and coneider the de-
flection of the aircraft from the equili-

brium regime (the regime in which all
Pig. 7. Investigation of

the process of stabllisa- paremsters, charecterising motion of air-
tion of banking cf an air-
craft, craft, have steady-state values), then the

linear differemtial equation of motion of banking will have the form
5 % +(ﬂ}{5\’0 @ (').‘_lz)u:,‘. (1.14)

il ¢y dt o,

where J, — the moment of inertia of the aircraft relative to the loagitudinal axis,

(i};—a)o — the moment of high-epeed resistance (determines the mcmemt of air fric-
tion), (a(;:'-.')_‘ - the coefficient, determining ‘the aercdynamic effectiveness cf the
ailerons,.

We will use now a d-c electric motor for simulating the isclated motion of
baniding of an aircreft (Pig. 8.). The oquation of motiom of a d-c electric motor in
the abeence of load on the shaft and disregarding losses in iron and reactiom of
the armature will be

IS =M, M= U,

wvhere J — the moment of inertia of the motor.
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Por the case of a linear mochanical charecteristic of the motor, with constant

magnetic fluxk, disregarding inductance of the armature circuit, we will obtain:

M, =c,b/, and, - F_-_:;i_"__

The equation of the mctor here will be

da | (et ® @
J -—‘—; +. -MR-‘——' » = 'R." U..
or
ah 1 da cu® ,

v ra = el
dx

wvhere & 1is the flux of excitation, w -/, ;. = the angular velocity of rotation

of the motor, ip ~ the tranemission ratio of the reductor, 7T, - R the

P ce ®?
time constant of acceleration of the electric motor, a — angle of rotation of
the potentiometer,

The converted equation of isolated motion of banking of an aircreft can be

written in the form

2 - ] .
.:’“f ;,(,”0‘?';)"/!‘ ta («L‘:.) 71: ; (1.15)

f
N 2 1o

Thue, if coe were to select paremsters of motor in such a manner that these
equalities were sustained

= Uyoo o R

‘“g) KO\ (d}}{. A
v A, Il

then the angle of rotation of the cursor of poteitiometer P-1 will depict the angle

of bank. Here the processes of changs of angle of bank of the sircraft and the angle

of rotation of the axis of the potentiameter will proceed in time equally. The gen-
erel diagrem of simulation is presented in Fig. 8, One of the main advantagee of
this wethed of simulation consists of the fact that the paramsters of the model, for
wanple the moment of inertia, can be used as equivalents of corresponding para-

seters of the origiml. Among the deficiemcies shoula be mentioned, in the first

$
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place comparatively great error of reproduction of initial equations, since frictiom,
noment of losses, etc., are not considered; the possibility of reproduction by one
analog of only an equation of the second order; the difficulties of combination of
several such analogs; the difficulties of investigation of processes with non-

sero initial conditions, espesially for the first and secand derivative.

.......

Fig. 8. General diagream of simulation of
the isclated motion of banking of an air-
craft,

KEY: (a) Reducer; (b) Avtomstic pilot; ()
Computing point,

In saimulation of a system with many degrees of freedom to achieve the required
accurecy it is necessary to pay special attention to accurecy of manufacture of
equipment, or apply special means to combat the harmful influence of dry and high-
speed friction, clearances and inertial masses. The last significantly reises the

cost and complicates the construction, simultaneously lowering reliability work.

2, themstical ti

Amlog camputers, built from separats camputing elemsnts, are bhased o car-ying-
out of elementary mathematical cperations such as addition, subtrection, sultiplica-
tion, division, differentiation and integmtion., From models, made on the basis
of direct analogy, they differ by abeence of a direct physical amalogy between the
quantities, charecterizing the studied phenomencn, and quantities, obtained as the
result of carrying-out separate mathematical opsretions. Such an amalogy does not
exist between paremsters of the studied physical system and the paremsters of the
installation.
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Let us consider a method of solving linear differential equations with constant

cosfficients by an installation, built from separate computing elements, Such an

installation should have in its composition computing elemonts, conditionally dasig-v
nated by the rectangles in Fig. 9a, For example let us "set up" with the help of
these computing elements the above-considered equation of motion of aircraft for
banking.

The equation can be reduced to the form

d;

0 = By

By, (1.16)

Here 2,(1). Bl and 82 are given quantities, and () is the sought dependent
variable,

As follows from equation (1.16), for locating ;) it is necessary to sub-
Ject the sum —(B, :f +~B_,".,) to double integration, The unknown camponent
— B, can bs is formed by means of multiplication of the quantity, reccived

after the first integration and the coefficient — B ., This component by feedback

1
is fed to the adder (Fig. 9b).
a) LEZ_F‘".(‘.“ Application of analog computers in
‘ asutomati:z> is extreordinarily varied.
.j_{'—z":_._‘--('ﬂ:"d .
. " The basic problems solved by these
w | et
1{:—)‘:‘_ means computer Lschnique, can be boiled
y
. 5, ‘g .{ down to the following:
7y d 1-
E._JL.L!__; ;__{..J'L
by — 1, Analysis of aynamics ¢! systems
b
1l and adjustment.
Fig. 9 Dasic computing of control and aljustmen
elemenis and a diagren of Here the given equations of an object
their connection for solu-
tian of the equation of and the system of control are solved in a
motion of an aircreft for
banking. selected time scale on installaticns

(Fig. 108) for the purposs of explaining the meaning of the main parameters, snsuring
the required flow of the process, Applicaion of analog computers gives in this
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case & sharp reduction of the time requiral to carry ou*. calcwations on the first
stages of projection, und alsc exceptional graphicness of the results cbtained,

2. Experimental investigzti-r cf the behavior of & system with control and
ad justment equipment in latoratory conditicns,

With such experimentisl ipvestigations equipmeni of control or adjustment is
supplemented by an analog computsr, resrcducing in full tims scale for the given
equations the behavio~ of that part of the system of control o adjustment, whose
work for one or ancthar reason cannot be reproduced in laboratory conditions.*
Coupling of the analog computer 'dth the control or adjustxeat .cuipment in ust
cases is carried out by a special converter®™ ‘Fiz. .3},

J. Solution of protlisms of synthesis of catrol and auiuutment 3ystews,

Problems of this type come down to selecti’ n by the glven specificatimms ol the
structure of the changed part of the system, ¢ the raquirsd forr uf funciicnal
dependences and values of the basic parame.er:, Ths finsl resuli is found usuallv
by means of multiple test solutions with =poraisal of thex in sccordance with the
accepted criterion of praximity (Fig. 1Gc}. Probleme of this tpe very often car

be reduced to locating the axtrerum of a certain functional {i, A, Fel'dbaur 1)),

N
.o
[ . S e -
T —t— >' v
.
{
1
i L 4 (E
o m i ‘ ﬁ\q_)
’7 Ao~ ;(a\ : 1
Ut} ._.';; h=2 S SR
o el

Fiz. 11, Fundamental diagram of solution of
the inverse problem: on «n slectronic model,
KEY: (a) Automatic nilot.

"ethod of simulation with the addition of sactions af the control loop wee of -
fered by V. V, Solodovnikov, author's certificats Xo. 67097 of Novembar 10, 1540,

#*Three-stage plat.orms, eiectro-hydreulic convertars, atc,
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4. Solution of problems of determining perturbations or the useful signal,
acting on the systems,

During sclution of this type of problem by a given system of differentisl equa-
tions, des~ribine the dynamic system, by values of initial conditions and the nature
of change of the output coordinate known from experimsnt is determined the value of
the perturbation or the useful signal at the ‘.upu*, In Fig, 10d is brought & func-
tional diagram of the solution of a very simple problem of this type, based on the
imposition of additional negative feedback, This method of avplicaticn of analog
somputers can be used during maidng of instruments, automatically recording per-
*urbations and producing & coatrol signal depending upon the nature and quant ty of
theee nerturbations, The fundamental cizcuit of solution of the inverse problem for
ths abova—coneidered case of stabilization of banking with a real autcmatic pilot
ie showm *n Fig, 11,

Basides these problems connected Lasically with investigation of a system of
control and adjustment, analog computers find application also as elements and units
of ccaplicated svstzms of zutompiion., Hore they are used for:

a) calculation of the value of a cartain combined paramster of adjustment
(efficiency, powsr, productivity, etc.) (see V, A, Trapesnikov, P. Ya. Kogan {2]).

b) for working out optimum adjustmernits in the process of work of a dynaaic sys-
tem (D. P. Exicman, I, Lefkovich [11);

e} for working out correcting signals bv carrying out advance analvsis of the
dynamics of the control systam (H. Ziebols, H, M, Paynter [1]);

d) foz creation of optimm i1 high speed of creraticn control systems by ap-

plication of progrosticators (H, Chestnut, W. Sollecito, P. Troutman [1}).

3. Gombinhog Methods of Mathemsticel Simulation
The classification of methods and devices of simulation is, in & nown mea-

sure, canditional, since often in ors device it is possible to obeervs the avplication

simltanecusly of severul different principles of simulaiion,
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Cambining different principles of mathemstical simulation is ezpecially ef-
fective when rimulstine with real regulators, whose sunsitive elaments require for
bringing into action comparatively great power. Application in these cases of models,
made on ths basis of analogy, for reproduction of the motion of the cutput coordinsrs
of the object of adjustment, lets one heve an input quaniity of the regulator and
an oucvpu. quantity of the model of the object of the same physical nature, which
gives the possibility of directly Joining the model of the object with the regulato:r.

A8 example let us consider the model of the egystem of autamatic &djustment of
the speed cf a big diesel engine (see I. Ya., Xrichavskiy [1]), This system consists
«f a motor, with whose shaft thers is coupled 3 centrifugel speed regulator, acting
on the ccitrol mechanism of the rods o fuel pumps (Fig, 12), The simulating instal-
lation should give the possibility to adjust and to clheck new constructions of

spead regulators in order ¢{o reduce to & minimm the time of thsir finishing on the

cbject.
rz ““““““““““ '} Equations, subject tn simulatien,
| {
| o 12‘15 | can be written in tha forn
by —— i
O S T‘:‘f?'. R VS (1.17)
i —E l
b, = plt—— aip3. (1,18;
p (4]
L3 - {Ed, Note, Subscript AB = motor,]
Fig. 12, Skeletun diagram of a where 7. 1s the time of acceleraticn of
system of svtomatic adjustment
of the ¢peed of a diesel engine. the regulated motor, a(:) — the coeffi-
1—=ngine; 2-—centrifugal regn-
lator; 3-—control mechanism of clent of self-levelling, ¢ - the relative

rods of fuel pumps; L—fuel pumpa
change of the regulated paremeter, " -

the relative | hange of position of the regulating element, : — total delay in
transmission of the regulating influemce to the object, A -~ excess moment.
S50 that the physical nature of the output coordinate of the ¢ moac) coincides

with the physical nature of the input coordinate of the regulator, it is erpedient




to plase the reproduction of equatirm (1,17) on the model, made om the basis of
analogies, and reproduse equatior (1.18) by se,arste computing slements.

In Pig, 13 15 brought the furdamental cirouit of one of the poesible variante
of such an instsllation. The d—¢ motor here playe the rcle of the dynamic mcdsl of
the object., Ind2ed, the equation of motiez of the motor armmture can be written

in this forw

j.c_';; = M” — ﬁi" = 3.V, (1019)

vhere J is the moment of inertia of the mocor, v -— is the angular velocity, M,
the moment, developed by the motor, M, — the moment of load, AM -— the excess
soment cn the armeture,

Thus, by form squation {1.17} coincides with the equation of the object (1.17).

For reproducticn of equaticn (1.18) thers are used aeparate computing elements.
With ¢his aim the coordimate of the regulating wnit » is caxiverted witi: the help
of a potentiometer into wolvage U, . This valtage ie passed through the bleck of
delay ard is summed at the input of an amplifier with a large amplifica.ion fsctor
Ky with components, reproducing the term /(L) charecterising self-levelling,
load U, and excess moment U,

For a very great amplificatiom factor of the smplifier l(y, voltage
Upe Will be minute, Disregarding it as compared with its separate com-

ponents. we will receive-

U,(l"—1)+/(l;’,)~+ Ugp-—U,; =0, (1.&)
Seperats components in aquation (1.20) can be found froam expressions

Us. = - ¢l R /(Uv) = f(kw).

As is known, sxcess mament on the armature of a motor is proportional to the

change of current of armature

AM =/,

-')'3..




where ¢ is constant, & is the flex of the motor, /, — the increment of armature

curreat.
“""' - s h ]
¢ t
} up [\
1 1
b e ¥
1
E <
i B i
|
Lo o ,
L}
]
[
[ ]
.
‘ _U't’ 83 | -0
Fig, 13. Fundamental circuit of simul. tion of the ays-
tem of automatic adjustment of a speed of diesel engine,
L — dwc motor; TI'— tachogenerstor; BI'— booster
generstor; I[P — centrifugel regulator; B3 — de-
lay block; &I — functional converter; P-l, P-2 —
reducer; Y - amplifier, 2 -~ load assigner, M — fly-
wheel,
KEY: {(a) Net,
Therefore
R L
Uy = 10”3" (1.2)

We will introduce equations of scale conversions, connecting initial wvariables

of the problems with variahies of the model:

Ad” ;‘.m_). AI,
w :m""_;\
U“ ::mu T
and, substituting them in (1,19) and (1.2)), we receive equatione of the model, re-

duced to the initial varieble:

P (1.22)
-, dt
and
. . ", «® - «» .
A;A:A‘{—-':"'m}l“—")f:"2?.*:_/(*'”';\')' (1-23)
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Comparison of axpressions (1.17) and (1.18) with equetiome (1.22) and (1,23)
obtained for the model gives the following relationships betweer parcaetsrs, en-
suring identity of the indicated equiions:

- m, <¢&
J--:-T,. w TR 1.
", m,, €

a{pp= -g%: f (kem 3).

Msthods of simulation, especially when eimmlating with real elemsnts of the
closed control loop, can also be congidsred & speclal variety of expsrimestal msthods
of inveatigation of systems of autematis comtrel,

Simlation should not be compared to analytic investigation, Simulation is
impossible without anslytic investigation, since it anticipates certainly imowledge
of the system of differemtial equations, describing the behavior of tho simmlated
control loop, and requires generalisstion of a large mmber of psiticular soluticns,




CHAPTER 1II

LINEAR COMPUTING ELEMENTS

1, Elements, Necossary for Solving
%m Eﬂhﬁ&m Equations

As is knowm, the theory of sutomatic control is most fully developed for linear

systems, However for determination of the nature of transients in a linear system
and explanation of the influence of separete paramsters on stability and quality of
processes it is necessary to exscute labor-consuming numerical calculations or
graphic constructions, With increase of the crder of the equations, describing the
control system, the labor-consumption of the above-indicated calculations continually
increasea, Therefore it is expedient after deriving initial differential equations,
describing the behavior of the system, to apply for their solution simulating de-
vices. The latter in this case will be called as mathematical computers,
Differential equations of motion of systems of automatic control can be set
up on analog computers in varying form:

1., In the form of one equation, written for the investigated coordinate, usually
the controlled wariable:

e o M e

d'x \ (1~ '1 ’ dx . (2.1)
van T T T Gy e
= b, ‘d—‘: 1 4, gm0 T b d; + by, y Fu

where &, 87,¢e0, &5 bo,bl,..., b, are coefficients, x — the controlled variable

b it TR0 AT




F(t) — the external disturbsnce,

2. In the form of a system of first order differential equations of this type:

(2.2)

Ill"

bt +‘> ¢xy 1 F (8 -,
. i-l

where b, , a,, are coefficients, X)s Xppeees Xqpecey Xy =~ coordinates of the system,
Fi(t) —~ disturbancees acting on the system,

J¢ In the form of & system, broken down into the equation of the comtrolled -
member

e = , - = }' . ’-—L __;_ 2.
‘q{; ta dl' ' +...+ 8,7 *P bo +b ‘. ! ",y, ( 3)

y=F)

and the equation of the regulator,
With a stati: regulator the equation of the regulat.r will ve

dw ,
pry + .o +"_|_‘7"TF""

d'-

+“| PO

dy &'y Tl
=g1?+‘--l"‘7+‘n-l “‘?’7' ‘f"}'};:-l.

with an astatic regulator -

d'- P d3 A% Y
"+ +c,,‘ =g+ 8., »—...-Lg,z.—_—'.

+"dt" -l g

where 7 is the controllud variable, * — the controlling variable, F(t) — die-
turbance act.ing on the controlled member, 850 B1900ey B3 bo, bl,..., bn; co, Cl’""
cn; Bloeoes xn; g;...., ;; - coefficients, where ‘n — the static amplification fac-
tor of the regulator,

4. In the form of squations of dynamic units. If, for example, there are solved
equations of a one-circuit eystem of automatic control, containing one oecillatory,

two inertial and cne integrating unite (Pig. 1i), then equations of motion can be

R o

e e o a1




L mrap e e

L B I35

written in the fom

T, ‘3;" v Xy =k et
T, fil»:)_ + X, = k.xy,
T.7, i;;f" ~ 7T, if;:”' T X =R, |
"thf" =k

X, =y — x5,

where Xx,, Xy, X3, X, X5 are coordinates of the eystem, y{t) — the external mani-
pulated variable, Ty, Tps TB’ TL -~ time constants of separate urits, k,, k, k3, kh
-=- amplification factors of ssperate units,

5. In the form of the initial system of differential equations of the investi-
gated physical object. As an example we will bring the linearized equations of che

system of stabiliszation of course of an aircraft (V. S. Vedrov {1]):¥

equation of "he object

‘” ., Y f 2.
-—2‘—- = A"’ -+ All' - .':;. ( 5)
4 d, .. .M,
"fg: *'AC‘:“” T A3 A = _J' ‘ |
o=y 3
equation of the asutomatic pilot
an a o, , 4y d* (2.6)
Toamt hg "-’*“('f thogyr T 2;-')-

where Y 1is the angle of the aircraft heading, 3 — angie of side alip, 7 -- rudder

deflection angle, Ay, Aj, A;, Ay» AS, Ag = constants of the aircraft, Tp, n, i, Ty,
r2 — constants of autcmatic pilot, M , F, — disturbing moment and disturbing
force, and J’ ~— moment of inertia of the aircraft,

Whatever the Zorm of notation of the di‘ferential equations of motion of the

#It is assumed that the movement of the course is isolated, i.e., there is not
considered the influence of the mction of banking ca the course movement of the
aircraft.
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system, their reproduction with the help of computing elements can oe in principle
carried out either by incressing the order of the derivative, or by lowering the
order of the derivative,

a5

TN U PR B w}._ _a_ |
," x‘ 'l’.' 3. ’i"' t. 'v"" v xo ’ 8‘

Fig. L4, Skeleton diagrem of a one-
circuit system of automatic ccmtrol,

In the first case the diagrem of sct-up of computing slements ic constructed
on the principle of successive differentiation with summation (ta'dng into account
sign) at the input of the first unit of quantities sfter eac™ differemtiation, In
rig. 15 is brought as an example ths functional diagrem of the set-up of the linear
second order differential equation

4 dx \
GO’Z;_ + a,-‘;:— + a,x = ytl). (2071

During set-up by the method of increasiig the order of the derivative equation
(2.7) 18 salved for coordinate x:
(2.8)

1ot us sassuno that to the integrating unit thsre are passed all sddends of the right
side of equation (2.8); then at the outiut cf the unit we will obtain quantity x.
Subjecting this quantity to double differentiation and multiplying the result of
sach diffsrertiation with the help of multiplication wnits by the corresponding
constants ( - % and — E'—) we will recieve the necessary compements for the

first ingetreting unit., In this aothod of setiing-up & problem the basis of the
device is conposed of differartiating decisicn clemsnts.® During eet-up of the

#It 1is necessary to turn attemiion to wmprecticality of wuch method of setting-
up of the prodblem, sincs Aduring series differestiatiom interferences, alwys ex-
{sting ‘n the input sigmal, can incresso imperwissibly.




problem by lowsring the order of the derivative the installation is constructed

o the principle of successive integration with summation of quantities after each
integration at the input of the integrating unit. An example of set-up of a linear
secord order differantial equation by lowering the order of the derivative is shown
in Fig., 16. For ccomposition of the functional diagram the equation given for solu-
tion is solved for the higher derivative, where all components of the right side,

besides independent variables, are introduced to the integrating unit by feedbacks.

¥t 5
2% v :

dz
-2 q

2
4 s H

aaf,)

Pig. 15. Functional diagram of set-up
of a linear differertial aquation of
the second order by increasing the or-
der of the derivative,

'
’(‘).—.

rg;f :}CI’ ] s
r H R
)
-:3“ﬁ‘:
. o | .
2

Fig. 16, Punctional diagram of set-up
of a lirear differential equation of
the second order by lowering the order
of the derivative,
As can be seen from Fig. 16, the tasis of the installation in this method of
set-up of & problem is composed of integrating decision elemeats,
The cansidered axamples show that for sclution of linear differential equatioms
it is necessary t0 have the following computing elements; adding devices, inte-

greting devices and devices for multiplication and division by a constant (including i

-0~
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by & quantity less than sero), The smwmerated computing elemsats are cslled linear,
sinae the comnection betwesn quantity at thedir output and input 1is lines .

Uinear computing elements are construcied on the most waried principles, By
their structure theoy can ke divided into:

a) computing elements of epen type;

b) computing elemsnts with paremetric compensstion;

¢) computing elements of clooed type (with negaiive feedback),

2, Linear Computing Klements of Open Type

As an example of a computing element of open type let us consider the friction
wheel integrator (Pig. 17).

The frictional wheel integretor consists of a revolving disk [, comnected by
friction with wheel 1, The disk can move relative to the whesl ewing to movemsnt
ofurrhce} along guides, If one were to designate the radius of the wheel by r,
thafm{h;\cmumurqulityduwwotmuammmpodnt

a,we will receive:

htw, == 7w, (209)
or
dz dy
Re gt =" 4
whence
e [ (2.10)
y_;_:—;fxdh

With a constant angular velocity =, = 7 = const we obtain:

y--';!f x dt (2.11)
0

Thus, the considered mechanioal integrator can exsoute imtegretion not oaly for
independent variable t, but also for any variable, for axampls s in equatiem (2.10),

-1~




In this 1ies the Jrea. merit of the consiusrsd Iintegrating device,

Howwvar accurscy

of work of such a mechanical computing element in many respects depends on accurecy

of construction and the amount of load

bo KX -

Fig. 17. Friction wheel inte-
grator.

R,

f=i=tyw

"
!
8, -:L_ -»--:]" J l‘ ‘u

‘.n
1

' l

Fig. 18, Electric circuit of
summation of thres voltages,

on the output shaft,

Usually io decrsase load on the out-
put shaft we use additional amplifiers
of moments (I, S, Bruk [1]) or electro-
mechanical eservo systems (V. A. Bush and
Ce Ho Coldwell {1]), Main deficiencies
of mechanical camputing devices are their
comparatively iow speed of work, comber-
someness, large labor-consumption of manu-
facturo (thus, for example, grinding of
guide prisms, by which the carriage is
transferred should be carried out with
accuracy up to 1 micron) and consequently,

high cost. 1In spite of these deficiencies,

mechanical computing devices still have not lost their value,

As another example of a camputing element of open type iet us consider an

einciric cluv!t T--igned for summation of three voltages (Fig. 18)., Values of

currenits flowing in the circuit a.e determined from ths relationships:

!l =e¢

by = (e -
1 =

. 4
1, = (e, --

(nniyl! (4.3“1\)
(lul) Yl)-
)y!‘.

'un

where Y _, Yll’ 110, Y13 are correspond. ng values of conductance.
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er

_— (2.13)

From the formila it follows that the result of susmation will depend on the

quantity of load and changs of the aumber of camponents. With a finite R, correct

sumestion will be guaranteed only if the number of components and the quantity of

load are comstant, Whem R, — 0, and Y, — the dependence of the resuit of sum~

mation on change of the nmumber of components and the quantity of load decrsesss,

However, here it is impsermiseibly to sharply decreases the absolute value of the

sm (output quantity).

S

Sannl
T T

Fig. 19. Passive
slectric circuits
for construction:
a) of integreting
and t) diffsrentia-
ting devices,

Fassive electric circuites may also be
used for construotion of differentiating
and ir -g-ati.g 2zvices (G, L. She’—=-
(1]). Here as elaments of thess circuites
are pelected ohmic resistances and ce-
pacitors (Pig, 19).’ Possibility of
realisation of cperetions of differentia-
tion and integretion is besed om the pro-

perty of & capasitor tc accumalate a charge
q during application to its plates of a

#Self-inductors practically do neot find application as ~lemsnts of such a
oircult, since creatiom of inductance w.th mimute ohmic resistance presents a
problem significantly more difficult than crestiom of capacitance with mimute

loak,

L3~




difference of potemt‘ais e,

Indesd,

The currsnt Lhrough the capacitor hare,
~ . i3 -le
N L <2

can serve as a measure of the derivative of the differencs of potsntials anplied to
its plates, On the other hand, the diffarence .. potentiale on capaci%or plates,
cot 1ected in an electric circuit, is & measure of the integral {n time of the cur-
rent flowing tharough the capacitor, These properties of & capacitor in practice can-
not be realized in pure form, During construction of an integrator on the basis

of & capscitor accurete integration of the input signal can ba receivad only in

an idealisad circuit (Fig. 20), when ths capacitor is fed from an jdeal source of

current . *
e Approximation to conditions of ob-
DT e Y T ®
bl \}——~—~~—I—_—~5 tairing accurate differentiation can be
5{} obtained in the circuit of Fig. 20b with
Z)r vvvvvvv e e e series coupling ol itor with con-
" ';E S on ol the capaciior :
i _____Wfﬁ:;‘ - troi coil of the magnetic amplifier,
Fige <Co Car viw principie of ot possessing a very low impedance,
taining accureate 1) integration
and 2) differentiation. ¥ ~ It is natural that during use cf a
magnetic amplifier, !5 -~ phased
rectiflier, passive electric circult with R and C the

KEY: (a) current source,
result of the executed operation of inte-

grat.on or differentiation will be obtained with distortion, We will estimate the

magnitude of these distortions and their dependence on parameters of the cirenit,

#Idsal source of current is such a source of electric snergy, which creates
in circuits a given current independently of the resistance or the load.

~Lig-




x
For this let us consider a more genersl 3
. B “:. Oou s case, where the circuit consists of two
] |
impedances 21 and 23, and load is impe-
Fig. 21. On sppraisal of
the magnitude nf dis- dance Zy (Fig. 21). We will find the re-
tortions during differen- 1
tiation and integration. lationship between ocutput and input volt- i
ages for the considered circuit. This relationship in operator form#* gives the %
transfer function of the circuit: E
1:_-_1 Y () ! \ {
R AT N AT ES AT (2.15) ;
1) »
!
L1 -1 i
where Yl(p) -Tlm and Y3(p) Z;(ﬂ are operator conductances of circuit, 3
YH(P) =-2;]('-a- -~ operator conductance of load. If conductance of circuit and é
load are selected so that in the operational range of frequencies of input signals .,

it 12 possidble to disregard the quantity

l)’ )+ Yal l

FAYLA)

as compared with unity**, then expression (2.15) can be presented in the forr
(2.16)

Let us consider a particular case, where the circuit consists of series coupling

of resistance Rl and capacitance 03 » shunted by load resistor R,. In this case

1
Vi) =Cp. Vi(Mmg. Yulp) =g
- - |
On the basis of expression (2.16) we obtain ‘m-w‘%;fu. Af in the operat-:
ing range of frequencies of input signals

] +I
Bkl

*Here and henceforth are taken mc—dosigutiom:‘r m1zje 18 & complex
variable e... ¢ representations of quantities e (fh ¢ (s

(2.17)

#As 15 known, to obtain & frequency response for the transfer function of a
system one must replace in the latter p = jw,

4S-




tanging Lo originfie, ws ootaln:

Thus, the conaldered passive slisctrio circult sxeacutss operstion of intagretion, To
satiafy condition (2,17} {% {s necoessary Lo sslsct the Lime consiant of the circult
(TC - R133> and of the load (T = ﬁHCB) 43 LATFE 43 possivis,

Let us consider anothsr particulsr case, wher> the circuit conslsts of capa-

citor with capacitance C and reslictance R?, shunted by leac K., In this case, if

in the opsreting ranges of f{requenciss cf invul signais
" {

§ o ' {2.19)
e g r
i &,
then
Four ™ R;CP'..:
Changing to originals, we obtain:
. de., 55
0““ = RJ(‘ d! . (2’&)

Expression (2.20) shows that the considered circuit executes the operation of dif-
ferentiation, To vuewiss condivion {2,19) it is necessary to select ihe time con-
etant. of the circuit Ty = R}C and relationship 2: as smAll as possible,

Prom analysis of conditions (2.17)-2.19) it follows that accuracy of fulfillment
by a passive electric circuit of a given mathematicsl operatior will be higher the
lens the voltage taken from the output of this circuit, We wiii estimate error,
introduced by a computing element, made in the form of a passive electric circuit.

Error of such a computing element let us arbitrerily choose to call the dif-
ference between instantanecus valnes of the output quantity {n real conditions and

during ideal fulfillment of the given msthema.ical opsration for the same value of
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tre {aput guantily
Mﬁ.u‘s et Tt =

5 the basis of preceding the ideal vaina of tne owtymt Juaatity witl ©s

Yoop

el ¥ ))i}“‘}

o

L3

and real value of the output quantity -
(2,22}

. Y(P) ! I'd
[ 1 I :’s‘p, ),(F) . }u(p) + )
Yyip}

If in the operating range of requencies of input signals

PY o) bty oy
| )73‘]“") e

then it is poasible appraximately to write:

l T AN VAR R PP

P Y R LV VRS
Yy
Thersafore with accurecy up to sign
, . (.23}
: YoAp - Yetpr Vi
Mo Yo T IRAA

Foruie .<.23) is a general axpression for represantation of absoiute srror

of & computing element,
As un exzmple let uu conmider error, imiroduced by sucn & computing slement

during work in conditiens of an integretor,

In this casa

¥.ip) — ‘L ., Y ip) = R AN I h. — Cyp.
1 () % ulP R, 13E 1
T

- & by y
Moms ‘“'{3? + ié) Cip CRpfe

For o ., given in the form of a stsp funsvion, and serw {nitial comditioms, ohanging

-)‘T-




Thus, ahsolute erros during # atep change o the input = gnal grows wilr lnorases
of the Lime of intsgration and with decrsase of the tise constant of tre circult and
Load resistor,

Usually aa the criterion of accuracy is used the quantity of relative srror, tre
relstion ¢ abscluté arror to maxisum or the current ideal wvajue of the output

quantity. In tha first case for maximm e¢rror we odtaln:

, 3. § i A
”"‘bﬂi way o M L £ R ~~“ 5 "
- A\ Caen rat e Py ;- oy e @ ma
AR
; i _
Congidering that e, o, ¢ ;o % ., w8 will receive:
B mer G !
2 . 4
& s k!
H
In the secund cnas, considsring that .. . . ., we obtain:
A ]
\ 3 s o~
alo., i , Vi, ade ]
“famy & . I '
By w : Y S
v i
*

™u=, relstive srrur grows in time linsarly and wilil be isss Lhan Lhe greater ins
time constant of ths circuit RIC‘S' Presence of lod R  decreases the tims constant
of the c¢ircuit end therefors in-;;mau ihe arrer of fulfillsent of the operaiion
of intsgretion, Hence it directly follows that unlon of such computing siswents

together and with other sguipment issds to bulld-up of e-ror of sach slsment., o

¥

that error L. does ot sxceed & given vaiue Jor ssiasctsd wvalues of Lhs lims
conatant and load, it ia necessary to limit the tstal cpersting Lime of this integret-
ing devics.

Thus, for example, when . . 1% HlC_3 = 10 sec, and R = - tp ~ 2Rl?1

Faer =™ (0,2 sec, ¥Fith & sinuecidal variable input voltage Lhe error in & given

sithanatical cpereticn is comreniently expressod in the form of the error of




reproduction of amyoicuds and tre earrar of renroductioe 37 jedee 7 Tre oertpert owo b

Aca, Txpressions for LN osu val 4 0. #ror RN weEilY be Looalined ATl er rer.acing

P oor lw in sxoression [72.22), Perforwming tnis ro dcemeat, we fingd:

From these expreasions it follows

e WO — o .
I 7 ,I ;>_ T that ampiitude and phase errer with a
[ L‘S", ‘!- fh
| G i 4 einuscidal variahle input signal decresse

with res of the I N f the sig-
Pig, 22, !ss of an elec- incresse requency o 8K

ronic amplif - -
L e ifier in combi el and with {ncresss of the time corgtant
nation with & passive elac-
- 4
tric eircult. of the sircuit Ty = R C.. Incresss of time
13

constant TO’ &8s follows frum exprossion (2.18), lsads to decresse of the magnitude
of the output sigmal, This contradiction {s possible to avoid, 1f in srries with
the considered massive network ome were to comnsect an slecironic amplifier (G, L.
Shnirwan 717) (Tig, 22), The commectiaon between output and input quantities now will
e

AL !

O _ . Fes
A Yy, P i tey i
Y, ir

If we were to select the relationahip of parameters sc that in the opereling renge

of frequencise ; i ' o ther we will recaive Zinally:
> oo
. Yoip (2.2
T IEPIRET

With ths help of amplifier here we gucceed, with sufficientiy low value of L
determined by reuirements of accurdcy, in obtaining (he necessary quantity of out-
put vuitage and simmltanecus.y ia unloading *he passive n¢twork.

The considered principle of comstrwotion ef & camputing slsa~mt of spen type,
based an combination of a paremstirie system with an ampiifier, alec has & number aof

deficiencice:

-h?-




1. Special ssliection of parameters of the computing elemant is neceasary, with

Yo
Yoy

H
1

which in the operating range of frequenciss this condition is met

2. The amplirier should possazs & sufficiently high amplification factor (of
the order of 200 or grester), where for removal of error dus to variation of the
rarametars of the amplifier the amplification factor of the lattsr should be =.adi-
lizea with & high degree of accuracy.

3. There is possible appearance cof "drift™ of zero of the ampiifier due to
the charge of the capacitor of the passive network at the input by the grid current
of che first cascade during operation of the device as an integrator or differentia-
tor,

4. Parmissible time of work &8s an integrator is comparatively small cue to

the difficulty of obtaining & large time constant {or the passive network,

3. Linear Computing Elements with Paramsiric CTompens&tion

Connection of passive electric circuits with electronic amplifis-z apens also
a number of new possibilities of improving computing elements, One of these pos-
sibilities is compenaation of error, introduced by the passive selsctrie circuit, with
the help of positive feedback in the awmplifier, The idea of this principle of con-
struction of a computing element follows from analysis of the equation for the pas-
=iva elsctric circuit, Indesd, the connection between the output and input Quaitities
of the circuit (without considering the load) can be presented in the form

(2.,26)
Yoey . b
LN ATV AL VIR

From comparison of equation (2.26) with equation (2.16) it followe that the

Y. (p)

term Conr Yon)

determines error of the circult, If we coud munage to add to
the input voltage a component, proportional to the output voitage, then, obviously,

the protlem would be solved, Indeed, let the new value of input voltage be

. .
€ Cop v Xy




Then, substituting ‘. in place of e, in expression {2.25}, oo will receive:

- Y ip Youm
ca gt ) i SR
TR Y, ip) T 77 g Y, (F)

Y.ip -
if ons wers tov select 2 , cless to 1, then we will receiw=: Vm-*";"gp)’ for:

With an asplifier coppected with the

r‘ {t;'} e paseiva slactric eireuit, this idea osn
T e ‘ L
r T 1 oosily bo realisad, 47 with the helw ef
t-! 14 t' i q
'U o -
U U S S positive fesdbar: (?4g. Z3) we sarey ewt
Pig. 23, The principle of addition to thes input sigmal of & compoment,
construction of & computing
element with paremstrie com- proportienal to the output signed. Indeed,
pensation of errors,
for the disgres of Pig. 23 we ottain on
the baaie of 2,.3):
;;as == = ‘_"_‘rj?’ €y + - YY(P) 3 (2.27;

NIRRT IR AT:) YR FVair Talp) T

The eytion of azplifier is:

P ‘ﬁﬁ(,:;.w (2'28)

'N
Hense

- Y. (p) {2,29)

g K o
wi = VAR TV - (P =K, Veipr e

if cne were to select Merudmurzmxyumhnwthmmtba
cperating range of freguencies |V (jo)+ Y, tjwi - AyYpwil <€ ViU, thet is is poa-
sible with sufficient acsurecy to write the eguation of this computing elemsat in

the form

ALY (2.30)
foue =Ky Vatm ¢

Thus, the considered oempuiing element exsoutaa the same converaion as the pro-
ceding ome, but without the limitaticns placed on the paremsters of the oumwerisr.
In order to reduce to sero the left part of the above-mentioned inequality, it
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im necessery to sslact an amplificetion factor of the amplifisr equai to

H [ 0 (2031)
Y, i '

In particular when Yl(p) = Yz(p), Ky =2,

T™is principle of construction of & computing elzment is cffered by L. I.
Gutenmakher [1]., It is placed in somewhat modified form at the basis of the con-
struction electrointagrators of type ELI-12 and FLI-14 (L. I, Gutenmakher, N, V,
Koroi'kov, I, A, Vissonov, L. S, Klabukov, G. K. Kus'minok (1]),

In these slectrointegrators thanks to application of multip'e automatic itera-
tion of the solution computing elaments turned out to be poasible Lo construct from
a-c amplifisrs, The fundamental circuit of such a computing elemsnt is shown in
Fig. 24, Along with total external positive feedback, hers there is provided alsc

nagative feadback in the amplifier to stabi'ize the amplification factor,

¥ilp)
I w——

N0sxcug

(o) i
{c::»——w-—4r-~
!
&
b o —
-

Fig. 24, Diagram of an elec.ronic ampli-
fier with raraxetric compensatiocr >f{ error
(FLI).

KEY: (a) k

Compared with the case of applicatioa of a paosive network tith an amplifier

this method of construction of cumputing element.e has the _dvantage that it does not




reQuire sn axplifier witnn a iargs axplification factor and special ssisotion of pare-
aotere of the network, An essential deficiensy of the considered mathod of con-
struction of & computing elemsnt {s ths dependance of ite trenafer functien mn the
emplification factor which lead2 to the necessity of stabilisation of the amplifi-
cation factor and to selection for eperstion of a limited bend of frequencies, in
which ths paremstsrs of the amplifisr do not occesion & noticeable influence,
Farthermore, the condition of complete compeneation practicelly is ummcoeptedls,
since it :an leed to unstable opsration of the computing elemant ewven with alight
variation of parameters. Indeed, let .5 computing elemsnt work &s an integrator
whan Y(p) = 115-1,. Y, {p) -%5 , and Ry =Ry, Y3 = Cp, Then on the basis of ex-
pression (2.29) we will have

- i - (2.32)

Couin = .K!;R‘C’+(%-|) €os-

To satiefy conditions of compansation cne must choose an asplification factor
of the saplifier equal to Ky = 2, If after setting this value for the amplification
factor values of resistances Rl and R2 slightly change, the condition of compensatien
will be violated. Let us sesume that Rl = 1,05 Rz. In this case
(2.33)

fon =2

The presence of A negative aign in the denominator of expression (2.33) testi-
fies to the unestabls regime of the computing element. With a cons’ant retio -g%
change of the amplification factor can lead to these resulis. In comnection with
thie for obtaining stable operation it is necessary te despart from conditions of
complete compensation (in the comsidered case take S < 2) and thereby kmowingly
8llew qualitative and quantitative distortion of the results of the methematical
opsreticn, executed by the computing elemont,

This method of construstion of oemputing elemsnte can be compared with the
method known in electric machinee of paremetric compensation (cempounding), whioh
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onsures the required machine regime only with its strictly constant perameters.
The principls of parametric compensation can be used also during construction

of slectromechanical integrating devices, As is known, for construction of such

computing elements there can be used following relationships for rotation:

4 s (2,3)

J dar Mo e

where J is the moment of inertia, w — ths angular velocity, M — the total moment,
¥ - the angle of rotation,

If one were to use the first relationship, then the angular velocity can serve
as 8 measure of the integral from total moment M, which is the input quantity, with
use of the second relationship the angle of rotation ¥ will serve as a measure of
the integral in time ¢f thes angular velocity.

When the input quantity is an electric voltage, it is necessary tc supplement
the device by a converting link, carrying out the conversions M = kUi and w = kllJ.

Technically it is quite simple to carry out the conversion M = kU with the help
of an ordinary d-¢ or a-¢ motor, The conversion w = kiU is usually carried out with
the help of a servo system. Influence of the parameters of the servo system distoerts
this conversion and lowers accuracy of the executed mathematical operation. In

N,

this case = Bir U. where D(p) is a ploynomial, whose coefficients are deter-

mined by the parameters of the servo system,
For these reasons they prefer to build electrome..anical integrators (A, E,

Kharybin [1]) on the basis of the relationships J = M and M = kU.

dt
Let us consider as an example the fundamental circuit of construction of an
integrator on the basis of a d-c motor (Fig. 25). Voltage of the input signal moves
through amplifier to clamps of the armmture of a d-¢ motor with independent excita-
tion. The equation of action of the motor without comsidering the moment of re-

sistance on the shaft and the moment of armsture losses will be

dw . "" ('b
do o My Py

J dt "y R, .




vhere J is the total moment of imertia, brought to the shaft of the moter; M, = c?d/,
== the starting moment of the motor, U.- srmature voltage of the moter, R, — arsa-

ture resisztance of the motor,

- Pig., 25, Diagram of an electromeschanicel
integretor with paremstric compensation
of srror,
KXY: (a) Motor: (b) Tachogemerator.
If the tachogensrator is disconnecied, then ¢ --¢ . and them

,%:‘: | —‘f:— i =_,’:_ Kene (2.35)
Equation (2.35) indicates that acceleratiom, developed by the motor, depends
not only ea the input signal, but also on the spesd of rotation of the motor shaft.
If to the input signal one adds a component, proportiomal :. the output signal
(in the given case, angular velocity w ), then, 2s in the preceding case, it is
possible to compensate error, introduced by the anti-electromotive force, Indeed,

if voltage of the tachomachine is added to the input voltage, then

0:' =€, :k'n. (2-36)

By joint solution of equation (2.36) and the equation of motion of the motor
(2,35) we will receive:

de M b ®
T S A O R

If select chdzmmxym a 50 that the wpression in parea-
theses turns into sero, then the considered electromschanioal device will ideally
sxsoute the operetion of imtegration:

o ®
}7}' == ‘}-." K,f“.
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whence

“ e E“‘v,/ e, dt. (2.37)

The requiied value of % here can be found from the sxpression

o (2.38)

'\‘ ik

It is obvious that by considerations

;) ¥
. ; of stability one muat not approach condi-
s+ @ . tions of complete cumpensation too closely.
// -_m Iy and therefore the valve of R? should be
™ ¢
| I"——Q—* taken somewhat smaller than that which was
| A
L J | ay | found from expression (2.38).
- H Ig*ly
D> -
s { A more accurate slectromechanical

integrator can be created on the basis of
Fig. 26, Use of an asyn-

chronous two-~-phase motor the considered principle with the help of
for construction of an

slectromechanical inte- an asynchronous two-phase motor (Fig. 26).
grator,

In this case the moment of resistance on
the shaft can be made insignificantly small, since brushes are abasent, however the
amplifier is complicated “ere due to the nonlinear dependence of the emf of the
rotation on current in the windings,

The equation of motion of the motor can be written in the form

2 Ehs (2o3°
RIS VAR A )

Sdi e }.

where J is the total moment of inertia brought to the motor shaft; © — the angle
of rotation of the motor; f — coefficient of viscous friction against air; M --
electromagnetic torque on the rotor, Ix' Iy ~ currents in coile of the motor
stater.

The momemt of resistance and moment of losses wo will disregard. As is known

from the theory of two-phase asynchronous motors (I. M, Sadovskiy {11), the expression

=54~




for elsctromagnetis torque can with cccure., sufficimt for prectice be writtem in
the form

B oas
M :.-.A(..,/,i,- et ) (2.40)

This sxprcccion is correct, if we disregard electromagnetic trensiemts in coils
of the wotor, attemuating sigrificantly faster than electromechanical transients,
caused by inertia of the motor rotor,

In expression (2.40) therse is designated: X — comstant for the given fre-
qQuency cof the network, which is a function of the impedances of th~ windings, ., —
the synchronous speed of the motor,

On the basis of (2,39) and (2.40), if quantity f is neglig:ble, we find:

LA TR HEy WY (2.41)

From expression (2,41) it followe that acceleration of the moto. depemds not
oaly on current I, in the comtirol coil, but also or the rpm of the motor, If one
were to use method, mentiemed above in the example of a d-¢ sotor, them, obviously,
for compensation of error - of wuch a camputing element one mist also introduce
positive feedback, tut this feedback should be nonlinear amd {ts coefficient
should depend on the square of the comtrol curresmt I,., Tochmically thi» is possible
with the help of application of an a-c tachammchine and a special nonlinear elex-
tronic amplifier iR. L. Coagriff [1]). For the diagrem of Fig. 26 it is possiole to
write additionally the following relationships:

L,

I: == K! (Ic + In’- Io : Kv.‘v Jdi

Ky, =cll} ¢ 1)

I, Ao,

where ¢, "1 are proportiomality factors, Remce

I' = KL;’.‘I“ + ((l{ + I:)k! “:’ (2cu)
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After substituting expression (2.42) in (2.41), wc will receive:

g i } N
~ 4 4 N P
a? 7 -'(_‘ P Led b

If one were to select amplification factor Ky on the condition that K = 4
1
then the equation of the computing element can be given in the form

awm

1o = ke K ke,
or
" vl N A (2.43)
g fc..dz
Y]

As in the preceding example, to gukrantee stability of the system it is necess-

sary to depart somewhat from conditions of ideal compensatio-

L. Computing Elements of Closed Typs (witr Negative Feedback].

Lately in construciion of computing elements more ard more there are used
orinciples, placed at the basis of closed aystems of automatic control, Under
certain conditions it turns out that accuracy of operstion of such elements does
not depend on variation of the paremeters of the main channel, converting the sig-

nal, but is determined only by the mugnitude and stability of paremeters of the

feedback circuit and the input circuit.

S Let us consider the diagram of a very
-.—i’ ) 1' .1...
—‘f;;} simple linear system of sutomatic control,
1
L P consisting of thres units (Fig, 27). let
| S

fip)

the squations of these units have the form: .

Pig. 27. Skeloton diagres
of & very simple system of

X, fgtﬂ! 1Y
autcmatic control,

v A.“‘qv{('

s F Apry
where Fi(p) is the transfer funetion of the input unit, Fz(p) — the transfer func-

tion of the feedback, unit l%(p) — the transfer function of the amplifier.
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From these equations it follows:
Kotp)E () (2.44)
Yoo At "
If one were to select soc a large value of the amplification factor of the third

unit that for wvalues of w , at which the system works this inequality is satisfied,

1K, (jw) Fy(jwr 2o 1. (2.45)

then the expression, comnecting the output quantity y with the input x can be, with
accurecy sufficient for practice, pressnted in the form
 run - (2.46)
Fy(p)

Thus, with s sufficiently great amplification factor of the main unit of the
system of automatic control the comnection between output and input quantities is
determined only by paramsters of the feedback e¢ircuit and the input circuit,

Depending upon the form of trensfer function F1(p) and F5(p) the system of
automatic control can execute various mathematical conversions of the input Quantity,
In general it is possible to consider that a system of auvtomatic control, having
a very great amplification factor in the open state, allows one to solve differential

oquation of the form

Fipiy. Fipix (2.47)

Lot us consider several examples of construction of computing elements on the

basis of systems of automatic control:

a) Klectromechanical integrator. The fundamental circuit of the integreto: is
shosm in Pig. 28, The input signal 1is added to the signmal from the tachomachine with
the help of an electric circuit, consisting of resistances R, Voltage ‘. at point

I is a signal of wimmtch or error of the servo system. The amplified voltage of
nimmtch is applied to the armaturs o. a d—< m or and deterwines the change of

speed of rotation of the armmture in such direction and wmough to decrease the
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appearing siematch. Therefore this system with accurecy up to « ensures proportion-

ality between the speed of ro.ation of the d— motor and the input voitage,

z, ‘ h L N .
l;x . 1) ‘-‘I ? ¢ J? o JF‘
{ i 4 I

Fig. 28, Fundamental circuit of .he devics
of an slectromechanical integrator,

Indeed,

‘, ;/l‘p".l M /..l}',’(l ' (L.QB,\/

4 '
e, NE !
PRI I

’ !

where f,ip) ‘o 'A/_,.p, _ s
‘., 2 e, ;

is the ocutput voltage of the amplifier; k.

1
-

-~ the transmission factor of the tachomachine, X, - amplification factcr of the
amplifier., Since ¢, ... [from conditions of physical feasitility of the amplifier
has & finite value, then for & value of X, vory large in modulo the guantity of
mismtch ¢, will be minute,

If, for example, ¢ .,, = 100 v, and ¥, = 50,000 then 4 al_.(:;:u =2 mv,
Thus, the integreting point obtains a potential differing little from the potential
of the ground, {,e., as it is naid, it is potentially grounded,

Thug, with a very large asplification factor, it is possible to disregard

magnitude ¢, 1in expression (2.48) as compared with the remaining terms, and then

or

- ‘o, {(2.49)

To the ¢ aft of the motor through lowerirg recucer with a transaission ratio there is

joined otentiomster ", by whizh the angle of rotation of the ocutput shaft will be




d

comverted into output voltsge. Considering that w«- « -. we will recieve:

k 4 ll it (2OSO>
!'..‘ - R ¥ ! !,,0 .

where kn is the proportiomality factor,

Consequently, the output voltage or the angle of rotatiom of the output shaft
can serve as & medsure of the integrel in time of the input voltage.

Let us consider in somewhat more detail, how the paramsiers of the system will
influence accuracy of the executed mathematical operation. If one were nc' to die-
regard the Quantity of mismatch and not coneider loss in the motor armature, frictiom
and load on its shaft, and also consider the amplification factor of amplifier
K, = const in the operating range cof frequeacies, then it 1is possible for the
sotor-amplifier unit to write ths relatiomship

- A (2.51)

B 7
where T is the time constant of acceleration of the motor, k, — the amplification
factor of the motor,

Substituting value ¢, from equation (2.48) in squetion (2,.51), we will receivs:

Ak, - (2,‘2\
240 e,

or
S
; o | | (2.53)
smi -‘v" 2. i L
‘U A2,
17 in the cpereting range of frequencies
C2(Te + D ]
RS A B
i AQ‘-‘I
then
-

YRR

and the syrtem axecutes the operetica of integretiom without error. BErvor of
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operation of such a device will, obwicusly, depenci on the absolute value of the

. HT sl .
sxXpression !(AQ : ' and the stability of accura:y of sec-up of the ratio
Dhal Jad )

MP oD

Jer.rsa88 of the absolute valus of axpression A Rd

can e attsined by
incr.ase of the total amplification factor -7 the servn syxtes K, k, k., sslection
of low~inertia elements, for exampla motors with a low time c.onstant of eccelsr-
ttion, and finelly, by limitatic: ¢f Lhe upsrati=g range of f{requenciea, ’Acrease
of amplification factor X, of such & system usvaliy prevente loss of stariliity,
causti by jprea. ice of such neglacted factors as dry fric*ion, tha gap in kinemetic
circuit, squivaient constant delay, caused the nsglected smeli) inerinesaes of tre
gsystem and aso forth, By force of this to obtain a given sccuracy 1% is necessary
to decrease the band of frequencies of operation of thes system, i,e,, ir essence

to limit circle of problems aclved with the nelp of such elsciromechanical computing
eiemeics,

The pagsband width of electrumechanical computing elements for the low-insrtis
magustic clutches proposed by F. F, Klubnikin {aee Ye. K, Krug and O, Minina (1)),
possassing an equivalsnt time ccnstant of acceleration T = 3,028 sec, does not
excaed Lto S ¢.

The required dynamic stabllity and Jast attenuation of natural motions of the
computing slement can be attained comparatively simply in & wide range of operating
frequencias witih use as the computing elements of systems of automatic control, ccm-
posad of low-inertis units, Special advantagesz in this respect are presented hy
d-c ampiifiers with negative feedback (I. R. Ragazsini, R, H, Randall, F. A. Hussell
(1.

b} Electronic amplifier with negative feedback &s a computing element. An opsra-

tionel emplifier (Fig. 29) can be considered as a servo system, rescting Lo several
{in the general case, n) input signale,
Role of ithe controlled mwember here is playsd by the same d-c amplifier, the

role of the reguls#tor -~ by a unique mismatch indicator, a multiterminal network,




compoead of input impedences P15 Yp2reves Bing feedbaok resistors L2 and ‘npt
resistance of the d-c asplifier By, Since fredblck in ths comsidersd amplifier is
nagaetire, oatput voitage of this multiterminal nsiwork ¢, ocan be considersd the
orror or wismiatch of the servo aystam, Considering the linearity of elsmants,
forning the multiterminkl network of the mismaich indicator, it is possible to pre-
senit the total voltage of error in the fors of sum, in which every addend is
detcrmined by the valus of the voltage, applied to the given input pele,

Indead:

e, ‘"/n”’"’r e j«."p’;: - /lw‘piés T '?'fu.x’ﬂ};,, ~ IZ‘P;‘;.MI‘ (2.5‘6)

vhere, as we Imow (K, A, Krug [1]), transfer functions tu(p), £:5(P)y ceey £,(P)

and fz(p), sxrrested by the conductance of the corresponding sircuite, have the valuee:

V.,
Inip)=—, w42 ’ (2.55)
E Yulpy+ Yi{p) + Yatp)
1

Vutp)

Japy= e
N Yu(pr+ Vi (ph + Viin) (2.56)
]
Y2 (g
frg(p) = gy 2
S Fu(p) + Va(p) + Vet p) (2.57)
[}
]h(p) =3 T -_*‘[",(E!__ [ (2 58)
3 Vi + V(e 4 Vi(p .
[}
Y, (p)
APy == —— LK
P = (2.59)

j_:_‘, Yiedp) + Yot} + ¥, (m)

Here
Vo o ¥y gy Yy =y
n=z: =g ] Z.
| | n
Ye=z; L=y g




wWith a sufficiently great amplification factor of the amplifier (in tne open-—%
ting range of frequencies) and limited meximum value ~f ocutpat voliage of the mpli-:}
fier, the voltage of erxor ¢, is very low. Here, as in the preceding example, it

turns out that integreting point X is as if potentially grounded. II we disregard

S

in expression {2,54) quantity ., as compared with the remaining terms, then it is
pozeible to find the connection bstween the output and input volilagc of Lhe opera-
tional ampiifier:

yriime
i
AT I

'nu L4

or after expression of transfer functions through the conductances of the corre-

sponding circuits:

Y (p)e,

Oy == w)—': (r

+
'»‘/a

{2.60)

From equation (2.60) it follows that accuracy of mathematical operations, exe-

cuted by the computing element, does not depend on parameters of the actual amplifier

Fig. 29, Operational amplifier.
if ite amplification factor is sufficiently great, but depends on accuracy of set-up
and stability of values of the conductances of the input circuits and feedback

circuit,
Lst us consider several particular regimes of am operational amplifier,

Let the number of inputs n =1, Y14 = ﬁL’ Y, = 51-22- then on the basis o1 (2,60)
1

we will receive:

Ry
'-h' k‘ ’I\l (2.61)




The operaticral azplifier axseutes here the opsration of mmitiplication by the

R
couctant-‘gzl‘. N .
Lat there by n inputs Yi4 = Tk I, = ﬁ; then
. (2.62)
= =
: i

The operational amplifier executes here algebraic summation of n input signals
By

with miltiplication of every component by a given constant — r .
11
IfR =R =, 6= - then h is carried out braic sumation.
L 12 "l.n Ry, then here is ordinary alge

If in the feadback circuit we cormect a capacitance, and on the input —, an
chmic resistance, then when n = 1 we will receive:

- 1 (2.63)

Cyur == T(C; €us-
Changing from representations to eriginals, we will have:

. (2.64)
Corn = —R|C-:/ f"lﬂ.

»
Thus, with these resistances on input and in the feedback circuit the amplifier

executaes operation of integration in time of the input quantity. If the number of

input signales is n and at the input are connected chmic resistances Rll' R12’ veey

Rip, then here is sxecuted the operetion of integration of the sum of input signals:

- Ly | -
s T
t
whence '
N
s = .\.ai'ﬁﬁ"d" (2.65)

*Here and henceforth for brevity of speech by term "feedback circuit® is deesig-
nated a circuit, connected between integrating point and the output termimal of
the amplifier. In reality a feedback circuit is the totality of this circuit and
the circuit conrected to the amplifier input,
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Finglly, with connection at the input of capacitors, and in the fesdback of

resistance R2 we will receive when n = 1:

4 Ri pe,,

or

R d;;‘ . (2.56)

'.Ul

The operational amplifier here works as a differentiator,

Thus, depending upon the values of conductances of input circuits and feedback
circuits the operational amplifier can execute varicus mathematical operations. The
exprassion

Lll(P)
ry(p

carries the name of the transfer function of a computing element for the i-th inout
and henceforth will be designated by letter . (p) in distinction from the static

h]

transfer retio K, equal for an integretor to X ~-§é>, for a differentiator X = i,

R
for an adder for the i-th input -- K4 = -ji.

R

In table I are shown tne basic nnthem;tical oparations exscuted by such &an overa
tional amplifier,

On the basis of the theory of electric circuite at the end of the boox (in
Appendix I) there is given a more general derivation of equations of the operational
elenent snd there are brought cases of obtaining combins . linear operations with
the help of one operational amplifier, at whose input and feedbacks thare are con-
nected networks of various types,

It is necessary to indicate that the examples in Table 7 of multiplication and
diviaion by constante - and = - | can alsc be uansd for realization of operations
of multiplication and division of two variables, if the diagram is= =uppiemented with
a se™vo system. Besides the mathematicil operations enumerated in Table [ and Ap-
pendix I, by an operstional amplifier with connection of a feedbuck circuit and at

the input connection of nonlinear resistances there may also be carried out functional

-bo-
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conversion and there may be reproduced static characteristics of besic type non-
lincarities of systems of automatic control (gap, dry friction, sone of insaneitivity,

limitation cf cocrdinst=s by modulo, stc).*

?ic} “**“] - ’ We will give a physical explanation
e ’ , of the work of an operational amplifier

(:) : Ki) as an integrator. For this let us con-
L !
L

' I sider the squivalent diagram of Fig. 30,

'n this diagram the amplifier is revpiacec
Fig. 30, Toward ex-

planation of the work by an equivalent gsnerator with voltage
of an operstional am-

plifier as an inte- e,.. and a capacitor is connacted
grator.

through resistance ? to a voltage, equal

to e, ~ ¢, Lot us consider the case when ., is applied {n the form of a

L1 L)

step function. By force of t. s fact that the voltage on the plates of the capacitor
cannot change instantanecusly (assume . (0 at moment t = 0), at the moment of

switching on tre input signal through the circuit will leak current

[
I,=1.

R
The voltage of srror

o=¢,—/R-C

It is obvious that with pascage of time, by measure of tne charge of tra capacitor;
current in the circuit will fall, and the voltage of error »ill grow. 7 the “ine
constant of charge is very xreat, then prectically withir a certain interval of

time it is possible to consider the currvent constant. So that through capacitor there
flows & current of unchanging strength, 17 is necessary that tre veoltage on 1ts

plates grows linearly in timme,

#Ceo Ch, VIIJ aix! XIII.
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de,

Indeed, /=C %

dt if I ~ const, then

(2.67)
-‘;"l =cons! and € == ‘(’_vf

Since with a large amplification factor of the amp’ ifier voltage is minute, then
the linear build-up of voltage cn the capacitor signifiss linear build-up of voltage
on oul;it. If one were to consider ths input signal camstant, then it will beccme
evident that the output signal is & measure of che integrel of the imput signal with
respoct to time,

We will find the law of change of curremt in the equivalent circuit of Fig. 30
with application of an input signal in the form of & step function. Using Kirchhoff's

law, we will receive:

'n"“nu;,R +- -é'.fl‘{.

but

= K,“—‘- - K’(‘“ - ,R';

€ou

hence

. - 1
‘.‘(l +k’) :l(l T k’)R bt E‘f"“ (2.68)

From relationship (2.58) it follows that the process of change of current, flow-
ing through the cammcitor of an opesretiomal amplifier, working as an integrator, is
oquivalent to the prcoess of change of curremt in a passgive electric circuit, can-
sisting of a series comnected ocapasitcr of the same capacitance and odmic resis-
tance, sxplified (1 + K;) times under the condition that to this eircuit is con-
necied an input signel smplified (1 + Ky) times,

Sulution of differential equation (2.68) is
(2.69)




Ry expression (2,69) it is possible to calculate the maximm upsed of decreases

of current, flowing through the capscitor:

5
Jl} . | (<.70)
(Jl koTd k)

L RA

I[f ¢ =10 v, R =1megohm, T = RC =1 sec, Ky * 50,000, then

(‘”\ - 0.0 v 'a/sec 02 i lee/sec,
At e

Knowing the law of change of current through the capacitor, it is= sasyv vo find
the law of changs of output vcltage,
Indeed,

‘A-‘n-IR"u[l‘“"-‘ i I

and

l "}
A T VR (2,71
teu.” K,ey= — K, .‘{l"f o ! (<.71)

Expression (2.71) can also be obtained formally as the solution of the differential

equation of the circuit (Fig. 30), written in operstor form

{(<.70)
. e . |
Cou: €, "'I} A?)/\’i_,;" -
For a passive electric circuit, consisting of X and _, we had:
i ! -7
- i % . .
¢ (1 e ¥ \)

Thus, in case of application of an operational asplifier as an integrator tha
sutput voltage changes aisc by exponential law, bdut with a time constant and steady-
state value of the output quantity amplified (i + Kv) times, "his gives an increase
of the interval of time in which outpu’ voltage xgrows lincariy in time, an< con-

saquenily., increase of the in.erva] of time, in which the process of integration of




the input signal is carried out correctly.

We will fimd walues of input and out-
put impedances of the operational eleaent,
determining the possibility and convenionce

of its combingtion with other devices.

By definition input impedance can be

found as
Z,=5 (2.74)

rig. Ji. Diagzsm for de-
termination of a) input On the basis of 3la, using the earlier
and b) output impedances
of an cperetional ampli- ralaticnaships, we will write / = !-"I‘ ",
fier, (

and ¢, = — ;E :

After substituting these expreasions in (2,74) we will receive finally:
z (2.75)
Z"::Zl«ii-T———.t'K’ .
From expression (2,75) it follows that input impedance of the opsretional
amplifier consirts ¢of two ccaponents: on2, equal to the resistance comnected at

the input, and the othLer, »qual to the resistance of the feedbsck, decreased by

(1 + S)’

With a large amplification factor the second component is negligible. Indeed,

let

Z,=~- R, = 100w 7, -Ry= | siow A VIR RVAE

2, =Ry = 104420210 obm,

Thus, input impedance of am operatiemal awplifier with accurecy sufficient for
prectice can be camsidered equal to the resistawse commected to the input. With

commection at the input of a capacitor the imput impedance, ocdviocualy will deerease

with increase of frequemey.




tor determinetion of the output impedance of ths opsraticnal amplifisr we will
turn to the aquiwalent diagram in Fig, 31b. ‘Considering this diagram a= a yuad-

ripoels, we will write the eguation for currents in tha poles:

!! = ytifm + ’i.?ou'

’3 =¥ 00 1 Vitu

Output impedance of the amplifier according to definition will be:

(2,75}
| L .
z"“ N }Vn’ o i Ig ‘ )t““f v )
From the aquivale it diggram it follows that
'nul Zu b :' €orix " L7 l:
ly= BN A - A A b= Cews Gl g,
”'.

After simple conversicns f{or & very large Ky we obtain

(2.77)

Tt follows from this that the output impedsnce is smaller, the larger the K;
-~ the amplification factor of the amplifier without accounting for the plate load

of the output cascade -- And the less the transmiasion factor j" set on the com-

ruting element,

During work of the operstiorsl amplifier as an integrator with increase of

frequency the output impedance alightly decrsases, approaching ... Ri» 'n

v

cperation as a different.iator the output impedance slightly increases.

We will define the order of magnitude of the output impedance of the computing

element. let ? b, 22anw, Ky 5100 With these conditiona

20 w2

o = Ko = 5 ll)': - 0,89 ohm,
Taus, output impedance of the operational amplifier is minute, which encures

simplicity of intercommection of such amplifiers ana connection with other aquipment,
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5. Lomparigon of Verius Types of Integretors.
The merits and deficienciee of various types of lirear computing slemsnte

/*ype I — with A paseivs notwork at the input of the amplifier, typs II — with
paresetric compensation of errc: and type III ~- with negative reedback) airsady
wore considered sbove in sufficient detail,

It 3a of interest to compare Lhees devices in ths wmost coritical regime -- when
sarrying out the operetion of integretion. As the criterion for appraisal here is
expsdient to select the least perxissible frequency of the sinusocidal input signal
and the ~arximum permissible Limm of integration of the step input signal, Thege
guantities determine the poasibility of simmlatim with real control equipment and
the poseibility of use of integreting elemerte in the composition of conirol equip-
ment.,

These quantities are deterwined by the totelity of propsrties of the computing
element, Howsver for comparative appraiesal it io sufficient to determine theses
Quantities, proceeding from the perwissible quentity of systematic error and limita-
tion of the dymamic rangs of voltages of the dwimu:IiL Caiculation of drift of the
amplifier, imperfection of the integreting capasitor and grid curreat is brought in
Chapter ITI,

We will give an appraisal of the lesst permissible frequency of input sigmals,
procesding from accuracy of fulfillment of the operdtien of integration,

On the basis of earlier material tue equations of the considered integrators

*By the dymamic renge of voltages K, here is understocd the retio of the
value of the ouwtput sigmel at the dwundary of linearity to the minimum valwe
of the iaput sigmal distinguished from interlersnces,




*
in operator form can be presented in the form:

2.78)
. (2.7

'INE "p l'»l'

Vo
: LA
d Cour { | ¢
. Tp
- - A .
w7 T AT 1]

whers o 1s the coefficient, taking into account the degree of compenmation of error,
02 1 K. Ky Kiy-- amplification faciors of amplifiers o~ integrators I, II, TIT

types without fesdback, T = RC -- ths time consiant of the passive network, taken
identical for all three types of devicas,

With a sinusoidal input signal for peak values we have:

N (2.79)
T Uy P - - gl

AR AR

A !

R vy S LI STEP g

The sscond addend in the square breckets of these three expressions determines

the systemaiic error of the opsration of integrution, Designating it 3  we will

receive the expression for the minimum permissible frequency of the processes

| " 5
Cmin | == T ‘/2.\' (2.80)
1 i
Watn 11 T 1 '/- 23
_ | /S
Sen T T A b

From comparison of values of ., =~ it follow= that for the same T and 3 the

lsast permissible w will be in an integrator type III, However with & sinusoidal

input aignal, besides error in amplitude, there occurs phase error,
We will find the minimm permissible values of , proceading from the given

#5igns v... 1n expressions (2,78) are cmitted, since for the given considera-
tion they do not have essential meaning.




permissibls phase orror A¢ , With the help of expressione (2.79) we find:

(2,.82)
St = '}"g(% - '\?)'

L '; ‘g(;' - '”)'

» ! . -
@ gin i =(r+""‘w"(7 - "')'

Slnoe 1< <1+ ¥, then fur given A¢ and T the least permissible «
will be in an integretor of type III,

Let us consider the case of ideal integration. Here, according to (2.79) we
obtain

(2.82)

\smuming that Zwr=s __x  {g a finite quantity, we will find the ainimum
a1 wia

permissible » from expressioca (2.82):
(2.83)

" K - __K" - ‘
'u-l""ﬂ(‘l‘" Can it T IR, Ceen T TR,

Since Xy > K..> 1, 1t follows that an integrator of type III gives in thie

II
case too the least psrmissible wvalue of o ,

Thus, for sach type of device there are obtained three conditions for determi-
nation of . Obwvicusly, the determining comditiocn will be the one for which the
frequency is higher, Which of ths three sonditioms will bs the determining one,
depends ori the taken values aof 3 )y T, 1.4, K;. Ky ax K,

In Table II are brought, for «ismple, resulta of calculatiem for valwes of
the enumerated paremsters, oftem met in existing camputing elements.

Thas, for integreters of types I and II the quantity ... 1s determined by
the necessity of sustaining the givem phase ~rrer, amd for a device of type IIJ
by the finitemess of quamtity K, This last is limited in by cwtput veltage %y

«T7=-




BTt

the limits of linearity of the amplifier, and in input signal - by its minimmm

value, which it is still poseible to distinguish in the output signal from inter-
ference, 1.e,, the quantity of psrmissible error. In many cases it i« po:rsible to
consider ‘o min— 10U . fogmin U1

and, consequently, A, 110D

During integration of a step input signal ouiput voltages of integrators will
change by these laws:

‘un = K!l.l(l _'-;) QKI(II ;’(I - ’ ) (L.&)
TR T

L
".“=K|“l"(l - ¢ (‘"Hl)’) =

Comparison of *hese formulas shows that error of integration, expressed by the

second addend in parentheses, will increase most slowly for integrators of the third
type.

Table II

( ) {.———-Lb-l YCa00m1 CryeIr cind ‘;‘ R ;
a R s .
Tan ._(,C_)_ bt T T B R T

yerpodcas l ounmt inag V Faroman l";‘-"-! :‘-" ' (g)”'.'\ N
a} ; -yl (f) for
WP e 1 D .
! 24 i 573 [{FTH A 1)
: )‘ o
.*—‘\llw— - 0,‘2}:“‘ ;)573 o TN Ay
l ! | X y - (1]
? f | T
Hi % 510 115 10! T COA L e
| e50° s 0t LA s 5 e
i ; ; ' 11
m: (a) 'zysn of device; (b) Conditions of determination
wmir- error; (d) Alplit.ude srror; (e) Phase error;
(r) Finite value of dynamic range; (g) Nete.

Appraissl of tle maximm permisaible duretion of the process of integration can

be conducted just as in the preceding case, proceeding from the given systematic

error of the process of integretion and the finite value of dynamic renge of
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voltages of the instrument,
In the first case obtain:

2:3 (2.85)
t.,,,:-:?n loas 1 = =+ lgum==2T3(1 + Kyy).

Proceeding from the finite vilue of A, in ideal integration we have:

R (2.86)

A,
boas | = T*I‘ T, ‘IJI = 'R".' T. ‘Ill = KAT'

In Table III are the revalts of caloulatiom of laey fOr the most frequently

encountered values of paramcters,

Table III
- . B m 1\ Yemese oupastssnnd fg,, .
mm l macrnne -
i (P j (4) K=t (o) Srovenen
i 002 s | 100 cex * 10
. - | con
l A s — et .- e
u 02 ex ! 500 cex Ky =12
v | cox
14 190 coew 1000 cex Ay=3 100
W0 cex ‘}n I cex
Ay w§. 108
‘ -I o

!(E"I: (a) ‘Ugo of device: (b) Conditions of determination
error; (d) finite value; (e) ncte,

Dats of Table 1II indicate that for the most frequently encountered values
of paremsters and permissible error of A = 0.1¢% determining factors for finding the
mxisum permissible duretion of integretion are: systematic error for integretors
of types I, Il and III (when K ; = 5-10%4) and the finit. value of the dymamic
range of voltages for devices of type III when Kpyr = 5+10%. Devices of type III as
compared with devices of types I and II, other comditions being equal, ensure a time
of in egration many orders greatei.

For further incresse of the parwiocsible time of integretiom of a stabilised
eperatiomal amplifier (lIII = 5.10¢), as follows from these computations, it is neces-
sary to ineresss the dymamic range of voltages of the instrument. This is possibie
to carry out both by decrease of error and by expaseion of the linear reage of change
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of output voltage. The last was very shrewily realized in the step intagrator
offered by I. V. XKorol'kov and 1. A. Bubnov [1] {Pig. 32).% The basic idead of this

integrator coneists of the fact that the operational amplifier intaprates only for

the duration of permissible time ¢

LIS

After 0:“ reaches the valus ,... =+ 100 v on the divider of revaraible
stepping selector // the cursor moves one lamslla (one step) and voltage + is
stored; simultaneouasly capacitor C is discharged by contacts of relay ! or : and
integration atarts all ovar, Cutput voltage ¢, is taken from auxiliary adder

2, where there is added the voltage from the divider of the stepping se’ector and
voltage from the output of the integrator, This ensures a amooth curve the whole
range of the ocutput signal. Thus, after n steps on the output of the diviser thare
will be established voltage iU, which corresponds as it wers to an n time in-
creass of the upper limit cf linearity of the amplifier, and consequently, of Kn .
Therefore the maximum permiassible time of integretion now will bs increased n
times: Z...1n -7A, 7. where n is the number of steps of the divider for voltage of
the same sign., Simultaneocusly with increase of the dynamic range of voltages one
can somewhat decrease error due to sero drift of sero dus to operation with in-
creas~] input signals. Thus, applicstion of passive integrating networks with an
amplifier is expedient starting with a frequency of the input signal of 10 ¢ and
higher. When indispensable to integrate signals of minute frequsncy it is necegsary
to change to operetional amplifiers., The mimimum permiseible frequency hsre will be
in (1+Xpyy) times less as compared with the case of application of pesasive cells,
The factor detemnining the quantity value of ., for all three types ol devices s
the phase error. An exception are integrators based on stabiiized operational
amplifiers, for which the determining factor becomes [{initeness of the quantity

K. . Maximum permissible time of integration ~f &« 8te; input signai for 4.

2See also L. N, Pitsner, L. I.Shevchenko, One method of integration nf slectric
voltage, Instrment-making, No, 8, 1947,




three types of integrators (with the exception of integrators with stabvilised
operational amplifiers) is determined by methodicsl error. Here operational
amplifiers have the groatsst time of iategration. Fur integratorsz with stabilized
operational axplifiers, the cdetermining factors becume lead of the integrating
capacitor and finiteness of the dynamic range. The time of integration ¢.,, for
such amplifiers does rot excesd 1000 sec when fn = 1000 and Ry -4-10° megohms .
Purther expansion of the psiuissible time of integration can be attained by
applicetion of the circuit of & step integrator with simultaneous increase of

the leak resistance of the integrating capscitor.

¥

1,

t-(: >:.- g:; >’

Ty L

- Fig. 32, Functiomal diagrem of a step inmtegreter.
3C ~~ camparetor, K — stepping selector.
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“RROR OF LINEAR COMPUTING ©UNMENTD

1. Basic Propositions of Error Theory

Investigation of error of a computiry slement pursues the goal of giving an
apprraisal of the accuracy of fulfillme cof a given mmthematical operation, of
determining *hes main primery sources of error and their influence on total error and,
finally, of establishing ways and methods of decreasing the moast subetantial com-
ponents of error. Xnowledge cf error, introduced by a separate computing element,
will allow one to proceed tc apprais&l of the error of a complex of such elemants,
i.e., to appraisal of error of the solution of a differertial equa’ion,

Analysis of errors of linear and nonlinsar active and passive electric cir-
cuits, including computing elemantas, is the subiect of fairly extensive !iteratur=
(M, L, Bykhowskiy (1] - [3],M. A, Shnaydmar (1]),

Error of a computing slement ia what we usually call the .. ror > netwsen
real and ideal wvalues of output magnitude at a given moment of time for the same

value of input magnitude:

Ar i [N ’ (0

B

where ... .(v 1is the i{deal output quantity, corresponding tc a given mathematical

operation, .. 'O is the real ocutput magnitude, odbtained as a result of operstion

of the device.

Total error 3., .+ can be divided into two paris: systematic and random,




™he systamtic part of total error is either constant, or changes by & jrior knowm
law, The¢ rendom part of srror is cauased by acclaental factors or sprvtd of paremste:rs
witiin allowances for parts comnstiinting the compuiing elemsrt. Rendam errors can
changy arbitrerily in time, i.0., be random fumctions of time or not changs in time,
i.0,, be rendos paremsiers. Depending upom *he charecter of procesees in tho com-
ruting element calculation of total error can be conducted for two regires: steady-
state and L —ansient,.

Dstermination of dynamic error is significantly aimplified, if cne were tn use
operaticral calculur (ses for inetance, M, !, Kantorowien 1]}, Hers it is possibls
to reduce & dynamic problem to a atatic one by tre . .on to & so-¢dlled “ypresenta-
tion eircuit, {.,e,, the circuit of a coaputing elemsnt, composed of opemator re-
sistances and the emf of initial conditious, assuming first that the amplifier «f
the computing element is ideal (its transfer function is comsiant)., Sueh Idss (sa-
tion wiil allow one in the begianing not to worry shbout quections of stabll::y of
the computing element and not corpider {initeness itz passhand.

If tha ccaputing amplifier ideally esecutes the given mathewatical operati:n,
ther, the conrection beilween output and input guantities will be determined by the
relstionship (ese Chapter II, page 51)

- . (3.1)

" )
Toms s = 2-”&;‘.‘”1.“’»”--
im

whers
iyag (’)Jl

by, (M — 17 et
[Pd, Mote. Subdscript ¥ = ideall.
The result of the mathamatiocal operetion, sxscuted by the operatiomal amplifier,
my differ from the ideal (3.1) dwe to Jrrors im physieal realisatiom of ihe givin
trensfer fumctions {-.:7'.  due 0 the preeemcs at the input of the amplifier of

an emf ¢, oquivaient to instanility of the serc level at the output (zo-cailed
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ssro drift) and due tc the nressnce ‘n ‘nput voltagea of apurious high~frequency com-
pcnents., Furthorwmors, there can ~e inaccuraia set- .p of input data, for exampis,
in case of feeding tna opsratinual amplifier fram potentiometric (or other type)
tranaducers of ths investiysted equipmunt,

T or.a were tO> use onuation (3,1 &and consider the above-mentioned factors, with
the exception of spurious high-freaquency cnmpcnents of the ouiput voitage, thea the
connsctior vetween sutpul and input qQuantitiecs “or t:e operitional emilifier can be

precanted in tha fore

", (3,2)
faut \ f: vpeo . )
. e . ° .
A
llli n ! 3
f . \"
E
where
lr. el
i"UP”;

o /By =, oy o
N 0,

“T‘ IR , Ay

(5, note, Subscript K and P = ideal anc real. respectively?,

is the transfer funiction for the 1. th input; drg.- the ovtput voltage, caussd

by inaccurets setting of zerc, ‘W the namir of {Y,.) *he {rans’er functicn © .o the

signal of drift is determired as

.\
\" Nt
- beutrl .
i Xl: [k
]

T™his exprexsion indicates why it {8 necessary tv oring te the input o tre amplifier

the signal of instability of the sero level, maasured at the outrut of the computing

slement - VI e s
hd ]
b P
.‘ ~l‘.(’” (1'-.‘\’
_haeg s
: DALINTIE
i




If the error of the of rational caplifier is small, then [;, (), differs little
from (;,p)], and in this case in the first order of approximetion

A“:- Py fewr 1 . (30‘6)
pATHTIIAES
1

Error of output voltage of tne computing element can be calculated, if one were

to place in ~quation (3.2):

Coutp = Cauy e £ 00,
l?ll"”p = [z + 33,,(P).
(;.! ‘l. z(;il l)- + J;.‘l
and subtrect equation (3.2) from equation (3.1).

Disregarding product of Liicremsnts of variables and their squares as campared

with the increments themselves, we will receive
- ¥ A~ (0)0% 3y - (3.5)
A‘u.lr‘_z;ihl(’)(‘u O .’rt?u(l’"nl’ou +
. — —
; [gl?u(P”- t l] '!{A —: '\'ulﬁ'
Error in the .rensfer functions 1i;,(p) in tum depends on finiteness of the

awplification factor; the presence of leaks at the input, output losd and errors in

parcas‘ers of elemants of the inpat circuit and the feedltack circuit, Therefore

(3.6)
: ) : &;l *U
hu(’): “?H‘P)l, - l?ﬂ(P)l‘ff“—;?“L + _.’“"%“"’l AY“ + "L“;S;"“‘ Ayx.
Y,-( N
Total absolute srror of the unit here will be
4 \“ &’“ (307)

- 4 - .- )
(1 ey = — ‘\_, [ru Py — FulPhlieg e v 2 gy 3wt et
i ]

. .
-+ x ﬂi‘y‘f“-&yg (;" l)-‘ - E l?u (pil. e, ¥
]

: l

L)
; !E"u")l- * ']ha:'s‘unt
Li=}

Thus, total error ef the computing blosk censists of & mmber of primury errors,
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caused by insccurate phy ical reelisat'on of the disgram slock (presence of leaka,
loak aid a finite amplification factor), arrora of input quantitisa, orrors irn
set-up of paramelers of input impedsnces and fesdback resistances and, fiaally,
presance of instability of the zerc level 32  ard inaccuracy of it set.up
Al

Determineiion of total absolute error by expression (3.7) is nossible only when
the value of all primary srrors are known beforshand. In reality, separefle orimery
errors, being random variables, can take in each new ¢yele ol work of the block
different values within the full range of their change,

If a random variable ha= 2 normal distribution of probabiiitiaes, then, as we
know (see, for instance, B, V. Gnedenko, A. Ya. Khinchin {11, P, L. Chebyshsv {11),
the probability that its maximum defiection from thse mean valus excesdsz thrha quantity

3; (vhere 3 is the root-msan-square devlection) is minute and constitutes 0,272,

This zllows one to take as an &ppraisal of maximum deflection of a random variable
from the mean value the quantity 35 If the considered rendom variable dapemds linear-
ly on a number of mutually independent prisary random variablss, each of which has
& normal distribution of probabilitias, then its maximum deflection from mean value
will, ae before, 1lie within 32 but now the average and root-msat-square detlection
will be determined ¢s the sum of mean and root-mean-square deflsctions of the pri-
mary random variables,

If it is considersd that a1, A, 3. 3¢, and e, A&re random variables,
then the maximum value of the . .ndom comyonent of orror cean be determined from the

expression

— (3.8)

degus ¢ R et : Greyuy I' T3} U'-ux'

where a4, 18 the mean value of error of the output voltags, and | /s, is the
totsl root-mesn-square deflection,

In the considered case the resultan? mean and root-mean-squars deflectiocii can




e Sound Irom thess relatiznshipe:

2 . o . ?)
TV VLTV (3.9
Grtgun = + ‘}:g (&k,;)(’u .?}, “nf“ + :?d {?’fj‘}éem she Bay, T

1.3 R

-5 L ) Q.5 a )

-t .Ed [y, {4, LV {;& f2, (P, -+ ?‘} &se, + Borg, o
3 i

gr ¢ o T A& H k

VST § STV U A £ 7R WS Pt R (3.,14)

o .‘*V/D’“ﬂ ’ %i“idg’n} 1.55"“ ! };ﬂ(ﬁ’}’ ) ’3?‘3 i‘ehu ‘ °
! 3

® ‘R 3 l"a
B\ B i e ) VI
- Li?u‘p);n Trege g 1 P T ioh L’j Tae s 71 Fdegys '75 ’

? 3

Gartities of Lhe soan vaine {oxpectsticn) and diepersion of aeparsic orvore
can b2 found, using propsriies of & curve normal distributicn (Fig. 33) and knowing
the boumdariss of the field of saleranse for the sonsidersd reandom varishles (N, G,
Ergeovied (17). Tz Pig, %5 sn the awes of ceordiumtes ars plased possibie .svistions
3; and their provability demaity f(qi),

Indosd, if in the Field «of talerancs thy disiributive isvw of error is & sym-

metirically loeated curve, then

11
axgﬂ‘%&i fdz';"w""“ﬁ. (3 )
where 4, is hall the fiald of telerawss, and g and u; are algebrnic boundaries of
the field of tolerunce,

Total sbsoluvie error of & computing siloment here will be

O gy == Mgy cucr + l“u“.l + 33,0,

vhers Ae ie the sywtematic arror.

MY, ewcyY
As ths ariterion of acourecy of a computing element it is iaposeitde te¢ take

the absoluts value of error, cince accurecy ef wori of the device depemde not only

e sdsalute orror of its cutpat quaatity, but alss c¢a the value of the maximum

output quantity. Obvicusly, fer equal abeelute values of total errver the accuarecy
is higher for that device, for which the output quantity is greatsr.
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In measuring technology {=es, for

I
t : instance, Ye, G, Shramkov [1]) there ia
% often used &s the criterion of accuracy the
:/:-j;‘ji , e by quantity of absolute arror related to the
[., :ﬂ,. ‘,._;‘J meximm value of the instrument scale —
Fig. 33. Curve of normal the relstive error. In our case this will
distribution.

be the ratio of absolute error to the maxi-

mus output Quantity

01
by, == (3.12)

"Ul, mak

wvhere ¢, .., 18 the maximam value of outpul voltages ¢f the hlock.
wWhen the quantity of absolute srror is in turn a function of the cutput quanti-
ty, i.6,, has different meanings at every puint of the instrument scale, one should
use the particular practical and integral prectical criteris offersd in theories
of accuracy of mechanisms (N, G, Bruyevich {1)). The particular prectical criterion
determines accurecy of & device at a given point of the opsrating rangs:
(3.13)

: 3o (0pin)
KTE. RpAal T T T :
[T T3

&nd the integrel practical criterion allows one to estimate accuracy cof operation of
a device at a definite interval of change of the output quantity

Coex 2 (3-“&)

Y

el gy Cons. max

It is easy to prove that both these criteris changs into the generally-accepted
criterion of accurecy (3.12), when i.,., does not depend on the value of the out-
put quantity in the opereting remge. For a linear computing element as the criterion

of sccuracy we usually take the expression

o = e

One should give independent meaning to the absolute magnitude of the criterion
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of soeuracy. By its natwre this criterion gives cily an appraissl of maximwm pos-
sible error of clement, and therefore allcws us to cempare Wrious computing elaments
by their ascuracy, and alac to explaia the mest suitsvle mstheds of decressing errur.
It is odyvious, that that computing element for which the magritude of the sxpressiom,
taken as th- .iteriom ¢’ acourecy takes the least value, is the best one,

2,

Lot us congider thoee primery srrors, which determine the systematic pert of
error of & computing slememt. As was showst above, this pert of total error is
seused by imaccurete physioal realisation of the givea trensfer funotien, basically
due to finiteness of the amplification fastor, precence of spuriocus lsaks and capeci-
tive couplings in the cirouit of the compating elememt, and alsc owing to internal
resigtance of the last cavcade and the load on its output, The systemitic part of
error of output voltage wilil be determined frem the relaticaship (3.7):

. -
“;wn.cnr = 2 ”?u (P)Ip - l?u (P)l.: ('iu)-'
[

definitise eaxprescion of the transfer function of (7. (P)l;. received in Sectiom 1
taking into account the abeve-msmtiemed d:storting fastors. For this let uws censider
the equivalent functionmal circuit ef an oprrational amplifier, showm in Pig. 3.
Using the msthod of finding the transfer function showm in Chapter II, we will re-

&

ceive for the considered case: the equation for the voltage of error
r—»‘ggv T a=fulple,+ Julpre+ ... 4

gl
1‘13‘ + 11 PVt + [3(P) Cou:
Fig. 3t. Punctional

diagram of an operu-
tional amplifier.
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here transfer functions rn(p)...., tln(P) and fz(p) have the values:

. Y. (p
/“m;_(‘ ) e - — . (3.15)
PhanaT Tlatlem Syt Ve b e
[]
’ Yalp)
,‘.lp) .1(-;1) eqw [ X4 .r -u?3 —.1’ ' N '
[ A 2 .. s} suit ‘\T ’“‘P) : '1(’)‘ )|(P)
¢ Yyt p)
fio=(-") e
[ "} '.rf:w. B :': Y,,(p) + }‘)(p) ‘ ’,,(p)

]

the squation of the amplifier taking into account internal resistance of the last

cascade and of the load

'°‘r) | — ’1‘,‘). (3017)
- K- Y, ( JN, | -
four = Yelp) + Fuip) v 1a(p)

Comparison of expressions (3.14) and (3.17) with analogous expressions, found
earlier, shows that taking into acoount intarnal resistance and load in the last
cascade leads to a certain decrease of the tctal amplification factor. Designating

for simplification

Y
Yo(p) |V — — e
ramko b a
Volp) + Vatpy =+ 2stey ~ O P
we receive
. v
Y riupe (3.18)

X !
suz T Ya(p)

1
\ Yulp) + Vatp) 4 Vi(p) | _,‘__ i1
Yt e /\,?(P)

Hers K- K, !'f}l is the amplification factor of the amplifier without feedback,
calculated under the condition that in the output cascade Y, —+0; Ky is the ampli-
fication factor of the amplifier without fesdhack, calculated taking into account
the dynamic amplification factor of the output cascade, but under the condition
that there is no external load, {.e,, (Y.eue>0; Y, 1is conductance of the plate
load of the tube of the output cascade; Y, = ;,; is the internal conductance of




the tube of the ocutput cascade,

|
(o), = 2 : (3.19)

" y L
Yo} | — —
[ l Yulmy+ Ya(p) + Vo () Y.mKNn

Error of the physicul realisation of the transfer fumotion can be found by expression

(3.19) in the form

.20
Ay Yulp) V(A Yu(p) (3 )

BuiP) =700} Talm) ~ Taip) Vip) —

o ]1.,m.
Yi(p) Kyscp) | 1atp)

- { [S Y.+ Y (p) 4 Yz(P)]
)

The systematic part of the absolute error of output valtage will be here

(3.2)
. - \‘ ary, Yll(’) AV, (p) \‘ Yulp) 5
A’nu.ucv - yu(‘;‘) V_—_,(p) €0+ Y.(’) d Y (7 Cor i '1"
+' Vy (P + V(4 Va(p| —— Iy "i’;...
| Bl ? e AT YSITIE R
Relative gystematic error will be
a; - 3;_3&1.(-:' = (3.22)
oMl Cw¢t ‘— ma
_ vsmm..m i +.\Y,(p)\.w).,(p) s
B TR AT IR AV R AT R
\ N LI £ \ R OT T Ny

+= Nrue i Ve - ¥, «»j

. ,(’)A s(p)‘-‘ri(ﬂ t“‘ .".

Let us oonsider each component of error.
of conductanoe of the imput eircuit. This errocr, as expression (3.22)
shows, other conditioms veing equal is greater, the greater the mmber of component
ummmmmmuum%. oot on the compwting elemsat. Rrrer
of inpmt cenductamce (systematic) uswally takes place during operetiems of & com~
ma—m“.mtmum,mummumunmm,
pesesssing a finite leak reeistance l’. Designating cemductance of the leak of
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.

e e s ————

this capsecitor by A’(p), wo will receive:

BY\(py = IV (p) + Ay(pl - ¥ itpi = AP, o
AP &,
hw] ey, T "Y;i—l’) ;mu. L L |

We will estimate the maximrm possible value of this component of errcr. Let

—_mf. Vy=1i-10 Yaho | A = 0.2 10 Taho

Yous. manz

(for atyroflex capacitors), Then

-%
91‘0“’7 2107 OF 0.020,.

3"&:. ey, =

Error of eunductance in the feedb#ck circuits. This error is caused mainly by

the pressmce of leak In the capaciter, connected during work of the computing elsment

as an integretor or integrator-adder, Here 5!, - 4,. and

y

o ‘yﬁa Yulp)  tay
L1} gy, —Y—- -d e i =
2 1 ”(P, ot may

Changing to originals and aseumming that

.f‘“‘:-—':o vhen t <O and ¢

o, Changes in such & manner that

i1 when t 20, w will receive

vhence for sero initial conditions we will have

(3.2)

]
.‘r A ‘ 'u( i ‘1
a‘m;a eucr, == ol {\d ﬁw :“‘ m; )
% .

Thus, error due to lsak of the capecitor during work of the block as an inte-
greaor-adder will grow proportiemmlly to the sjuare of the tine,
We will estimate the magr tude of this component of errar,

let C = 1 microfared, A,:-%:‘—)—;’ '] r=1, ; =1 megchm, Then in the

1 —;:J;J'
maxinmm time of solutiow
t'n % J
% ¢ ’




we will receive
“-.uﬂ.”‘z"

Pert,_;-lmm

Uon corry = o =107 or 1%

Error due to finiteness of the ampiifiocation factor of the amplifier. Thia

compenent of error om the bagie of expression (3,.22) is determined by the relationship
| 0 (3.25)

rmsmnk |

s
s cury, = {[2 Y (p) ry;(’)TY,(’)]
]

[ ] -
Nl e
‘l‘ ig(f’ Poui. max

Rere aleng with a fin‘te wlue of the amplificatien facter, there is also t2ien into
ﬁmminflwootlud 5(p) amd leak of the grid of the input ocascade of
the amplifier Y,(p). Since uswally quastity oa 3 1is almys lecs than ams, the
influence of load can be ascsunted for during amalyuis of error, caused by finiteness
of the amplification fastor, by means of a correspomding decrease of the amplification
factor.

Indoed,

: L4
Yelp)+ Votp) + Vaip)

by =

Hare V(P + V(P + [Ve(Plowen Simoe usually Yo = 1074 who, (Y, = 107% mho,
x.-m“’*manutz-m"m, then the quastity T, 1s at least two orders less

than Y, Y, and /v, . During epesretion of & computing element in other regimes
this eemelusion remains cerrect, and therefore with sufficient accurecy it is poe-

sitls te consider

y Y
Sdiul (T3 e o v

We will intreduss tho eemsept of the recultomt amplifisatien facster of an

.—9}-
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amplifier taking into account load (A,)..=~A,3  Since

[] y + Y.
K,=K,-* Ve
then
, Yot 1, Ys N
Kyhpe, =K, - Yo Vet (Vadosewnt Vo Ky I+ Qudewenin

yt"’ Y,

when (Fpeua=10""wo. ¥, 107 w0 and v, 10" w0

*
K, L
K"3=~is = O()?A’

Thus, the resultant amplification factor when (Ri)ge w ™ 10 kilohms is lowered
3137 as compared with the crse, when (R hweu. = -

We will now estimate the error, appearing due to finiteness of the value of
the amplification factor for the hesaviest case, when the operating amplifier works
as an integretor-aider, ard input voltages change instantly by a corstant quantity.

On the basis of (3.25) vhen ¥, =-. Y, =Cpand Y; =0 we will receive

- J[\"_l 'Cp]l RS

Yor cwer, = - R, Cp UNT A, j - RLp e man
1 i

or, changing to originals,

r L] A ]

P VMese oo [N VIV b

T did e R - fy o ma N UNTA,
1 i

L
wtence, for sero initial corditions, we will find

Y ~ (3'26)

1 v v N L
&(lwv cmet, = B:‘J'A"r' - k“f':( wd F Cas man 2
i H

Thus, during work of a computing element as an integretor-adder, the relative
error, caused by finiteness of the amplification factor, will be greater, the lese

#In this equation there iz not considered the delta-function found in a strict
resolution of the initial equationm.




PO, A

the amplification factor of the amplifier and the greater the valus of the sum of
transmission retios for separste components. Rrror is directly proportismal to th:
aquare of the time of integration. If absolute error of such 8 camputing clemsnt is
related not to the maximm value of output voltage, but to the ideal value &t Che

glven moment,

1
l...,.==~2‘k;7_r'-u*’-
i

as thio is done in literature (M, A, Shnaydman (1], G. Korn and T, Korn [1]), then
axpression {3.26) will be simplified:
. (3.27)

From this expression, in particular, one can determinc the required walu: of

the amplification factor so that error does not exceed a givez value:

.S 1 ~ " i ¢ (3!‘8)
7 06T My e, = RO T
when ¢ =/, - 100 sec, %, =00l a~35 R, =R;=R =K, - R;=005 wow C=1 ot
we will receive
K,‘x?&OOU

Thus, to exscute the operation of integretion of rive camponents during the
period of 100 sec with accurecy of 1S it is necessary to have an asplification
factor of the amplifier of the order of 75,000,

Lmit valye of the aplification factor of the cperetiohal seplifier at serc
frequeng: As f2llzen from the above, inorease of the amplification facter at serc

frequency osuses decrease of srror of oarryin; owt a given mathematiocal operation.
Thi:z is especially important during the operetios of imtegretiom., In occmmection
with this, the wide-spread opinion that the higher the amplification factor of the
asplifier at serc frequemcy, the higher the performamee of the computing slemsat.
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However if one ware to conzider real properties of the integrating capecitor, then
it is poseihis to arrivd at the conclusion that there existas completely definite
value of the asplilicar.ar factor of the amplifisi, further increase of which no
longer hae -dcticel meaning.

If o were to use the relatimmehip (3.18) and substitute in it preiiminarily
{teking into accoun’ lsak in the integrating voint and leak of the dielectric of

the integrating capscivor)

¥, = R, Yo=Y,= ... =¥, =0 ki("”;'K"
{ ‘ -
V=g Viter - ip

that by simple trensformations w»s will recelws:

- ylys

'..' -~ B U e ’? :_ - P, .
¥e will introduce ths scncept of the effsciive smplification factor of the
computing slement in a iategretor regims:
X,
R

-~
U U S I

»

Then after division of the masisiar and dencainater of ths right side of the exprss-

ston for ., by : . it k.!-gﬂ - .: . we [inally will recelve
: 'R, , !
- £.98 WA
'N;."i =T

T iR ge RO 5

Thus, the structure of the forwmule of an irtegreting opsrational ampiilier is
kept during consideraiion of ilmperfection of the integraiing capacitor and leaks at
the asplifier imput. U(nly the value of the effective amglification factor changes.
It is obvicus that to lower error one misti sesx t~ increass 4 .,

The limit valuz of (X', is attsined whas A, .

3 !}’
.
‘IY!:‘?Q Apes =T -f




We will deterwine that value of the amplificaticn factor x’ - x; of the ampli-
fier, with which (X,),,, will differ froe the limit value by not more than 5%,
From the formula for (A ,., it directly follows tha

R, R, . & (3.29)

Thus, the maximamms val" . of “he amplification factor of the amplifier, taking
into accourt imperfection of the integratine capacitor at sero frequency, must not

R
be taken higher than 20 ..
‘

3. Random Camponents of Error of & Computing Flement

The mein comnonents of the rancam pert nf error of & camputing slement are in-

stability and inaccurate setting of the serc lsvel of the cucput woltagze, presencas

of harmonics in the output voltage and inaccurscy of seiting of resistances .i-_‘.1<
an Zz.
- :'C:}-) Instability of the gerc leval is what
Lo Gomoo
B o W A O
- %’?:Z; i 2 ] we usually call variable voltage. appsaring
H EM: 7, e ; 37 0ma
; E‘u ! ] 1 at the cutput of *Y ) operational amplifier
F VS U SRS S YU
with closad at a common point inp ' imped.
Fig. 25, On the gquastiam
of sero drift of the opsr- ances (Fu. 'i:}‘ Appsarance of vglL‘gg

ational aapiifier,
at the cutput of the operational amplifier

in the adbeence o voltege 3t input can ..ave the following causes:

1) instability of power ruppliss of ths amplifier;

2) change of enitting provsr.iss of cathodes of elsctron tubea;

1) presence of grii cur-emts;

A) variation of paremeters of elemsnte of the ampiifier circuit,

Usmally this falee cutpul voltage is lead to the {nput of the amplifier. M the
vasis of (3.4} , S s

Ao, = e
b+ Nisu (ol 23,30)
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For feeding operstiomal d-c amplificrs we umually apply etsabilized slectronic
rectifiera with an &ccursey of wsintensnce of :onstancy .. voluags of 0.1 o U0 E,

Changez of the exlssion curreni ol s!eiron tubes takas plaes both with hish
frequency and &lro very siowly (N, A. Yaptsov (11) and ie caussd both by the actual
net 're of thermmionie emiesion and by oscillations of filameni voltege.

For opsrétiona. awplifiera ealoy changes of tha anlsalon current have the graatsst
importance, They laad to ar «qpsivelent change ¢f grid biaw of the elsctron tubae,
Thus, for exampie, for tube 6ﬁ§f§§§§£alﬁnt shange of blas with & changes of {ilament
voltage by + 10% is U0 milidwolt iV, T, Sushkevieh {13},

As we knew (see, for instunce, V., F, Vliasov {11}, even wivia negative voltage on
tre grid of an electron tuds in the grid circuit thare can leak both positive and
negative grid currssnt, Lst us consider in simplifisd fomn b5y the diagram of Fig. 35,
the influence of grid current on the outpit wolimgs of the operstional amplifier,

Ons part of the grid current {lows in the input impedances, and the othser -- in the

feedback resistance, Tharefore

where /, =1, +/y+ ... +/, 1is the total current, tranching in the input impedancss,
If the conductance of the input circuits Yll’ le, Y13,.e.; Yln’ then

Youo ™ Yll AR SR Yln and current 7 will be equal vo

. - (3.31)
ly =V,
Currerit /, ono can determine from the relationship
izzg: Y,l-\;; s A’.u“ jl' (3032)

Considering that Je,,,,— - K ,l¢, we deturmine from equations {3.31) and
(3.32) the quantity of the grid current:
.‘:A;OEYD-I ¢ yi(l 7. Ky)'

or ¥ .
l'=Ac‘)’,“[l Sy +A,»].
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vhepce

- L 4
et i T
Youmti bt o - A1 A.)‘j

(3.33)

The provencs of grid current ciuses the apvearance of equivaient voltage on the in-
put of the anplifier, With a large K, when jﬁi-u + K, e L it is possible to
bu3

3ompider that

Ie (3.34)

Thus, with & larges saplification fector grid current causes less change of tha
ejuivalent grid bias, the leas the resistance of ths feedback circuit and greater
the amplification factor.

The absoluts and relative valus of error of the cutput voltage, caused by the
presenite of grid current, we will determine {rom expression (3.34) in the form

i /
| N P
&DNX AT }E’ and Wy g T e

¥ ofuus max

1
Let I, = 0.1 micrimpere, Y, = 7 = 10~ mho, Ky = 50,000, puymn = 200 v,

3¢, = 2.10~6 v, or 2 mierovolt, Then
Mﬁuﬂ == 0.1 V,&ﬂd 54",“' P {0 be,.

By itself voltags Ji,, is minute, However its harmful influence can noticeably
develop during work of the operatiunal amplifier as an integrator,

Indeed, if in equation {(3.34) we substitute Y,{p) = Cp and assume that grid cur-
rent is conetant, then we will receive

/

. = ol
Aty = CpK, -
Changing tc originals, we will have
d(se)
&t T ER,
whence
ll
o, - <F ot




With constant grid current and abeence of voltege on the input the voltage at

the oculput will linesrly incrsase in time:

l‘
A'n.n. Pl 2

The relative error of outpui voltage, caused by the grid current, will be

(3.35)

st T (g

when I = 0.1 * 100 a, C =1+ 10, for the solution time t, = 100 sec and

Yuwy mae ® 100 v, we will receive
— 10¢,.

-
4
"aur 3

These results show the necessity of maximm decreass of the quantity of grid
current, This can be attained, for example, by selection of & corresponding magni-
tude of grid bies, introduction in the grid circuit of & corresponding campensating
voltage, or application of first amplifier stages of tubes, working in &n electro-
metric regime (L, I. Bayds and A, A. Semenkovich [11),

The action of grid current, instability of tube emiasion and oscillation of
power suppliss can be considered the action of equivalsnt voltages of interferences,
coupled in the grid circuit by the corresponding cascades, In the presence of nega-
tive feedback the effect of these disturbances on the output voltage will differ
depending wn the place of application of the disturbance (A, A. Rigkin [13). For
proof of this proposition let us consider, as an example, an operational amplifier,
consisting of thres cascades (Fig. 36). Following the above method of determination
of the trensfer function of the opsrational amplifier, we will write the squation

of the mismatch indicator

Y . Y
e, == m €or T ',";'“_; Y;’ Couy (3"36)

and the equation of the chanmel ¢! amplification of the error

Cour =~ KKKty — KKK, S, 4 KKy ey — Kae, (3.37)




After substituting ¢ from equation (3.36) in equation (3.37) we will rsceive
KKy (3.38)
‘ M yET KKKy )
.Hl: - T Ty T —-—'—— .' .’_N. y .
1+ KKK, 'y'l‘i’y; i+ KALK, ?T‘V’-—f;
i e E oo tey.
., ” ’ g . r B '
Ly K fGA, YR, V- ALK A Viyr,

With & very large resultant amplific ‘-wm factor, when ;K WK ,-y{Lf-‘) i.
] 2

we will receiv:

¥,

YT 1 1
o= = g e = (L) {30 = de s A

z
1k HEHS
L0 ‘,éﬂf' 5A:’ ds 79
L o o |
- Fig. 36. Three-cascads operational
amplifier,

less the Iurther {rcm input the disturbance is applied.

with &

cascades may hs in generai not stabilised,

, (3.39)

The second addend in this expreasion
ropresentes the srror in ocutput voltage,
caused by the emf of the disturbance in
the grid circuits of separate cascades.
From this expressiom~ it follows that the
effect of application of disturbance is

In counection with this

large total amplification factor the voltage of the plate supply of the last

At the same time the greatest influence

is caused by disturbances appiied in the first cascade, and therefore one should

take all possible steps to eliminate causes of appearance of the emf of interferences

in the first cascades,

Variations of parameters of elements of the amplifier circuit usually proceed

very slowly even in the case, where the circuit is assembled from resistors, and

therefore they can be considered during tuning of sero every time before berinning

the operetion setting-up.

In slectronic models setting of ssro is condusted with the help of a milli-

valtmeter, connectei at the output, and saximm absolute error does not exceed

. st e e 0. 0
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1l mv which, when ¢,..miv = 100 v, constitutes <e,,, = 0,001%. This error is more

substant ‘sl during work of the operational amplifier as an integrator. Thus, for exam-

ple, with a transmission factor 4 = 1 durirg the time t = 100 sec error will be

RC
tegue = 0.1%.

Error in sstting the transmission retioe of the operational element is deter-
mined depending upon the construction of the installation or by the maximum deflec-
tions in values of resistance, or error in the given method of checking trensmission
ratios, During opers«tion as an integrator the accuracy of aetting of tran=uission
retios depsnis also on the allowence for the capacitance of the capacitor.

This analysis of primary systematic and random errors of a computing eement
allors us to formulate a numbar of conclusions, from which dirsctly ensue dasign
requirements for the amplifier,

1, Greatest error is caussd by the finite value of the amplification factor
and instability of uvne gerc level in the sadder and, especially, the adder.-integrator
regimes,

2, In order to have small error due to finiteness the amplification factor,
one must selsct an amplification factor for the amplifier as large as possible (at
least 50-75 thousand) and limit the trensmission retios, set on the computing
alement,

3. It is necessary to turn special attention to decrease of leak betwesn the
input (grid) and output terminals of the computing slement, Resistance of the insula~
tion should be as great as posszible, Here it is very expedient to separate input
(to the integreting point) and output circuits by a ground shield, This can reduce
leaks which exist in the circuit of the operational amplifier and which shunt the
capacitor during work as an integmtor, to leaks between the integrating point
and the ground and the output and ground,

4, During selection of capacitors for the feedback circuit or input of the

awplifier, one should use capacitors, possessing the largest lesk resistance and
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least dielectric after-effect., At present the most suitable for thie purpose are
polystyrene or styroflex capacitors. The rated capacitanse of the capacitor can be
sustained at present with error, not exwesding 0,1%.

5, Use 23 accurete methods of setting ¢ trensmission retios as possible (for
example bridge methods).

. For stabilisation of the sero level it is necessary toc provide msausree of
compensation of drift in the first cascade and to feed ths installation from stabi-
lised power supplies, To decrease the quamtity of grid currents it is desirable
that the tube of the first cascade have a low 4 (that the distance from grid to
cathede is as great as possible), low plate currer., low voltage bestween the plate
and cathods, lowered value of filament voliags and a negative bias at ieast 1.4 v,
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CHAPTER IV
DIAGRAMS OF D-C OPERATIONAL AMPLIFIERS

i, sic to Pre ed to rational ifiers

Selection of .he diagream of the d-¢ amplifier in many respects is determined
by those rsquirements which are presented to it as to the computer. These require-
ments basically can be reduced to the follewing,

The amplifier should be built by an ssymmetric diagram with cne commong pole,
™ir simplifies setting-up the problem, since it allows one to comnect the opere-
tional amplifiers in the installation, ewitching only one pole (lead).

The sigmal at the ocutput of the opsretionsl amplifier should :epsat the input
signal in such a manner that with & sero input signal there is a sero output signal
and with a change of sign of the input signal the sign at the output would change
accordingly., In the asymmetric diagrem of the amplifier this requires in the output
cascade an additiomal source of constant voltage. The operetional amplifier should
consiste of an odd mumbor of cascades, changing sign, since with this it ensures
the additional operation of multiplication of the input signal by — 1 and simplicity
of reslisation of rcgative feedback,

The total smplification factor of the amplifier is selected depending upon the
required accurecy of work. For applicatiwn in generel purpose simlating instal-
lations it should not be lower than 70,000, Thie value of the amplifiqation fasctor
of amplifier ensures almost complete independence of work of the computing olement
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from variation of parameters of the amplifier and low value of the output resistance
which facilitates connection of computing elements among themsslves and with oth-r
equipment, and &lsc, as analyeis shows, small error (less than 1%) of work as an
adder-integrator duriag summation of up to five components with a tranamission
factor K = 2 for each component,

In the diagras of the amplifier there should also be provided measures of de—
creasing sero drift. Zero drift constitutes th basic error of a computing element
made of d-c amplifiers ard thereiors.during development of ths azplifier, especially
its first cascade, there ghould be ~cnsicered the requirement of obtaining minimm
drift., For operational amplifiers of slecironic models of general application the
voltage of drift &t ths cutput must ncot ex.~ed & magnitude of 1 -- 2 millivolt for
10 minutes with &« transmission factor of the compt .ng element equal to unity, and
during work 8s an integralor with a2 transamission factor cf unity — must not axceed
« magnitude of 100 nillimolts for 100 sec,

Along with a high amplification factor the opsrationai amplifier should possess
a sufficiently wide passband., Thus, for example, for n generul-purpose simulating
installations it is desirable that, in the presence of negative feedback, a treans-
miesion factor of one and output voltage 100 v, the amplifier has a gain-frequency
reazponse with a slump of 3 db, sterting {rom & frequency of 8 — 10 ke, The wider
the passband of the amplifier, the greater possibilities the opsretional amplifier
will porsess. In particular, on d—c ampiifiers with a wide passband there can be
built simulating installiaticons, working both in natural time scale (B. Ya. Xogan 11}),
and with artificial repetitive opsration {L. I. Gutenmakher [2]). The requirement
of a high amplification factor and a wiie passband are in contrediction with the
requirement of stability of the amplifier in the coverage of its negative feedback.
Therefore, in the amplifier diagram thers should be provided correcting circuits, en-
suring such a charecter of the gain-phase response, with which the amplifier is not
eslf-excited in the various regimes, covered by negative feedback. Of large va'ue

in thie respect iz correct location of slements on the amplifier chassis, ensuring




the shortest grid connections, and the least leak between various circuits,

Decrease of leaks also has agocntial meaning with respsct to limitation o1 the
amplitude of spurious alternating voltages at the output of the amplifier., For
normal work of an amplifier as a computing elsment it is required that the amplitude
of alternating voltage at the output does not exceed several millivolts, T~
insulate input circuits from the output is most simple and reliable with the help
of corrsct shielding of wires and separate units of the circuit and grounding of the
corresporxding parts of the amplifier, Here leakage bstween input and output cir-
cuits is redistributed on leakags between the integrating point and the ground and
between the output and the ground, Such & method of cambatting leaks has received
the name "ground insulation.”

The amplifier during coverage by negative feedback should allow connect’on of
load with the input impadance of the order cf 10 kilohms a2nd aleso enaure linear
dependonce of the output voltage on the input within + 100 v,

The formlated requirements can be realized with the help of a three-cascede
d-c amplifier, assembled by asymmetric diagram. Diagrems of cperational amplifiers
known from the litsreture have much in common, Separate diagrems are distinguished
by the given wethod of decreasing sero drift, the principle of construction of input
and output cascades, the types of tubes applied, retings and number of stabilised
power supplies. In certain cases for the purpose of increasing the total ampiifica-
tion factor there is used introduction of local positive feedback,

When operational amplifiers are used with a total trensmission factor of one
as, for example, for separation of circuits, for feeding lcops of ihs cescillograpn
or for coupling the integrator with other squipment), it is poesible to select a
0.4l amplification factor without feedback of the order of 2500 to 5000, which
significantly simplifies the diagram.

By method of eliminating sero drift it is possible to divide all diagrems of

decisive amplifiers into two groups: with paremstric compensation of sero drift and
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automatic control of the szero level, To decrease zero drift, csused by instability
of power supplies, they usually realize plata supply frox electronic stabilizers,
ensuring accuracy of mairtenance of the constancy of vcltage of the order of 0,1 t¢

0.01%.

2, Diagrans with Parametric Compensation of Zero Drift.

Operational amplifiers with parametric compensation of sero drift ars amade in
two modifications, In one of them in the first cascade an auxiliary cathodz follower
is used, and in another the first cascade is built by a diagram with a series coupled

triode, A typical diagram of an operational amplifier with compensation of drift by

a cathode fcllower is in Fig, 37, The ampiifier consists of three cascadas. The
first cascade is assembled with a double triode of type 6N9, The left part of tre
tube is used as the amplifving part, the right is connected in the circuit of the

cathode followsr and serves for compensation of zero drift, caused by change of fiia-

ment voltage and oscilliations of the emission current,

i
{ -
00y s X0y N0y
‘ Y '
[ ] S - 9] E i
‘,. ,TL‘r o ! i(b\.,
: D s S e ST &
B i [ -~ % 43 &1 Raund
\ 7 0 - ‘ AEREE ) B
(), CHrchl D~ i} ;
/Yo%) N z € 1
i, ? r h 4
Dgn . G"l
’ tom !
. i {
o j $ i
._hx.‘v w '

Fig., 37. Jiagram of an operstional amplifier
with compensation of drift by a cathode follower,
XEY: (a) Input; (b) vutput.

During change of filament voltage or saission current simultaneously changes
the current of the right triode., Voltage drop, which here is singled out on re-
sistance %, has a starilising effect .a the current of the left triode,

Depending upon the poesition of the cursor on resistance R2 the coefficient

of negative feedback of the right cascads -'anged, and consequently, the mugnitude




Thie i« 5 vers gmrarg] condition for adtuetment of a dlagrem of catnode stabi-
iisation, 'f .ne wera to ameume that the right snd left triodesz possess identical
characteristics of incadeacence and identical internal resistances R11 = R1 ; then

2

w= arrive at a more siniple relationahip
- (S, - S.nR,.- 0.

Magnitude R usually i{a selacted from calculation of permissible lowerines of
the amplification facter of the first cascade, and the resulting condition is satis-

fied by seleaction of the proper position of curser of the divider — magnitude s :

RS -

a - _—
\
NS

These expressions show that performance of the considered circuit depends on
identity and stability of characteristics of both triodes. When Sl = 52 we arrive
at the expression 'mown from literature (see, for instance, [, I. Bayda and A. A.
Semsnkovich 1], A. M. 3onch-Rruyevich [1]):

Kol s (4.2)
2

It is neacessary to nots that specifics of the work of an operational amplifier,
consisting of the fact that input signal ¢, 1is minute, facilitates compensaiion of
drift by the considered diagram, since current Ial chinges in very narrow limits,
and consequently, Sl can be considered a practically constant magnitude.

In Fig. 79 ir presented an experimentally received dependence of the change of
output voltage of an amplifier on change of the current of incandescence. ¥rom
the figure it follows that cathode stabilization acts not quite symmetrically. If
characteristics of cathodes of both halves of tubes strongly differ, it can be that
one cannot satisfy conditions of cathode stabilization it is reccmmendsd .o subject
the cathode of the {irst tubs to aging.

The second cascade of the amplifier is maae of a pentode of type 6Zh8. Coupling




tbetween cascades is carried out with the help of a bridge circuit (Fig., 40), formed

by two atabilizod power supplies F’l and r.. and resistanceas H_, R,, and Kl) for the

2 1

second tube and R, and R, and Ry for the third (Pig. 37).

8

(a)ysr. Resistance Ra and RS one can detar-

L

mine from known (L, I, Rayda and 4, A,

Semenkovich [1]) expreasions:

) "~ .
(D)\ l{) Z- [(‘ [‘?‘ ‘ e ’l’u (“ 3)
LA . 0 el % E _ F (l ko
; ] LI )
Fig. 39. Influence of EF —e g
change of filament voitage R, R, U
or change of output vol- E, —E:{1 a ) (4.4)
tage. a

KEY: (a) Change in out-

put voltage, mv; (b) &

load voltage, ¥, -

if we know value of Rl, Rp and Eo and
there is given magnitude 082‘
Reaistance R5 is usually exscuted consisting of two parts: one unregulated

and other adjustable., The adjustabie part serves for setting the sero of the ampli-
fier and should ~e suf/icient in magnitude for compensation of variation of parameters
of elements of the circuit (in connection with spread within allowance), and also

to consider the possible range of spread of characteristics of the tubes,
The third casca.e usually is con-

structed on a powerful beam tetrode (6P-2,
6P-3), Obtaining of output voltage of

both polarities is attained by connection

in this cascade of a source of voltags of
Fig. 40, Diagraa of inter-
stage coupling. ~- 190 v, The diagrer of the third cas-

cade is presented in Pig. 4l.

*Rp - presistance of tube to direct current.

110
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In the at«nwrce of load, output voitage can be found from the relationshipe:

(‘. o(".
e a - R.QR’

Hence

1 . , (“-S)
’Oul ) R' v Rp l{ a‘i(.,, ) I/HI{.'Y

With an input voitage, equal to zero, the operating point i3 selectsd in such a man-
nsr that ... !
This will take place when

! e (L.6)

Limits of change of output voltage can be found, if one considers two limit

casas: the tube is completely locked and completely unlocked, In the firet case
R .

4

and, consequently,

.(ra. }(\0 v'

'INI

In the second case from characteristics of the output tube for given load Ra
A

]

and U. we find #,

For tube 6P3 when U. = 300 v,

J,‘ .- l
. U‘Z =190 v, R‘ = 10 kilohm, U0 2 25 v,
o ] 'f IO = L0 ma and
25 -
A (::?N R' YR €2hahm.
. [ Loy - ~h_)““l.- 60 (300 0o 190 16H00) = - JTav
T T During conneciion of external load
Fig. 41. Diagram of
output cascade, limits of linearity accordingly narrow.

KEY: (a) Output.
We will estimate the influence of

load for the general case, when to the >utput is ccnnected, besides ohaic resistance,




a.80 & source of em{ with a given internal resistance, This takes place in a rnumber
of casea, when to the output of the ope~ational amplifier is comnected the cir-
cuit of a diode functional converter, Equivalent schemes of the outy it cascade
for the two limit cases, when the output tube is completely locked or completely
unlocked, are shown in Fig, 42,

In the first case we obtain

#
. ’(’-.7 +£ ;‘:' ) (L.7)
Put ~ _R. N ka . l )
R, ' R,,
in the sscond case
Ra . Ra
e Yoty e wf (4.8)
T T T Ky R, K,
Tt okt R,

Analysis of these expressions shows that introduction of load in the fora of &
source of emf 1sads tc increase of the asymmetry of limit values of ‘. The
1i=mie of rositive vaiues increases wilh positive E and decreasss with negative. The
limit of negative values of ¢,... vice versa, decreases with positive value of E
and increases with negative,

The considered diagram of the output cascade extremely uneconamically expends
the pcwer of the power supplies.

Indeed, when the power consumed by the load is equal to sero, from power sup-

plies there is put in half the maximum value of the power:

D -y .
”'""’)'un’o Ky /t" ’

During work at lomd RH it is possible to estimate the ecomomy of one or ancther
diagram of the cutput -ascsade, introducing the concept of average efficiency

Pwl (4]
oo e (4.9)

"mrp cp
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is the average value of power, fed to the load, and

'”l LT 1}

me (eyn) de,,,

et _ma:
Pm - T

P <P - 2‘“! ma

is the average power, consumed by the output cascade from high-voltage scurces,
Since

Poy =1Ua + 11U,
U

- v, 1 1
h=*ﬂff“'”“h=lr*L:“g“~ﬂw(”*‘“y

for the given cass we will receive

2~ —p- fonmar (4.10)
~,
3 R, Ue, (Va4 Us,)

when R =R, =10 kilohms U, =300 v, U =190 vand -~ =100 v, Tn=xx 2,27¢,
a Il 12 Ml may

r-~”——*~" T Significant advantages from the view-
. " point of economy of power consumption of
\,.:U‘ [J'- ""' power supplies are presented by the dia-

\‘( graa of an output cascade shown in Fig. 43

e (V. V. Gurov, B, Ya., Kogan, A. D, Talantsev,
V. A. Trapesnikov [1]). In this diagrea
resis’or R‘ is replaced by electron tube
.1,» Selecting initial biases on tubes

J, and 1,, it i» possible to attain a

P1g. L2. Equivalent dia- state where at a sero input signal we

grams of the output cas-
cade for two limit cases. receive equal curreats through .7, and .7,




and, consaquently, terc lcad voltage. The magnitude of initia. current can be herw
salacted sufficiently low. "o that with change of the input signal (.:e circuit works
correctly, it is necessary tc ensure change cf grid potentials of tubes ./ and ./,
in ant'-phase. This is attained by connection of the grid of tube .7, to ‘he second
cascade not directly, and through an additional jnverting cascade (Fig., U.).' As
compared with the above diagram of the amplifier hers there is required a superfluous
half envelope, However, if one were to put two amplifiers together on cii» chassis,
then iLne total number of envelopes remains approximately the same as for the usual

amplifier (3.5 per amplifier),

Since for tne considersd circuit

2
’. A - L/ '.u(
paul = R“-“- ‘nd anp T !R. T

then the average efficiency of the output

cascade for a sero value of the re ting

current will be
Fie. 13. Econamic ontpmt

C&BQ“O, e, is ths Out.put » == _gun (1 2 g_ _{ml_:’ mav (L.ll)
veltage of the zecond ces- »oTp €p .

cade, +, -= bias voltage,

KEY: (a) Tube,

on V
Ld
ogv

Pig. L4, Diagrem of amplifier with econuomic output cascade.

#Modification of the considerud diagam, not requiring an additiomnal inverting
cascade, is shown in Fig., 59.
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Reside~ ¢ ~izher efficiency, such an output cascade also possesses that ad-
vantage that it allows us to lowsr approximately 4 times the power of sourcas of
plats supply,

3
for correction of the gain-phase response for the purpose of eliminating thse pos-

Capacitors CZ' C, and C“ in the amplifier circuit, depicted in Pig. 37, serve

sibility of self-excitation of the ampiifier, With careful fulfiliment of such am-
plifiers and feediig from stabilised scurces with accuracy of maintenance ¢f con-
stancy of voltage of the order of + 0.05¢ we can reduce sero drift to 1 to 2 milli-
volts (voltage of drift is brought to input.).'

As example of a circuit with compensation of sero drift by a series couples
triode let us consider the diagram of an operational amplifier C. A, Meneley and

C. D, Morrill (1](, presented in Fig. 45. The operational esplifier here is made

of four cascades.

Fig. 45. COperetional amplifier with use of a
series-balancing input cascade,

The first cascade is cssembled by & series-balancing circuit, the second cas-
cade - by in 2 pareliel-balancing circuit, the third — by a "subtrector" circuit

and the fourth — by a circuit, analogous to the e¢ircuit of the output cascade,

simplifiers of this type (UPT-d and UPT-12) emter into a mumber of electronic
analog installations, See I. M, 7ittenberg 1),
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of tre above considered (Fig, 17 amplifier, ™e uppar tuhe of the sarias-DAiAncing
cascade i1t is posaible to coneiser as & piate [oad with squivaient resistance
4 R, « K b (L-‘A()

where R1 is the internal resistance of tube, K. — the resistance, connacted in

2 ?
the cathode circuit, .+ — the amplification factor. Here the amplification factor
of the cascade Kl = o can be found {rom consideration of the equivalent dia-

? o

gram when Ri = Ri and R. =R, :
1 2 1l 2

A’|

With application of tube 6NB one can obtain Kl 2 10,

If the characteristic of both tubes are identical, then with a constant input
voltage increase of filament voltage evokes identical increase of current in the
upper and lowsr tubes, and consequently, identical change of grid voltage., Tharefore,
the fixed distribution of voltage on the tubes willi not change. The circuit of the
first cascade can be considered a bridge. two arms of which are formed by tubes ./.
and 7. and two other - by resistances RlO’ Rll and R12‘ In connection with the
fact that during change of incandescence resiatances of tubes ./, and .7. change
the same magnitude, the voitage, removed {rom the diagonal, remains here constant,
Likewise this voltage will not change during change of the magnitude of feeding
voltage,

If characteristics of both halves of the tubes somewhat differ in incadeacence,
then it is porsible to bring them together by means of change ol resistance R3 in cir-
cuits of the cathode of the upper tube, Changes of input voi-age on tube .7, are
ninute due to the presence of negative feedback and a large amplification factor of
the amplifisr. Therefore,the bridge is prectically always in bslanced state.

The second cascade of the amplifier is made according to the circuit of an asym-

metric parallel-balancing cascade. In the absence of a signal both grids are under
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iden.ical potantiaia with respect to the grounw ., [ charecterisiic of the tyuvea G
ioad resistances -, and HB are identica’, *-- ats o rrente in the tubes wiii e
oqual and the output voltage, obtained as the difference of potentials botween
points a — t and ¢ — d, wiil equal sero. Change of potentis. of the grid cf the
left half of the tube leads to & change of plate curreni of this half of the tubpe,

and consequently, to change of the voltage drop in resistance R This evokes change

9°
of plate current of the right half of the tube, opposite in sign to the change of
plate current of the left half of the tube. As a result between points a — @ and

e — d there appears a difference of potentials, whcose sign depends on the polarity
of the siznai aprlied tc the grid of the left half ol the tube, Potentialis at pcints
a — b will chanse symmetrically only in the case cf large vaiues ¢f resistance k(.

The amplification factor of the cascade can bs found from calculation of the

equivalunt circuit, when the tubes have identicai characteristics and parameters:

R, RAgR, K KutRioe Ry R R. (Lo13)
Ky + 0, ¢« K., Ry« K, + R, R, iy Ky R,

the axpression for the amplification factor can be obtaired in the form

B }'||| h"l ]
K’t-» k" ,\k“‘(.‘ R‘. (“01“)

Thus, the amplification factor of this cascade is calculated just as for the
triode, Witk appiication of tube 6N9 we can obtain K, = .5,

The third cascade, besides amplifying, should provide roverse transition to the
asymmetric circuit. It s made by t.e known diagram (A. A, Sokolov [1], 21) of &
differential amplifier, called a "subtrector” circuit, Output voltage of the cas-
cade, taken frow resistance Rj; onto the grid of the fourth cascade, should be the
axplified difference of potentials -0,
The amplification factor of cascade (3 can be approximately found from the




sxpression

(4,15)

Here

R == -R!"_‘_R"i 8”),
R+ R+ Ry,

The total amplification factor of the cascade;, obtained with use of the tube

6N9, constitutes
! K:: ig.

The fourth cascade, made of a beam tetrode, ias built similarly to the output
cascade of the operational amplifier considered earlier, D ring use of tube 6P3 and

R22 = 10 kilohms we can obtain

K‘= l?.

Thus, the total amplification factor of the amplifier constitutes

K, =K, -Ky-K,- K= 10251917 = 80000,

With well-selected tubes, according to the data of C, A, Meneley and C. D, Morrill
11, the zero drift brought to the input is less than 200 microvolt hour: noises
on the output do not excyed 0.3 millivolts,

The frequsncy characteristic does not introduce phase and frequency distor-
tions in signals up to 1000 eycles (with a transmission factor of 10).*

3. Diagrams of Operstional Amplifiers with
Automatic Stabllization of Zero lLevel

Operational amplifiers with automatic stabilisation of szero level are based
on the known property of systems with negative feedback to decrease the effect of

external disturbances, influencing elements covered by feedback. Indead, from

#The authors do not indicate the magnitude of the amplitude of the input signal.
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axpression (3.39) it follows that the output megnitude consists ao if of two compo-
nents: ona, determined by the input msgnitude and the given law of {la converuion,
and the other, error caused by disturbances to the system, The nesrer to the input
of the system the disturbance is applied, the greseter the srior it will cauee in
the output, Decresae of effect of application of ths disturbance {# directly pru-
portional to the amplificatior factor of the section from input to the plase of
application of the disturbanze,

Considering sero drift az a certain

¢
— : equivalent disturbence, broughi Lo the
2, ”
—{ 14 >, > 9 input of the cperaticnsl amplifier, it ie
f(: -
4 é"’ 1 : possible to show that the connection between
Fig. 46. Skelet~n diagram of the integrating point and the main d-c¢
an operational amp’ifisar with
series couplirg of an auwdl'ary smplifier (Fig. 46) of an sdditionsl ampli-
amplifier, L -~ awd . iary am-
plifier, not possesaing ssero fier, to which in principle there is not

drift, 2 — =ain d < ampiifier,
inhrrent sero drift, should lead to de-

crease of the drift voltage by K; times,

where Kl - is the amplification factor of

the additional amplifier,

.i. The additional amplifier cam be huilt
- Fig. 47. Skeleton diagram of on the principle of modulation of input
an operational amplifier with
parallel conmnection of the voltige, subsequent amplification by an
suxiliary amplifier, K o
auxiliary ampliffer, K l— the a-c amplifisr and demodulation. It is

rain d-c amplifier,
most rationmal here as modulator and demod-

ulator to use an electromechanical ribrator, since all electronic circuits and cir-
cuita with the application of dry-disc rectifiers posseas significant sero drift,

Howsver, series coupling of an additional smplifier by the diagram of Pig, 46 turne
out to be not too rational, since simulianeously with decrease of sero drift it

leads to sharp narrowing of the passband of the amplifier due to the squaticn of
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nsceagity of operating at a comparativeliy low carrier frequency, determinsd by ths
possibilities of elsctromechanical vibrators. More rational is the circuit diagram
of the additional ampiifier, shown in Fig. 47. In considering thie diagram one
should keap in mind the circumstance that the disturbance, squivalent to zero drift,
¢hanges comparatively slowly and by force of this ° .Arrow passband .. .ne addition-
al amplifier is not an obstacle %o limitstion cof zerc drift, Indeed, at low fre-
guencles of ths input signal it is possible to disregard parailel coupling for by
signal ¢. and, thus, the circuit is equivalent to thet brough in Fig. 46. At
signal frequencies;, lying beyond the limits of the passband of the additional ampli-
fisr, it is as if the clrcuit formed by thie amplifisr is opened, and there is ac-
complished transiticn to the ordinary cireuit, This slimi‘nates the deficiency of the
circuit of Fig. 46 and provides the possibility of work ¢! the operational amplifier
in a comparstively wide range of input signal frequen~ies.

We will derive the relationship betwsen the output voltage of such an operation-
el amplifier and input’ for a given comductance of the input eircuit and feedback
circuit. Following the method, stated above, we vill receive

the equation of the mismatch indicstor

= B Tt L9 e (4.16)

where, as befores,
__ _N___A_thL(P)_, o
Julp) = Yule)+ r(p) t Yitp)
is the transfer function of the input circuit, a

i (o)

NP = G YL F VY

is tho transfer furction of the feedback circuit;

#For simplification of computations we consider that to the inpui. thrrs is fed
only one variable,




the main channel of the system

= - KJ (D1 + K Sy (ple, S e, (4,17)

where KO is the static amplification factor of the main d-c amplifier, f(p) is its
tranafer function, K, — the static amplification factor of the additional d-c am-
plifier, f;(p) — its tranafer functiom,

Solving equations (4.16) snd (4.17) for ¢, we will receive

PR A L (AT . (4.18)
wi = TSP YTR A TF RS (P AR

- i\'o/(P);g .

MR RN IR AT AT

It the amplification factor xoxl is selected so large that for tie operating
range of frequencies in the denominator of expression (i.18) it is possible to dis-
regard unity as compared with the medulo

K + K fip L2(P).

then squation (4.18), taking into sccount expression for transfer functions f

u
and f2 cen be presentsd in the form
= Yo(p) - _ 1 -
‘wr= " F,(p) T Y (P) - (4.19)

W+ K PNy G TV T Yo

From the resulting expression it follows that error, introduced b; sero drift, for
such an operational amplifier will be (1 + Klfl(p)] timss less as compared with an
operational amplifier, not supplied with an additional amplifier (K; = 0),
Furthermore, at low frequencies the total amplification factor of the main
channel sharply increasss.
Indeed,

Kiucziilzzu‘FK0K}

wvhen K1:>1

Kf‘- = KIK..
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If I = 1000, and Ko = 50,000, we obtain K. = 50.10°, The great total amplifica-
tion factor of the main channel leads to decrease of error (especially during work
of the oparational amplifier as an adder), caused by the limited valne of the am-
plification factor,

One typical diagram (k. A, Goldberg [1]) of such an operational amplifiers is
shown in Fig. LB.“

As can be seen from the f‘gure, as the main amplifier there is used a somewhat
modified d-c amplifier, shown earlier in Fig. 37. In this amplifier the diagram
of the firet cascade was subjected to & small change and there were introduced other
correcting circuits (C,, R, 3 Co, R7; C,» Ry1s C3, Rig)-

The input of the additional amplifier is connected to the integrating point ©

through filter (R12, R13s CS’ C,s hlh) and connecting capacitance C,, and the out-

7
put after demodulation (right half of the vibrator) i= connected tlrough smoothing
filter 012’ R23 to the grid of the cathode follower of the first cascade, utilized

in the given eircuit as the adder., The filter at the input of the swdliary am-
pl.ifier serves to prevent penetreation into the amplifier of alternating current of
higher harmonics of voltage ¢, , multiples of the commutation frequency of the vibra-
tor, and the filter at the output — for smoothing of the pulsating voltage, re-
ceived after half wave rectification by the vibrator, The comperatively low
commtation frequenc; (from 50 to 400 ¢) and parameters of smoothing filter limit

the passband of the auxilisry amplifier by approximately a frequency of 5 c. To

avoid selr-excitation of the a-c amplifier and decrease of inductions thers is re-
quired thorough the shielding of the vibrator leads feeding its contacts, and also
such adjustment ol the span of contacts and amplitude of vibretion of the armature,

with which is ensured work with "coverage" of contacts,
During work as a scale amplifier with a tranemission factor K =1 (Z1 =23 = R)

*Anplifiers UPT-10 made on a similar diagram, enter into the composition of
electronic analog MPT-v, ’




such an operational amplifier according to source material (E. A, Goldberg [1])

has a passband up to a 100 ke, Zero drift brough to the input here does not exceed
50 microvolts.

Fig. 48. Fundamental circuit of an operational ampli-
fier with automatic eontrol of sero level.

Rowl aon, Ry= Vacw. Ry— a4, Riw 3Tusou. R - 47 wive, Ry=Vavw,
R - mow, R4 awe. Ry »Waow Remlisve, R =iizow R, R, }eoy
R. Xgow Ry »100u, R,=2ui08 R.~ ' Vaou. R, =6 a0u, R, =~ | wtow. Ry 40w

a®8 a0y, Rpe=!| w04, Ry=1) wou C,mitap, C,=j0aP, Cie 0’ uap. C, =10 ng,
o C.-.C.-U?l s, C, 0,':.': P, Cq=Comit] wxg, C.,.-C,,um."o, C,y=1 u.p,%

#Editor's note: urou = Mohm; xou = Kohm; rif = pf; uMxbh~uf,
In projecting the auxiliary amplifier one should consider the necessity of
providing negative feedback for low freqweancy signals, Therefore,in the presence of
the auxiliary amplifier it is necessary to be sure that this inequality is obeerved

KK, <0.

Since KO < 0, then, consequently, Kl should be greater than sero. The sign of the
amplification factor of the awriliary amplifier, as foilows from analysis of the
diagrea of Fig, 48, is determined by three f2 .torst the mmber of cascades of the
a=c amplifier, which change sign, the method of comnection of the vibrator and the
character of summation of signals by the main amplifier,

Mamber of amplifier stages can bs even or odd. With an odd number of eascades
mmmuporm.omuurm.mmm, and consequently, voltage after
the demodulator has a reverse sign.
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Depending upon the comstruction and circuit diagram of the vibrator it ie pos-
sible to carry out ccmmutation of input circuits (modulation) and output circuits
(demodulation) in the same a-c half period (comrutstion in phase) or with shift by
one half period (commutaicion in anti-phass). In the first case the sign of output
voltage does not changes, in the second case — it changes to the reverse, Finally,
summation can be carried out in cathode or plate circuits of the first cascade of
the main ampiifier, Luring summation in the cathoda there is carried cut summation
of s.znals of main and auxiiiary amplifiers with opposite signs; during summation
in plate circuits — with the same signs,

In the considered diagram of Fig 46 is used an even number of amplifier stages,
commutation in anti-phase and summation in the cathode circuit which ensures an
even number of changes of sign in the M-Di amplifier (modulation — demodulation)
and, consequently, Kl >0,

It is possible to carry out other variants of circuits (A. D. Taiantsev [17),
in which the total amplifica ion factor of the auxiliary amplifier remains larger
than sero, For example, it is possible to make an a-c amplifier with an odd number
of cascades, connect the vibrator to the circuit of anti-phase commutation, and to
carry out summation in the plate circuits of the firrt cascade of the main amplifier
or with an odd numbsr of cascades of the a-¢ amplifier carry oul commutation in phase
and summation in the cathode circuit,

With an even number of cascades it is possible tc have also a variant with
commutation in phase and susmmation in the plate circults of the first cascade of
the main amplifier, This variant is not of practical interest,

In Fig. 493 and b are brought fundamental circuits, showing how new variants
of circuits are realised,

Use of an odd number of cascades removes the inclination of an a-¢c amplifier
(with an even mumber of cascades) to self-excitation due to spurious coupling be-

tween input and output and,there'vy;allows one to facilitate work of the vibrator,
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since the necessity of adjustment with "covering” of cori: :» drnps and large am-
plitudes of oscillation of the armature connected with it. During susmation of
signale in the plate of the first cascade of the main amplifier it is possible to
use & vibrator of ordinary construction with commutation in anti-phase, Summation
in the cathode circuit requires spplication eithsr of two vibrators, or one special
one with a split incolated armature and two pairs of contacts (Fig. 50). The dia-
gram of ar Sperational amplifisr with euch a vibrator is shown in Fig. S1." As
vibrator in the circuits of Figs. 48 and 49 there can be used both special electro-

magnetic interrupters and ordinary polarised relays.

—> — B
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Fig. 4L9. Variants of circuits of operational
amplifiers with automatic control of sero level,
1l — main d-c amplifiers, 2 - auxiliary ampli-

fiers,

Application of electromagnetic inter-
rupters has the advantrge that they give a
doubled or quadrupled commmtation fre-
quoncy of the current feeding their winding,
(rig. 49 and Fig. L9 accordingly) and
theyeby decrease interferences with the
frequency of the network., At the same time

FMg. 0. Klectromag- slectromagnstic interrupters require more
netic interrupter,
thoreugh shielding of the comtast system

It is applied in the analog installation of the Acadamy of Scienses of the
USSR, type EMU-4.
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from the coil and its lead wires, since currents, which it must pasas for creation of

slectromagnetic forces oa the armature, generate a noticea le field of scattering.
Polarized relays in this respect have the advantage that the magnitude of vari-

able magnetic flux in their magnetic system is significantly less, Comparison

of alectromagnetic vibrators and polarised relays shows that the lovel of inter-

ferences in the M-DM are approximately identical, if in both cases we use for

feeding of coils source of non-standard frequency (for example, 120 ¢ for the relay<),

The fundamental circuit of an operational amplifier with polarized relays as the

vibrator of the M-DM amplifier and sconomic ocutput cascade is cshown in Fig,. 52.*

.18
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Fig. 51. Diagram of operational amplifier with electromag-
netic interrupter (Fig., 50).
KEY: {(a) Input; (b) Output

An electromagnetic vibrator without adjustment of contacts for "covering” can
also be used in the circuit of Fig. 48, but on the condition of thorough shielding
of contacts and the armature so thit leak between input and output of the a-c am-

plifier is reduced to leaks between the input and the ground and between the output
and the ground, (N. N. Lenov (1)).

*8y this diagram were made the operational amplifiers of electronic analog EMY-S
of the Academy of Sciences of the USSR (see V., V, Gurov, B, Ya. Kogan, A, D.
Talantsev, V. A. Trapesnikov [1]).




This method of c-mbatting leakage between the input and output of the a-¢ ampli-
fier is useful to use also in circuits with an odd number of cascedes for removal
of spurious negative feedback, lowering in this csss the amplification factor K1
of the a~c amplifier,

Connection of 1000 pf capacitors between the fixed contacts of the vibrator
(relay) and the common point also helps to remove the above-indicated spurious coup-

lings.

The amplification factor of the awdliary amplifier at sero frequency it 1is
possible to present in the form

Koz Ay ok b, (4.20)
where k , is the transmission factor o’ the modulator taking into account the input
filter, K — ths natural amplification factor of the a-c amplifier at the carrier

frequency, 4, ~— the tranmmission factor of phasing circuit at the a-c amplifier

output, &,, — the transmission factor of the demodulator taking into account the
output filter,

Fig. 52, Fundamsntal circuit of operatiomal am-

plifier with a polarised relay as vibretor of the
M-DM amplifier and economic output casocade.

8 =W o B =L .20 B -10a200 B =ldicone 8 =)1q04. B .« M gon;
Rl gou R, Maoe B, - 0x0e, R, icte B .= 200 8 <10 psosn.

B.=T go0. B.~12 ¢ive, R ,~1!0 g0s M,=! ' gou # «1} sou

Re=ID son; B.=iD srce, R, 10 ame F.eld qoe P, -1} ecer,

M= gos; Ry ADaer, C =08 o ©, Ty (, '5" sug. C, » % ap.
Com BN ag. C,~ 12v ng. C, =09 seg

KEY: (a) Modulator-demodulator voltage.
eEditor's note: MroOM = M KOM = kil; TR ~ uuf; und = af.
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Analysis of the work of the modulator together with the input filter shows that
the form of voltage on the grid of the input cascade of the a-¢c amplifier in a
steady-r=tate regime will have the form, shown in Fig, 53.

Ordinate of pulmes one can determine from the obvious relationships:

A

U‘l - U‘.'.mu (h.zl)
Ugp= U‘.Q-T.

U‘.n(ﬂ— U")];-%p.—.

Vem(e=Uad gy,

1
of the circuit with opened contact of the vibrator, Tz - R302 - the time constant

where t is the period of work of the vibrator, T, = cz(!t2 + R3) — the time constant

of the circult with closed contact of the vibrator. The remaining designations
are shown in Fig. 53. Solution of the system of equations (4.21) gives:

. .22)
STy (4
Vo=to—
CilER)

T

~3r _ R

Upm et
e 1645 2 I

[ Ve | ‘T R,
Up=et, e ? RIR

(] . 141 [
s 16 4 ~ S
_a
T R
U'.= e, ..' - L .
,'3(7':":':)__, Ryx Ha

Usually parameters of the input circuit are selected in such a way that:

R,':O.SR,. r|=‘%. T'=T,—RL-?-FR..‘.

Here for approximation of the transmission factor of the modulator it is possible
to consider that at the amplifier input there will be formed a pulse of rectilinear

form, whose amplitude is 0.4 ¢; ')..

More accurate derivation of relationships for calculation of transfer function of
input circuit of M-LM amplifier see D, E, Polonnikov, In elements of electronic
amplifiers of autocompensators. Cand, dissertation, IAT Academy of Sciences of the
USSR (1956); I. C. Hutcheon, A, M, I. Mech E,, Properties of some D. C, — A, C.
Chopper circuits, Proc, IEﬁ, N 6, Sept. 195%).
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Fig. 53. Form of the voltage curve &t
the a-c amplifier input; a — contact

P is open, b -— contact P is closed,

Thus, the initial transmission factor of the modulator k, = O.4., The trans-
mission factor of the output phasing circuit (31906) (Pig. 52) at the frequency of
modulation «, will be

i 7 (i.23)

K, » .
M ) ‘Rol‘l"-' M I

where

R’.‘,'R‘ . ('l : !)Q '

R' . k‘.’;"'(‘ (e KR,

‘ ch

The wvalue of R,C, 1» chosen from the condition
R‘(:.o‘r tan .

where ; is the angle of phase shift, introduced by the a-e arplifior at the fre-
quency of commtation w, - 2-7

The more the phaese of ocutput voliage is shifted by the amplifier, the greater
should be the time constant in the output corresting circuit and the rreater the
lowering of the transmission factoer.

when RC, = 0,004 ooc and «, -2/ 40z

&y, -.0314

»




Transmission fa-tor of demodulator it is possible to conxider oqual to one,
Thae, &, |
For effective lowering of sero drift it is sufficient to rave a total transmis-

tion factor of M-DM amplifier of order of Ky = 1000, It is obvious tht

k- K, HELY

— - - = SO0
‘Qn k"t]g U414 U4 (

Irn reality the required amplificatio. factor oo the a-¢ amplifier :.ould b:
highar (15,000 to 20,0M0), Tiis is possible tc explain by the fact tnat in output
signal of modu: ‘“or, besidcs voltage with carrier frequency, there ara nigher har-
moriics, for which transmissicn factor of phasing contour and amplification of
amplifier is significantly below described values,

Use of auxliary amplifier does not complstely remove zero drift. Hesidual
drift is caused hv change of contact potentials on vibrator, induction from excita-
tion circw:% of vibrator and grid currents of first cascade of d-—c amplifier. Diift
can als. appear due to unsuccesaful selection of point of grounding of cormon
lead .f amplifiers; thanks to which currents, flowing through the cummon lead, cr=ate
a -ditionsl signal at input of amplilier in i:e form of voltage drop in this lead.
Therefore,all leads to the common teu , have tc be connected to it in one place
and here be reliably grounded with small transitional resistance of grounding.

As analysis of errors shows (see Chapter III), presence of grid current of
first cascads causes error in output voltage, determined by expression

- It (hom#)

»
7 4 = T e ®
[ 1°] 8 ] -+ C';ul not ’

For series receiving-amplifying tubesa grid current is of the order 10-8 & and,
therefore, error ‘... . already at /.. = 100 sec can become very perceptiole,
Therefore, question of lowering or removal of influence of grid currents is very
argent also for amplifiers with automatic stabilisation of szerc level., Decrease of

grid currenrt can be attained, for example, by introduction of corressponding
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compansating voltage in grid circuit of first caccade of main amplifier, by selsction
of tubes with small grid current for work in this cascede, use of spezial circuits
for cansturction of first cascade, ensuring decrease of grid cwwrents (for example,
c¢ircuit of cathods follower with lowsred tension of plate supply (G. Korm and T,

Korn [1}), and also introduction of commection of grid of first cascade of main am-
plifier with intagrating point through capscitor {see RC circuit, delineated by
dotted line in Fig, i%a). In last case appears danger of accumulation of charges

on thia capacitor in period of overloading of emplifier and slow return of it to a
normal regime,

Zsro drift, caused by pressnce of grid currents, it is possible aleso to lower
ccasidorably, if one were tc use additional feedbeck circuit for low frequency
channel (H. Hamer (1)), By this component of drift voltage due to grid currents of
first cascade of main amplifier is removed from input of the N-DM amplifier. Indeed,
if one were to use designations from Fig. 54, then for considered case there can be

found carmection betwsen outrut and input voltages taking into account grid curremt

in the form:
(4.25)
s = — Kyle, - K\f0)
- - i - RCp . TR
f."-:t..-—-;'_"._—i- + Cout ‘RC——"——p 1 'EL’;';:T. (“'9‘6)
-, - | - RCp
“ S MR ET Y WG4
(4e27)
Solving equations {4,.25), (L.26), (4.27) for e,,  we receive
. o 7, (L.28)
' —_-— - [ [ - — — ——m A e mm s e m————
w1 TRCpF 1 .. T RCp -1 o .
-K_.—(TT-‘"\TS-_+ RCp T RR, +Cpl + K))
For very large K, equation (4.28) reduces to
f o — /B (4.29)

. - ‘—»—-—~
RCp ¥ Cri+ Ky

‘.I 1

'
[}
\
b

\

B 4




Froa equation (4.29) it follows that separation of channels of low snd high frequency
with the halp of additional fesdback circuit gives decrease of r~ror dus to grid
currents by {1 + Kl) times, Here is required doubled quantity of styroflex capaci-
tors and accurate trimming of time constent of both feedback circuits.

lG’ o
i

Fig. 54. Diagram of integrating opera-
tional amplifier,

L. Amplifiers with Parallel Amplification Channels.
The principle of action of amplifiers with parallel amplifiration channels

*

is that channels of amplification are divided into two: high-frequency and low-
frequency (assembled by M-MD circuit) — with subsequent summation in broad-band
amplifier with relatively low amplification factor (see Fig. 55).

P - — =
¢ 7
-»-—ﬂ——EA > (—F
3 v —
— S A
¢ br" —HH > H + 4+
[ 2 "
3 v

Fig. 55. Ckeleton diagram of T-shaped
operational aaplifier,

#Idea of el chamnels of catisn in reference to amplifiers of self-
recording insturments was expressed 1952 in work of Buckerfield (1), tly
in reference to operational amplifiers this idea was not used due to a n of

difficulties,
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The passband of separate channels is selected in such a way that during joining
there doss not occur essential troughs in the gain-frequency response and there is
ensured stability during closing of feedbsck both at high, and low frejuencies.

The high-frequency channsl, as a rule, is exescuted by the diagram of the a-c
amplifier which lowers requiremsnt on stability of sources of supply. Absence
of resistance coupling with the integrating point almost completely removes in-
fluence of grid currente.

Assuming for simplification that amplifiers '.'l and amplifiers M-DM are iner-
tialess, we obtain expression of transfer function of parallel channels in the
form

AT T.Tp 4 KT T.p23 by wTip - f\\ am

Wip)-- NILT,p (1T, - LT, -1, Typt - (I, T, “Typ . 1" (4.30)

where T = R1Cy, To = R,Cr, Ty = R303 R kl — amplification factor of amplifier !l ’

ky i,y = amplification factor of d-c M-DM amplifier,

e
“§ o~

2 3 0’ 30 00 100 309 DNe
00K ue 0 'Y wé gt (a)

v
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" 18,7 % * -
-2

-4
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Fig. 56. Gain-phase responses of amplifying chan-
nel: W( /~ ) — complex amplification factor of
parallel chamnels, k — static amplification fac-
tor of circuit of parallel channels,

KEY: (a) Cycles.
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Frequency response is found, as we imow, from (4,30) by replacement p = jw
in the fom

Wjw = ‘.,“ e T TR by g T - 4T T T _ (4.31)
=T+ LT, 4Ty 2 ey AToe I, - 1 11T,
Cm.mmtl” mm w -3 ‘t.(j\-v! ’k“ W m mm W “ ‘jw)—. kl'

We will estimate character of change of phase response

¢==an tan; - arctan s,

where

W‘T|.“ A “ r'r:r"'-,)
M= T T T
_-_(7 ~Ty -T,--T.7,T. 4
=+ LT, + 100 )

tan ;; =
When w-»U tans, -»w?,. and tan:, »e«|7, : 7,4+ 7] Hence we conclude that at low
frequencies 7+ . 7 and, consequently, parallel chamnels give a lag ofoutput
signal in reference to the input signal,

- + 300

p-—a o }JB

L
[ g 4 L____i e
—c-1 |
te . R ./

Pig. 57. Pundamental circuit of one the first sodifications
of operatiomal amplifier with channels of amplification
of inst llation of type FMU-8,




Finally, phase response passes through sero at certain frequency o .., when

o
s %, or tanr: -tany, This leads to relationship

Tban = WILTD T Ty 1= 1T (4.32)

by aw — rn’;‘t"\f l“(’l’J ) T,T, N 7_1;1)—1..”I

Frequency «- <, at which : - :, is also called frequency of union of passbandes
of parallel channels of ampiification.

In Pig. 56 are brought gain and phase frequency responses uf one of the first
modificatins of operational amplifiers wit!i parallel channels of amplification (see
Fig. 57), developed in the Academy of Sciences of USSR (V. M svceyev [1]) in re-
ference to analogs, Parameters of the circuit were selected in such a way thit
at the frsquency of union «, slump of the gain-frequency response does not exceed
30%.

If it is accepted for simplification that & —=#,,, =& then

L XTR I =nr.t
l-‘—— ‘ - r:TT?TrT. T, + T, Ty)w? -

e ane
1+ — “ h r‘rl‘illl' " _
Y cTewmen o nornnae
(NI + T, 1,4+ T, Iy ')

Considering that at frequency « -, the radical squals .y, we receive
finally

T

LAVENE V-oy, (e (4.33)
2 T S ¢ r, I,y
RN GRS

Considering {!-—(:'"r =07 w7, :1 and oho 1. we find

— 03?3407 =0,




Time constant TB can be selected from permissible value of voltages of pulsa-
tions at output of operatiocnial amplifier, Assuming that pulsations of voltage
at output of operational amplifier are caused only by voltage of higher harmonics

after the demodulator (e, ;,. we receive

3200y = — Ry o)y o+ Re7),

where ¢, == (i, YR is variable component of voltage at integrating point;
(Cdy 1y = e d 'r)‘ fa - voltage of pulsations at output of M-DM amplifier;
o wyly

¢” — voltage of interferences, brought to input of a-c amplifier of M-D¥

channel;
k, ~ amplification factor of integrating and output cascades;
¢ = %’—:ﬁ\:— ~ constant camponent of voltage at integrating point;

- f{requency of modulation,
Considering thess expressions, we receive finally

Aty | e oot ¥ Bl TR0t
[ L ] *

f Yy
AL “’r+r.J
whence
'- {
BT + | (4.34)
( NI’-.;
T, = -~ v
H“unl el . ") ’. 3+ "“

The less the required Guantity TJ' the wiaer the passband of N-DN amplifier and the
higher the frequency, with which the upper channel of amplification should enter
and, consequentiy, the less the time constant Tl‘ The last wvery considerable affects
reduction of returm of time amplifier to normal conditions after overlcading. As
follows from (4.34), to decrease Ty 1t is expedient to increase frequency w.

For the circuit of Goldberg kl =1 and 1'3 other conditions equal, will be

.
considerably larger. Indeed

tabi b «...T.T.“
Ty o —— — 7

HO g ! ool 5 20

TTTWSHEREMIIN 1. in subsequent formulas indicates Goldberg circuit.
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Tne ratio of ‘ime constant T3 for the circuit of parallel chamnels of amplifica-

tion and Goldberg's circuit will be

Lol
Ty &N

Thus, for example, for operational amplifier of an installation of type EMU-8

(Pig. 58; B. Ya. Xogan, A. A. Maslov, D. Ye. Polonnikov [1]) we have ;- = 20, and

= 1000, then
Y ’

Iy _
Tr = 0,02

In real circuits this ration attains a magnitude 0.001, since by conaiderations

of stability of the Goldberg circuit value 7, found from the given conditious,

must considerebly increase.
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Fig. 58, Fundamsntal circuit of operational ampli-
fier with parallel channels of amplification of in-
stallation of type FMU-8.

KXY: (a) Channel of amplification of aigh fre-
quency; (b) Integrating and output cascades; (c)
Input; (d) Oatput; (e) Channel of smplification of
low frequency M-DN.
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Further develomment of circuit of parallel chamnels of amplification forced
us already in circuit of modified amplifier FMU-8 (Fig. 58) to depart from initial
structural diagram of Fig. 57. To guarantee stability of low frequency with a
very large amplification (106) it was necessary to remove filter R2C2, and for in-
crease of stability reserve to apply a third chamnel (Cg — RlS)' comnecting out-
put of first cascede with inp:t of integrating cascade.

Application as demodulator of semiconductor diodes (D} — D)) allowed us to
iower requirement of accuracy of adjustment of the contact vibrapack-modulator (VP),
In modified amplifier EMU-8 we managed significantly to lower influence of change
of feeding voltage by docreue‘ot time caonstant Ruc7, R12C9 and application in
feed circuits of first cascades of decoupling filter Rg — Cg with large time con-
stant (2 sec).

Use of ifferential integrating cas.ads, grounding of median point of incandes-
cence, additional shielding, and also correction at high frequencies promoted es-
sential decrsase of level of interferences and expansion cf the passband.

Main charactsristics of such an amplifier: the passband when ., =100 v
(peak) and attenuation is not more than 3 db constitutes 15 kc; level of pulsations
when k = 1 constitutes 10 mv (peak); amplification factor at sero frequency of the
order of 1.2-106; sero shift with change of net voltage by + 10f is equal to 20 mv,
In spite of application for feeding the amplifier of two unstabilised power sup-
plies, drift of the serv level, brought to the input in scalc amplifier regime, does
not exceed 4O mv, and in integretor regime 2 mv for 100 sec.

Amplifiers of this type, besides the installation M-8, are used also in the
set of nonlinear blocke NNB (see table XIV Appandix II).

In last years were affered circuits of amplifiers with parsallel channels of
amplification (D, Ye. Polonnikov (1]}, for which cascades of high-frequency channsi

were as if discomected in series witkh increase of frequency. Such a principle

allows us considersdly to expand the passband of amplifisc. !¢ can be considered a
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result cf development of the method, known from theory of sutamatic control, of

supplying of signal in sadvance, first appiied for broad-band inverter by C. S.

Deering (1].

Ji ~—4
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Fig. 59, Pundamental circuit of operational am~—
plifier (TU-10) with parallel chamnels of ampli-
fication of installation of type cMU-10,

KEY: (a) Imput; {(b) Output; (c) From second am-
plifier,

In Fig. 59 is brought diagram of amplifier of TU-10, developed in Academy of
Sciences of USSR for the EMU-10. In thie diagram the principle of series eliminating
cascades is used partially. In upper channel the signal from integrating point
proceeds only to first cascade 1.7 possessing wide passband. From ocutput of
first cascade signal is branched to second cascade | /.) and through C8 to in-
tograting cascade 7! Thus, with increase of frequency the whole signal moves
to integrating cascade, pessing (as if eliminating) the second cascade., Tix: con-
stant of first cascade due to application of cathode follower is lowred to 8-10"8
sec, and time constant of integrating cascade is of order of 31077 sec. Compara-
tively mmall magnitude of time constants of these cascades, and also apriication of
corracting circuits ensure sufficient reserve of stability with a wide passband.

Separating capacitors Con CS’ C-,, (g and resistances R, Rb, Rg, Rjo are

selected in such a way as to ensure stability at low frequency and correct union of
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passbands of the channels. Output cascatie is made by the circuit of the econamic
cascade without a signinvertor. Amplifier M-DM and upper channel are fed from
stabilized voitages, the remaining cascacss from an unestabilized source,

Main technical) characteristics of such amplifier:

1. D=ift of zero level in scale amplifier regime, brought to input (when
k = 10), 1is 30 microvolt in 8 hours,.

2, Drift of zero level in integrator regime when RC = 1 constitutes 15 milli-
volts for 1000 sec (1 milliwolt per 100 sac,,

3. Interferences (background) at output with traismission factor k = 1 con-
stitute 5§ rillivol: (peak vlaue).

L. Linearity in output voltage of + 145 v when load is 10 kilohm,

5. Amplification factor of open d— amplifier (1 te 2) - 10°, at frequsncy
206 ¢ 8°10° and at frequency 10 ke 600,

6. Passband (slope of gain-frequency resovonse at 30%¥) when ... =100 v,
load 10 kilohm and shunting capacitance 600 pf constitutes 65 kilccycles,

7. Maximum permissible capacitances at output of amplifier are not less than
0.1 microfared, &t integrating point not less than 0.1 microfarad (with output

capacitance 1000 pf).




CHAPTHEHR V

DI0Us FUNCTIONAL GENFHATORS

1. General Information,

Nonlinear computing elements or functional generators are de\ ces, reproducing
given nonlinear functions of one, two or many arguments,

A particular case of 3 functional generator of twv arguments are devices, in-
tended to execute factoring and dividing operatione, In view of the great import-
ance of these devices they are usuaily separated into a special group and considered
separately. Equally subject to separate consideration are devices for reproduction
of discuntinuous nonlinear functions, to which consideration of tvpical nonlinear
characteristics leads CAP (Autamatic Control :ystem),

Functional generators it is possible to divids intc general-purpose and special-
ised devices, G(eneral-purpose functional generators allow us with the help of one
device mechanisz, by rebuilding, to reprouduc=e varicus functional depemniences., [pe-
clalised generators are adapted (by principie of acticn) for reproduction of ouly
one specific dependence, Examples of speciaiized [unctional generators are dev:ces,
using the quadratic nature of dependence ¢! plate current {(with amali piate currents!
on grid voltage of a thres-electrode tube {A. Ya. Hreytoart [1]) or the l-garithmic
dependence cf grid voitage on grid current (M., J. Tucxer 'i]). In practice of
construction of electronic integrators and anaiogs, and alsc separate computers
both types of devices found application. “pecialized devices have advantage over
general -purpose only when, other conditions equal, they are simpler in construction,

are cheap in manufacture and are reliable in operationm,




Dependi:y upon the character of peesage of signals through the functional gen-
erator we distinguish devices of upen type, for which signals pass directly from
input to output, and devices of compensational type, raproducing the given function
only with coverage by negative feedback., Adventage of compensational devices con-
sists in lowering the infiuence of external and interngi disturbancas and oscile
laticns of parameters on accuracy of opsration,

Depending upon method of physical reslization we distinguish devices made with
electron tubes, electron-beam tubes, clectromechanicsl servo systeams with functiocnal
potentiometers (G. M. Zhdanov [1]) or speciglly contoured cams (N, Ye., Xobrinskiy
(1)), ste, Electronic functional generators as cempered with electromechanical
ones possess this advantage, that with equal accuracy they nave a significantly
wide passband and are less lsbor-consuming in msnufacture and sstting up.

Use of functional generators in combination with linear computing elements al-
lows us with the help of eiectronic analogs t¢ conduct investigation also of non-
linear CAP. In last ye2ars very sinple functional generators bscame widely used
also in equipment of automstic control, Here they used for improvement of dynsmic
properties of the CA” (A, Ya. Lerner (1], A. A. Fel'dbaum [2]).

Main requirements, presented to functional generators of electronic analogs,
it is possible to reduce to the following:

1. Puncticnal generation should be executed for input magnitudes, given in
the form of d-c voltages, with a total range of change + 100 v,

2. Input impedance of functional generator should not be lower than 10 to 50
kilohme, output no more than 10 to 20 ohlms.

Functional generator should possess suffizient output power for convenience
of union with other elements.

3. Reproduction of given function shculd be carried out with accuracy of
at least 1-~2f of full acale,

L. MNoise content in oucput voltage (direct current) should not bes greater than
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5 40 10 millivolts (peak value).

5, Functional generators must reproduce unambiguous and multivalue nonlinear
dependences, and &iso nonlinsar dependencee, reduced to elementary functions and
obteinad frow sxpsriment,

6, 1t is necessary to ensure possibility of reproduction of nonlinear depend-
ences with low and very large values of first derivative, and alsc non-monotonic
functions with a large number of extrema,

It is natural that one construction of a functional generators can not satisfy
ail the enumerated requirements simultanecusly,

During construction of functioral generator is sssential selaction of the most
suitable method of presentation of the function given for reproduction, Here can
be used approximate methods, for erample, assignment of f{unction in the form of a
seri:es, by a totality of poinet on foundaries of discret2 intervals of change of
the argument with corresponding interpolation between these points (for example,
plecowise-linear approximation). Last, the function can be given in the form of a
pattern or curve, drawn on paper.

In recent years from the large variety of functional generators, functional
generators built on diodes and electron-beam tubes rece sed the biggest, application.
Therefore, in the future acccunt main attention is allctted to these types of func-

tional generators,

2., Diode General-Purpcose Fuuctional Generators.

Dinde functional generators are constructed in the form of general-purpose
or specialized devices. They represen. in most cases parametric devices, using
piecewise-linear approximation of the given functicn,

Let y = £(x) be an unambiguous continuous functinn everywhere on the considered
interval, with the poesible exception of a finite number of points of discontinuity

of type 1.
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Then thir function it ie possible approximately f.0 present by expression

y =¥+ 4% z, Fole - X)), (5.1)
s
where
b {0 when x ~ x..,.
" | B, = const when x > Kyggs

and v,., is the value of x at beginning of every ssgment of the decomposition of
the argument,

When initial variables in an electronic analog are in the form of d-c veoltage,

after transformation of variables y = e.. v, --Y e, x - Mew xu, == gy o
we recelive
S S (5.2)
Cox = M, e, .\l,"u"‘"‘ B h, “’—(e“ — e, )
i
M, M,
ifr MM 1. then
L]
o < (5.3)
Con =€, al T - bx ('n' o ’:w)' )

Summation of voltages in expression (5,3, is most simply executed on resistors,
proceeding to summation of currents proportional to sach component separately.
Indeed, the first two currents can be obtained with the help of ordinary circuits,
coneisting of ohmic resistances, and the last with the help of circuits which are
a combination of ohmic resistances and diodes,

In Fig. 60 are presented four diagrams of diode elements, ensuring .-equired
current. characteristics with positive tangent of angle of inclination. Fcr obtaining
current characteristics with negative slope these diagrams must be supplemented
with sign-inverting amplifier at the input of the considered diode elements. Here
current characteristics will be a mirror image of characteristics of Fig. 60 with

respoct to the axis of ordinates,

~1h4L~
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Fig. 60. Diode elements and their current characteristics,
Synthesizing such diode elements in the diagram, for example, depicted in

Fig. 61, we can obtain total current in output resistor, equal to

I"’:In‘. Il b ,\.:/

(]

If we disregard internal resistance of the diode, then

lo ‘;('\)_' 'nu\)'lu- ,l R L AP f’,.,.l.“|,
/ ‘{0 when “1.(o|';1,’»n"' . ..
u N
’.»‘“ (uh'.‘ o ,l""” = fely! men ui.(.‘ - 11( 0 T Ceuer

where ¢, 18 the reference voltaga. uutput voltage of circuit here will be

(5.4)

L[]
tAy + e A+ N A ey e,

where

l i ‘
A. = R; . A‘, - -p. ' .4' &Q‘ . A, : Ru

As follows from comparison of expressions (5.4.) and (5.3), with the help of

the considered circuit we can not correctly rerroduce tha given relationship, since

with change of the number of switched on diode elements N :  in the last addend

i




of denaminator also changes.

. —Jr'——\':;.':—@: e

Fig, 61. Diagrams of summation of currents
of diode elements,

Obviously, in th- given case, ‘ust as fcr linear computing elements with para-
metric compensation, it would have been possible by means of addition of amplifier
and positive feedback to compensate error, intrvduced by considered circuit. In
Fig, A2 is brought a diagram of such a functional generstor, offered and developed

in t' = laboratory of L. I. Gutenmakher (L. G. Kogan {i1]).

I
o

Fig. 62. Diagram of functional generator with
parametric compensation of error of summation.

In this circuit feedback voltage is passed in such a vay that it affects

currents of all diode elements.
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As befcre,

RS (5.5)
,l:lu + ,| + )rl“.
and
,nz('o“'nu"‘m Il ey '_'uu)"‘i-
’ 0 Nhﬁn a,f,, 1e., - 'uu” T HK\ L)
e All(ah'll - ]‘( n (oNl . ’-‘Abx(uu\’ V’len

alt"l :\ 1 'uu A ’nux{l - "A)

After substituting these values of currents in equation (5.5) we receive

L]

€A v e, A ‘\_: Vota ey — 1, ) (5.6)
Cpus = s - " S
A+ A4+ A ‘\_:.-LU—— Ay
If one were to sele.t 3 in 3uch a4 manner that 3A, --1  the denuminator

of expression (5.6) no longer will depand on the number of coupled diode elements
and then output voltag:! ‘... wil, with accuracy up to a constant scale factor
reprciuce the given rsiationuhip (5.3).

However, such a functicial generator possesses a number of peculiarities, pre-
venting its direct use in d-c electronic analogs. Among these peculiarities should
be mentionad:

1. Necessity of additional stabilized vower source (reference voltage « ),
for which no terminal is grounded,

2. Necessity of stabilisation of amplification factor of integrating asplifier.

3. Impossibility of direct connection with operational amplifiers with a com-
mon grounded pole,

In Pig. 63 is presented a diagram of a functional generator (A, A. Fel'dbaum
and L. N, Fitener (1)), free from the indicated deficiencies and possessing additional
poesibility of ottaining of two nonlinear functions from one argument, The basis

of the circuit are diode elements, fror: whose output (s removed not current, as in




¢
¥

B i sl

the preceding example, but voltage. Voltages of dicde elements are summed by opera-
tional amplifiers 1, 2, 3 and 4. All diode elements are identical (Fig. 64) and
there is assumed identical coupling of the diode in the circut. The charscteristic

of such a diode element taking into account resistance of diode can be received

*

from the expression for current /,

Fig. 63. Diagram of general-purpose diods func-
tional generator with use of integrating d—c am-

plifieﬂ.
Indeed,
l.lp' + IMR
ﬁﬁ 'y‘f‘un,(k .~.’."
wvhere for a vacuum diode
500 ohms when ., —fu g
re ® R'

T 50“80'&! when €ar P p!
3

Using these expressions, we find

‘ 0 when 'u)"" ’-n_:'”' (5.7)

o R (taRy t ¢uRIR,: ., R
RE, e, Rk, RO

Graphic presentation of this dependence ¢ . /(r,) 18 shown in Pig. b4. As

*In this expression and further ., ™ust be placed with its sign.




follows from these relationships, input voltage, at which the diode opens, is de-

termined by relationship " et

o on N,

anc the slope of the resulting character-
istic to the axis of absciesas = by expression
R, .
tan*‘ = -p—lp" "" l/”,;l\" /";L R‘,' (508)
The whole characteristic is located
L'.:}-—- €a only in the third quadrant, In order
to obtain a characteristic in all fou-
quadrants with the help of diode eiements

of only this type, it 13 necessary Lo re-

sort to connecting at the output of sign-

[
inverting amplifiers (Fig. 65).
‘;'a‘n . )
' ,.,L.L A8 foilows from expression (5.8)
o e and Figure 55, the steepness of the crara.-
teriastic of such a diole element
» ) K’!/'(_\A A,
e, an KR e - Rk R

depends bdoth on resistances h‘l, R2 and E'i.p,
Fig., 64. Diode ele- ‘

ment and its current and on setting ¢f the divider at tre out-
characteristic,
put and transmission factors Kl' K, of out-
put integrating amplifiers.

Increase of steepness due to increase of k| and XK. runs into difficulties,
comnected with the resulting lowering of the transmiasion factor of the diode eie-
ment and increase of serc drift of integrating ampiifiers,

Resistances R; and R, are selected (rom condition of decomposition of the argu-
ment on the given intervals (proceeding from the accepted accuracy of appraximation!.
In general-purpose functional converters o decrease the number of adjustments they
often make this decomposition uniform. Then for n segments of decamposition, o'

magnitude de,, each, we receive

{3e,, [ 3 5.5
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where 1 is the number of the considered segment of the decomposition of the argumsnt,

Fig. 65. Current characteristics of diode ele-
ments, used in the circuit of Fig. 63.

Considering Rl:l + R;_i = R, we receive Rzi =R ~ Rli' and then on the basis of

Rh e Ri: '; (5010)

i
k., - Rt ;v o

For various intervals in ocrder of increass of number we receive:

L 2 n

R, == 1t R, R,y = " R Ri. - A+ l0 K

To lower the current, flowing through the diode with voltage on it, near sero,
in the circuit is prerided lowering of filament voltage to 5 v,

The general appearance of a general-purpose functional generator, made by the
diagram of Fig. 63, is shown in Fi;, 66, The face psnel of the instrument is divided
into two parts symmstric relative to the middle. On the panel are located handles
of potentiometers, s switch and voltmster, by which nonlinear functions {) :¢,'
and 12 ie,,! are set up. During setting up the whole scale of input voltage, pro-
portional to variable ¢, 1is divided into 40 equal intervals by the mmber of diode




elements in the circuit. At input terminals + x and — x is established voltage,
corresponding to boundaries of intervals, and with the hulp of potenticmeters of the

given interval we ~stablish by volt.. r the required value of the Iunction,

Fig. 66. (reneral appearance of general-
purpoee diode functional generator made by
the diagram of Fig. 63.

In Fig. 67 is brought a diagram of a general-purrose dinde genesrator (1. V,
Vittenberg [2]) made with the deascribed diode elements, differing by the fact that
in it are provided possibilities of changing the aign of oulput voltage end addi-
tional adjustment of the relationship betwsen K] and X, to obtain nonuniform break-
down of the argument, As compared with the circuit conside»ed abuve besides the
quantity of operational amplifiers it requires two reference-voltage sources,
doubled quantity of potentiometers and large quantity of switching equipment (toggie
switches and change-over switchas),

Total number of dlode slements is iowered here to 10 which during supplying
of input signal through resistance ari with a constant bias ensures li segments
decomposition of the total ecale of change ~f the arqument. Ths diagram is com-
posed in operatiaon, since eet-up of the given function requirrs a large number of

swritching operations, including the necessity of seleacting the place of installation
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o diodes, and, as the preceding ome, coes not al’ ow one to reproduce a function
tith great steepness,

Of great interest is the genarzl-purpone dicle-tricde functional generate:
(see A, A, Fel'dbaum, L, N, Fitener 1)), providing reprwduction cf curves with
ste~mass Up to 30 v/vy, One modification of the circult of such a functional gen-
erator is shown in Fig, 68, In tiis circuit i used 2 twu-<cascade d—¢ amplifier
Y -1controlled by divider 4. R. F... R., . by output triocde cascades
g, 7. . .1, which with ‘ncrease of input sigral in turn open, and close the
feedback circult of ampliliss Y - 1 through resistances Rz, Rys, ey Aopn. Out-

put voltages of these tricde cascades are limited by diodes .1, 7. . . .1

100 e
=
Tk

L,

-

Fig. 67. Diagraa of general-purpose diode functional
generator (industrial model).

Setting »f the steermesn of the charecterisiic ~{ every diode-triode alement
is carried out by celection of correspmding megnitude ’:: ard can e lowered
by divider /7 . Nament of begimning of iimitation is estabiished by assigrnment
of negative bias on divider R, . R,..... R, R, . Analogous circuits of functional
gmeretors are used in electronic amalog, MN-1 and MN-8,

The considered circuit can work only with poeitive input signals, When

6. <V at the input of amplifier Y - 1 there is cammected through Ry a valtage

-152-




of "support" + 100 v (see Fig. 68). Uz of the principle of feedback allows one

to increase accuracy and steeprieas of the reproduced nonlinsar dependences.

-
L]

.
.t

Fig. 68. Diagram of a general-purpose functional
generator for reproduction of functions with great
slope,

Following the method of syntheeis of diode circuits, presented in Chapter VI,
it is possible to carry out reproduction of nonlinear dependences with the sase
steemess, dut with use of diode elements alone,

3. Diode Specislized Functional Senerators.

The considered diode general-purpose functional devices along equally wi.h
positive qualities (wide passband, comparativeiy low error of the oruer of 0.5-1%)
have aiso essentiai deficiencies, consisting in the first place of the fact that
they are excesaively cusplicatad in constructicn, require fulfillmant of a large
number cf switching and regulating operations during adjustasnt on a given nonlinerity,
introduce limitation in the permissible stespness of the reproduced function and
difficuty during reproduction of nommonctanic functions, especially in the case
of sevaral extroms.

Caring solution of technical problems, creatiom of various kindas of computers




Grd especially during investigation of aystems of automatic control it is very often
necessary to dsal with nonlinearities, sxpressed by elementary functioms (for ex-

2: b XB, stc,), Such nonlinear dependencee,

ampie, y = sin x, y =cos x, y = x
apparantly, are betier reproducsed with the help of specialized devices, beforenard
dvsigned lor the given nonlinsar dependence and not requiring further ad)ustmemt
during operstion. Summetion, mutiplication and division of cutput signals of
such nonlinear generstors allows us t¢ receive new nonlinear dependencvez, to ex-
pand the claee of functions reproduced by these devices,

Method of cocnstruction of apecialised devices should snsure simplicity of
calculation, wininm eclemants, mmmll cost and large cperating stability and reli-

ability .

During projection and development of

such devices it turned out to be more ex-

pediunt to use another approach or, more

correct, another treatment of the princi-

ple of work of the functional device, con-
Fig. 69. Functional dia-
gram of a diode special- sisting of the fact that it is considered
ised functional device,

as an operational amplifier, furnished

with nonlinsar converters cof a.put and input voltages in corresponding currents.

Indeed, for the diagram of Fig. 69 in a stsady-state regime these equalities are

cortrect :
ll = fl (fu, f,,). ‘ (Sol—l)
’1 :::/.1 (0"“. e
l=1,+ ,2 l
and
¢, =R/, , (5.12)
'nﬂ = A-\'».' )

With very large Ky the system of equatioms (5.11), (5.12) reduces itself to equation

/l(euu)z"/l(f"). (5.13)
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Panction /;(e,..) we call the current charscteristic of the feedback circuit, and
function / !¢,y the current characteristic of the input circuit of the operational
anplifier, RXelationship (5.i3) 1s & more general equation of the considered func-
tional device,

To satisfy conditions of static stzbility (presence of negative foeeibeck) of

such ar. operativnel amplifier it is necuessary that

i'e_!_i__l_ !!! (#5.,1)
‘f; d’~| ) < 0.

Since
deg,,
d:‘ - K, < o'
then this coadition is meduced to
4/ (Caue)
“7",:;—‘- > 0.

If one were to havs in mind, heaceforth, consideration of diode converters, then
it tums out tc be to be expedient to translate the derived gensrel relatiomship
(5.13) into the language oi comductance of the input circuit and feedback cireuit,

Conductance of the circuit determines steermiess of the reverse volt-ampore
characterietic of this circuit, In the presence of a nonlinear volt-ampere charac-
teristic, as takes place in the considered case, the concert of stesepness as a .atio
of current to voltage loses its meaning and should be replaced by the concapt of
steepness at a given point of a nonlinear curve,

Let us arbitrarily call a Y(ey the differential conductance of a nonlinear

de
cir iit. Then after differsntiation of the fundamental squatiom (5.13) for

ne

we receive
dty dey . 4f
ﬁ- d'll - "“ :
Sinoa by definition
d
'2‘7/:': = yl (‘nu)- and “a;{.‘: = yl ('n)'
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that
L L)
Bt ==y ) dew. (5.14)
Expression (5.14) is the equatiom of a nonlinear operstional amplifier in dif-
ferential fomm,
During piecewise-linear approximstion for the i-th segment of the decomposition,
differential relationship (5.14) should be replaced by a difference relationship:

Yy

Af..‘ = ‘A?;‘- ‘f“ g

vhere

A‘n = ('n - ’:I i)’

82 i = (Coir — e )
0 when ¢, -Tel .,
8y, :l aY, =const when ¢, >-e° .
ay,, ==‘ 0 when ¢,,. .,
.\Y,‘ = const when ¢, > e i

With n segments of the decomposition we receive
$Aru Byue, = - 2:‘,.31',,5(,,,‘ (5.15)

Expression (5.15) shows that nonlinear dependences thus will have only negative
slope (located in the 2nd and Lth quadrants) and with their help it will be possi-
ble to reproduce only monoctonic functions,

Te reproduce nonlinear functions one should introduce negative conductance
esither at the input, or in the feadback ¢ircuit, As is known, negative conductance
can be created only with the Lnwtroductica of additional sourcee of emf. Therefors,
for reproduction of nonlinear functions or monotonic fwictiona with positive aslope
ane muet connect at the input or output of the main integrating amplifier sign-
inverting amplifiers (Fig. 70s and Fig 70b). The circuit diagram of the sign-inverter
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at the input has this advantage, that here only one operatiocnal amplifior works as
an adder,

When the given nonlinear depemdence is such that the curremt characteristic of
the input circuit or feedback circuit contains gections with constant value of cur-
rent on & definite interval of change ¢, or . equation (5.15) should be
written in the form

” »
2l: AY" Ae“" = ¥ ‘-\Yh ey, ' + Y'u'un)- (5.16)

where !Oi is the conductance of the auxiliary circuit, taking two values: either
A = const, or A = 0 depending upon values ¢, or e,

Every component of the right and left part is reproduced by a diode element,
an elesentary circuit, made of a concuctance, a gate and a reference-voltage source.
Types of diode elements. For synthesizing, specialised functional devices
the above-considered diode elements (Fig. 65 and Fig, 67) turn out to be of little

use, since they require excessively an large mmber of resistors. prectisaliy do
not yield to design and hamper reproduction of functions with comparatively great

steepness,
]
'{ Yie, )
b)
€a -
S Sl
"
. Fig. 70. Circuit diagrams of a sign-

invert amplifie. for obtaining nega-
tive conductance, Z2I — sign-inmvert

amplifier,
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lately for specialised devices there was offered use of the following types
of diode ¢lements:

1) diode elements with potentially grounded diodes (A, D. Talantsev (2]);

2) diocde elements, made like limiters (V. V, Gurov, B, Ya. Kogan, A. A. Maslov,
V. A. Trepesnikov [1]);

3) combined diode elements (see the eame),

A diagraam of a diode element with potentially grounded diodes is shown in
Fig. Tla., 1f we diarogard resistance of the diode in the conducting state as coma-
pared with resistances Ry aad ry; and designate input voltsige, with which the diode
changes comdugtance (ther~ is switching of conductance to another step), by -

then for the currert characteristic we will receive the expression

| B e e > (5.17)
|/
0 when ¢, ¢, .
Hence when e > ¢ |
..d_,_‘i = 3y, = ,‘__' (5018)
dey, l L

and relationship (5.17) takes the form

’ 'u Aylc - f
l“ ~ l 0 wheny ‘e "lll "

i )ya 'll h ':l [

where )y, = -;!‘— :

Magnitude ¢, is determined from the condition of equality of the potemtial
of point !, to the potential of point I taken with accuracy sufficient for prectice
for sero, wvhen sumation of currents of diode elements is carried out by an integre-
ting operational amplifier,

Therefore

« akl = _:‘_y.‘_ (5019)

—_— — €. a-
- " ‘“. -‘,1‘ va
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Fig. 71. Diagram of diode elament with poten-
tially grounded diodes.

From expression (5.19) it follows that ¢-, can be equal to, greater and
less than o,
wWhen ¢, < . voitage at integrating point L, is determined by the ex-

pression

K14 ay
0. —e oM .
L n Ay, + 3y, v, + 3y,

(5.20)

Voltage ¢, with increase of ¢, will decreass. When ¢, =e¢, the dicde will
opei and potential of point &, will differ from the potential of point T by the
magnitude of the voltage drop on the diode. This differemce of pet.emtials will
AU = 0,1 v. Therefore,during coupling of diode the integreting point I, approaches
potemtially to point _. and consequently, is as if potentially grounded.

With the help of such a diode slement it is possible aleo to effect summmation

conetitute iU /s, In the worst case, vhen I;; = 0.2 ma and s, = 500 chms,

of several voltages, i to integruting point ., we join several voltages through
identical conductances .SY:;%. Indeed, the curremt charecteristic for the
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circuit of Pig. 68b upon the former assumptions will be
o when ¢, 0. (5.21)

’ll = .\
(Ay z LB '-MA)'> when ¢; >0,
t

a
—-,Where Jdy =

e

- (5.22)
T TR Yy

Combination of several such diode cells allows us to effect functional generation
of the sum of input voltages (especially valuable during creation of functionsl

devices of two or more argument ):

s =fle,+ 0,4+ ... + e, (5023)

In Fig. 72 are btrought possitle mesthods of comnecting of diode slements with
potentially grounded diodes, ensuring obtaining of current cha-acteristics, located
in all four quadreants. Change of charecter of current characteristic here is at-
tained by change of sign of input signal (auxiliary ampli.ier), sign of support
voltagy and asthod of coupling of diode in the circuit. Circuits of diode elements
thus obtained are divided into two groups (Fig. 72a and 72b): diode elements,
working on sdtching on, and diode elemssts, working on s+ itching off. Liode ele-
ments, working on switching on, are those for which with increase of input signal
by an absolute value the differemtial comductance with respect to the input signal
changes {rom sero to a certain constant value - 3), For dicde elements, working
on switching off, wvith increase ¢,, conductance decreases a certain constant
value - JY,

Calculation of parameters of the circuit of the considered diode elements with
potentially grounded diodes does nut cause difficulties. Indeed, after piecewise-
linear approximation of the given nomlinear dependence (see Sect. 1 Chapter VI) wo
already know the values »,,, and v, and therefore, for a selected value of
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Fig. 7

Possitle methods

of coupling diode elements with potentially grounded diodes.




calculation reduces iteelf to determimation of 4y, by relationship (5.19).

[t 1 0N )

3y " (5-21‘)
dy, == —

Coe

where i is the number of the diode element,

The current characteristic of the considered diode slement taking into account
resistance of diode can be presented in the form

0 'h‘n 'u ‘:ll‘

R

I“ == o — €0y ":‘
- when e _>¢" |
'R,T’d('+‘*&) ”n B1

If one were to compare this expression for the current characteristic with equation
(5.17), then one can be convinced that calculation of resistance of diode can be
presented as a simultaneous change of Ry and ry. Designating R - ’.,(‘ + f—) — R

and 7, +r,(i + 1',‘7)-:'.'- it i{s possible to write the equation of current charac-
teristic taking intc account resistance of diode in the form

0 when ¢,, ¢ (5.24a)

UM

I = [ Y €on n
L % T T ﬁ‘.n "\ > ’Il it
R r,

A peculiarity of the considered diode elsments is the fact that at sero slope
of their curremt characieristic (1), -0 current through the diode element also
ie equal to sero «/ -0

Therefore, for reproduction of curreat characteristics, possessing sections
with sero incremsnt of current when / -0 it is necessary to resort to switching
on of an addi‘iomal diode elemsnt with a curreat charecteristic, compensating in-
crease of current from ail switched on diede elemsnts of the circuit. This eir-
cumstance increases the total conmmptiom of curren: in the circuit, the number of
simultanecusly switch on diode elemsnts ard error of reproduction of the given fumc-
tion. In similar cases large advantages can result from application of diode ele-
ments, built on the principle of a limiter. In Figs. 73s and 73b are brought two
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typical circuits of such diode elements.

Fig. 73. Diagrems cf diode elements, made like a limi-
ter, and their current characteristics.

For the diagrem of Pig., 73c with the accepted designations the equation of the

current characteristic will be

A, (5-25)
.)), (s.‘ hd Y fun
o o
.\' )yl mﬂ ’-\ < N Y
i - Loel e
le Y, V«J
3y AY
‘ ] ~,
o "yy "_' Nl cons! when e e
' i
where
| : i . 3y, (5-%)
A)’i -7 ,‘" . .\" R" : ’u. - 'ur. '"i + j" .

If we disregard resistance of diode -, :- ;-. then expression for the curremt
4
charecteristic can be reduced to the form
AY e, when ¢, < 6.0 (5.27)

he=y , _3pav
=y + 3N

-

a
- const Wwhen €4 LYE

As ollows from these relationships, slope of curremt charecteristic of this dicde

slement depends cnly oo the resistamce, deterwmined dy 3, Therefore, its
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calculation does not differ at all from calcviation of diode element with poteatially
grouxed diode. However, here there is an essential limitstion, since ¢, must

be less thaa ¢... Equaticon of ctrrent characteristic for the diode element, de-
picted in Pig. 73b xiil be

'" Ay: m‘n €ar .5‘:1.. (5028)
" —" I“Yy when ¢« > ':1;-

vhere
Y+ 5.23)
=T, i
e ‘ - = E-- ,Y R ~=:* .
Wimgrme Ta T (5.30)

From expression (5.29) it follows Shat voltage of switching for such diode
element always should be larger tham -, Usirig relationshipe (5.29) and {5.30), it
is posaible always to detsrmine required values aof Rli end Ry, by the given values
of e, and 23V Dlode lemairt of tkis type allows ane to decrease number of
resistances im circuit with reprodustion of odd characterisiics. Indeed, if in the
circuit of Fig. 73b we were {0 wwiich in still amother diode with reiaremce voltags

te. 88 shown in Pig. T3¢, then w can ottaia a lisiter with bilaleral limitatiom,
and such & doubled diode eiemert wiii work during doth signs of input signal, not
requiring additional dlodes fur commtation of imput sigmal in sign amd using the
same resistances R,, and Rj..

Diode slamsnts ebcwm in Pigs. 73a, 730 and 73c are elements, working om switch-
ing off, Other possible msthcds of cowpling of diode elements of this type sre showm
in Pig. Th. As follows from the figure, diode elemests of the limiter Lyps, working
on switohing oa, alwmays up to momet of switching on give at the integrating point a
constant current companest, Uicds slemsmts, sssembled Ly diagren I, can be used
with switching voltages from O to ¢.  and by diagram Il — far ewitohing voltages,
varying fram ¢, t0 /o




(a)mu. (l)OMﬂ (A)c,...,, (A)a,..,

Fig. 74. Possible methods of coupling diode elements
of the limiter type,

XBY: (a) Diagrea.




Combined dicde eleastite are the totality of variocue types of diode elemer's.
Acvtually they are ast really an elememst, but a cdiode circuit, reproducirng a non ineer
cheroacteristic of simplest form, In Pigs. 75a and 75b 21e brought two examples of
combined diode slementc and thsir resultant current charecteristics, DMode &l:imeni,
depioted in Fig, 758, is a combination of a dicde limiter, mede by diagram I

(1. r. R, and R2), wich diode limiter, msde by diagram II (Z,, Ry nd Ry). Diode
element, praseated in Fig., 7¢b, concists in turn of a diode element with poten-
tially groundsd dicde (171, r, B and R,) and a diode limiter, made by diagrem
II (R, Ry and 2.).

Compsrison of current charactsristics
of both types of doubled diode elewsnts
shows that theoir distinction consiasts of
the fact that in current characteristic

of firet circuit thore ls initial curremt,

different from zeroc, This current can
be compensated by supplying sdditiomal
current &t the integrating point from a
=eference voltage through a corresponding

resistaace. During use of the second cir-

cuit it is possible in the same way to dis-

place the characteristic along the axis of

- Fige 75. Doubled diode ele- ordinates,
monts,

Circuits of divde genorators. Usually
during construction of the circuit of a nonlinear generator separate diode elements

are conmected in parallel. This means that current &t the integrating point of the
operetional amplifier at a given voltsge of the argument, is equal to the sum of
currents, set to this point by every diode element under the influence of the vol.-

tage of argument and the ref¢vence voltage. Thus, for example, during construction




Fig. 76. Diagrams or ccmnection of diode elements (wish

potentially grounded diodes', work
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of a circuit only on diode slements with potentially groundsd diodes, working on

switching on, w#e have

L]
= @ i 8Y, (’u — ‘:l l)'

whore

. _u
A; when ey > €5 4.

aY, == "
0 when ¢,, e,

and k is the number of simultaneously switched-on diode alements.

When ¢, —= €4 wus

L]
lx‘-‘=,z-u='~z L3) de, i,
i

.
Bey s = e, mit —— €y .

where n is the total numbsr of dicde slements, When e, -=0. /. =0.

r=

i1y
o | ‘-
Fig. T7. Circuit for reproduction of even

functions.

(5.31)

(5.32)

Current characteristice, which can e obtained with the help of such elements,

are presented in Fig. 76a and Pig. 76b. By change of magnitude r) in first diode

ealement characteristics can be displaced along the axis of abecissas a required
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magnitude. In particular, characteristics start from the origin of coordinates, as
this is shown on these figures, whan 7, -»:> i,e,, with diecommecting of refsrence
voltage from first dicde element, Shift of current characteristics along the axis
of ordinates parallel to themselves is attained by addition of a constant current
componient by means of connection of a source of constant (reference) voltage through
constant resistance to integrating point. Considered circuits give build-up of
differential conductance with increase of input voltage, Therefore, they are directly
useful for reproduction of monotonic functions with positive value of second de-
rivative (with respect to absolute value of change of argument).

During reproduction of even functions it ie possible for two qQuadrants to use
one diode circuit, supplying it additionally with commutating diodes, connecting

to the input of the circuit always a voltage of the same sign (Fig. 77).

-'" ’.

te, N
Y—

1-14

Fig. 78. Circuit for reproduction of
odd functions.
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During reproduction of odd functions it is necessary to use in svery quadrent
its ovm diode circuit, Transition from ane circuit to another is carried out here
automatically (Fig. 78). If on first interval of change of argument it is neces-
sary to have current characteristic, whose slope is different from serc, ard if
with thie ain first diode slements are replaced by resistances, then it is neces-
sary to comnect to the input of the circuit a commtating diode cell as shown in

Figo 78 b’ the dottad lin@.

During use of diode elements of the same type, but working on switching off,

we receive
]
Iy = 2 (£ Ayesa 7 AV iea0). (5.33)
T .
and
| . .m
" when fer ~ €a i
dy, =
0 when e, > el
¢ ! P )
‘ﬁ" mm '.x ’uu 1e
Y, = |
0 when 2. > ':u-
when
’ €ox = Oov.mar- /:=0
and when

.
€ =0, l!=l!-n=.‘7‘4 iA)’:'on-

Current characteristicws, corresponding to expression (5.33), are shown in Fig.
79 for all four quadrants with various paramsters of the circuit, They give de-
crease of differential conductance with increase of absolute valus of input signal
and therefore, are tﬁmtl; useful for reproduction of aonlinear dependences with
negative valuss of second derivative., As in preceding case, by addition of direct
current at integrating point it is possible to shift considered current characteris-

tics along the axis of ordinates up or down. As example, let us consider reproduction
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of nonlinear dependence
Pour = — 10 V;:‘

Current characteristics of input circuit and feedback circuit will be:

1,=10Y,Ve,.
’2= y?’lnr

Character of change of differential conductance is determined by relationship

Magnitude Yl decreases with increase of ¢, Co~sequently, for reproduction of given
nonlinear dependence one should use diods elements, working on switching on, en-
suring positive value of differential conductancz. +owever,in given case when

ey =0, I} =0, and when € mux = 100 v, I) = 100Y,,

Although parallel connection of diode
elements with potentialiy grounded diodes,
working on swi.ching off, ensures required
charecter of change of comiuctance with
change of input signal, it does not give

coincidence of current characteristics,

since when ¢, =0, /. = /. q... and when

to =€ mn- /v -0.  In order to receive

coincidence of given and obtained current
characteristics, it is necessary to carry
out shift of current characteristics by

supplying at integreting point an additional

Fig. 79. Current characteris-
tics of circuits, consisting of  constant current component, equal to value

ars .1'i conoct.iatl of diode ol:a-
:.iod:ag, :',2 onm s t.‘ching of /. and ¢, =0 for a circuit of purely
off.

parallel connection of these diode slements.

-171=




The circuit of a diode nonlinear

o generstor thus obtained is shown in Pig.
1,1 T
0 .. 80, H £ icati b t
;. T N /; ere for simplif on is brough
o ' ~ - approximtion by four diode elements, Re-
Ane! quired quantity of diode elements and
- - nw —— g — — i
, ..l' ;[‘ L W initial data for calculation of their para-
| LT Tw meters are determined after piecewi
g . r piecewise-
i "l
Pl "Ji'+ 7 linear approximation (see Section 1, Chap-
*le o | ]
/ g =S [ ter VI).
Rl - S— ! l
Curreant characteristic in Fig. 80,
can be obtained alao by diode elements of
limiter type and working on switching off.
¥ig. 80, Method of reproduc- Here there is not required additional shift
tion of dependence by /r-tor,}¢"
diode elements (with potentially of the characteristic and there do not ap-
zrounded diodes), working on
switching off, pear accompanying increase of consumption

of current by the circuit and growth of error for small input signal values. During
construction from thess diode elements of a circuit one must on the first two geg-
ments of the decomposition (for which ¢, .“¢,. ) apply diode elements, made ac-
cording to diagram I, and for the last two segments — ones made by diagram II (see
fig. 7u4b). During reproduction of the last segnent of the decomposition it is
possible to replace the diode slement a resistor, comnected to the integrating point
and input sigmal. The circuit of such a diode eomverter for reproduction of nonlinear
dependence of the above-considered example is shwom in Fig. 81.

Equation of the current charecteristic of the circuit, composed of diode ele-
ments of limiter type, working on switehing off, can be found on the basis of (5.27)
and (5.28) from expression

x.\)’.c.. + 3:' AYie, when ¢.. < em.. (5.34)

h={ . o
;‘ 3"4':“ * 2‘ AY:':[I *l.ﬂ 'l& >’ ':l 10

L K4
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where m is the number of dicde elements, made by diagram I, and n is the total num-

ber of diode slements,

As follows from the expression, with

L/
Pi/ 3 !_Qxl, growth of absolute value of input signal
7 —,:. ‘,;’ > Chus total differential conductance of the
- ,—,- l circuit falls and when Por -= Coy mos  CON-
ZI—_";J ductance 1y, -0 and
.:. h.—:il‘.w.e:.. + }.: A eq

|l

When ¢,=0 tha eircuit gives:

L L)
Y;_—.:Y_.,z‘zlAY,-f S n=o.

asl

For a circuit, composed of diode ele-

ments of limiter type, but working on

switching on, the expression for the re-

sultant current characteristic can be

Fig. 81, Circuit of connection written in the form
of diode elements of limiter (5.35)

type, working on switching off,
for reproduction of dependence

Iz=tor, 'r‘;.‘ .

i~
a2

»
. \ ’un n
+ ‘ + L ‘/1', ‘ when €an LY

[ 22

l

Iy = »

AY e, -+ 2 AY:c" when ¢, > ':lt-

s el

-t -1

Here

-* ‘ e ‘_.
A) { == “R.“‘+' "'R;"o &nd AY' — R‘ :

In considered case total differential conductance of circuit increases with
increase of absolute value of input signal.

wWhen
€ =0, Y. -0,

- i L]

\‘ € \‘ _'""
P - T Y T
T e R tr, T ad Ky,

1

LA}




When ¢ =¢

% (198 T AL
~ [ ]
Y,= X3, + ar,.
] mel

As in earlier considered cases, it is possible by coupling to the integrating
point of an additional constant current component to compensate initial displace-
ment of the characterisitec.

The preceding shows that synthesiszing of circuits of nonlinear generators from
considered diode elements can dbe carr.ed out, proceeding from given the character
of change of differantial conductance and the initial and finite values of cur-
rent, sent by the circuit to the integrating point. The firs. condition allows us
to explain what kind of circuit (based on switching on or switching off) of diede
element of considered type one should use, and the second gives certain indicatione
of the type of diodo element whick one should apply or about chareacter of shift cf
total curremt characteristic.

Final selection of type of diode element can be made proceeding from anslysis
of errors introduced by diode elements of various types, and taking iato account
necessity of obtaining paramsters of circuit, not exceeding permissible limits,
Thus, by conditions of work of operstiomal amplifiers feeding the circuit of the
nonlinear generator, total consumption of curreat must not exceed 10 ma. Therefore,
ainimm values of resistances ri» Ry, Ryy amu Ry should be selected in such a man-
ner that the equavalent input impedance of diode circuit is lower than 10 kilolms,
Here quantities ry, R{, R;4 and By will be greater than 10 kilohms and, consequently,
error from final resistance of diodes in the streight direction will be negligible.
The upper limit of these resistances is also limited by presence of leaks in the
circuit, wvhich for largs resistances develop more sharply, and by technical dif-
ficul“ies of selection of required resistances. In mits developed by the Academy
of Sciences of the USSR, the upper limit for these resistances camstitutes 5 megohms,
and the lower 50 to 100 Kkilolms, |
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CHAPTER VI

PRINCIPLES OF THECRY (F DIODE FUNCTIONAL GENERATCRS

1. Dcteni.n%%rt.ho Law of Decomposition of the Axis of an Argument and Values
' of erential Conductance of a Circuit on iﬁ:im
During Piecewise-Linear Approximation

Problem of plecewise-linear approximation of nonlinear functiom ., , = /(e
consists in finding a series of fixed values ¢ ¢ e which provides

ax ' o1 " Tayou

approximation of broken line with vertices /() ) -f(le® ). .. .. S(er ) to
curve +/(Ce,) in such a manner that on the whole interval of change of ¢, abeo-
lute error of approximation of the functiom does not exceed a given value 2, ¢

Of fur~tion /i, it is assumed that it is unambigous and ccatinuous in
the given interval of change of ¢,, and has a continuous first derivative every-
where on it, with the exception of, perhaps, a finite number of points of dies-
continuity of the first id-d.

In such a formlation the problem of piecewise-linear appraximstion present
for every interval ¢, ,,, ., the problem of approximetion of the given function
teur ‘f1¢,) by a ploynomial of the first degree. As is known, error of such ap-
proximation is determined by the remainder of the interpolating formmla.

For Newton's interpolating formula during linear interpolation the remainder

# v is the scale of the function, . — the scale of the argument.




o il cilai St

will have the fomm

Cone (5

R(‘ﬂ) C Pyl (’n N ‘:l l)('u - ':: [ X I) (601)

where ¢,..(}) 1is the value of second derivative at a certain point inside inter-
val €, ,., .

From analysis of formula (6.1) it follows that R, will a vilue of maxi-
mum modulo when e,.,() and expression [(¢,, — €5 ))(e,, — ¢, 4,,)]  simultaneously

attain their maximms, For that worst case we obtain

_1{(32):"... [[f:. o1 =% .l]’. (6.2)

| R"n) !-" - 2

Considering Ad¢,., =¢=max[R(e,,)). we obtain from (6.2) expression for determi-

nation of length of a segment of the decomposition in the fom h, =(e?

o del n l)

Vf (6.3)
= l"ll( )lﬁll )

during subdivision of the axis of the argument there is determined in the given
range the dependence /.., = 7(e,,). The whole range of approximetion is divided
into subranges, in which function ‘... —7(c,,) changes monotonically, In every
subrange suwiivislon is Dagun from Lho vawds 1 0, 2 WiJk wlch 2, a8
the greatest value,

Considering piecewise-linear approximation by diede elements, connected to the
input of the circuit, it is expedient to crose from initial dependemce e,., == v/ (%e,,)
to current characteristics, for example / =+V,f(e,,) and /,==VYe,, In this

case formula (6.3) takes the form

_ ‘/m (6.4)
S | AT

where

LY ! )Ae- . Yr

#For derivation of foraula see book of N, Ye. Yob,inskiy [1].
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Breaking down the current characteristic, it is poseidble to directly determine

the value of conductance of diocde circuit on every interval ¢ - e, and then

LI R

for every diode element,

Indeed
’ I(':l h-l)"”(":‘ @}
yl — Tl T T T,

(6.5)

n n
for 2.1 %

’(’:- n)"‘/(":‘ n-z)

e —— s

whence

Formula (6.4) is correct when vertices of the aprroximating polygon lie on
the ideal curve, If approximation is conducted so that vertices of approximating
polygon lie on lower or upper boundar.es of field of allcwance, formula (6.4) re-
mains in force during replacement of the given function Jiwn) by fCen) t e
and substitution in (6.4) in place of « its doubled value. Here as the ideal
curve is taken the upper or lower found of the field of allowance,

The presented method is nct connected with specifics of the given appraisal
of accuracy of the considered functional device, Thus, for example, if as criterion

ey A,

of accuracy is selected not - v o but G, =~ . “hen crecenneition can

4 Ml Cous

be effected, using expression (6.3), in which in place of ¢ is put 2., -

[l 171

= 2,.f1e,). and the condition that the approximating straight line inside the
considered interval ¢, ,., - 4., is sinultaneously tangent to the upper or lower
boundary of the field of aliowance (depending upon curvature of the given curve)
at point o, -=e¢,,

On the basis of the above we obtain‘
(6.6)

n N
.'.'31_(25.._'.1..')__':'&(.'",{! ==l & ‘3:) oS (’J")
oz o0l " %

168, (40,) (6.7)

(‘:l der ':l l)} - .i"'l.-u(.;”mn '
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Thue, we obtain two equations of two unknowns, .. and ¢! from which e

determine the sought valus of ¢, ,
Changing, thus, from one interval to another, we obtain not only the length
of separats intervals of the decomposition of an argument and law of decampositiom,
but alse, very important, the value of conductance of the circuit on every interval
which allows us in a number of cases immediately to calculate resistance of serarate
diecde elements, and comsequently, to nbtain complete calculation of tae circuit of
the functional device,
Lot u. conside~ -pplication of the presented method to a concreate example,
Exgiple. It is required to desing a diode functional gensrator for reproduction
of functicn e = 001e¢}  with error of approximation, not excesding + 0.25%.
Diode elements are commected only to the irput,
Current characteristic of feedback circuvit is

,2= y?‘nuu (6‘8)

Current characteristic of input circuit is

1, =001y ¢ (6.9)

Characteristic of ideal change of conductance of input circuit here is linear:

V)= e =002V e, (6.10)

Second derivative of given function will be a constant:

da*/ (6011)
a’

Therefore, all segrents ¢} ,,, — ‘ns will be identical and equal to

y —
h.::e:l“l-—e:l.a'm} ..

The total number of segmente of the decomposition will be

oy mst -
T (6.12)
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Graph of dependence {(6.12) when

s ~an= 100 v i8s shown in Fig. 8<.
As follows from the graph, decrsase
of permissible error below 0.1 v {0,1%)

leads to excessive incresse of the number

of required steps of decomposition and,
apparently, does not have meaning, since
due to error, introduced by diode elements

themselvea, total error here may not be

{ ! P lowered, and increases.
1O
S S S E N When ¢, ., =100vand ¢ =25v
3 01Q2 Q) 04 03 QF 07 08 09 10V
rig. 82. Curve of de- (vertices of approximating polygon are
pendence of number of
s~zments of a decomposi- located on the ideal curve)
tion on permissible er-
ror of output voltage. n=10, h =10v

On basis of (6.5) we obtain breakdown of conductances:

Y, =126, g — (2i- 1AJO.0O1F,

where i =1, 2,..., n — the number of the interval of the decomposition, starting
from the section of the groatest steepneas,
In the considered case

AV ¥ = ¥, 2= 20 001F, = 0.2},

Since when ¢ ,=e¢. _,, =100 v, Y] = 1,9Y,, increases of conductance will be
identical on all steps, except the last, and are equal for the first 9 inte-vals to
3, .4—02r, and for the last 4y, -=:01y, Quantity Y, we select, limiting the
maximum value of resistance of a diode element to 0.5 megohrms,

Then Y., = 2410”5 moh, and 3 - 2410~ mho.

2
In Fig. 83 is brought the resulting decomposition o. the parabola for that

value of Yz.




.

e

],0 j,_,‘_, A R T Jue—— - /74._ — e

3
N =20
&

0 30 60 70 60 S W0 buiv

Fig. 83. Piecewise-linear approximation of quadretic
dependence,
KEY: (a) Mho.
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when approximation is conducted oy

w!"'"m the lower boundary of the field of a.-
: lowance, decomposition is carried out
m LY
o also by expression {6.4), but in place
%
o of ¢ we substituts its doubled value,
% ! Here
|
0 ! v .
| SR S SR ;.,:40‘/-2.
0 © 20 30 40 50 60 70 8J 90 10U
b — Al
:-: ! WJI- /JV ’ The total number of segments of the de-
. I
“ bl .
2 7 Vol composition will be
0 .
Qs ] ! { g, n._;__'li ;_u .
as “ U T ‘0‘/ 3
04 bbb ‘ [
q’z o : ol
0.55 ’5,23'29‘0'0)?5764‘774&3.;; ‘f‘,[\] When ot mnn =100 vand ¢ = 0.25
0 20 30 40 30 60 70 80 %0 0C
we obtain
Fig. 84. Piecewise~linear
approximation of quadratic a
dependence, when the points T
of switching are located on h = 4L0.0,353 = 14,12 v,
the lower boundary of the
field of allowance. Conductance on the first step when «,, ...
= 100 v will be
Y1 = 1,859 Yz

The increment of cnnductance will also be constant and equal

AV, - 2A- 000, 024y,

The incremsnt cf conductance on the last step will be

BY D iV = DY e D 00610,

The rosulting decompcsition is placed on a graph (Fig. 84).
As theee calculations show, if one were not to put additiomal requirements on
limitation of the magnitude of the first derivativs, such approximation allows one

to create a more eccnamical circuit, since it requires a smaller number of diode




T

-

alements.

Jse of presented method allows u. comparatively simpiy to detsrmine required
value of resistances of sqparate diode elemsnts and the order of their switching on.

Thus, for example, above-mentioned decomposition of a quadratic function (see
rage 171) shows that canductance of a circuit incrsases with increase of input sig-
nal, and, consequently, diode elements should work om principle of switching an.

Conductance of diode element, switched on first, should be equal to

(A¥,), = 0.1644,.

and conductance of the remaining six elements are identical and are equal to

aY, = 0,2824Y,.

When Y, = 120~ mho, AF), = 0,1644.10-5 mho, 1Y, = 0,2824 x 10~5 mho,
Ry = 6.1+10% ohm, Ry = Ry = Ry = R, = Rg = Hg = 3.54+105 ohm,

I one were to use in the circuit diode elemsnts with potentially grounded
diodes, then on the basis of (5.19) we obtain

i AYlo':l i
Ay‘= 7‘- === — 'u .

Substituting values of 3y, and recoived earlier, we receive, when

E 1o

% = 30 v:
"'—: T,
1‘3595 kilohm
ry == 361 »
ry=244  »

t,I-IS‘ >
ry== 148 >
£y 123.5 »

The circuit of & square-lav function generator for selected parumeters is
prasented in Fig, 85,

In order to ensure work of square-law fumction generator for both signs of
input voltage, ane must at the input of the cirouit cammect an additional sign-
inverting amplifier and two diodes, as shown in Pig. 85H, With sech coupling of




Tiiea o tra prmpl O UPe TLrogll D A DU LUNTAD gRNsTRl o LI erE 4L wafR Moves
viotage ol tre same aign, Ll neceaRary, Coweryg, Lo coneider @ are

that on the inmut 1! <es Lhere aprears a vo.tdge drop ani,the=sfore, . are may e
required additional correction of caizulated valuss of resistanceg o¢f the circult,
especialiy on the last step:,

In certain cases 1t is expaiient to use the same diwue circuit for oblaining
direct and inverse ‘unctione, awitching 1t for thig purrose from the input circuit
to the feedback circuit of the operational amplifier. Here i. .s necessary to take
into account error of approximation of the direct and inverse functions are con-
nected by reiationship

e h (bo;—j)

».'"" 'a 4
LA LAl

."Ap = Tt

<
(l) -
} ' . [
b «D
b ool
", . . {
b <.
)] .
R
b < 2 -
LY 4,
2R S G 4 -
1 + LI
D
<) - :

)
v

) (D ; r';"{ 3_‘,‘!

Pig. 95. Fundamentai circuit of square-law funce
tion generators,




Therefore, if breakdomn is carried cut by a direct function and if the latter
has sectiocns with a steepness less than one, then such breakdown can lead to sxces-
sively great error of reproducticn of the inverse function during coupling of the
diode circuit into the feedback circuit, In these cases there is recommended break-
down segments of the direct function with & steepness larger than one, proceading
from tne fact that ¢, -t  and segmemts of ths inverse function with steemess
less than one, proceeding from ths fact that :. - With such breakdcwm cf the
axis of an argument error of aprroximation will not excel a given value of
with coupling of the diode circuit both to the input and to the feedback circuit.

If function ¢, =f(w,) 1s given graphically, then double graphic differen-

tiation, nacessary for construction of dependence

dfl
—"5'5' =z(e,)
de,

leade to large errors., In this case we usually resort to graphic comstructiom of
the approximating polygon. For this nonlincar dependence ¢,,, -/ (i, or the
carrent characteristic equivaleat to it /, = .V,fie,» is depicted in the form of

s graph on millimeter graph paper in coordinates ¢,,., and e or Il and

fec S0 that graphic error is amall compared with error of approximation, ii is
necessary to draft the given nonlinesr dependence by sections in magnified scale.
Theu for every section there will be set a field of allowance (absolute error ' °*
or &, ) and in the resulting tube are inscribsd straight lines in such a way
that on every interval ihey do not gn beyond the limits of the tube. The described
method is illustrated in Fig, 86.

During approximstion by polygon with vertices, located on the curve of the
given nonlinear dependence {Fig. 87), there results a certain increase of number
of segments of the decampesition as compared with the preceding case. True, here
error in reproduction of slope of given charecteristic somewhat decreases, Finmal

choice among these msthods of approximation can be made taking into acecount
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Fig, 8. Method of piecewise-linesr ap~-
proximation,
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Mg:n ?'a,, PZn 6,

Fig. 87. An other method of piecewise-
iinear appraximation,

<, Error of Divde Noulinesr Generstors

As in study of linear computing elements, absolute error of nonlinear functional
devices is determined as the difference of ideal and real values of avtput quantity,

fczsured ai. the seme mowment of time during supplying to the device's input accord-
ingly rer) and ideal values of the input signal:

A‘.Ul == "-ul (l)lp - |'ou| “)ln (6.“‘)

Hewwver the abscluts error Ae, . obtained thus will depend on the value
of e, at which it is determined, Therefore, for appreisal of accuracy of a
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device here it is possiliie to use the maxismwm valune cf a particular presticsl ori-

terion of accuracy:
(3¢ s lmes = Efz:;%?:%’m
or the integral pructical criterion of accuracy (sse Chapter I11, page 85).

In comestion with the fact that the circuit of diocde converters clearliy do
nut contain elements, auvle to store energy, and spurious capacitive and inductive
resistances in the operating band strip of frequsncies of these devices are neg-
ligibls, further comsideration is conducted exclusively in referemce tc error of
the steady-state regime,

Depending upon the method of physical realization of the frmctional devics
this error can be caused by variocus factorec. Howevan for most devices it can be
divided into thres main components:

1) error, caused by errors in input signal;

2) error, comnected with thc given method of representetion cf the given non-
linsar function in the device (for examplie, zrror, introduced during piecewise-
linsar approximation in the case of dioie generstcrs);

3) error of reproduction of approximated nonlinear dependsnce.

Lst us consider each componemt of error ir reference to dicde functional gen-
eraltors,

Errer, caused by inaccuracy of inrut signal, can be estimated on the assumption
that the generator ideally reproduces the given nanlinsar dependence (no errors of
approximation and reproduction of piecewise-linear curve),

With such consideration there are rejected srrors of the second and higher
orders of smellness and results turn out to be correct for any func’ionil device,

In fact, if there is given: ¢, .= v/(e¢, ). then

e =y g’«(:'_"_).. (6-'15)

sut “Il A’.l'
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4(5)
or
"te’u‘f:s":('l. (6.16)

where S, is the stespness of the given function.

Thus, relative error, caused by inaccuracy of input signal, will be greater,
the greater the steepness of the nonlinear dependemcs to . 3 reprecduced.

In case of use of a diode functional converter, for which a given nonlinsar
dependence is realizad simultaneously by comnecting a nonlinear resistor to the input

and feedback circuit, we receive

U (6.17)

A’nﬂ =

relative error is

S
By = — —s-::- Yy, (6.18)

“(15)

where S, =-——-—(—- ; — is the given steemness of the current characteristic of
Py Ll /
Cer. max d L
inmit eircuit, S == .—T-"! "1‘—‘—5 — the given steepness of currert characteristic
d ___.H‘_‘__.
four max

of feedback circuit,

28 follows from expression (5.18), relative error in ocutput aignal is greater,
the grsater the steepness of current characteristic of the input circuit and the
less the steepness of the current characteristic of the feedback circuit, Since
in feedback circuits there is realised a function, the reverse of the given one
(and usually realisable at the input), then by simple trensfer of the diode circuit

into the feedback circuit we can not lower the error from inaccuracy in input

signal.
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Daring reproduction of noniinear functions with value of steepness higher
than 10 one zhouid present rigid requirements on accuracy of the input signal,
and conssquently, to lowering of error of other computing elements of the installa-
tion. Thus, for example, when S, = 10 and ¢,, = 1 we obtain ‘¢, = 10%, which
in a mmber of cases can be impermissible., Therefore, electronic anslegs, intended
for sclution of nonlinear problems, should be, as a rule, supplied with operstional
amplifiers with autumatic atabilization of zero level and in them should be thorough
"ground insulation" (ses Chapter IX, page 285), and provided other msasures of in-
creasing accuracy. Let us turn now to comsideration of error of piecewise-linear
aprrodmation. Selection of the quantity of permissible error during plecewise~
linear approximation is an independent and fairly complicated question., Here we
will limit ourselves to onlr several remarks,

Practice of comstructivz of specializ~d functional conmverters showed that for
many couversions error of approximation ¢ = 0,25 v or % = 0,25 gives total error
of the order of 0,75 — 1% during reproduction of a given function with steepness,
not exceeding 10, Decrsase of the quantity lower than the shown meaning leads to
sharp increase of the required number of segments of the decomposition of the argu-
pent, and consequently, to increase of the number of diude elements and loss of
total accuracy.

During reproduction of fumctions with steermess, exceeding 10, error due to in-
accuracy of input signal becomes so great that it is possihle without sacrifice ¢
of total accuracy of the device to increase the permissible value of ¢« and Lo re-
ceive thereby sconomy in the number of diode elemsnis., It is rational to select

by the relatiomship,

“=]l’a'n'so’~ (6’19)

Then when ¢, = 0,1% ard 5, = 10 we wll have ‘¢ = 0,25%.

Rrror of reproduction of approximated nonlinear dependence during coupling of
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circuits of diode elements to the input and in feedback circuits of an operaticnal
amplifier will be determined by error in value of currenmts, sent by these circuits
to the integrating point of amplifier, Indeed, if given namlinear dependence

tous =/ (36,,) 18 reproduced by current characteristics /, = f 1%, and

I, «:fiteg). then in the worst case total error in output voltage will be

d [ )] d'lﬂ\ (6.%)
Aty = ‘;/.“”' t ‘41,”“1-

deyuy

Hers —%‘T“' and ~al, have ideal mesaning, given by piecewise-linear approxi-
mation, Including the error in these quantities would not change the result practi-
cally, since here there would be considered only error of the second order of
smallness,

Relative error here will be

. . \
3¢..u= —S—ll—- ("ll +'lll’. (6.211
since
drgus S,
5= dew S,

Thus, to explain total error of a functional generator from inaccurate re-
production of the appraximated characteristic, it is necessary to know, besides
steepness of current characteristic 512, also relative errors in output currents
of diode circuits, coupled to the input and feedback circuits. Since determination
of error of diode circuits with respect to output curremt does not depend on the
place of coupling of the diode circuit, then in the future it is conducted for cir-
cuits, switched into the input circuit. For circuits, switched into the feedback,
it is possible to use results received, accordingly replacing the index for curremt
and voltage.

Besides error, introduced by diode circuits, an integrating operational am-
plifier also introducas error from sero drift., During use of amplifiers with
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autamatic stabilimetion of sero level this error as compared with others can be dis-
regarded,

The main part of error in ocutput current of diode circuits consists of sys-
temat.ic errors, caused by inaccuracy of selection of resistances of separate diode
elements, change of current of incadescence, influence of internal resistance of
diodes and their resting current ,*) , inaccuracy of setting of the quantity of
reference voltage, influence of change of temperature.

Error of the circuit of a diode converter can be found, knowing errors intro-
duced by separate diode eleaents, from which the circuit is composed. Therefore,
we will conduct an analysis of error for every considered type of diode element
separately.,

As was shown earlier, current of a diode element with potentially grounded diode

can be found from expression

whence absclute error in current, created by one diode element will be

dl‘ f’,]l_ A, + (6.&)
Alll = (Bk'g-)ﬂ‘-(ﬂl)“ .\R‘ ‘+ ( (14 );"'(tl)l !
+ (&T::)C..-(‘u)-uu + I“ (‘u\l)'

where [/ (ef is the resting current of the diode; iR, . d¢,, — change of re-

21

sistances Ry, rj and reference voltage ‘.. (R),. (r), = walues of resistances,
received from calculation of piecewise-linear appraxdmation,

Proceeding to relative errors and sxpanding the value of expressions -:'2“«. -‘:," "‘
oy

der, we receive

and

(®ache (®and : (Pl / (6023)
RURa VA At Ry W AR AW il et Aved

i man

#esting current is the current, flowing through diode during sero difference
of potentials between plate and cathode.




Relative error of resistances R; and r; in turn can be pr......d as consisting
of three components: one, determined by inaccuracy of selection of resistances
(“Rin. %7, the sscond, caused by change of resistance of diode during change of
current flowing through it and cscillations of current of incadescence (R, ).
and, fipally, third, caused by changs of resistances under the influence of change
0" ambient temperature (IR... ir..

Therefore,

thzaRln +?‘le+ ;‘Rlﬂo a’( 7=;‘".|+ ;"tl+ "M'no.

Quantities 7R, and ir, are dstermined by allowance for selection of
resistances, During use of resistors VS and MLT, having factory allowance + 10%,
usually selection is carried out with accuracy of 0.25%, applying for decrease of
error coupound resistors (two). Resistors R, and rj are best select with allowance
of one sign. In accordance with expression (6.23) this should give certain decrease
of total erroz.

Error due to change of ambient temperature can be determined from axpression

GR..;—_—ar,,z-, 2(@ 20.). ‘ (6.2).)

where o is the temperature coefficiert, equal for VS and MLT to ~2. 107°_L_
in the interval 9 fram + 20 to + 100°C,

In spite of comparatively large :» influence of change of tempsrature from
20 to 60° C is small, since changes of “R.. are compensated partially by change
of ‘. amd, furthermore, resistance in feedback circuits changes in the same
relation, so that with changing input curremt curreat of ths feedback cireuit,
also changes, and voltage at output changes little.

The most sssential camponent of the considered error is caused by change of
resistance of the diois during operation. This component of error can be fowrd from
relationship, brought on page 154, in the form

KR,, b a’u = A’l(—r_;"_ + k!:)'
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wvhere 4r, 1is the maximm deflection of resistance of diode from the value of
7, = €00 o taken for calculations.

Comsidering that

we recelve

W= iry = 4 (2 +1)- (6.25)

In Fig. 88 are brought the curves of

aRu = ’:’u = j (Rm)

where Ar, = 200 ohm and various relationships : "l

From the curves it follows that for comsidered diode elsments error 'R, and

or,, grows with increase of ¢ and when R, = 200 kilohm it can attain mag-

et

nitudes of the order of 0.4 ~ 0,5%.

mNor, "
7 . .

T T 'when,, !

n
swhen ? ¢ 2\ 4-, :200 chm
o '

"
| mnhenl:.;
on

Attt
0 2006028003201 X W R, kiloam

Fig. 88, Curves of change of errors *.
and »,, depending upon .

Error due to changs of magnitude of referensce voltage is proportiomal to
relative changss of this voltage. Therefore,accurecy of operstiom of a stabilised
meactifier for reference voltage should be not lower than 0.1 — 0,.05%.

Resting current is developed at the moment of unlocking of the diode elememt




and usually leads %o lmmring of jumps of the first dorivative at the moment of
tehing.

Itmsxporimnun.ytixodtha;durin;chmoofnimnir from 50 kilohm

i
to 1 megohm and filament voltage from 4 to 6 the resting current tor diodes of
typre 6D6 oscillates f{roe 1 to 8 microamperee,

Taldng into account the remmrke made arvli disregarding thre resting current
for the worst case, where signs of "X, and ‘e, A opposite to sign &, we

receive for maximum reiative error of the diode element the final expression

o1 max N o L T ':” )] (6.26)
/ g e 08 N . e — —— P
Mu= gk [‘ Rl  1iRwl - = (eu. t+
[ . Ay [ !
+ R [ il + el + et (T ‘)J s

'l
sal s :
o r_, o l?‘._“ i
1 . Rl. e

From expression (6.26) it follows that relative srror in current of dicde
element increases with increase of e' . the stasprmss of current charec-

L1 T AR A

teristic  s¥, — R‘ of the considered dilode element and changs of resistance of
the diode 37, prelative to average calculating valus,

Results of determinatlion of error for other diode elemsnts, mdv@df by the
above-gtated method, are given in Tahie IV,

Comparison nl these resulis allows us to make the following caiiukionz:

1. The influence of internal resistance of diodes and inaccurecy of saiec-
tion of resistances for diods elements of limiter type, assembled by diagrem II,
is significantly less than for diode elaments with potentially grownded didiu. Vith
increase of ¢, other conditions equal, error from s, decreasen, whole for diode
elements with potentially grounded diodes it increases. Inflmo of ilaaccurecy
of setting of . shows ouly during the turmed off state of a diode element of
limiter type. 1ln commection with this it is expedient during coustreetion of

circuits for ¢, ¢, %o use diode elemmnts of limiter typs, asssmbled dy diagrea Il
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2, Diode elements of limiter type, working by diagram I, do not give essemtial
advantages with respect to lowering of error when compeared with diode elements with
potentially grounded aiodes.

3. Por ail circuits without exrseption error increases with growth of the given
stespness of the current characteristic of the diode element,

Since total current of the diode circuit, send to the integrating point, is
equal to the sum of currents of separate diode elements, then total error of the
diode circuit caa be calculated for the worst case as the sum of errors, introduced
in the current by evary dicde slement, Thus, for ex.aple, for diode circuit (Fig.
85a), zonsisting of diode elements with potentially grounded diocdes, total relative

error will be maximm, when all dicde elements are switched on:

17 ? N ; ]
N St mn i N foui 3 1N e '
u‘ - \d -‘.,-l -;; Rl; l lR“ L d I| ma Rl- : 8" T 7! mat Rt! ’( "
* t

when in the circuit there are used diode elements of limiter typs, then it is
necessary to consider error, introduced by diode elements, in both on and off state.
It is necessary to seek to build a circuit of nonlinear converters, so that tne
number of simultaneously "on" diode elemerits is minimunm,

Total error of a functional device can be calculated by expression (6.21) and
vaiues of %/, and </, foud as saown.

3. Methods of Comstruction cf Circuits of
Diode Functional Generstors

As was shown above (ses Chapter V, Section 3, page 156), parailel commection
of varicus diode elemants does not ensure possibility of reproduction of a suffi-
ciently broad class of functions. For the purpoee of exparsion of poesibilities of
diode circuits it is necessary to apply artificial methods, for eramnle shift of
current charecteristics by ccomection at the integrating point of an additiomal
constant current component, summation of curremt characteristics of sepsraie diode

circuits and so forth. Nowever ¢ ten, for reproduction of steep functions ane must




have c¢irrent characteristics with great steepness and increase the rumber of simul-~
tanecunly working diode slements which unfavorably affect# accurecy of work of the
considered devices,

We will estimate the limit of the given steepnass of currenit characteristice.
Taking as basge quanti.i®s ., ,,, = Q.. =1 M0, € ™ Cauc mat = 100 v and 1imit-
ing limits nf resistances in circuits of input and feedback to quantitiea 1" :dlohm

< R<5 megohm, we receive

0,02 < S <1

When in input or fesdback circuits there is connected a comstant recsistance,
the steepness accordingly will be

Sl.zzl. Sl.zﬁ.,

when the *iods circuit is connected only at the input, SIA = ] and
<
$e = “"31:.

i.e,, stespness of current characteristic of diode cireuit should bs equal to the
steerness, given for reproduction of the function.

Since steerness of current characteristic of diode circuit by conditions of
pnysical reslization is limitead as indicated above, then the class of functions, re-
oroduced by such fuactional device, will be limited by these limits of change of
st sepness,

During connection of the dicde circuit only in the feedback circuit

and tho class of reproduced functions will be limited by conditioms
$,>0 u 0028, < 10

10

Therefore, such functions, as, for example, o ™, which within limtts

of change C.1 v "¢, { 100 v give change of steepness -~ 1000 < §, < — 0,004,
cannot be in general, reproduced with such a method of comnection of diode circuits.
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It ie possible to offer a number of methods of zynthesis of dicde elowents, al-
lowing us o repreduce a given awnlinear dependance with steepness, varying in a
wide rengs. Thess mesthods allow us to make diode converters in such a manner that
steepness of current charectaritice of separate diode circuits doez not go bsyend
rermissible limite and that it ia provided by ths lsast number of simultaneocusly
switched-on diode slements, They are based on the sarlier derived dspendence

{6.18), which san be written in the fom

sl, ] 46027)

Quantity Se and the characrer of its change in functions of the input signal
usually are given by the initial nonlinear dependence and the problsa consists in
such distribution of quantity .‘3e between SI]. and 512, 80 that each of them does not
exceod permissible limits, During simultaneous comnection of diode circuits in
input and feedbacks steepness of the given fuaction 5,, as expression ($.27) shows,
can bs realized by 571 and 512, where each of them wili change in & narrower range.

iy = ;'9- the method

[ 13

of determination of current characteristics for circuiis of nonlinaar convertars,

We will show in the example of reproduction of function ¢

utilized simultaneously at the input and in feedback circuits.
Characteristic of steepness of the functiom for the considored case will be

1o s,
S,=- o= =

For the purpose of decreasing steepness 511 and SI2 as compared with Sy we will
decompose expression S, into factors. Such decomposition can be very diverse. Re-
Jecting decompositions leading to increase of the degree of .,,. we receive a
number of possible variantsa:

LI U T U SN S S NN
A it A oV Ve A Ve VT
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Hence expressions for stespness of current characteristics accordingly will be:
| 1

e N~
€
i \ i
2 Si' = L Y;:; ' Sl' ;_;_[__?__ V 00»"
n
1 Ve !
3 SI. BT - =

Curremt characteristics can be found by integration of expression S1) and 512.

Indesd, when Il mex - IZ max lmand ¢y pu=Cuao. =100 v
Cor
1, =001 [ S, de, Lual. (6.28)
‘sz, 0
‘N’l
l,==0.m f Sl.dcaul."“al' (6029)

‘oz

Here e, . and e,... are initial values of voltages of considered sectiomns
of current characteristics,

Values of SIl’ 512, 11 and I2 and limits of change of SIl and S, with change

I
of e.. and é.. in the interval from 0.1 to 100 v are brought in Tiblo V.

Comperison of results, brought in the table, shows that in all three cases
limits of cha~ge of steepness of SIl and 512 are significantly narrower than limits
of cimnge of steerness S, of the initial nonlinsar characteristic, Such an approach
actually leads to functional generation of initial characteristics, indicating at
the same time a regular way of finding the form of the generation,

First variant of generation of current characteristics one should recognize
as the most ratiomal, since it allows us to use identical circuits of nonlinear
coanverters at the input and in feedback circuits.

On the basis of expression (6.27) there can be offered another method of re-
production of & given function with a wide range of change of steepness, with
which the given steepness of the current charscteristics of the diode circuits does

not excecJ one, Essence of the method consists of the fact that the given function
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by steepness is broken down into two sections; in general on one the steemmess will
change from O to 1 and on the second from 1 to

Reproduction of the first section of the curve one should place in the diode
circuit, connected at the input, the second section, on the diode circuit, coupled
in the feedback circuit. If one were now to make these circuits work in that se-
quence, with which change of steepness of the current characteristic at the input
occurs with constant steepness of the feedback circuit (equal to 1) and, vice versa,
change of steepness of the current characteristic, coupled in the feedback circuit,
is carried cut with steepness of the input current characteristic constant and
equal to 1, then this task will be carried out.

As an illustration let us consider reproduction of function e, = 10""¢}

Steepness of the function will be

de S
el L R T, S S A [
S, = de,. =310 "¢, 5,
Se reaches one when ¢, = ['g‘— =58v,

Consequently, vp to ¢,.,= 57.8 v the given curve should be reproduced by

diode converters reformers with current characteristics

l— - v 107 ey, (6.30)
and
ly== vt yus. (6.31)
wherein . =«
antity 4 —+ we determine from the condition that on the considered in-
terval of change of argument Sp, = 100 . :L - 1 Since :,':f:‘. i, them  -=v = 001
On the boundary of the first section Lypaa=  — 0.192 wa, and /.- 0192 wa

On the remaining interval of change of argument, i,e,, from r, = 57.8 v to 100 v,

SI = e l’ M S[":'-'

L
5
Current charactsristics on this interval of change of the argument can be

1

found by integration of corresponding charecteristics of change of steepness.




I = -, — 0.01 (e,, — ¢y, rpu"‘ (6'32)

Since
i _ 1
307 Vi,

i
SI, =‘=-Sj

Iy= by ryoa+ V000, — S0 (6.33)

The greaph of curremt characteristics received thus is shown in F'g. 89, Fnow-
ledge of the law of change of curremt charscteristics and their stespness allows ore
most rationally to select types of diode elements, Por a circuit, conmected at
the input, it is retional to use diode elements with potentially grounded diodes,
working on switching an, After ¢, =¢,, ;.. all diode elemsnts of the input circuit
should be switched on and should provide the given steepness of the input curremt
charecteristic, equal to 1. In feedback circuits it is retiomal to use diode ele-
ments of limiter type, working on switching off by diagrem II, Whem ¢, "¢, ...
all diode elemsnts are comnected im the feedback circuit and prcride a steepness
s12 = 1. By msasure of increese of ¢,,, diocde elemsnts are consecutively turned
off.

A complete fundamental circuit of the considered nenlinear gemerstor is showm
in Fig. 90. In it is foreseen the possibility of work with two signs of imput and
output sigmles.

The number of diode elements and their parumeters are determined om the basis
of plecewise-linear appraximatioa.

In certain cases lowering of the stespmess of curremt charesteristics of diode
gemerators, ooupled only to imput, can be carried owt aleo by prelimirary ehift of
the curve of differemtial eemductance a comstant quantity and cemmectiea to the
input sigatl of the equivalent comstamt compemsating comductamce.
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slu = Sl. - Slw’

Thus, if S, 512 does not c.ange #ign on the whole interval of change of the argument,
then steepness 'S 1<!S,5.1 Such & shift of the charscteristic of diffsrential
steepness of a constant quantity is equivalent to turm of the curremt characteristic
a certain angle. It is obvious that the grectest loworing of steemmess when S12 =]
constitutes .-  Therefors,by such method cne can obtain curremt characteristics
with steepness, nct exceeding one, enly for & quadratic functiomn,

Considered methods of lowering steepness of current characteristics resain in
force also during reproduction of normontonic functions, Of specific is reproduc-

tion of a “~igonometric function of the form

| 4
Oons == 100 sin a5 Cor

Characteristic for steepness of this function will have the form

s.aatcﬂl-i&'“, (6.35)

Stespness will be positive in the interval 0 <¢,, <50 v and negative when

SO0 <o, <1V vy,
According to (6.27) we obtain

) S,‘ (6.36)

ECOS ioox €4, T= — .
i Co ]l.

As axpression (6.36) shows, reproductios of this function can be carried out
both by connecting a nonlinear caonverter to input, and also in the feedback circuit,
In the first case

Siy = - 08 15 fun. } (6.37)
S, =1

Here the maximm given stespness of the diode circuit at imput will ocemstitute

-
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In the second case characteristie for steepness 512

-—S,‘ _Sl

Sro =t =

('R} ?
o et =50

o

is decomposed depending upon the value of the voltage of the argument on the three
sections (offered by A. A. Maslov),
when

-0<l“ < ‘7; - SI' - - 08.

0
o < '.-. < 99.6 v S[‘ = "V et .,__._:“’_; .
r | -

'.0“
(&)
1< e, <29V S, =0, o
99.6\,.'“.('00 v S :'—S/‘-‘.'—‘T--~ )

r'/—]..

.

-

o)

529 e, 100V 8 ::08

0
0< e, <996V S5 x— ._”' -
"/l"(lw'

Introduction of average interval is caused by the fact that steepness of initial
nonlinear charscteristic whan ¢, = 50 v turns into sero. It is expedient that Se

turns into sero not dus to 812 seeking infinity, but due to passage to SIl =0,
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. Pig. 91. Grepn of curremi chareacteristics of
functional gwneretor for reproduction of func-
tiom . I 2.,
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&1 I,‘

Fig. 92. Pudamental circuit of double fumc-
tiomal generator for reprocduction of functime
€ gy = 10810 w ‘e and # gy WO u.u o

KEY: (a) Circuit.
Current charecteristics, found by integretion of above memtioned expressions

for Sp aad Sy, Wil be:

= 9 Conr .
&y = —— arcsin 5 (6.38)
-~ 0,008, when 0<e, <41.1,
1, =] —0377¢, when 7.1 e, < 529, (6.39)

— 0377 + 0,003 (r,, —32.9) when 3.9 -l e, 10

[he graph of theee charecteristics is shom ia Fig. 91.

To obtain fumstion ., :=100c0s o e, 1 18 possible te use the same cwrreat
MMMcIQ. Curremt charecteristic of imput eircuit should be to the laft
50 v, The fumdamental ¢ircuit fo fwmctiomsl camverter, imtemded fer repredmotion
of theoe Pmmctions, is presemted in Fig, 92 (V, A. Trapesaikov, B. Ya. iagam, V. V.
Ourev, A. A, Naslov [1]). Here circwit I (built on dicde elcmmsts with petemtially
grewmded diocdes, working on mdteding oa) reproduses curremt chamseteristic I, amd




circuits II anxd III reproduce curremt charecteristics Il’ correspondingly for

reproduction of fuaction
Cour =100 3in 0 g,

€ == 100 cos ]:”- €0r-

In circuits I and II are applied double diode elaments, where in circuit II for

canstruction of double diode elements are used diodes which commutate sign. Diode
i3 comron for circuits IT and ITI,

L. Diode Punctiomal Generators of
Iwo or Morg Armuments

The necessity of reproductica of functions of two or more arguments is usually

met during solution of various ballistic problems, investigatione of systeas of
control of flying objects, for which coefficients of momsnts, 1ift and leteral
asrodynamic forces are functions simultanecusly of angular displacemsnts and Mach
numbers, in complicated intercommected systems of autametic control of industrial
processes, in systems of autametic adjustment and comtrel, designed for maintaining
an optimm regime,

Punctions of two varisnles can be dirertly reproduced by three-dimsnsional
cams (N. “e. Kobrinskiy [1]) or their electric snalrgs (H. F. Meissinger {l,). How-
ever, application of these devices usually requires reslisation of mochanical dis-
placemsnts whick causes sharp reduction of the passbund. Their manufacture 1is
extrsordinarily labor-consuming and is cormected with great axpmse,

Punctions of three and more variables generally camnot be reprodwced in much
a mamer. Therefore, ¥e usually resort evem in the case of a function of two variables
to various methods of appraximation with the help of combinations of functioms of
only one variable,

For functions, given in table form, it is possible to use decompositionm

(E, W, Pike and 7. R. Silverberg (1)) of the form

FAL AL N AE RN I AR AP RN AR A vy e (6.“{))




Here it is assumed that the mean value of fumction f(xi, ’_1) oquals sero, If the
msan value ¢ the function does not equal serc, them it can always be browght to such
a form, subtracting from every tabular value of the function its msa. valuwe

Fo= ‘},;_,\::.\:fu.-. y) of argumemts x4, Yy it ie aseumed that they are comnected
oaly by o;‘m:ntiou of addition and subtraction. With these assumptions series (6.40)
turns out to be convergemt.

The desired functions of the expansion are deterwined frem the conditiom that

ths sum of squares of errcrs of spproximation is minimos., When approximation is

canducted only by the aum of fuactioms

f(x.y)=g(x)+ hly)

solution of this variational problem leads to the following expressions for g(xi)
and h(yy):

.
‘ A
g0 =3 Y 15 ). (6.41)
TR
j(y') = o }‘/(x‘.. y,).
i

I

wkere a is the mmber of values of y in the table, = is the number of values of x
in the tghle,
In case of use of more complets decomposition

[ yp=gx)+A(y) + g )N (y)+ . . (6.42)

values of functions g'(xy) and h'(yj) are determined by solutiom by successive

approximations of the system of equations

. [ ] .
;‘RH,- YN Y R, IR (6.43)
“(':'A__. s ._,;»-— - — 'y (y,’ - !_‘ -
)I_l"‘(y,al‘ e
[

were
Rix, yp)==[lx. y} - lg(x) 4 Ay}

System of equatioes (6.43) is a result of minimising the sum of the squares




¢ errors during approaximation for R(xy, yJ) with the help of

g (Z)N(y).

Designating error of this approximation by

Rx, yp=Rex,. y)— g () h )

it {s possible to approximate it in turn vy product g"(xy) h"(yj), and find function

g"(x;) and h"(y;) by minimization of the sum of the squares cf resulting errore.
Appraisal of acsuracy of approximation can be made by the value of the mean

quadratic deir'lection, which is determined as the square root of the ratio of dis-

persion of the last remainder to dispersion of the original functicn

//7 \-‘_\'_[k; e, '."/'-;;l (60M)

Thus, for the given f(x;, yj) we fiad funetions g(xi), h(yj), g'(xy), h'(yj),
stc, for fixed values of xj, Tye During reproduction of the focund functions by
diode converters it is natural to use linear interpolaticn between tabular values of
the found function.,

This methed is useful for representation of functions of many variables, which
here are reduced to functions of one and two variables (seo for more detail E, W.
Pike and T. R. Silverberg {1]).

Functional diegram of a functional generator for a function of two variables,
using the decamposition (6.40), is shown in Fig, 93. As follows from the figure,
with such aprraximetion there are required six functional generators, two factor
devices and one adder,

To a samewhat different composition of the required equipment leads considera-
.ion of given function f(x, y) by sections for given fixed values of y;. In every
section here we get & function of cne variable fj(x, yJ).

Transition from f j(x, yJ) to the curve cf the following secticn can be carried

=208




out by application of one or ancther intepolating function., Uswally here there o
used linear interpolation. An example of such eclectromechanical device, made -ith
functional potentiac.eters, ie shosy in Fig., Sk.

Fig., 93. Functional diagram of func-
tional dev.ce for reproduction ¢l
functions of two variables,
During application of dicde generstors for reproduction of each function
£y (x, ’J) it is necessary to resort to their piecswise-linear approximation. Here
transition from one function to another is best carried out by "triangular funce

tions, n*

Skeleton diagram of such a converter is shown in Fig. 95.

.

U, ¥ 3p(xy)
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Fig. 94. Skeleton diagram of electromschan-

ical device with funciional potsnticmeters

for revroduction of a function of two vari-
bles.
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—

#A, A, Fel'daus and A, I, Manukhin, Elsctronic apparatus for obtaining functionr
of two variables, Auth. cert. No. 100891, priority from October 16, 1951.
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Fig. 95. Skeleton diagram of [un.tionai
gonerator for reproduction of functions of
two varibles,

Variable x moves to the input of diode functional generators designed for re-
production of functions f J(e. Yy). Voitage, representing in thz device the value of
these functions, is passad accordingly through dividers =iy 8o that at the out-
put of each divider we obtain the product of 13,(y1/, (x. y).  where ' 1, L

These products then are swemsd so that the output quantity will be equal to

. (6.45)
2= )I_:,cy‘n AL}

Functions a,(y) have triangular form. Thei: form is shown in Fig. 96.

When y -y 3,(» 1. and 3,(y= 0. therefore,z = f1(x, y;); when

Y-y 3ty=- 0, and a3,y |

3 = f,(x, ¥,).
In the interval between n and y,
:;;jl‘y)ll(x, » + 1”)’)/217. yi)

If one were to fix a certain value x = x;, then during change of y inside the

considered interval, s will change linearly between values s, = f;(x], y;) and

12 = rz(Xl, yz).
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Fig. 96. Graph of function a0
Thus, application of "triangular® functions also leads to linear interpolation.
Here as can be noted from comparison of Figs. 95 and 96, in reproduction of given
function simultanecusly participate only two adjacent functiomal generators of
fj(x, ’J) which signit.cantly reduces total error as coupared with the above-
considered method cf representation of a function of two variables, with which
there must simultaneously work six functional generators and two factor devices.
The fundamental circuit of such a functional generator, developed by A, A. Pel 'doaum
and A, I, Manukhin {1}, is shown in Fig, 93. Here multiplication of tj(x, yJ) and
3,(y) is carried out by a device based on the time-pulse principle. Quantity b 4
will be convertsd in the relative duration of pulses, controlled by cornection of
outputs of separate functional generstors ¢//, ... ®/1, *) by diodes a.0 1,
to the integrating point of output operational amplifier 1. Comtrol occurs in
such & way that with increase of y within limits adjacent sections Jy, and 1y .,
the relative duration of switching on of @//, at first grows from sero to one,
and then toward the end of section J),., again falls to sero. Here the mean value
of voltage at the output of integreting amplifier 1 from this functiomal comverter
will change according to the law of the triangle. Control of diodes .7, .... .1

*Wynctional generators 1, | 2, consist of separate diode elements
(eee page 142), whose currents are susmed by amplifier 1,
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is produced in the circuit of Fig. 97 by triggers 'rl, Tyseess Tne Voltage, repre-
senting variable y, is fed to auxiliary ampiifier 2 through resistance Rooe Re-
sistances of feedback for this amplifier are resistances R, Rz,..., Rp» coupled

to plates of triggers, having potentials Ui, U;,..., U,

e (utput voltage Uy of

l P - - XX -
amplifier 2 through voltage dividers R’!‘ll 8’1‘21 ’ an Rmz pevey RTln RTZ“

moves Lo grids of the triggers, Here also mcve reference voltages (UOI' U02,...,

Uon) from divisor D 4 and voltage U, of sawtooth form with frequency of the order
of 1000 cps.

In the absence of an input signal the reference voltage displaces voltage U,
so much that not one trigger works. In this position on some output of triggers
there will be large positive potentials Ul’ Uz,... » Uy and on others negative
potentials U'l, U.:,,..., U;l. Resistances R;, R,, R'3 and R'y of the circuit of auxi-
liary commutating diodes .1. are selected with such magnitude that here both diodes
are locked and at points Hl, H2,..., Hn of the circuit there is fed a positive po-
tential. As a result all diodes .1,. .1, ..., .1, tum out to be locked, and on the
output of the integrating amplifier voltage is sero., With increase of input voltage
resuitant voltage reaches the threshold of operation of the trigger. This occurs
at the end of the period of change of voltage U, first on the grid of trigger Tl’
whereupon the trigger is switched on .or very short interval of time - (Fig. 98).
with switching on of the trigger poteantial U

1
are unlocked, fixing here, the potential of the ground at point M;. Diode 1 s

becomes negative and both diodes .1,

unlocked and voltage, representing function f)(x, yl), passes to amplifier 1L, With
durther increase of y the time of the ewitched-on state of trigger T) increases and
when y = ’1 it equals period T of the change of saw.coth voltage (', . Further in-
crease of the input signal leads to operation of trigger Tz at first for a very
short interval of time. With switching on of the second trigger diodes .. are
locked and diode .1, is locked. Thus, with increase of input signal above Yy

relative duretion of switched-on state c¢f diode .I, starts to decrease. The




resaining parallel circuits work similarly.

.'—Q_‘._L‘

Fig. 97. Fundamental circuit of functional
generato: .

Fig. 98. Explanation of work of circuit of comversion
of cutpul signal into relative pulse length,

With the help of fesdback through resistances R), R2,..., Ry we can setablish

proportionality between input eignal and variable mean value of voltage at output




of triggers, and consequently, the relative duration of switching on independently
of variation of paramsters of the circuit and linearity of change of voltage Un.
Capacitors Cl and C, are conmnectad to decrease the variable component in output
voltage.

A deficiency of the considered circuit, besides largs volume of required
equipment, is also the comparatively small passband, which is limited, as for most
systems based on the time-pulse principle, to a frequency of 10 — 15 ¢ps.

Of great interest in this connection is study of the possibility of use of
the previously considered diode generators of one variable for reproduction alsc
of functions of two variables.

If in these generators we make the reference voltage variable also, then there
can be obtained a family of nonlinear dependences with parameter ¢, If we use
& functional generator with potemtially grounded diodss, then during linear change
of reference voltage in function ¢, ;!¢,,; represents the second variable) there
results a family of equidistant nonlinear curves, This follows the fact that for
diode elements with potentially grounded diodes change of reference voltage dose
not iead to change of steepness of the current charecteristic, but only to its paral-
lel displacement. If one were to change ¢.. according to a certain nonlinear de-
pendence ‘. = K'7 ;).  then it is pcssible to r~eproduce a more complicated func-
tion ¢f two variables. In Fig. 99 is brought tha family of curves and circuit of
a diode functional generator for their npmdmticn.'

As it was shown in the work of Meissinger, in general during reproduction of
an ardbitrery function of two variables it is necessary to change reference voltage
of every diode elemem by its own law depending upon -, . Therefore, for example,
with 10 diode elements there will be required ten awdliary functional generators.

®The figure is borrowsd from the work of H. F. Neiesinger (2). It is necessary
to note that this circuit posseesés the deficiency that toward the and of the scale

of the argument all diode slemsnts turnm ocut to ba switched-on in the circuit.




Howsver thorough analysis of character of flow of functioas given for reproduction
ty separate sections allows us to reduce the numbsr of reqaired functiomal genera-
tors by feeding from one functional generator &, (%.; of those diode elements,
which participate in formation of sections of the curve, having identical steepness.

It is most convenient in studying the initisl dependences to use the method of
isoclines receiving wide use in the qualitative theory of differemtial equations.

Determination of functions of reference voltage ¢ (e, . .... g.le,. ). 1ts required
for reproduction of & given function of two variables, can be carried out in the
following manner: the function given for reproduction e,..= /(i fui -fu: will
be placed on coordinates ‘.. ‘i or €aur: a2 for various fixed values of

(¢y2); in the first case and of (s, 1in the second,

By one of the curves of this family are determined current charecteristics of
input circuit of the operational amplifier and “sedback circuits, which are subjected
to plecewise-linear approximstion, and then there is determined the number of diode
eiements, their type and operating regime and switching voltage.

In case of application of diode elements with potemtially grounded diodes for

the i-th diode element on the basis of (5.19) this equality is cnrrect:

',“r.l" L ’i' (6.“5)

W “o2 ‘)’ _'R.

where i is the number of the diode element, | — the mmber of interval of decom-

position for variable v¢,..

Since {rom appraximation of the given curve ws Imow ¢, for every fixed value

of (¢,), them, cansequemtly, we kmow the relationship

- (6.47)
':ll = £, h'u I\:}'

Substituting (6.47) in (6.46), we find

’ ~
Coa; 2, 0y )) = p,‘ g e, )




Fig. 99. Fundamental circuit of fumctiomal generator
of two variables and the family of nonlin ar depend-
ences reproduced by them.




In Pig. 100 is browght a methed of determimatica of theee functioms (H. F.
Neissinger [2]), based om grephic comstructicn of relatiomehip (6.48).

Distance CD in a certain scale represents a wnit of relative recistamse. n
monmatlhen-rkputliumhammw‘uihmlw
.. Mssing streight lines, cammecting points K aad ., (for ame and the
sane diocde elemmnt, dwt forr variocus values of (v,,;)) ¢0 intersection with a ®ireight
line, parallel to axis +¢,,, amxi pasasing from it & distance CD, wo will receive
the desired valwes of ., This directly enswes from *bhe similarity of the tri-
angles thus obtaimed. Mukiag liks comstrection for switehing voltages of the esoond
diode elamemt, we fimd for it the fumstion of the reference veltage.

In sany cases vith proper selectiem of ;“-« mdtching veltages of
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separate diode ¢lements will be so connected among themsvives that functions g (e,
will appear to coincias. Sxecuting grephic construction in reverse oruer, there
can feund by the given (r.,.) for one Jilode slem.nt the ewitching voltages for
the remaining.

The presented moi.iod of reproductions of functions of twe variables can be
extend.d also to functions of more variables, if as tne function of the reference
voltage we use in turm & function of %wo variables,

Material brought in this paragraph  show thet the problem of reprodiction of a
function of two or more variables presents great difficulties. Presently inown
solutions lead to sign-ficant complicacions of equipment and lowering of accuracy
connected with this, and also require a largs volume of preliminary calculation,

For these reascns it ie poesible to caneider that develcpment of functiomal
devices for reproductiom of a functiom of two or more viariabies still is far from

completion,

%In receat years receiving application are msthods of symtheais of functiomal
generators of many variadle from diods logical elwments, offered indepandently by
T. ¥. Stern and G, A, Philbrick and further developsd by S. A, Ginsburg (see, for
sxample, T. ¥, Stern Plecewise-—linear network avalysis and syrthesis, proceedings
of ths symposiue on nonlinear circuit analye.s, Yew York-—Londom (1957); S. A.
Ginsburg. logical method of synthesis of fumctiomal enwratore, Trens. of First
Congress IFAK, Vol. IV, Putlishing Nouse of Academy of Seisnces of USSR (1961).
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CHAPTER VII

FUNCTIONAL GENTRATORS USING
CATHODE-RAY TUBES

With necessity of rapid transition from one form of reproduced nonlinear
dependence to another, and also in case of reproduction of functions with many
extrema and functions, possessing great steepness, as is mcwn from literature,*
general-purpose Iunctional generators, based on the use of the cathode-ray tube,
can be applied.

Wall-known types of such functiwial generators can be divided into two groups:

1. Devices of closed type with negative feedback, using principle of servo
aystem.

2. Pulse devices of open type.

1. Devices of Closed Type, Based or Principle of
Static Servo System.

In Fig. 101 is brought functional diagrax of a functional generator based on
a cathode-ray tube, buiit by principie of static servo system. In iront of scresn
of electron-beam tube 1 with electrnstatic control is placed cpaque plate (mask),
wiose profile is exscuted in accordance with the noniinear depandence given for
reproduction. A certain distance from the mask is placed photo multiplier 2.
Electranic beam of tube is deflected fram axis y tc an upper boundar)y determined

by the horizontal side of the inscribed square, by voltage Uj.

*D. Wymall (1], D. M. Mackay (1], D. E. Sunstein(l], G. L. NcCann, C. H. Wilts,
B. N. Locanthi {1], H. W. Shults {1}, E. J. Hancock (1],
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During switching on of the photomultiplier the luminous flux, formed by the

luminescent point on the screen, will cause appearance of photocurrent. Voltage

drop from photocurrent in output resistor of photamultiplier after amplification by
€lectronic amplifier } is fed to vertical plates Y-Y of the tube with such polarity

thatv beam begins to lower toward the mask. After arriving at the boundaries nf the

Fig. 101. Principal functicnal diagram of cathode -
ray functional generator with photomultinlier, 1--
electron-beam tube; 2--photomultiplier, 3--amplifier,
L--transition units, S5--mask.

;

Fig. 102. Fundamental circuit of functional gercerator,
l--mask; 2--photomultipiier, 3--optics.

mask further lowering of the beam causes decrease of the area of the luminescent
point on screen, and together with this decrease of voltage U, , fed on the
vertical plates. This decrease will occur until the difference between the initial

value of voltage Uy and voltage drop from the photocurrent with the given

=220~




aaplificatiun factor of amplifier provides on the vertical plates the voltage,
necessary for setting the beam on the edge of the mask., Obvicusly, this voltage
will also depict the value of the function for the considered valus of the
argument, If one were to start to change voltage U, on horizontal plates X—X,
t.ien ac.ordingly the beam will be transferred along the eige of the mask, and
voltage on plates Y—Y will change by the given nonlinear curve. Fundamsntal
circuit of such functional genserator as made by Institute of Automation and
Telemechanics of Academy of Sciences of USSR is presented in Fig. 102. Here the
transition unit contrclling horizontal deflection of the beam is made from two
tubss ".1 and J 5 and the transition unit block controlling vertical deflection
is made fraa double triode 13 . Amplifier 1 serves as the amplifier of main
channel, and amplifier 2--for setting the scale of the function. The scale of the
argumsnt can be set by potentiometer [I-! . Potentiometer [I~5 serves to campen-
sate the constant component, appearing during shift of the curve given for repro-
duction with respect to axes of the tube for the purposs of maximum use of the

arsa of the acreen,

2. Error of the Functional Generator.

We will derive the basic relationship for estimating error of the given circuit.
For this purpose it ia convenient to present the functional diagram of Fig. 101
in the form of a block-diagram (Fig. 103a). Here are designated:

| [IBI’ -- bridging amplifier of horizontal deflection,

ke -~ amplification factor of bridging amplifier,
P - system of deflection of beam in horisontal,
Ao =~ 8ensitivity of system of beam deflection in the norisontal,
Mask -- nonlinear dependence, givem by profile of mask,
BIl -~ system of beam deflection in vertical,
1n = Sonsitivity of system of beam deflection in vertical,
U U -~ voltages on horizontal and vertical plates,
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bridging amplifier of vertical deflection,
characteristic of screen,

error in setting of beam in vertical,

area of undarxened part of fluorescent spot,
luminous flux,

transmission factor of luminophor,

time constant of luminophor,

current of protamultiplier,

dark current,

integral sensitivity of photomultiplier.
load resistor of photomultiplier,

voltage on load resistor,

voltage of initial displacement of beam,
voltage of zero drift of amplifier, brought to the input,

angle of inclination of profile cf mask with horizontal.

Fig. 103. Block-diagram for derivation of fundamental

equation of functional generator.

KEY:

(2) Amplifier,

Equations of separate units of block-diagram, Fig. 103, will be:

1. Equation of input circuit

»
:
!

X = )‘riklﬁl"lx- }
Ysa1 == [ (x).
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2. Equations of main channel of amplification of error in turn breaks up into:
a) Equation, determining dependence of unshaded part of spot on error 3=y, — ¥
S=¥@®)3.

Form of function W%(%) depends on given idealization of the shape of the spot
and character of curvature of mask in the regi-n of the spot. With a well focusec
spot it is possible with accuracy sufficient for practice to consider that the
apot has the shape of a circle, and the mask in the regian of the spot can be
replaced by a sloping straight line AE (Fig. 103b).

With *hese assumptions

s=rlwen ) oV TG )

Assuming movements of the light spot about the mask to be small, after expansion
]

of quantity arccos ( . ) in a series and disregarding all terms of

‘I‘Il

& degree higher than the first, we will receive#

b) Equation of luminous flux

ar . .
T, tF=E®n-S.

c) Equation of photomultiplier

l.;l'f I.xﬁ(‘)"“* l'.
U,=IR,=R,s(t) F 4+ I,R,.
d) Equation of amplifier

'.-l_—_:K’(— Uu+ U|tl,}).

Solving the given equations for , we receive finally a2quations of the

‘nu

main channel of amplification in the form

'n:lzK, lRu’("F+ lvRu"'Uut'dl- (7-2)
daF : rr? 4 Y Y
ﬁ]{+F=&nd%l—;~wJ~.

#Derivation of this dependence helongs to A. D. Talantsev.
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3. Equation of feedback circuit
Y < lon Rung * Caure (7.3)

[ 4

Considering thut 7, = - , we find from equations (7.1), (7.2) amd (7.0)

CUs 2

when 7 -0

(V)
AL LN j“,' +

+1

Cour =,

- by, B
SR RS E) 27 )y by, N
(7.4)

, rr?
[‘ 12— RIWE() ‘.f‘] + 1R, e,

Ay TFR kO E O 2 e K cors
In a steady-state regime in ideal conditions, when voltage U, - R.:(I)E—';’«. /, -0,
€0 -=0 , Witn very large 'S! and f(x) = f(x, ), from expression

7.4) we obtain

'u:.u='j_‘:,“—(,"%3“,"." (7-5)

It follows from this that errcr of work of such functional gerierator will be
caused by inaccuracy of making the mask 3Af=/,,(x,)— fix.), the finite value of
the amplification factor of the main channel, time constant of luminophor, presence
of dark current of photomultiplier, inaccuracy of setting of required quantity U,
by drift of the amplifier and instability of sensitivity of the deflecting system.

For the purpose of decreasing error one should take special measures for
accurate adjustment and manufacture of the mask., As auplifier of main channel
it is desirable to use amplifier with automatic stabiliszation of zero level,

With very large amplification factor and ideal manufacture of mask the error,

as expression (7.4) shows, will have the form

T4
(u.- R.e()Et) _.2_) + 1R, te,
Alous = Cour ~ Cocr 0 = TR THEN I T Koe € (7.6)

It is obvious that this error will be less, the greater the magnitude of the
denominator. This indicates a way of selecting parameters of photomultiplier,
properties of mask and transaission factors of transitioun urits.

Analysis of work of such functional generator shows that changes of dark

current of photomultiplier and brightness of fluorescent point of screen in time in
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essence determined the natural zero drift of functional generator, and inasmuch
they act almost directly on the ampiifier input, increase of the amplification factor
of the latter in the presence of negative feedback dces not lead to decrease of
indicated drift.

In connection with this there were attempts (by C. N. Pederson, A. A. Gerlach,
R. E. Zenner [1]) to surmount these difficulties by increasing dimensions of
screen of the tube, transition to another type of screen and application of
several photamultipliers., In Fig. 104 is brought a skeleton diagram of such a
functional generator. In this generator the luminescent spot, appearing on the
screen of the tube, is projected with the help of optics cn black sheet of special
paper, on which by white paint there will be depicted the graph of the function
given for reproduction . Into the circuit of vertical beam deflection there is
fed b‘ased voltage, which is sufficient toc move the beam to the upper edge of tthe
tube. Light, emitted by the luminescent spot of the screen, passing through the
white line on the black screen, is reflected from it and hits the group of
photomultipliers., Here at the output of the amplifier there appears voltage of

such sign, with which the beam seeks to drop down. As a result the beam will be

e
L

[
Fig. 104. Fundamentai circuit of functional generator
with photamultipliers and cathode-ray tute with magnetic
control. l--amplifiers of deflecting systems, 2_-coil of
vertical deflection;, 3--coil of horisontal deflection,
L--cathode-ray tube; 5--photomultipliers, 6--optical
system, 7--graph of given function (white on black back-
grounds, 8--light absorber, 9--amplifier of signal.
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held on boundary of the white line and with change of voltage in the system of
horizontal deflection will track the boundary of the white line., Thickness of the
white line, by which the graph of the function given for reproduction is depicted,
should increase with increase of steepness of this function. With an angle of
inclination, approaching 90¢, for retention of the beam on the white line its
thickness should be in the order of 3 mm. By application of four photomultipliers
fluctuations of total dark current are sharply reduced.

According to the data of C. N. Pederson, A. A. Gerlach, R. E. Zenner (1]
the described device ensures accuracy of 0.5%, a passband of 100 ¢, ease and speed
of set up.

Of great interest als. are functional generators with application of cathoae-
ray tubes, which do not require conversion of the beam current into luminous flux,
From literature we know the principle of construction of such a gemerator (A. C.
Munster (1]). In a cathode-ray tube, equipped with the usual gun with electro-
static deflectict of beam, there is placed a plate-target, made from material,
possessing a significant coefficient of secondary emission (for example, aluminum

oxide),

(a) e!!"' Y

L I T
k.--.r -
\
| [ l r
W ] e
fm
t <"

Fig. 105. Fundamental circuit of functional
generator with internal receiver of beam.
KEY: (a) Collector.

Part of the target is covared with carbon ink in such a way that the curve,
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bounding the carbon dye, depicts the function given for reproduction. In the tube
is placed an additional electrode-collector (Fig. 105), gathering secondary
electrons, flying from the target under the influence of electron bambardment of
the beam. Aluminum and carbon have at selected accelerating voltages different
coefficients of secondary emiazion (for aluminum oxide ¢ = 2, and for carbon dye

0<1l). Therefore the direction of current in resistor R, will vary depending
upon what part of the target the electron beam strikes. If after preliminary
amplification we use the voltage drop at R, to control deflection of the beam by
plates Y=Y, then it is possible with feeding of the input signal to plates X-—Y
to force the electron beam to follow the boundary between the carbon dye and
aluminum oxide. Here voltage after the amplifier will represent tne desired value
of the function.

Such a functional generator, as follows from this description, does not
require conversion of current of the beam into a luminous flux. However there is
required accurate adjustment of the target inside the tube, which presents known
difficulties, and there also aprears an additional source of error due to
instability of coefficients of secomary emission along the boundary of the division.

By principle of action the considered functional generator cannot be general-
purpose. Replacement of functions aignifies replacement of the electron-beam tube.

For constructicn of a functicnal generator based on a cathode-ray tubs, which
would not require conversion of beam current into a luminous flux, and then into
photomultirlier current, it is possible to use the pher.omena occurring in the
cathode-ray tube with accumulation of cnarges (B. Chance, V. Huges {1]). In these
tubes the screen should possess a coefficient of secandary emission e>1 in
range of operating accelerating voltages and very high resistance. These require-
ments arc met, for exaxple, by Prex glass, [rom which envelopes of electron-beam
tubes are usuaily p. *pared. Fcr use of thi: phencmenon on the ~uter surface of the

tube (Fig. 106) is put a signal electrode, and inside is placed an additianal
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electrode (collector), under a positive potential, scmewhat exceeding the potential
of the second plate. As collector there can serve, for exampie, an Aquadage
electrode, utilized for post deflection acceleration.

"n'e

I ont Lo
B) Ts L%
l‘\”|,/
P YN VL
R TIY E
PR ¥ Sy || AR S
‘ a
. - g,
a) ©

Fig. 106. Principle of actiun of a cathode-ray
tube with accumulation of charges. l--capacitor,
2--signal electrode, 3--glass; L--electron beam.

The surface of the screen, under the influence of the electron beam, will be
charged positively until its potential comes near the potential of the collector,
Certain sezondary electrons, attracted by the field of the charged positive apot,
will settle near it and will create a negatively charged region (Fig. 106b).
Changing periodically the intensity (brightness) of the beam by the influence on
potentiai of a modulating electrode, it is possible to carry out periodic change
of total charge at a given place of the screen which causes appearance of capacitive
currents through the signal electrode. During use of the described phenamenon for
construction of a functional generator the signal electrode is made of two parts,
divided by & slit, made in the form of the function given for reproduction (B. Ya.
Kogan {2]). Allernating current, removed froc =e~h part of the signal electrade,

13 amplified by high-frequency amplifier and is rectified. The rectified voltage is
added in anti-phase to the input of the operational d-c amplifier, covered by
negative feedback through the electron->eam tube (Fig., 107). when the beam is in
the middle of the slot, current of each half of the conducting layer is identical

and voltage at the output is equal to sero, With displacement cf beam in the
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a)

Fig. 107. Functional generator based on cathode-ray
tube without photamultiplier. a) fundamental circuit;
l--transition units, 2--high-frequency ocscillator; 3--
high-frequency axplifiers; &--detectors; 5--d-c
amplifier; b) general view: c) charecteristic.

direction of one or the other plate at output there appears vollage of one or the
other sign, and of the magnitude, necessary for holding the beam on the slot level.
(xviously, this voltage will alsc rerresent the value of the desired functiom.

The diagre= and general view of a functional generator, built on such a principle
by the Institute of Autumation and Telemechanics of Acsdemy of Sciences of USSR, is

shown in Pig. .l&, a and b) and its charecteristic in Fig. 108¢c.®

*Functional generator developsi by coliesague of Institute, V. V. Gurov.
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Basic data of this functional generator are such: input and output voltage
1100 v, output current--of the order ¢f il ma, input impedance--greater than 200
kilohm, accuracy--of the order of 1.5-2% of tctsl scele, passbund--greater than
106 ¢,

1, Funciional Generators withControlled
Beam Scanning.

Principle of action of such functional generator is based on use of dynamic
campensation (F., E. Temnikcv [1]). It car be comprehended by the functional
diagram in Fig. 108.%

Functional generator consists of cathode-ray tube ., cpague mazk 9, its=rating
the curve givan for reproduction, photamultiplier 2, located a certain distance
fram screen of the tube, pulse shaping unit 3, generator 4 for scanning cf the beam
of cathode-ray tube along y-y axis, peak detect.r % and integrating amplifier
6. To these elaxents are added (Fig. 108b) s scurvce of constant cumpensating
voltage 7 ( 3H ) and key 8, proteciing bresk-down of ti beax of tube with
sharp changes of voltage of the agrument.

Before beginning operation of functicnsl genmerator cutput clamps of generator
of scanning are closed and when ¢, = () the ele: .rcniz team of tube i8 at noint U,

With starting of functional generator ouirvit voliage of generator of scanning
deflects the beam to one of the adges of the mask. With departure of the beam
beyord the e«ige of the mask, thanks to illumination of the photamultiplicr there
occurs a aharp change of voltage on its ioai reeistor due to change of current of
photamultiplier. This change of voltage is shapet oy unit BPH into a stardard
pulse, which starts the scanning generator in the oppesite direction, by force of
which the beam willi move to the opposite edge. As a result there will bHe

axtablished natural oscillation of the bean between edges of the mask. Ampiitude

*Of fered arnd developed in Acaaemy of Sciences of USSR by A. D, Talantsev (3],
(4], see also R. Havilend [1].
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of these oscillations will be directly proportional, and frequency inversely
proportional to the distance between edges, when the beam moves with constant speed
along the y—y axis.

Usually in such functional generatorswe use the dependence of amplitude of
natural osciilations on distance between «iges, since here rigid requirements :re
not put on linearity of change of voltage of generator of scanning. During change
of e, amplitude of natural oscillations will charge by the same law, by which
the distance between adges changes. When both edges of mask are symmetric with
respect to axis x, amplitude of oscillations will reflect the ordinate of the
Function given for reproduction with accuracy up to a constant componant. Amplituae
of natural oscillations will be converted into constant voltage by a demodulator.
As demodiulator there is used a special circuit of a peak detectcr, ensuring
linsarity of rectifying in the operating range of frequencies with accuracy 0.l1%.
As generator of scanning we apply symme’ric trigger, whose plates are losded by

integrating networks.

Fig. 1U8. Functional diagraz of functional gensrator,
based on principle of dynamic compensation. l--cathode-
ray tube, 2--protamultiplier, 3--pulse forming unit; 4--
generator of ecanning, 5--peax detector; 6--integrating
ampiifier, 7--asocurce of stabilised voltage for compansation
of constant camponent; 8--key, 9--opaque mask,
Presence of initial distance Iy) between =iges of mask (Fig. 109) is caused by
necessity of obtaining negative ¥aiues of ocutput voltage, and also the difficulty

of obtaining small amplitwuies of natural oscillations with very great frequency due
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to inertness of syst.am and nonlinearity of operation of pesak detector at small
signal amplitudes. Conatant camponent caused by this initial amplitude of natural
oscillations, is compensated at output by voltage Up.

During operation of the generator there is possiole randam nonoperation of the
scanning generator or break-down of natural oscillations owing toc sharp change of
input voltage ¢, . Therefcre in the generator is provided special protection
from break-dowr >f natural oscillations. In case of nonoperaticn of scanning
generacor after appearance of bear on edge of mask cutput voliage cf scanning
generator will increese, until key K openr which will cause change of voltage at
the input of BFI and in turn will cause appearance of impulse at output of BFI
and operation of scanning generator. The next opsration will occur when the beanm
reaches the opposite edge of mask, since with setting of beam beyond screen at
output of phctomultipl.er appsars a voltage jump, opposite in sign to that, which
takes place with emergence of beam {rom bahind the mask. Pulse shaping unit Jdoes
not react to voltage jumps of this polarity. The very same occurs during non-
operation of TP at the other eige cf mask. In akbsence of mask screen therse
take place natural oscillations, amplitude of which is greater than amplitude,

corresponding to maximum width of mask, which is attained by corresponding adjustment

of the key.
} Frequency of natural oscillations for
g obtaining the widest possible pamsband for
.g.; the device should be as high as possible, |
| With a fixed maximum distance between sdges :
of mask the lower limit of frequency of ‘
i 5 ' natural oscillations is detsrmined basicallyé
Fig. 109. :xnnplo o;!nask by properties of the luminophor of the tube %
iz;‘lfmozt;miﬁﬁf’z;wn (time lag of glow and time of afterglow). ;
dynamic compensation. In connection with this it is expedient in -
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such generators to use cathods-ray tube with screen made of caicium tungstate,
pogsessing comparatively small afterglow and giving a blue glow, for which sensi-
tivity of photeamltipiier turns out to be the greatest.

With the taker dimensions of mask (Fig. 109) minimum frequency of natural
oscillations is approximately 1000 ¢ which provides & passband o about 100 c.

Main sources of error of functional generator are: inconstancy of mament of
starting and switching off of scanning due to instability of brightness of the spot,
nanlinearity and inatability of peak detector, instability of power supplys
(especially for compensation of constant camponent) and inaccuracy of manufacture
of screen. Error due to inconstancy of moment of starting and switching off of
generator of scanning significantly decreases with application of optics, projecting
on photocathode the image of lumineacent spot and screen. General view of such
furictional generator as made by Academy of Sciences of USSR is shown in Fig, 110,

In generaior is provided possibility of rapid transition from circuit with

controlled scanning beam to circuit, operating on static principle.

Results of experimental checking of
operation of functional generator with
controlled unfolding of beam showed that

1) error of reproduction of functions with
hand manufacture of mask lies within 1.5%;

2) drift of output voltage of order

0.4 v in 15 min;
3) passband -- 30 c;
4) limits of change of output voltage

+120 v with 10 kilohm load,

Fig. 110. General view ot Comparison of functional generators,
cathode-ray functional
generator with controlled made of cathode-ray tubes wn Lhs suatic

ecanning of beam.
principle and those with controlled scanning
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of beam shows that the latter, with other technical indices equal, require for their
realisation more slectronic equipment and give the worst use of the useful area of
the mask. However along with functional generation these devices allow us to carry
out &lso irequency modulation and several other cofunctions. Continuous movement

of the beam on the screen in these devices gives a certain increase of period of
service of cathode-ray tube, ensuring more uniform wear of screer.

By cathcde-ray functional generators it is posaible to reproduce also functions
of two variables (G. Korn and T, Korn [1]). With this aim between the screen of
cathode-ray tube and photomultiplier is placed a mask, whose transparency changes
fram point to point. The quantity of luminous flux; and consequently, the output
current of photomultiplier will be proportional to transparency at a given point
of the mask., Making the mask in such a manner that its transparency changes with
respect to the given function, from the coordinates of the beam {or voltages on

deflecting plates). One can obtain a functional genmerator of two independent

variables-
Iowy = [0 1 €12
Application of such functional generator simplifies obtaining of complicated

functions of the form

———————

=2Vl +e .
However accuracy of their work is low and constitutes 2-10% and the device itself
is éomplicated, since it requires very stable operation of the screen of the tube
and photamultiplier. Furthermore, technology of obtaining of semitransparent masks
with given distribution of transparency is sufficiently labor-ccnsuming.
During construction of specialised functional generators of two variables
semitransparent mask can be located inside the electron-beam tube. Here the need

of a photomultiplier, naturally, disappears.
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4. Pulse Functional Cenerators of

Cpen Type.

In recent years there have been offered a number of circuits (L. G. Polimerov

[1], E. E. Newholt [1]) of pulse functional generators cf open type using cathode-

ray tubes. In thess functional generators, just as in those described above

(page 239), a photamultiplier serves only as an indicator of appearance of beam

O SRS b

in slits of mask.

Functional diagram of a device is shown in Fig, 111. Here is depicted also a
cathode-ray tube with mask, provided with two slits. Slit I corresponds to the
function given fcr reproduction, and slit 1Y serves to fix the axis of the argument.
The beam with the help of scanning generator periodically deviates fram the
horizontal. At the moment of appearance of beam in slit II or slit I at the output
of photomultiplier 2 appear pulses which change the position of trigger 6. As a
result at the output of the trigger there can be singled out square pulses, duration
of which will be proportional to the distance between edges of slits., So that
measurement of this distance is made only during forward movement of beam (from
slit II to slit I) slits are made of different width., This establishes a definite
sequence of pulses during forward movement and other sequence during reverse. 1In

the puise selection unit 5 there is passed only the sequence of forward movement.

Ocid

Cox

! ]
Q.?;_ﬂ:-’_ L J H L -1 8 4 8 '—I

Fig. 111. Functional diagram of pulse functional
generator of open type. l--generator of scanning;
2--photamultiplier; 3--limiter; L--pulse shaper;
S5--pulse selection unit; 6--trigger; 7--key; 8--RC
circuit; 9--peak detector; 10--cathode follower,

Conversion of duration of square pulses into voltage is carried out by
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integrating network 8, and voltage on capacitor is fixed by peak detector 9. With
frequency of scanning 500 c¢ operating frequency of input signals does not exceed 5 c.

Such functional generator is yielding to generators of closed type with control-
led scanning of beam, since, other conditions equal, its accuracy depends on

linearity of generator of scanning, and the passband turns out to be considerably

§

narrower,

Essential improvement of performance of the considered functicnal generations
was attained in the work of A. I. Petrenko (1], who offered a method of cambining

of pulse and continuous circuits.
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CHAPTER VIII

MULTIPLIERS AND DIVIDERS

1. Classification and Short Survey of Principles of

A i Tt it R~ W ——

Construction of M'ltipliers.

Various constructions of multipliers and dividers 2re conveniently classified
on the diagram, brought in Fig. 112. Here all devices are broken down into two

groups: devices of direct and indirect actiom.

r Multipliers ]
1

Direct actlon ' Indirect ac.ion J

Combined l
dpen Based on satisfy- || Bmeed on Sarec o sarte- | fanea o satie-
Ciosed type with negative 0 ) satis .
t ing relati nshig: setlelyl g fylng reia’tor- fring re.a i~
™ feodback relatiorship ohip: ship:
'tp‘l -ttt
-t et - S — ®-iimeiie
1 Y | | | e
Baeed on geo-Y famsed on lew Based on use ;
metric Pe- of electPro- A7 Melii effect
lationshipe imagnetic in- tn sewmd -
ductlor conduet ars

Square- . aw quare-aw
\ L—d fanctioe genm i " i 0 geneps
ators wilr ators with use
Circultes with CIrrults with aut . Circuits with D}:r':lu- ~'§,:l“:.'...':~?;
slestrodynamic wmatic rhange of s e tron-bees * ube “ arleet! . :
sloments transeiesior
Taotur

Mased o mechan-
1ras frictl na;
1Nt egrs ore

irculty on princip. @ ARPW 1rcul'e

AKX witr AR

Clr ol 2 ot “he Ppri 21p.
o ep change ! rans
Wi Teetop

roNits with poten-
tiameters controlled
fres & servo syestes

Fig. 112, Classification of multipliers,
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In direct action devices the operation of multiplication (division) of two

independent variables is carried out directly by use of various physical laws.
In indirect action devices the operation of multiplication is carried out by

4 number of other mathematical operations. Here usually the transition to other

mathematical operations is carried out on the basis of known relationships of

analysis or algebra and requires, as « rule, realization of functional generation,

Thus, for example, using relationship

Fay — = - N {8.1)
it is possible to replace operation of multiplication by operations of algebraic
addition and squaring.

Functional diagram of device, reproducing equation (8.,1) is shown in Fig. 113.

>; - > 4 o 53

gl L____.\u,u,)"L

Y

Fig. 113. Fnctional diagram of multiplier
with square-law function generators. &I --
square-law function generators.

Wg-u,)

s e A s A

As follows from the figure, fo. realisation of operation of multiplication ther. i
are required linear computing elements for summation and change of sign and two »
functional generators, carrying out squaring.

For construction of such functicnal generaior, there can be used, for example:
quadratic dependence of plate current on grid voltage of three-slectrode electron
tube in regions of samall plate currents, nonlinear characteristics of pentodes

(J. M. Dukes [1]), and cathode-ray cr diode functional generators.

As another example let us consider obtaining of a product on the basis of
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relationship

Xy = a"“'a' *le, v

(8.2)

Here it is already required to carry out other functional generation-finding a
logarithm of an independent variable. The antilogarithm here is often obtained by
coupling a logarithmic generator in the fesdback circuit of tne operational i
amplifier.

Since logarithmic function is not definite for negative values of argument, then
multipliers of this type are useful directly only if the co-{actors do not change
sign. Otherwise it is neces ary to add constant positive quantities to co-factors
x arnd y, and then by subtraction of corresponding quantities single out the desired
praduct.,

Thus, for example,

(x +a)y +8) =antillg(x +a)+ Iy (y + B)).
whence
xy = —ab—ay—bx+antiflg(x+a)4-1:(y + M) (8.3)
logarithmic multipliers allow us to execute not only multiplication of several

co-factors (two or more) and also involution and extraction of root.

o
2 s HSH P e >
-1 - - Reh
T } I 417
(2 %

Fig. 1l4. Functional diagram of multiplier with
logarithmic generators.

In Fig. 114 there is presented the functional diagram of such a multiplier,

Logarithmic functional generators can be based on the diverse principles. In

-239-




g
{

A= N

certain cases there are used natural nonlinear characteristics of electron tubes.

In Fig. 115 is brought circuit (see B. Chance, V. Huges [1]) for obtaining

product on the basis of expression (8.2) with use of known property of grid

characteristic of triode:

Uy=hiogl,

(8.4)

which is correct with low grid currents, i.e., with large values of resistors,

connected in grid circuit. For integrating amplifier it is possible to write

UymU,=- K W) ~pUg + WU — pUg, — (U — aU, —U,|
or
(Wah = pUg +Uah = pUg — Wah+ g = Uy + 3t =0,
where subscripts 1, 2, 3 signify the number of the tube in the circuit,
Selecting Uy in such a manner that Wah + Uy —(Ug)y = U,
assuming K, = x » We receive
—Ug ~ Up,+ Up, =0,
whence it follows
loglg, + log lg, = log g, or U,=U,=3UU,.

Consequently, voltage U, is the measure of product xy.

P'FM'P%"J

Fig. 115. Diagram of multiplier based on loga-
rithmic dependence of plate current on grid voltage
of triode.

Instability of characteristics of electron tubes leads to increase of

~240-
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of such devices. In connection with this lately widely used are multipliers
(B. Davis, I. Swift [1]) in which reproduction of logarithmic function is carrieu
out on the basis of piecewise-linear approximation.

If one were to use the expression for total differential of product of functions

d(xy) = xdy + ydx. (8.6)
after integration of both parts of equation we receive
xy:-—fxdy+ fydx. (8.7)

In this case operation of multiplication is reduced to integration and
sumation. JSince integration here should be produced for every independent variable,
in the general case not being time, this method of obtaining a product cannct be
realized on electronic integrators, carrying out, as we know, integration only
with respect to time. This method, however, is successfully used in solving
problems on mechanical integrators (I. S. Bruk [1], V. Bush [1]).

Comparative complexity cf devices of indirect action and dependence of their
error on accuracy of fulfillment of separate elements caused development of devices
which execute the operation of multiplication (division) directly.

Direct action devices by principle of construction can be di-ided i1nto two

groups: compensational devices, either closed (with negative feeaiback), or

parametric--open.
I L I
a) c)

Fig. 116. Various principles of construction
of multipliers.
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I parameLric deviies d4re useu elements, whcse physical properties ensure
fuifiliment of muitiplication., Examples are linear 4-d and a-- clrcuils (Fig. 116,
4 and b), for whicn the voltage drop on & circuit element is the product of two
incdercadent variables--current and resistance, or a wattmeter element (Fig., 1164),
for which the mament developed by the mobile system is the measure of the product
of two independent variables -- two currents or current and vcltage. likewise, tre
electromotive force is developed by a generator on idle running (Fig. 1l6c), is
proportional to the pruduct of two independent variables: speed of rotation of

aimature and quantity of magnetic flux.

Fig. 117. Multiplier based on amrlitude modulation of
signals., 1l--first balanced modulator; 2--second bslanced
modulator, 3--demodulator.

KEY: (a) To carrier frequency source.

For obtaining a procduct there may also be used the phenomenon of amplitude
moduvlation. In Fig. 117 is depicted the fundamental circuit of one such device

(G. D. McCann, C H., Wilts, and B, N. Locanthi [1]), made on the baais of two
balanced modulators: one, assembled in a annular circuit of dry-disc rectifiers,
and the other--tube, using property of variable-mv tubes to change steemness of
grid characteristic (in definite limits) directly proportionally to voltage applied
to grid.

Modulated in the first modulator the input signal will form as it were the
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vo.tage cf the carrier frequency for thLe second modulatcr, where this carrier
frequency a sccond time 18 moduiated by a4 second input voltage., Double-modulated
vuitage of carrier frequency af*er amplification is rectified by phased rcectifier
(demodulator). Magnitude of rectified voltage turns out tc be proportional to
product of U, and ”y'

In compensational devices the operation of multiplication is executed with
coverage cof the cevice or its main elenents by negative feedback. Here it turns out
that the result ¢f operation of these devices under certain conditions does not
depend on change { characteristics of elements, covered by feedback. Compensational
multipliers are constructed on diverse principlea. They can be divided into three
main groups:

.) devices, based on automatic change of transmission factor of a certain
network,

2) devices with electrodynamic elements;

3) devices, based on application of electron-beam tube with transverse electric

and magnetic fields.

-9y0,
e
Vl-c:; ::»-Jf:rzi
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Fig. 118, Methods of realization of multipiication of sign-
alternating signals., l--multipliers, working with one sign-
alternating co-factor; 2--aifferential amplifier.
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Muitipliers, maae in the form of jurely electronic systems, provide i suf
ficientiy wide passband of signals and error within L,. - . Flectromechanicai
device although they ensure in princirle large accuracy, have 4 narrow fa: sband
(up to 1 ¢).

Usually to multipliers is presented the requirement tc carry out the cperat:on
of multiplication of two co-factors, each of which cap ta<e botlh positive and
negative values. Above it was chown how, with the help of a multiplier, working in
principle only with positive values of co-factors (multiplier with logarithm.ic
generator), it is possible to carry out multiplication of sigri-alternating
co-factors, In Fig. 118a and 1180 are brought methods (G. Korn and T. Korn {1])
of realization of multiplication of two sign-alternating co-factors by multipliers,
in principie allowing change of sign for only one co-factor.

In recent years most widely applied are multipliers based un the time-pulse
principle, and multipliers made fram square-law functional generators. The {irst
ensure comparatively high accuracy 0.1 t00.2# ir a relatively narrow passband, the

latter differ by a wide passband and accuracy within 0.5 tol%¥.

.,___m._____,_q
a) “ _——qi—-—»oj-—-

—1
»—-i 08 | £~—--J

on% |,

b) & &
) =31 >

|

Fig. 119. Methods of construction of
dividers. ¢ --functional generator, 1l--
mu tiplier.

o

Operation of finding a quotient usually is executed either by a multiplier
in combination with a functional generator, giving the reciprocal (Fig. 119a), or
by coupling a multiplier in the feedback circuit of an amplifier with large

amplification factor (Fig. 119b).
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(8.8)
Tre latter method of obtaining a divider requires less equipment and gives the
possibility to obtaining the cperation of division in a wider range of change of

Uy as compared with application of a functional generator reformer for obtaining

of yuantities, reciprocal to Uy.

<. Multipliers Based on Principle of Automatically
Regulated lransmission Factor,

These devices usually ccnsist ol a network, to whose input is fed a voltage,
representing one cc-factor, and the transmissicn factor automatically changes
lanearly with change of voltage, representing the second co-factor,

Depending upon peculiarity of physical realization of this network we distir-
guish:

a) devices, made from an operalional amplifier with a transmission factor
changed by steps;

b) time-pulse devices, or, as they are otharwise callad, devices with pulse
dividers;

c) devices, based on double amplitude module*ion;

d) AM-FM devices,

For increase of accuracy of conversion of one of the co-factors into the

transmisaion factor of the retwork there is used introduction of negative fesdbeck.

On skeleton diagram, Fig. 120, by -1 is designated the divider, to whose
input is fed constant voltage U,, and {rom the output is removed part a UO
(where a is the instantaneous value of the divider's transmission factor). This
signal is compared by differential amplifisr 3 with signal U,, representing one

of the co-faciurs. In case of mimsatch, to the divider is fed a signal which
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cranges its tranamiss:on factcr 1n such

direction as to eliminate Lhis mismatch,

cwmy, JyIf
>-'-’-:"—-J—'—’-J In a steady-state reg me with very large
Ky this relationship 1is correct:
% s
—— a2 »—J——';-!:& GUU ) (r‘r
whence
Fig. 120. Method of automatic
control of transmission factor 8= o Ue
by negative feedback.[=-1,/~-2
--dividers; 3-~differential if the coefficient of division of the
amplifiers,

secord divider [J-£ changes owing to the
same mismatch signal, then during feeding its input with voltage of second co-facter

Uy we receive

U, U
U'=1U”—‘—=-T/;-!- (809)

Let us consider certa.n practical circuits of the above-mentioned muitipliers,

a) Multipiier based on step change of transmission facto In the mulitipiaie.,

based on step change of transmission factor of operational amplifier, there is usea

the basic ratio for an operstional amplifier:

Y,
Comz ‘i'; LR

When Y, = const output voltage is

h
::> | Y ] proportional to product of conductance Yl
' "]
* ", v and o, . If one were to make
- r(&)___“"_"."“'.___u___x
’ __(b)j_gg ”~ conduciance Y; according to law
L_(f‘) Forencrm
V - Re L 1
:: Cé:) 1 »n? (8.10)
vy
1t :::> . then such a device wculd execute the
v " | |“'%?
L 1 i operation of multiplication.
Fig. 121. Skeleton diagram of muiti- However it presents great difficulties
piiers with step change of trans-
mission factor. 1, 2--amplifiers; to execute conductance, linearly changing

J--reversible binary counter, AL--
pulse generator and shaping cascade,

5--command output, sensitive to ‘
polarity and magnitude of mismatch introducing here its own emf to the circuit.

under the influence of voltage and not

g Y: za) Count: (b} Add; {(c) Subtract.
f;‘( '21‘6"
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Trerefores we usua..y rescrt o approx.mate rea.iszation of relationship (8.1C),
repiacing iiflee: Zfpendance by step or changing to linear dependence Detween mean
values.

In Fig. 121 is brought skeleton diagram of one veriant of auch a multiplier
(E. A. Goldberg {1]). Conversion of one of co-fa~tors into a proportional change
of conductance is carried out here by a unique system of negative feadback, including
a digital device.

For the first operalional amplifier this equality is correct:

vy=-[u, 2 —u, 32) {6.11)

If this voltage exceeds a specific positive value U3, >0 |, the device
delivering commands lets pulses pass tc the binary counter, which for each pulse
takes away one from the number earlier fixed on it. Tc each digit of the binary
counter there corresponds a relay and a conductance (1Y, connected by this reiay
to the injut of the operational amplifier. This proceas will occur until le
changes so much iigt with constant ¢, U, will be legs than U, . In thi case
access of pulses to binary counter will stop. W Ui< iy <O, then
device delivering commands again lets pulses pass to the binary counter, butl now
every pulse already adds one t.o the number on the counter and threreby switches
the relay in such a manner that

Wil <l

when U,-+0 in a steady-state regime this relarionship is correct:

Y Y,
U'-Y'.L-"" U.*'?.lao.

whence
FVg= 1" U, (8.12)
If binary counter simultanecusly controis several idantical systems of relays,
and the latter commute conductance tc input of other operational amplifiers, then

at the output, for exampie, of cperational amjliifier 2 we will receive

Ya
Uy - U, 2

]
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.{ we assume trnat V.. oo, an: Yoo Y, ren

‘ince inputl imrecance, commuted by the relays, .8 constitut fram ;fassive
elements, then for realization of multiplication with sign-aiternating co-facinr
', we uge addition t» the :input of first operational amplifer of a positive fixed

voltage U., in magnitude exceeding liie maximum possible value of voitage ”x‘ Here

{7, .
in the provuct there 13 & 8Superiiuous camponent L ' , which mus*' be zedquctl-
o ]

ty feading the input of the operational ampl:ifier 2 an additional computent

after sipn-inverter J (Fig. 122).

:> s

C-o-u'-p_h

LYUMarN
Barvecme [

; Yy

> -“'C:‘ 2 7 ui:'u‘
3 1 -
Fig, 124. The same a3 in Fig. 121 but for
multipiication of sign-altemating signals.
l, &, 3--amplifiers, L--reversible binary
counter, S..conmand output; 4--pulse

generator and shaping cascade,
KEY: (a) add; (b) Count; (c) Subtract.

In the deacribed device there were provided 1l binary digits in the binary
counter and correspoencdingly 11 passive circuits, commuted to input of operational
amplifiar which allowed us to set conductaice at the output with accuracy of

(. 00458 in reference Lo maximus value.
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for acce.eratiorn f Uperation of levice as cammuling devices the ¢ were used
S[MC 181 hizh speer reiays with a4 respons* C'me, it cxcesdling ivu microsecounis,
At a frequency of "ulse repetition of iUU ¢ the time, requiired t. change Y;,
with intermittent charge of U, by a total magnitude, constitut«d 1 sec.

Tre considered cevice allows us to realize simultaneous multiplication of
.y U _,,...Here we need adcitional
y' Tyl
conductances, controlled from relays, and corresponding quantity of operation

magnitude U, by several variables Uyl' U

amplifiers. Other equimment will be common for all multiplication circuits,
The device as a whole possesses a low passband and requires a large number of
electron tubes.

bjHultipliers, based on application of pu;ae voltage dividers (time pulse

devices)., Multipliers consiiered in this section are tased on change of spacing cf
periodic sign-alitermaling rectangular piises proportional to one of the c(o-factors

and of the axplitude of these ;» !ses proportional to the seconc.

a) “S“‘r c.' _l e
rg
éi _fo; rT*-.’“ fi%i‘

g s B By

Fig. 1<3. Principles of construction of
time-pulse multipliers, J--key contrclling
units.

In Fig. 123a is a skeleton diarram of the device, expiaining the principle of
_ts cperation, Fey K is periodically switched from contact A to contact B, grounding
thereby the lower, and then the upper voitage divider. To the upper voltage diviac-
is fed 8 positive vaiue of first co-factor, and to the .iower--a nexative, cbtained
with the help of sign-inverting amplifier 1.

To the ocutput of (Lhe device moves woltage al when key 1s on contact A

1 4
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and-- al’, with transition of key to contact B,

Let time of stay of key on contact A be t}, on contact B, t,, and total period
of operation of key--T.

We will calculate mean value of cutput voltage of device for period T:

3y, L (8.14)

(J.ux cp - 7

From 'ormula it follows that mean value of output voltage wiil be proportional
to product of Uy by relative duration \spacing) of operation of key:
=h—th 8.1
E=—0 (8.15)

I7 one were to construct circuit of control of key K in such a manner that

¢  kjUx, then

Usar oy = U, U 2k,

suL. )

(8.16)

50 that such a device operates correctly, it is necessary that frequency of
switching of key is significantly higher than frequency of change of input signals
Uy and Uy, i.e., that for the period of operation of key K these voltages can be
considered practically constant, Capacitor C serves to smooth the sign-alternating
high-frequency pulses,

For simplification it is possible to execute the circuit of the multiplier
with sign-alternating co-factors, using only a one-way key (Fig. 123b). In this
case, 3o that output voltage of amplifier 2 had equal amplitudes during open and
closed state of the key, obviously, it is necessary, that

Ry = 2(Ry + Ry).

In recent years there have been offered a number of devices, working on this
principle. These devices differ mainly in method of physical realization of key
and circuit of obtaining the dependence ¢t = kyU,. As key frequently there are
used polarized relays, fed by alternating current (D. Isle (1], G. Korn and T.
Korn 72]).

Simultaneously witn feeding by alternating current into coil of relay is

introduced megnetizing, created by voltage Uy of second co-factor. Thanks to flow




of magnetizing current armsture of relay iags in one extreme position longer than

in the other, and thus there is attained change of spacing of rectangular puloses,

«-—-~~—.|
!
33 -]

To improve linear dependeance of spacing

of pulses on voitage U, there is appliad

the ccmpensational circuit (G. Korn and T.

)

|

e 1Y 0 Korn [2]) shewm ia Fig. 124.
yp &L w 2 4 aep%4 A
d i This circuit can work also in the
Fig. 124. Electramechanical avsence of external alternating voltage due

time-pulse multipliers with
negative feedback, [P --
polarized relays, J --static
transmission factor of filter,
i--smoothing filter,

to natural oscillations,

Such multipliers are outstanding in

their simplicity end compesratively low cost.

Error of their work is 3-3.5%, and passbe-. is not higher than 1 cycle.
Desaire to expamd passosnd of such devices and increase accuracy of their

operation lead % . rep.acement cf r-lays by the electronic key.

) : The most wide-spread circuit of dicde
key, applied in thess devices, is shown
in Fig. 125 for the casze of a cne-way

keéy. To terminale M—N is fed alternately

voitage from control unit by the key first

Circuit of diode When there is fed

Fig. 125,
key.

+150 v and then +150 v,
+150v, both pairs of diodes open, whereupon
tne difference of potentials between points a and b becomes equal to zero; the
key is closec.. In the case of opposite pelarity diodes are closed and the key is
spen; the input sigral passes into the operational aaplifier.

In Fig. 126a is the functional, and in Fig., 126b the fundamental diagram of a

multiplier, developed at the Academy of Sciences of USSR.*

¥Figs. 126 and 127 are borrowed from work of I. S. Bruk and N, N. Lenov [1].
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Stable frequency oscillator creates sinusoidal oscillations, which with the
heip of pulse shaping circuit ®§ will be converted into puises with freguency <.5
kc, starting oscillator of saw-tooth oscillations [II" .

The pulse shaper at the beginning of each operating pericd of the saw-tooth
oscillator gives a pulse to trigger T, bringing it to initial position. I for
each cycle of operation gives a voltage linearly variable in time with a small return
time (cf the order of 0.05 T), symmetric relative to zero (Fig. 126b). Voltage
U moves to gain comparator CA, where it is compared with input voltage V.
At the moment of equality of U, and U, the gain comparator sends a pulse to
second input of trigger T and transfers it to another position. Output voltage of
the trigger controls the diode key, consisting of four double diodez and two
voltage dividers (Fig. 127).

From the diagram of change of voltages at ssparate points ol the circuit, in
Fig. 126b, it follows that spacing of rectangula. puises at output will be

- t—1, =1%:F'

Therefore according to expression (£.1i) mean value of output voltage will

constitute
Uir o= g— UL, (8.17)

Stable frequency oscillator, pulse shave» and suw-tuvoth oscillator are mounted
separatoly and are equipment, cosmon to all multipliers the simulator.

Voltage from [’ moves to gain comparator through cathode follower, reproducing
input signal with error, not exceeding 0.05% (tubes Jdy and ~§ﬂ12 on the diagram
of Fig. 127), and eliminating inieraction of separate multipliers of the installa-
tion. The gain comparator is built by a circuit with pesitive feadback through
transformer HT {tube Jdg ). Trigger consists of doutls vricle oN8 (Is).

Diode key consists of four 6N8 tubes ( dg =~ 19 ), working in diode regime.

With the help of toggle switch T it ie possible to change the aign of ontpuv

voltage of the device.
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Sign-changing amplifier and output amplifier are standard opera®ional amplifiers

of an analog.

B "26. Multiplier of analog of Academy of
oo.uces of USSR.
KEY: (a) Sign-changing amplifier; (b) Diode key.

As expression (8.17) and analysis of work of such devices show, main sources
of error for them will be: unequalness of stsemness of leading and trailing edges
of pulses at the trigger output, instability of amplitude, error in linearity of
voltage U, , and also imprecise work of keys with increase of the commutation
frequency. According to the data of N. N. Lenov [1], total error of such a device

constitutes 1%, and the passband is 19 ¢,

Fig. 127. Operation of mul-
tiplier of Pig. 126.

KEY: (a) Germanium; (b)
Sign-changing amplifier.
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It is possible to significantly decrease influence of above-mentioned factors
on the device's error, if the cirsuit of conversion of co-factor J, into spacing
of rectanguiar pulses is ex :uted on the principle of negative feedback, as this is
offered in Vol. 21 cf Trans, Massachusetts Institute of Technology snd in further
developed b3 A, A. Fel'dbaum and A, I. Manukhin (1],

In distinction from sarlier conaidered circuit here trigger T simultanecusly con-
trols ‘wo diode ona-way keys (Fig., 128). Key K| passes voltage of one of the cc-
factors Uy to output operationsl amplifier. To key K, is fed a constant 'reference
vol age U'y. Output voltage Uy of key Ko is averaged by filter Ry, Cp and is fed
into amplifier 1 through resistor Ry with a sign, opposite the sign of vcltage Ux‘

Thus, for amplifier 1 there will be formed & negative feedback circuit through
trigger T, key K;, filter and resistor R,. When Ux = (0 there is established voltage
Uy of such magnitude that ¢ = 0. Voltage at integrating point I of amplifier 1
will be

_ R, R
U"‘U'T.+R. R+ R, Uep (8.18)

With a very large amplification factor of amplifier 1 magnitude U, can be
disregarded as compared with camponents of the right side of equation (8.18), and
R,
U""-:U:'k':"
On the other hand, according to (8.14)

Ut’ = GUqE.
whence
. R, 1
\‘—I“MU‘. (8019)

From expression (8.19) it follows that considered circuit with large meaning
of amplification facter of amplifier 1 establishes proportionality between input
signal and spacing of rectangular pulses at the key output.

Inetability of amplitude of voltage of saw-toothed oscillations ¢, ,

amplification factor K: amplifier 1 and value of initial spacing does not affect

accuracy of conversion. Equally small deflections in linearity of voltage lU,, are
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immaterial.

Accuracy of result vill depend on

stability of U, % and 1.

This inveutigarion carries a qualitative

character, since by force of the finite

value of amplification factor there will

b) ‘_-j be introduced certain error. Fwthermore,
v.f: :’:: unequalness of time constant of charge
b :’ and discharge of capiacitor (¢ during
& operation of the key will also affect the
i ] departure fram linear dependence (8.19).
Fig. 128. OSkeleton diagram of Fundamental circuit of a multiplier

time-pulse multiplier with

negative feedback and diode keys. is showm in Fig. 129, S5ix envelopes in the

KEY: (a) To input of output

operational ampliflier, circuit are distributed as follows: 1X;
and I, constitute d-c amplifier 1, 13 will form an asymmetric trigger with
cathode coupling, JL , 15 and 16 --diode keys K; and K,. Tube "6 is
common to diode keys K) and K;. Capacitor C, serves to prevent of generation of
the d-c amplifier, but capacitor C; will form integrating feedback, improving
filtration of voltage in the circuit. Setting of trigger in intial position is
carried out by a voltage pulse, appearing at the moment of a jump of saw-toothed
voltage. Output voltage of considered multiplisr is determined on the baais of
(8.14) and (8.19) by expression

R, VU
U= Uy =t

If reference voltage UO and voltage Uy change places, such a time-pulse device
will execute the operation of division.

Main parameters of the device (according to the data of A. A. Fel'dbaum and

A. I. Manukhin (1] with Uqn;. frequency equal to 1000 ¢ are such:
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1) time of initiating the operating mcde 12 mir;

2) maximum drift of wviput voltage in 100 sec 8U-100 mv, in 10 min—140 mv;

3) maximum error of product 10.4v;

4) maximum background at output 1 mv;

5) gain-frequency response has a slump of less than 5¢ for channel Uy up to
frequency 12 ¢, for chamnel Uy -- up to frequency 16 c,

Furvaer improvesent time-pulse muliipliers has ueen in the direction ot
increase of static accuracy and expansion of passband.*

In the circuit (C. D. Morrill and R. V. Saum [1]) shown in Fig. 130 this is
attained by transition to stabilized electronic keys (K; and K3) and introduction
into the self-excited regime a circuit of conversion of U, intc spacing of pulses,
Here there drops the need for a source of saw-t-othed voltage.

Stabilized electronic key is an coperationai amplifier with two feedback circuits
parallel tc the amplifier. Each feedback circuit is commutated by a double triode,
contrclled through two-cycle amplifying cascade by rectangular pulses of trigger
circut.

Depending upon polarity of rectangular pulses, arriving «t grid of tube 13
t.ube 11 or 12 opens, Output voltage is removed from points A and A' of keys
K; and X, accordingly. When the upper feedback circuit (Rg;) is clossd, the lower
is open, &nd voltage U, is aqual to voltage a! integrating point of amplifier 1. In
practice one can consider it equal to sero. Upon closing the lower feedback circuit
the upper one opens and output voliage obtains the vaiue

U, - gg. U, (8.20)

With such a principls of construction of a key there is removad drift and
influence of natursi perameters of commutating tubes on accuracy of work of system,
and we conl also lncrease frequency of commutation of voltage U, and thereby expand

the passbard.

#5ee, for example, E. A. Geldberg {3], E. Flater and K, Frintz (1].
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Fig. 129. Fundamental circuit of multiplier.

We will derise basic relationships for the considered circuit (Fig. 130).

W)

Fig. 130. Time-pulse multiplier
with stabilized key. 1, 2, 3, 4--
amplifiers; 5--trigger circuit with
two stable equilibrium positions.

T) and T, then duration of the section

Let voltages of operation of trigger
circuit be e; and e, (e; > e,). Let us
assume also that operation of trigger
circuit after reaching e, corresponds to
closing of key ( X,is open, and d; is
shut), and operation upen reaching e
corresponds to opening.

Change of voltage at output of integrator
3 for voth cases when % =2, Ry; =Ry

£

and U0< 0 will be:

T,

- =%f(¥i“‘.:
(8 + )

It Ux ch.anges little during the time

(8.21)

...f,:

e
.
of build-up of voltages at output of
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integrator will be
("."“!)C .
% A (8.22)

»

T|=

For section of voltage drop we obtain analogously

e, —e)C ..
L= vy (8.23)
R, " Ry

Spacing of pulses, created by keys K; and K, when R31 - Ryp, is determined by

sxpression
E= =% M Ry
TT+T, Uy Ry’ (8.24)
Mean value of output voltage of operational amplifier 4 when ::: - 2 and
R, - R _ will be
6l 2 Uy R R R U,
= Ty R, Ry Ry, U (8.25)

Frequency of natural oscillations of circuit of conversion of voltage U,

can be found when R32 = R3l from expression

2_ (R
1 ! UVs—\%, U')

. _ (8.26)
/= T. 3+, = (¢, —#)CR,, U,

which shows that frequency of natural cscillations depends on magnitude of voltage

Ugs Ux’ time constant CR31 and voltages of operation of trigger circuit. Wwhen

U, = 100 v this frequency of natural oacillations according to the data of C. D.
Morrilland R. V. Baum (1] changes from f = 15 kilocycle when Uy = C to f - 10 kilo-
cycle when Uy = 100 v. Error of prcduct of such a multiplier does not exceed (.17 and
passband lies from U to 200 cycles. Total of required envelopes is 18.

Described devices, although possessing comparatively good technical character-
istics, still are excessively complicated, unreliable and have exceptionally high
cost. In recent years in connection with development of technology of semiconductor
instruments and magnetic amplifiers there were repeated efforts to realite the time-

pulse principle on tubeless elements (L. A, Finsi and R. A. Mathias (1], L. J. Craig

(1}, P. L. Van-Allen [1]).
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As exampls let us consider the multiplier offered by R. L. Van-Allen. In it
are used pulse dividers, controlled by keys, built on semiconductor triodes (R. L.
Bright [1]). Relative duration of switched on state of key changes proportional
to voltage, representing cne of the co-factors, and amplitude of the voltage,
camutated by the key, represents the second co-factor. Mean value of voltage,
teken from load resistor here will be proportional to the product of the mentioned

voltages of separate co-factors.

a) 3
L » IE
>—iL—
-2 |
AR I ]
s
b) §
- FP-—" ”/l,'/ - - = *’m /"7’/7" N -
”‘ TJ{Z“’SO. //2/: | '/4/‘:{;/;2 —

— lw ¥
51 3 2z
m——y e b

-

)

Fig. 131. Principle of action of time-pulse

tiplier on semiconductor triodes and
transformer with core, possessing a rectangular
hysteresis loop.

p—

Ccaversion of voltage in relative duration of work of semiconductor key is
carrisd cut by special circuit, the basis of which is a transformer with core,
made from material with a rectangular hyst‘cmio loop. Change of flow in such a
core under the influence of applied voltage U, one can determine fram expression

r
O—l!U,dtivx sec). (8.27)
if one were t> ignore voltage drop in omic resistance of winding circuit I (Pig.
131a).
If at moment of application of voltage U, the core already was satureted under

the influence, for example, of voltage of rectangular form Fnepand polarity U, such
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that the core is here magnetically reversed, then change cof flow for a fixed interval
of time will be proportional to the mean val ~ of voltage U, for the same interval
of time. With application of constant voltage of magnetization F. or8nd a
disconiected Uy the recovery time of saturated state will be proporticnal the
accumulated change of flow, and consequently, to the mean value of voltage U,-

Thanks to inclusion of diodes L) and [, in the circuit of windings 1 and II
there is achieved the required sequence of application of voltages U, and Enep
Indeed, in the half-period, when F’nep is disconnected from winding II, umer
action of voltage Ux in the core is stored a chan . * of flow; in the other half-
reriod after opening diode 112 there is a return to the former saturated state.
Here for the duration of time (: . ;) dicde ,&l closed under the influence of
the voltage induced in the winding. Since S - §; (Fig. 131b), then

e = U, g (8.28)

In the half-pericd of connection of voltage Uy in winding III there is induced
a voltage of such polarity, that the semiconductor triode is closed {p~tential of
base is higher than potential of the emitter) and resistance of the emitter--
collector section sharply increases. This state corresponds to opening of the key.

In interval (: - ;) polarity of induced voltage changes, the triode

opens and to load resistor in practice there is fed total voltage.

Thus, the mean value of voltage on load .-esistor for period T will be proportion-

al to the desired product
Udewe UWU,
fosr 09 = ""F T 72; ’ (2.29)
In Pig. 132 is brought a full fundamental circuit, designed for sultiplication
of sign-alternating co-factors. In this circuit for improvement of cammutation
of circults of voltage Uy and E“‘,p there are introduce! two semiconductor keys
Tp-5 and Tp-6 and an auxiliary transforwmer with windings W;, W,, W3 and ¥W,, fed

by voltage Enop . Besides, for limitatiom of current in the circuit Epep there
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are introduced diodes L, and [; with reference-voltags scu=s E.

To guarantee accurate work there is required high degree of stabilization of
voltages E and Enop . It is necessary also that sources of U, and Uy possess
constant irternal resistance, not exceeding 1000 chms.

The passband is determined by the frequency -f Euep , and uwdumisy -8 upper
boundary is at least an order lower than the frequency of Encp . Stetic accuracy
according to the data of R, L. Van-Allen (1] constitutes +1% at constant temperature.
During change of temperature fram O to 60° accuracy falls to t4%¥ (during change of

input voltages in an intervali from O to 16 v).

& oy

Vs

Fig. 132. Fumamental circuit of time-
pulse multiplier made of magnetic elements
with & rectanguiar hysteresis loop and
samiconductor triode keys.

A dividing .ime-pulse device, made out of these slements, is busal on
peculiarities of coree with rectangular hysteresis loope, conaisting of the fact
that the time of reverse magnetisation of core from one state of saturation to the
other is reciprocal to the amplitude of the magnetimm-reversing voltage (D.
Schaefer (1]).

Analysis of work of described devices shows that they still canmnot completely

replace tube devices. Their further develomment and improvessnt are in direct
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dependence on improvement of technical indices of semiconductor triodes and coires

with a rectargular hysteresis loop.

Multipliers based on modulatiocns of input voltages. Application of various

methods of modulation of .ignals allows us practically with that same ‘tatic
accuracy tu construct a multiplier with a significantly wider passband as comparec
with the above considored time-pulse systams.

We distinguist ‘evices, bascd on amplitude (M. Mehron and W. Otto {1]) and on
a combined amplitude and frequency o, stem of modulation of signals,

An example of a device of the first type is the multiplier of the Massachusetis

Institute of Technology (see B. Chance, V. Huges {1]), a skeleton diagram of which

is shown in Fig. 133.

1 < U,
L e U vaglel-io} }
a..\"...d i;} L_.____ n i s, tu,u.a o L.?_J L‘J
Al
@%‘.
l__ Al

Ei{‘}..l

Fig. 133. Multiplier, based on amplitude modulation
of signal. Ii--controlled amplifier with amplification
factor m); 2--controlled amplifier with amplification
fector mp, 3, 4--generators with frequency w,, wy; 5,
b, 7--rect.fiers 8..-cathode follower, 9, 10--filters,
tuned to frequenc1es Wy, Wy
Basis of this device is two mcdulators 1 and 2, made in the form of amplifiers
with amplification factor, changing propor.iional to orne of the applied voltages.
As sucin amplifiers one can use, for example, cascades of vacuum-tube amplifiers,
constricted from "varimu" tubes or multigrid tubes.
To amplifier 1 is fed signal U; constant in amplitude and of frequency ).
This signal after amplification is rectified and is compared with input signal U,.

I1f both signals are unequal, then there appears a jifferential signal at the input
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of integrator, and to amplifier 1 is fed temsion until its amplification factor
changes so that
U,=bdmU (w). (8.30)

Thus, by the conaidered negative feedback circuit there is established linear
dependence of the amplification factor of the amplifier 1 on voltage Uy of the first
co-factor independently of change {within certain limits) of parameters and operating
canditions of amplifier 1.

Ouipat signal of amplifier 1 here is a signal with frequency w; and an amplitude,
variable proportional to input signal Uy. This signal is summed with a signal of
frequency w, and constant amplituce Up. T..is sum moves into amplifier 2 with changed
ampiification {actor. Linear dependence between amplification factor of smplifier
2 anxi voltage Uy, representing the second co-factor, is attained also by application
of a negative feedback circuit. Here cutput voltage of amplifier 2 after separating
voltage of frequency w, and rectificaticn s compared with Uy, and the difference
after intergration changes the amplificatior factor of amplifier 2 until

U, == bmU (). (8.31)

Output voltage of arplifier 2 is simultaneously passed through filter 9,
separating signals with frequency wy, and then after rectifier 7 moves to the
cutput through cathode follower 8.

Output voltage of cathode follower here will be

U,=dpmmU, (a)
Substituting in this expression values of m; and m; from (8.30) and (8.31), we will
receive finally
U = W, U, .
N (8.32)

Juch a multipiier can be made with accuracy up to 19.1% and a passband with une

constant co-factor up to 1000 cycles.

The main deficiency is comparative equipment complexity (there are required

more than 12 envelopes), and impossibility of direct fulfillment of operation of
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multiplication with sign-alternating co-factors, since during conversion of input
signals into voltage of carrier frequencies polarity is lost.

The latter deficiency can be eliminated, if we use a special modulator circuit
(L. A. lukashevich [1]), which permits us to obtain also negative values of the
modulation factor, i.e., change the phase of the voltage of the carrier frequency
depending upon the sign of modulating voltage an: replace in the circuit of Fig.
123 ondinary rectifiers with phase-sensitive ones.

Fundzmental circuit of such modulator is presented in Fig. 134.

Voltage of carrier freuuency U(w) is fed in anti-phase by secondary windings
of transformer T to grids of a triode and heptode, which work on the total plate
load. Voltage Uy controle steemness of characteristic of heptode.

If steepness of heptode and triode is identical for a certain value U, = 06 ’
then the variable output component will equsl zero and, consequently, m = O, With
increase of voltage U, steepness of heptode increases, and output voltage receives
phase, determined by halfwinding 1 of the transformer. Here m > 0. When U< U;
the phase of ocutpui voltage changes 180° and the modulation factor becomes m < O.

A multiplier made with such modulators by the gsneral diagram of Fig. 133,
ensures accuracy of 0.3% with a band of frequencies up to 10 kilocycles for both
co-factors. Frequency of carriers in the circuit of L, A. Lukashevich was

selected f) = 1200 ke and f2 = 500 kilocycles.

1

0
o ”&.‘ -””{(.’

}

Fig. 134. Furiamental circuit of phase-
sensitive modulator.
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As compared with time-pulse circuits here there is attained a significantly

wider passband, although there is lost simplicity of realization of several dividers

with identically changing transmission factor.
Multipliers with combined amplitude and frequency modulation of signals do not

have advantages as compared with devices with double amplitude modulation and

therefore are not considered here.
Description and detailed analysis of these devices can be found in works of

K. E. Frglis and W. A, McCool [11].

3. Multipliers Made from Quadratic
Functional Generators.

Methods of constructing multipliers from quadratic functional generators.

Structure of multipler, reproducing expression (8.1), in isany respects depends on
two factors: the method of obtaining sums (U, + Uy) and (Ux — Uy) and peculiarities

of functional generators, utilized for obtaining quadratic dependence.

off
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Fig. 135. Multiplier with quadratic functional generators.

In functional ~enerators, made on the basis of piecewise-linear approximation
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by diode elements {see Ch, V and V1), and also with artificial deformation of
nonlinear characteristics of certain semiconductors (thyrite, germanium), quadratic
dependence of current of nonlinear element on input voltage is reproduced only with
one sign of the input signal. In connection with this in such multipliers appears

y)‘
The necessity of singling out the modulo of these sums completely drops with use

the problem singling out the modulo of sums (Uy ¢+ Uy) and (U, — U

of a quadratic functional generator, in principle allowing work with both signs
of input signal. Among such functional generato-s in first place are devices
based on use of electron-beam tubes with an inner or outer screen (see Ch., VII).
Application of these devices brings the necessity of inverting of output voltage
of one of the quadratic functional generators.

In Fig. 135 is brought a circuit of a multiplier based on diode square-la
generators, developed in industry (see I, M. Vittenberg (2], and also L. N.
Fitsner [1]). 1In this circuit for formation of the required sums there are used
three operational amplifiers 1, 2, and 3. Amplifier 1 works as a sign inverter,
For formation of modulo there is applied an ordinary circuit (see, for example,
Fig. 85, page 172), in which as gates are used circuits of quadratic functional
generators, working only in one quadrant. Amplifiers 4 and 5 serve to change
polarity of iaput signal. By force of such specifics of use of quadratic functional
generators in the circuit there are introduced four generators.

The upper two quadratic generators work only with pcsitive input voltage, and
the lower--only with negative. Their output currents have opposite directions.
This is attained by various methods of coupling diode elaments (Fig. 135).

Multipliers of electronic analogs must give the possibility of eatablishing
the required (positive or negative) sign of output voltage independently of the
sign of input voltages. In the considered circuit this is possible to execute
by a switch by change of the place of connecting of the upper and lower pair of

square-law generators. Such multipliers equipped the electronic analog of type




MN-2,

Simplificaetion of the circuit of Fig. 135 can be conducted by change of the
methods of swummation to ‘nput voltages and methods of singling out the modulo of
sums. In the functional diagram (M. A. Shnaydman [2]) in Fig. 136, summstion of
input signals is carried out by two operational amplifiers, where the halfdifference
of Uy and Uy is obtained here by addition to one of co-factors (in the considered
circuit to Uy) the halfsum of Uy and Uy with reverse sign, obtained from output
of operational amplifier 1. Singling out of modulo is ca~ried out by coupling in
each channel of square-law generators with various signs. Dependirg upon polarity
of the signal in the channel one or another quadratic functional generator works.

So that output current of upper square-law generators always has a positive direction,
and the lower--negative, there is connected an additional sign-irverting amplifier

3. Switch [I serves to change polarity of output voltage. Further simplification
of circuit (Fig. 137a) can be is attained by transition to summation of input

signals by resistances and singling out of the modulo of these sums by diode gate
circuits (I. M. Vittenberg (2], L. N. Fitsner [1]). Such multipliers are applied

in the latest types of nonlinear models (type MN-7).

o *n 1
— >L'!"'h g{ FJZ' b .
A B o . 7 | ‘
*if:?} | i; "?ﬂl

Fig. 136. The same as Fig. 135, but with another methad of
formation of the sum and singling out of modulo.

Analysis of these variants of functional circuites shows that in the last
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circuit of Fig. 137a the number of operational amplifiers caun be reduced to two
by ancther method of summation of input vc.tages of Fig. 137b. This variant
requires for its realization a minimum of elements and, apparently, represents
the limit of aimpl.fication of the circuit, which can be achieved.

All circuits in Fig, 137 are built on quadratic functional generators with diode
elements, which differ from these applied in diode universal generators only by the
fact tha* in them the output magnitude is current, and steepness of their character-
istic is established not by a voltage divider, but by selection of the reguired
value R3 for given Rl and Rg.

For the purpose of conserving on resistors for assigmment of reference voltage
there is used a series, and not a parallel divider. Circuits of square-law
generator3a with positive and negative output currents are shown in Fig. 138.

Error of these multipliers is 0.6-0.8%. Passband is limited to the passband
of the operational amplifiers.

Main deficiency of these circuits (especially the two latter ones) consists in
difficulties of calculation and adjustment of separate square-law generators. This

U,+U, v, -t,

is caused by the fac*' that source of signal T and g has

significant interna. resistance and is loaded wit'. variable resistance of diode
circuits, depending on magnituie of voltages applied to them., Furthermore, to
guarantee correct summation it is necessary to introduce secondary voltage for
compensation of influence of reference voltage on integrating circuits. To decrease
influences of resistance of diocdes of the gating circuit in conducting direction it
is necessary to incr-ase resistance of series divider which in turn requires
transition to higher ratings of resistances in the remaining circuit.

Application for construction of square-law generators for multipliers of diode
elements with potentially grounded diodes, possessing integrating properties,

allows us to eliminate above-indicated deficiencies, In Fig. 139 is brought

functional diagram of multiplier with potentially grounded dicdes cf the analog
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EMU-5 (V. V. Gurov, B, Ya. Kogan, A. D. Talantsev, V. A. Trapeznikov [1]).
Susmmation of voltages of separate co-factors is transferred directly to diode
elements of square-law generators.

Functional diagram, shown in Fig. 140, indicate a way of further aimplification
of multipliers constructed from square-law generators, possessing integrating
properties,

Of principal interest is ths method of singling out the modulo of the sum and
difference of input magnitudes, offered in the work of A. A. Maslov {1)] and
depicted in Fig. 140b.

On dicde elemencs of the upper square-law generatcr here are summarized the

following quantities:

!
3U=(U,+U')-§ + when

0 U,+U,>0
+{ STV ALY
- "2‘“] UstU,<0 : (8.33)
On diodes of the lower square-law generator
IUJ"’U ! .

U= - y.i.-_;_g_’- <+ '"u(U'. U’):—. i L (8-3‘0)

Coefficient %—- in the first camponent of formmla (8.33) is obtained by
summation on the diode element of voltages U, and U). with weight —%— ; second

camponent, included in braces, is obtained by switching on diode /], , wherein
voltage after diode J; is summed on resistors of the main diode element with
veight 2. Secand camponent in expression (8.34) is obtained by application of
special circuit of singling out the least of the two voltages U, and Uy.

As is known from theory of rectifying circuits, during connection of two
rectifiers by like-sign electrodes and feeding of remaining elactrodes {rom two

independent sour:es that rectifier will psss the current, on whose plate the

potential is higher and on ihe cathode, iower. Thersfore during supplying cathodes
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of a sultiplier sccording to

Fig. WO. Modification
Fig. 139:
..rmn&t.tod to the

voltagss Uy and U} there will be

of diodes 52 and L3
50 that the

circuit that voltage,
positive voltagss Uy and Uy, the potential of point 8 i8

device worked alsoc during

raised DY voltage - ‘-
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When the formation of modulo fo a difference with a plus sign is indispensable
expression (8.34) ie replaced by
):U = - .l._'_;f,pl + man(U,. U,)-- 1 ‘; Oy (8.35)
Here it is necessary to single out the greiter of the two voltages U; and U’.
Obviously, for that it is sufficient to change the circuit diagram of diodes,
coupling diodes by cathodes, and change the sign of the reference voltage.

We will calculate the value of the potential at point & when Uy>Uy, >0 in

the circuit of separating min (Uy, Uy). Considering equivalent the resistance of

the diode circuit of the square-law generator Ry and resistance of diode 113 in

coraucting direction Ry , we will receive

—ﬁi"‘ + b,
0 =
TR

If resistance Rg is small as compsred with R, anmd Ry, then it is possible tlo

(8.36)

consider that
.=+,

Thus, the circuit will work wore accurately, the less the value of RA .
From this point of view for such circuits it is most rationsl tc use semiconductor
diodes.

In the considered circuits of multipliers the total input current aliways should
be equal to

I+ =3 U, +U, - U, UL (8.37)

where a is the proportionality factor.
For an output integrating operational amplifisr this equality is correct:
. .
,l + i’a - ,¢ = 'k.' .
whence

U. = I IQ-'.L!‘ .i L";? - ;‘L" - L.’}' -2 &y R‘l“t“’ (8.38)

S50 that when Uy - Uy = 1U0 v we receive U; = 10" v, caefficient a on the basis
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of (8.38) should be
=

Multipliers of this type may slso be used to exectue dividing cperations
according to the diagram brought earlier in Fig. 119b. With this aim the wultiplier
is connected in a feedback circult of an integrating amplifier (V. V. Gurov, B. Ya.
Kogan, A. D. Tslantsev, V. A. Trapesnikcy [1]).

Input voltages of the multiplier now will be Uy and U’, where U! is removed from
the output terminal of the integrating amplifier. To the integrating amplifier
through resistor R) is fed voltage Uy, representing the dividend. As before, for

the integrating amplifier the relationship Iy =-1, 18 correct and, since

l‘:%, I‘—'»:IU.'U,.
then
U,
u,= Y X (8.39)

Voltage Uy changes the conductance of feedback circuit sc that with growth
of Uy conductance increases and output signal! decreases. With a low U’ conductance
becamcs minute and integrating amplifier approaches even with a minute signal Ux
saturation ( reproduction of = "), During change of sign of voltage U, it is
necessary for observance of conditions of static stability (presence of negative
feedback) to change the sign of the current characteristic of the multiplier.
Coefficient ‘L,‘ due to seiection of Ry usually is selected equal to 10.

Error of fulfillment of operation of division doew not exceed 1.5-2%.

Transition from a multiplication circuit to a division :ircuit usually is

carried cut by means of simple commutation by a toggle mritch,

Peculiarities of calculation and construction of quadrstic elements of multi-

piiers. Calculation of square-law generators, made from diode eloments with loaa
resictor (see diagram of Fig. 138.) presents great difficulties.

We will shov, how one calculates & circuit when using diode slements with

potentially grounded diades.
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Current characteristics of separate square-law generators on the basis of

(8.37) will be: l=3U,+ U
l2 = - IIU’ - l/,lz,
!
¢ = oKy

Steepness of current characteristics will be

§,=nU, +U,l. §=- U, U,

Maximum voitage of the argument will be
U, 4 U, gy =200 .
Allowing an error cf approximation ¢ - 0,25 v and decampossing in such a
manner that the first segment of the straight line originates from the origin of
coordinates, and points of switching lie on the ideal curve, we will receive directly
from Fig. 14l all data necessary for calculation. Indeed, shaied area F expresses

error in reporduction of current characteristic, and therefore
Ayt 8.40
L (8.40)

O

LY YYD R | kY
Nk o

Fig. 141. Calculation of square-law
generators of multipliers.

On the other hand, from expresaion for steepness of current characteristics it

follows:

(8.41)
AYI =122
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From expreasions (8.40) and (8.41) we find:

LV

(8.42)
Y, =2 ‘/ e
i
When 1= fﬁ:p; and s=023 v we will receive &Y, = o, E e, = 10v .,
From Fig. 141 it follows that deccaposition of argusent will be uniforwm:
‘::“0'
g = ey, = 207,
‘:s. == 2‘:: 1 ~ 1)
@ =2, 0= 80V,
whence the number n of sections of decomposition is
n = 10,
Increase of conductance for first diode elament will constitute
!
A¥, = 0,05 “R;' =
For subsequent diode slements all increases turn cut *o bes identical and equal
2
AV, =3Y ;= ... =aY,=238Y, =01 T == "
Thus, immediately are determined weglues of &ll rguivalent resistsnces:
R,y = 20R,
R...—:. R;,. . = Rllh == §OR,3.
By resulting values of eI, we find:
’l - Ru ;‘:‘:‘ == 20
" = Rh == loR — = lSRlc

[}
’3=R3l ':..‘ lOR 7«.;“76,"
o

Py == SRy
ry= 35 R =3.75R,.

’.: %R“ = 3Ro¢.
ry, = % R“ = 2.5“«.

fﬂR = 2.18R,..

- % Ry = 1.67Rq.
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Using theorem of equivalent generator, we determine by fourd values of
equivalent resistances of resistance Rli , RZi and RBi in each i-th integrating
diode elament,

Thus, for example, for upper square-law gsnerator of the circuit of Fig. l4Ub,

we obtain
U, + ¥ v,—t, 1 v U
'au""‘(""ij ?_) -, - U’ ;(_ t y ' Ve y

From this expression it follows that
whence

Fundamental circuit of diode squara-law generator is shown in Fig. 142,

-%,__

po— T
40—
vt 5+ H
& *J“ SBSS

Fig. 142, Circuit of square-law generator of
muliiplier made by the circuit of Fig. 140b.

Application of diode square-law generators, based on piscewise-linear approxi-
mation, in considersd muitipliers along with rerits (wide passband and sufficiently
high accuracy (0.5-1%) has also 3 number of deficiencies. Amcng them cne be
mentioned the necessity of expenditure of power on heating diodes and stabilization
of relerence-voltage source, stepnature of reproduction steepness of churacterisiic
and limited period of service.

Multipliers, based on &pplication of square-law gencrators, using natursl
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quadratic nonlinsar resistances, in principle should be free from these deficiencies.
However till now wide applicsation of such multipliers has been limited by unetability
of natural nonlinear characteristics and inaccuracy of approximation of their
characteristics to quadratic ones. In connection with this such devicer on the
whole possessed a low operating accuracy. As an example there is the multiplier

for a correlator (I. N. Holmes, M. A. Duken (1], K. W. Goff [1]), in which as

quadratic nonlinear characteristic is used dependence of nlate current of pentode
on voltage of its grid, approximated by expression
ly=8+be,+cep. (8.43)

Error or such a multiplier is 10t less than 8%.

In recent years considersble attention was allotted to use for quadratic
elements of certain carborundum resistors (thyrite, villaite), possessing stable
voli-ampere characteristics (A. A. Maslov {1], M. A. Rosenblat and O. A. Sedykh (1],
L. D. Kovach and W. Comley [1], G. N. Balasanov {1), V. L. Benin [1], L. N.
Fitsner [2]).

In Fig. 143a is brought a typical volt-ampere characteristic of carborundum
{thyrite) disk 50 mm in diameter and 10 mm in height. This characteristic differs
from a quadratic one and usually is approximated (M. A. Rosenblat and 0. A. Sedykh
[1]) by expressions:

l,=a¢ +0¢c + t.t:‘.

or (8.44)

I'z-—-lt"'.
where a;, by, ¢} and k, n are constants, determined from axperimentally received
characteristics.
In order to obtain a nonlinsar dependence, close t¢ a quadratic one, by the
natural characteristic of thyrite, the latter should bs deformed, constituting

an slectric circuit, which is a cambination of linear resistances and the

resistance of thyrite.
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Circuit diagrams of thyrite, applied at present, are presented in Fig. l43b.

Coupling in a series resistor (L. D. Kovach and W. Comley [1]) as it were
stretches and straightens the volt-ampere characteristic of tyrite, at the same
time reducing its working section in the same limits of change of inrut signal.

Coupling in a parallel resistor (A. A. Maslov [1], L. N, Fitsner [2]) cause
turn of the characteristic a certain angle to the left or to the right depending
upon sign of conductance of parallel circuit. Therefore in general in parallel
circuit there should be a sign-inverter.

Application of two adjusting resistors R} and Ry allows us more accurately to
move the characteristic of thyrite to the given characteristic, not camplicating
here considerably calculation of the circuit.

h
o [,“a]

' SEERERARE

Filg. 143. Volt-ampure characteristic of thyrite and
circuit diagrem. I--ideal quadretic current charecter-
istic; Il--current charecteristic of thyrite; III--
current charecteristic of thyrite with series

connected resistor.

KEY: (a) Thyrite.
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Determination of required values of resistors R) ar! Rz in principle can be
done analytically (V. L. Benin [1]), using one or arother analytic expression for
volt-ampere characteristic of thyrite and placing thv con:ition of minimm integral
quadratic error. However this does not leed to ex}“esei-ns in closed form and an
answer can be obtained only by method of successivi approximations.

More expedient turned out to be the methad, consisting of ths fact that the
characteristic of thyrite is approximated by &% expression, determining the ideal
characteristic which thyrite ought to have in the considered circuit sc that the
circuit as a whole had a quadratic current characteristic.

For a circuit with parallel connection of resistances it turns out that ideal
current characteristic of thyrite, deturuined through parameters of circuit,

should have form
‘bf /- ‘ l: l’?‘?

h=w =) @~ 8 (8.45)
where k — !-'—;—'—‘—' , m--the scale factor of ideal quadretic curremt character-
]
istic of eircuit, et = --linear

&= 5 L=
conductances of circuit, , --voltage an thyrite
resister.
Taking for apthim of volt-ampere charecteristic of real thyrite the form
of relationship (8.45), we obtain
I,mea— Yol — be,—ce, (8.46)
From comparison of axpreesions (8.45) and (8.46) ensue relationshipe, comnecting
parameters cf circuit with parameters of thyrite:
1 1

R'Bﬂ"u—'t

& ¢

R~ o he (8.47)

¢
.-T.

Coefficients a, b and ¢ are determined by coordinates of three points of
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experimentally received characteristic of thyrite (e,,. /) (¢,; /,))i(0g 1)

. ram expressions:
¢ bV +s .
[ ]

_tllg e,V —e, (), i o)
o =100 Teysl s — sl ) '

b= (/s + co)) — /i cop,) '
L7

Values of a , § and 7 are found from expressions:

¢ =le, e (e —e,) —e e (e, —e,)+e el (0, —e¢, )
P=il gty (ey— e, )= 1]t nte,y—e,) e, 0.0 (0, - el
= datnlly = 1) = Ll pqtyy~ 1) el 60y — 1 ).

These formulas* allow us to calculate parameters of circuit of square-law
generator so that its characteristic will coincide with the given one at thres
points. So that at remaining points we receive the best approximation of character-
istic of circuit to the given, selection of points on experimental volt-ampere
characteristic of thyrite for finding parameters a, b and ¢ cne should execute
graphically by the polygon of P. L. Chebyshev (M. Ya. Fobrinskiy (1]).

Since at the basis of analytic determination of values of linear conductances
of circuit ""‘k|,' and :,--,';- lie exparimentzlly received values of coordi-
nates of three points on volt-ampere characteristic of thyrite and since the
variance of characterisitcs of thyrite {.om sanple to sample ic very great, then
the expreimental method of determination of these conductarces aleo merite attention.
Essence of method {s easily perceived fram Pig. lii. To input of integrating

amplifier 2 are connected two input circuits. One circuit is composed of &

standard square-lax generator and sign-inverting scale unit 1 the other circuit will §

be formed from tested thyrite with series comnected resistor Rl and resisto- Rz,
connected to & source of reverse polarity. In case of camplete coincidence of

characteristics of ideal square-law generstor and circuit with thyrite the sum of

*Derivation of these formulas and development of msthods of caleulation belong
to A. A. Maslov {1].
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currents /,+/,=0 for all values of input voltage E. Coincidence of currents is
fixed by & sero reading of a voltmeter, connected tc ovtput of adder. In practice
selection of the resistance is conducted taking irnito account given allowances {or
noncoincidence of current characteristlics. Selecting on the basis of calculation
te:.tatively resistor R}, then by changs ol scale m by setting of the transmission
factor of amplifier 1 we seek atreightening of the charecteristic of error (see
curve )/, in Fig. li44b). After that by coupling R, we introduce error within

the given allowanca,

oL
a)
N
AT
-£ 1 v
Mua]
b)

.‘..si!'”

Fig. k. Method of experimental determination of paraseters of circuit diagram of
thyrite for square-law generstors. l--scale unit; 2--integreting amplifier; 3--
standard square-law generator. I--ideal quadratic current charscteristic; II--
current characteristic of thyrite, lil-—curreat charecteristic of thyrite with

series comnected resistance.
KEY: (a) T™hyrite; (b) Permiseidle,
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Circuits of multipliers made from thyrite square-law generators (L. N. Fitsner
[2], A. A, Maslov [1])) are shown in Figs. 145 and 146. ‘he circuit shown in Fig.
146 is outstanding in its minimum number of operational amplifiers (two) snd gives
at low current levels great accuracy of approximation of characteristic »f circuit
with thyrite to a quadratic ons. Switch [lll serves to change polarity of output
signal, and switch [P --for selection of operating regime (division or multipii-

cation). In both c¢ircuits summation is carried out directly on thyrite resistor:.

:!-1p—QJ f-\"’ L/

M_IJ‘

L AV

T

Fig. 145. Circuit of multiplier made of thyrites.
KEY: (a) Thyrite; (b) Thermistor.

Fig. lu6. Modification of circuit of multiplier with
thyrites.

KEY: (a) multiply; (b) Divide; (c) OCTs 21, etc; (d)
Thyrite; (e) Themmistor,

For ~-mpsnsation of error, caused bty dependence of resistance of thyrite on teaper-

ature, there are used thermistors with negat’ve temperature coefficient. Resistors

Rg, Ryg (Fig. 145) and Rig (Pig. Lub) serve for equalising transaission factor of
lower square-lav generator. Circuits of Fig. 145 and Fig. 146 differ in
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methods of singling out the modulo ani method of appreximation of charecteristic
of thyrite to the quadratic. In the first there are used for singiing out the
modulo commutating circuits; in the second--the method,presented on pages 268 ard 270,
in reference to a multiplier with diode square-law geniarators. One deficiency
of the latter circuit as compared with & circuit with three opsrational amplifiers
is increase of requirements for lowering phase distortions, introduced by inverting
amplifier 1.

Error of work of such multipliers does not exceed 1%, and passband is 100 c.

4. Multipliers Basei on Combining the
Considered Principles

Multipliers of this type reproduce relationship (8.1) without use of special

quadratic functional generators.

Votwiolytew) Bom0-Uyy In Fig. 147 is brought fundamental
| l circuit (offered by I. S. Bruk, see N. N,
Lenov (1]) of a multipler, in which repro-
fy y § A ]
o ,‘ duction of shown relationship is based on
l obtaining meen valus of rectified sum of
£ \r
1“ two alternating voltages, shifted 90°. To
input of device are fed voltages U_ +
A .
and Uy — Uy, moduiated by frequency « ,
B Os -4 and the voltage of carrier frequency E ( « ),
Fig. 147. Circuit of
sultiplier, based on shifted with reepect to voltages (U, + U )
obtaining the mean value y
of rectified sum and and (U, — U)) 90°. Diodes L; ami Sy
difference of two a-c¢
voltages. serve as haifwave rectifiers, providing

simultanecus correct operation of the device with sign-altermating input signals.

Nean value of rectified voltages U, and U, can be fourd from expressians:

WUaky = % 7-5-7 {UPEIN Y]
n
Wy =7 ik YU.=U ¥R

(8.48)
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which with sufficiently large E can approximatel, be presented in the form:

LIFE ORI § v ¢ |
e, > T 7,54 {' + = )l
& R , l(é‘.- !,)’, (8.49)
Uod, * 7 5y lt 4 e "]
Diftference of potentials between points a an® b of zircuit will be
Vel = (o) Uy = ol o WU, U, Uy
' ad ( S'cp i Baley E k1, R S L A A
- 3 _R , (8.50)

Fig. iL8. d(ircuit of multiplier in which for obtaiuning
quadratic dependencss there is used the theorem of the
area of similar triangles.

In the muliplier (I. S. Bruk (2)) presented in Pig, 148 for squaring there is
used tns thecrem known from elementary goometry that the area of similar triangies
vary as tie squares cof their altitudes, For cunvarsion of vollage of input signals
intc pulses of triangular forwm with altitude, proportional t» the resultant input
signal Uy ~ Uy or Uy - U,, o the input of each dranch 1a3 fed additionaliy a
saw-toothad voltage. Voltagee 2t points a and b of the circuit will differ {rom
tero when U, U, » |U,| and U, =, >l and diodes
and 5 are locked. Here voltagee at points a ard b will change as shown in Fig.
148, repreventing triangular pulses vith altituie (U, + Uy) and (Uy — Uy).

Areas of thess pulses are

Sy=ml(U,— U P S =-a(, +0U» (8.51)
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vhere

Mean value of output vcitage is
S + -1 , ? ,,
Uy = — ;r{ln o W, = U =W, + U == U, U, (8.52)
For correct operation of the device it is necessary that U,+ U |... < |U,, !
and the frequency of repetition of saw-toothed oecillations was, st least, two
orders higher than the frequency of change of input signals. It is natural that

accuracy of operation of the multiplier directly depaxis on linearity and stebility

of viltage »f gemerator of saw-toothed voltages.

- L/ it d Bd

=y = = o

L_'i,_’_“ ','L"" - —-:‘; ’:’a:_—-*:- ’
(ki

Fig. 149. One variant of ~ealisation of ecircuit of Fig.
148, 1l--subtractor-l; 2--filter.

On this principle there was built a xultiplier (R. L. Mills [1)) using cyclic
camection of rectifiers for singling out triangular pulses of required polarity
(rig. 149). Potential diagram of voltages, applied in sections a and b of the
annular circuit whean (Uy + U’) > 0 and (Uy — U’) > 0, is shown in the same
figure.

From analysis of the circuit it follows that mean value of output voltage of the

subtractor for the period of change of Uy will be

v 3.2 (S + S — (5 = S0 (8.53)
ap ™ T ) S :
Since triangles with areas 35;, 8+ 3,.85,9, are similar, then:

S, =bUe+ U, + U 5 +S=0Us- L, - UpP.
S, =AUy +U,—UR2 S =aU,—-U,—U,\

wheare k = r___
-
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After substituting tiesa valves i- (8.53) we will received finally:

[ . 2
Uy =gz W, + U P~ - U = U U,

8 g,
."' Z Yyl dy rﬁ‘ i!el SR S I/: "'Z"
= MLWDl % S
i3
Yo, 3
1
e Upy

Mo
. B‘Qr‘ Hpolyrl
' XN

atfl; g5t WUy

Fig. 150. Second veriant of multiplier on the
circuit of Fig. 148. 1l--generator of saw-toothed
voltage, I --adder; <--subtractor; 3--unit for
change of sign.

(8.54)

An interesting modification of methad of physical recligation of considered

principle of construction of =ultipliers (K. H. Norsworthy [1]) is illustrated

by skeleton diagram of Fig. 150,

here are usad two identical comwutating circuits.

In each circuit the cathode of

one diode is supported by a positive vcltage, while plates of other diodes are

connected through resistances to the ground.
U is selected equal to magnitude of reference voltage e

diagrams of voltage at points P, Q2 and Pz, Qp show that mean value of voltage at

these points are:

when

W,+Up>0
(Uﬂ)t' = oq -+ ')‘L; w,+ U,)’.
((jol)(' = 0;
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Amplitude of saw-toothed voltage

Potent.ial

[P RSN Y TR WU

Instead of an annular circuit diagram of rectifiers




!‘ 'n': I} l

¥ig. 151. Fundamental circuit of multiplier
fulfilled according to Fig. 150, l--saw-
toothed generator; 2--unit of change of sign;
3--reforence-voltage source; R, =R, = R, =
""Rh‘Rs-n6-1 km, R7 'J“B.h'fﬁém,
an'alo'au‘RF'wm, Rn -Ru-
KEY:" (a) Outlet.
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(U’l )t’ = ‘-yqt

1
Wekp = — Yn (U,-4 U,n

U,-U,>0
(Ur)y=tea+ 5o (U, = U P,

(Uo,)t' =0,

U,--u, <9
WUr)ep = ton.

Way, = - 3;;‘“: —u,n

Mean value of output voltige of subtractor here is determined by sum
Ul cp = g{UP| )tp +(1;Q! )gp‘ - l(UQ| ‘cp + (Up.)t‘.l,
With any combinations of signs of input signals this expression leads to

relationship

i
Uyp= g W, + U=~ (U, — U= 20U

e (8.55)
Fundamental circuit of such a multiplier is shown in Fig. 151.
As source of saw-toothed voltage there is used a special generator, made from
three envelopes, providing a frequency of output voltage frem 1 to 2 kilocycles.
Reference-voltage source in the circuit should have low internal resistance.

Error of device constitutes 1¥. Maximum frequency of input signal 50 c.
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CHAPTER IX

PRINCIPLES OF CONSTRUCTION OF D-C ELECTRONIC
ANALOG COMPUTZRS

1, Composition of Computing Elements, Methods of ﬂdw
Installation and Interconnection for Solving a on,

Composition of computing elements of an electronic anmalog i2 determined by
assigmment of computer. We distinguish general-purposs and speclalised devices.
Gsneral-purpose computers have as their main sssigmment solution of ordinary
linear and nonlinear differentiszl equatioms, occurring during investigation of
dynamics of various technical devices. Specialised camputers are intended for
investigation of anly one definite class of these devices and therefore must
provide resolution of differential equations of fixed structure. As an example
there san serve various link trainers (see G. B. Ringham -nd A. E. Culter [1]),
installation of type "Typhoon"*) and "Tridae,™#* adapted correspondingly for
instruction of flying astaff and solution of problems of dynamics of guided missiles.

In specialised devices depending upon thoir assigmment there can bo provided
completely definite camposition of computing eiements.

Miow computer aids air defense (Project Typhoon), Blectromice, 1951, Vol. 2,
Ho. 2, page 132. (For short charecteristic and photo of general appearance see

appencix II, page LAS,

#¥Mree-dimensional analogue ccaputer, Engineer, 1954, Oct. 15, Vol. 198, No.
5151, page 532. (Por short charecteristic and photo ses appendix 1I, page UL68.
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In general-purpose devices it is impossible in principle to limit composition
of computing elemonts since beforehand it is unknown what problems will be posed
for solution.

Until now in world practice during construction of general-purpose analog
computers they either went the way of limitation of the order of differential

equations, solved by the computer (so-called stand installation): IPT-4, EDA

(I. 3. Bruk, N. N. Lenov [1]), MPT-9, MN-2, MN-7, EMU-1, EMU-2, EMU-3, EMU-5%, or
<he way of fulfillment of the computer in the form of separate identical units,
assembled in needed quantitiss and types each time before beginning work (computers
IPT-5, MPT-1l, installation computer of the Philbrick firm)*. In first case most
installatiors are limited to solution of linear differential equations up to the

6th order inclusively (IPT-4, EMJ-3, OME-12, installation of Short firm REAC,
MN-2). For solution of nonlinear problems to them there was added or in their com-

position there was provided a definite quantity and assortment of nonlinear blocks.

Solution of problems, beyond the capabilities of one installation, was carried
out by means of connection of several monotypic one (sse, for example, MPT-9, MN-7,
EMU-5, EMU~6, OME-L2).

During designing of such installations rational selection »f rxlationship _
between number of linear and ncalinear computing elements presents great difficultios;
and has not yet found positive solution. Apparently, solution of this question
can be found in designing simulators of block type. However in distinction from
existing anslogs of block type (IPT-5, MPT-11, the Philbrick firm) dimension of

o s acpn | aeim g

block should be increased so that with its help it was possible to reproduce f
equation of motion of system with one degree of {reedom. Furthermore, separate

blocks do not have to be connected by common power supplies and a common setting
field, as takes place in the installations mentioned above.

It is useful to equip linear computing elements with nonlinear feedback circuits

to execute nonlinear opsrations. Such construction of installation will allow us
with the least number of standard sises of blocks to satisfy various requirements,

#Short technical charscterisation and general appearance of enumerated install-
ations are brought in Appendix II.
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not fixing rigidly the genersl composition of computing elements cf model., Further-
more, every separate block can also have idependent application (solution of
differential equations of the secom! order, pickup ol sinudoices oxciiiations,
instrument for measurement of resistance, etc.).

Electronic analog EMU-8 (see Appendix II) can serve as an illustretion of a
first attempt at constructive embodiment of these ideas. Use in this installation
of operational amplifiers, not requiring stabllized feed, and semiconductor
elements (germanium diodes and thyrite resistorsy) in many respects promoted
successful solution of the problems posed.

linear and nonlinear computing elements considersd in wreceding chapters
constitute the basis of both general-purpose and specialised installations. To
these camputing elements, executing operations of summstion, integretion, different-
iation, multiplication, division, reproduction of given functional dependences, there
usually are added devices for reproduction of typical nonlinear characteristics of
CAP (Autamatic Control Systems), for introduction of constant delay, factors
variable in time, rendom disturbances, and also converting devices for conmnection
with tested equimment,

All these additional devices are considered below during analysis of simulation
of separste types of CAF.

In certain simulators (see T. N. Sokolov (1], L. V. Polonskays [1], N. Klamka
(1), J. T. C&rlc;.on (1], I. Obredovich {1]) designated for study of CAP, at present
along with operational amplifiers they still provide passive electric circuits for
reproduction of transfer functions of separate dynamic sections of the system
(inertial link, link of the second order, etc.). If 8-10 years agc such a solution
could be justified by sbsence of well-developed opsrational amplifiers, then at
present it can be considered econcmically retional only for narrowly specialized

devices.
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By msthod of arrangement of separate linear computing elaments in the instal-
lation we distinguish matrix and structural models. In matrix models separate
computing elements are united beforehard in groupe, each of which is intended for
solution of a first-order differential equation (see, for example, EL1-6, ELI-14,
IPT-4, OME-L2).

Set-up here consists in setting coeflficients for the variables, introduction of
signals corresponding to right side, and interconnection of such separate groups,

Structural models differ by the fact that in trem all computing blocks are free
and are coupled by the operator in an order, determined by the system of differential
equations to be solved coupling of computing elements can be carried out on an
~perating field, formed by face panels of operational amplifiers (see, for example,
computers EMU-3, of the Boeing firx, IPT-5, EDA) by flexible cords with plugs or
by a special setting-up field, where leads from all inputs and outputs of operational
amplifiers, their integrating points, units of input impedances, potentiameters,
noniirear computing elements and cther additional equipment, added to the computer
are assembled (see EMU-4, EMU-5 MPT-11, MN-7, REAC-400). Matrix models facilitate
operation of camputer, since they require a minimum number of switching operations
during set-up of a problem. However as corpared with structural models they
require approximately twice as many operational amplifiers (see for more detail
Ch. X). Furthermore, during solution of nonlinear problems we can not sustain
campletely the matrix principle of connection of blocks (sea, for example, ELI-6
whose linear part is assembled by matrix principle, but the nonlinear part--by
structural principle). In connection with this most simulators are constructed
at present by the structursl principie.

Connection of separete ccaputing elements by flexidble wires with plusgs has
the advantage that connecting wires between separate computing blocks, and eapecially
important, between their integrating points and input impedances can be made very

short. During set-up of the problem on separste setting field these connecting
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wires, other conditions being equal, are significantly longer, which leads to
increase of spurious capacitance between the integrating and cosmon point of the
amplifiers and impairment of their frequency responses. However, during solution

of camplicated problems the large number of wires, emmeshing the front panel of

the simulator, leadis to loss of graphicness and to subjective errors of the operator.
Presence of a plug-in setting field (see camputors of the Reeves firm, SEA fimm,
MN-14 and EMU-10) allows us to conduct preparstion of problem beforehand and

thereby considerably to reduce solution time.

Simulators are also divided into devices working in natural and unnatural time
scales. In computers of first typs processes are reproduced with the speed, which is
determined by the initial differential equations given for solution. In computers
of second type processes are reproduced at an accelerated rete.

During solution at an accelerated rate we often introduce artificial iteration
of processes whi-h allows us to observe the solution on cathode cscillograph and
to build operational amplifiers in the form of a-c amplifiers (analogs ELI-14,
ELI-12, Philbrick firm, and others), and also to adapt electronic analogs for
solution of two-point boundary value problems in camplete derivatives, certain
variational problems, integral equations, etc.

Artificial iteration of solution is used in d-c electronic models for visual
observation cf the solution on electronic oscillograph, furnished with an electron-
beam tube with a screen possessing afterglow. Frequency of iteration is estad.ished
here fram 0.5 to 8 ¢. Such computers can work both with a naturel and unnaturel
time scale; here there do not appes: excessive requirements as to width of the

passband of separate computing s«lements.

2. Methods cf S«.Lg gtm gondit:au and Trensmission

Before beginning solution of a problem on a computer it is necessary for

every dopendent variable (coordinate) to establish initial values. This is poesible
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to carry out in principie two ways:

charging the integrating capacitor and by

connection to each integrating amplifier of an additional adder, to one of whose

inputs there is fed constant voltage, corresponding to the constant of integration.

~t (c)

Fig. 152.
initia) conditions.

Circuits of setting
KEY: (a) Input; (b) Control
relay; (c) Output; (d) Initial
conditions relay.

charged to the requirec voltage.

In Fig. 152a is the most wide-spread
circuit of setting of initial conditions
(computers IPT-4, IPT-5, MPT-9, REAC, EMU-1,
EMJ-2, EMU-3, EMU-L). Here each integrating
unit before beginning work is shifts into
the mode of a delay component. Here its
output voltage will change in accordance

with expression

- R i -
Couy = — —Rﬁ'—mlr (9.1)
In steady-state regime
== (9.2

Thus, integreting capacitor before

beginning work of the camputer is forcibly

The circuit does not requre limitation in dursation of preoperetional period,

since in this interval of time the integreting capacitor is forcibly charged from

a source of voltage of initial comditions. The main defieiency of the circuit is

the fact that voltage, equivalent to initial conditions, is not established at

output cf amplitier at once, and therefore accurate adjustment is hampered and is

linked with exc:ssive waste of time.

initial conditions can be achieved in this circuit by coupling an additional

Accelerstion of the setting-up process for

capacitor Cy in parallel to resistor Ry, (see dotted line on Fig. 152a). i

Here

—-—

Ooe ™

i A AE——— .~ r———

. o (9.3)
‘ Y 4 + “ -
T W Rap ) v ;
<29~ :

e




If one were to select parameters in such a manner that Ryy C; = Roy C, then
Cous = — %’: L
and output voltage of amplifier will be set practically instantly.

Inaccurate observance of equality of time constants of both RC-chains leads in
the case, when R C, <R,C, to delay in achievement of steady-state at output
voltage, while when R,.C,.>R.C it leads to a jump of voltage at integrstor
output, exceeding steady-state voltage of initial conditions. The latter at

¢ ycr- near 100 v, may cause output of the block beyond the limits of linearity.

In the circuit in Fig. 152b* acceleration of process of setting the voltage of
initial conditions is attained by switching the integrating capacitor to the outmit
of the computing block, which in the period of setting of voltage of initial
conditions i~ converted into the regime of a scale block. Since output resistance

of the operutional amplifier is low, the capacitor is charged prectically instantly
to the required voltage.

t (0= — €, . (9.4) 7
In transition to opereting regime the capacitor is switched to the feeidback ‘(
circuit, and resistors R) yand R,y are disconnected from the integreting paint. N
Resistor Ry serves to preserve negative feedback of the block during trensition
of the armature of the relay of initial conditions P4} from contact to contact.
It is selected from 100 kilchms to 1 megohm.

In simulators with iteration of processes at a frequency above 10 ¢ (camputers
ELI-14 and ELI-12 see L. I. Gutermakher (2]) there is applisd the circuit for setting
initial conditions shown in FPig. 152 ¢. Due to low internal resistance of the
source of oncaplcit.on Cn and C are charged practically instantly:

(9.5)
O (0) == — %'r

®ipplied in EMU-5 of Academy of Sciences of USSR,
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Due to the fact that voltage at C. equals voltage e, , current does not flow in this
circuit, and the source of o, is disconnected from integrating amplifier. Resie-
tances R,y serve to limit current during discharge of capacitors C, and C in the
half-pericd of preparation of tha circuit for solution of & problem.

A circuit, illustrating setting of initial conditions by adders, connected to
output of integrating block, is shown in Fig. 153. Such metiiad of setting initial
conditions has the advaniage that it does not require comm tation of the circuit at
the integrating point of the operstional amplifier, it lowers requirement of
high speed operetion of cuntrol relay and allows us to open bleet 5 preparation
for soiution of a problem by short-cireuiting integratin, capaci.irs by contscts
of P¥-1 . Resistor R, serves to limit current through coniacts of ths relay at
the moment of short-circuiting of the capacitor. Hiin deficiency of this means of
setting initial conditicns is the necessity of cainecting Ln2 adder with every
integrator.® (ften as such an adder there car be used a unit in aset-up circuit.
However in genersl the number of operat!cnal ssplifiers requirsd here increases.

ey
(‘.) | S —
TR LS
1 '
y

Fig. 153. Circuit of setiing of voltage of initial
canditions at output of iniagreting amplifier.
KEY: (a) Input; (b) Comtrol relay; {c) Output.
Setting of transmission factors is carried out in most cases on linear camputing

elaments. Bonlinear blocks usually are supplied with a fixed trensmission factor,

#Besides this one should ronsider that appliesi‘'sn of this circult requires *
having of scale of voltages o) setting tc sliminate possible cuiput of suplifiers :
beyond the limits of linemity.
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determined from the condition of obtaining at ocutput a total voltage of the
model scale (100 v) when supplying input with voltagee of the argument, 100 v,

To solve differential equations it is necessary to provide possibility of
change of transaission factors of every linear camputing element in wide limits
(from 100 and to 0.001). Setting of transmission factors grsater ihan one usually
is carried out continuously by change of rees’.stance, connected to the input, and
in steps by feeding the feedback circuit from a divider, connected to the amplifier
output.

Setting of transmission factors less than ocne is carried out continuously
by connection of voltage divider to output and in steps by transition do another
sagnitude of resistance of feaiback. In case of work in integrator regime step-
by-atep change of transmission factor is carried out in the direction of decrease
by pareilel connection of an additional capacitor and in the direction of increase
by transition Lo capacitors cf lower capacitances, connected to the block from
without, GSacoth change of iransmission faciors greater than one is achieved by
change of the resistance, connected to input, and smaller thon one--by & divider
at the cutput, In Fig, 154 is brought a circuit, in which &re provided thy above-

menitioned methuis of sctting transmission faciur of an operetianal waplifier.

»e " !
Wampe o
D0 oo
boww =8

l % (p)

Fig. 154. Methods of setting transmission
factor.
KEY: (a) Inmt; (b) Output.

In certain simulators the ;ctentiomster, connected to the cutput of the block,
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in exscuted in the form of a ten-turn wire potenticmetsr, \for example, in EMU-.0,
PACE, REAC ard others) or a three-decade divider according to the diagrom in Fig.
155 (fo~ example, IPT-4, IPT-5, MPT-9, etc.). Voltage dividers ."-1 and ~'-i" have
eleven sections of equal resistances each, and divider .1-3 has 10 sections. If
reaistance of sectioci - of seperate dividers are selected in such a manner that
relationship r; = 0.2r, snd x; = 0.2r) were fulfilled, then in the given diagram
connections of dividers of resistance between cursors a and b, and &lso ¢ and d will

be consiant and accordingly equal to rj and rj.

Indeoq,
P 2ry - 107,
ed= 2, ¥ior,
wherice when r3 = 0.7°rp we obtain g = ry;
o Yy 10r
LUI S [
whence when r, = 0.2r; we obtain =Tr).

Therefore independently of position of cursors ab and cd to divider -2

there will always be fed voltage Ughp = —'ﬁ% , and to divider -3 --voltage
v
Ued = 100
e
Iy
7 .:J o
—9

op

3

Fig. 155. Circuit of three-decade divider.

+

Total voltage at output of circuit will bde
s = U+ Uz‘f'ua':% n.-{-%ng—#T&%nJ:

- (9.6)
- —3 "lb‘ ('l +0.|Il)+ 0.0'”3)-
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where n;, n,, nj &re the numbers of lead-outs of a ssction of the dividers,

Thus, with the help of such a divider it is possible to set coeffient 11
with accuracy up to the third significant digit. Usually resistors of sections r.
ry ard rq are made wire resistor.

Setting transmissions factors greater than cne is realized by change of input

impedance. This resistance in certain analogs (EMU-3, EMU-4) is executed in the

&y, D0sow +9

Fig. 156. Circuit of two-decade additional
\ resistor.

7 2
b) i 270x0m 270x0M b3

! F 34 270 nom
9-12::
SGrom 56K m gZE s
”{CZ}I—CD—FD 4

150 Kkom
' 2 30

s )

33 nom

J0xom 3Unom [ £

z -
l{ ZI Jl I rom

oL B

Fig. 157. Plug-in resistance box. a--
General view; b--circuit.

form of & two-decade box with smooth setting of the third significant.figure by
a series connected resistor (Fig. 156). Here there is necessary for each box tu

have two switchs of 10 positions each.
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Accuracy of setting of transmission factor with the help of smocth change of the

third step of a 10 kilohm resistance will vary depending upcn the magnitude of the

series-connected resistance.

Fig. 158, Bridge circuit for measurement
of resistances. /M --potentiometer;
34 --standard divisor.
KEY: (a) Resistance box; (b) Standard
resistance box.
In connection with this of interest is the method of change of input impedance,

used in electronic analog EMU-5, Here input impedances are made in the form of
separate plug-in blocks (Fig. 157). The blocks are made in three modificatians,

covering total range of change of transmission factor (from 1 to 10). Inside

each block are mounted three constant resistances and one potentiometer for accurate ;

adjustment of the coefficient., First mc:iification ensures smooth adjustment in
range from 1.1L megohm to 270 kilohm, the second--fram 320 kilohm to 150 kilohm
and the third--from 18, kilohm to 91 kilohm. In Fig. 157b are diagrams for
connection of resistances in each modification. Switching of resistances in each

block is carried out by setting the installation block in one of three positions,

provided by an octal tube plug.

IS ———— s —— e
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Application of resistors calibrated with great accuracy for setting of cecef-
ficiente usually leads to sharp apprecistion of the installation cost. Transmission
factors of blocks can be fixed with accuracy up to 0Q.1% with application of
ordinary carbon resistors of typs EC, potentiometers with tolerance of +10f and
use of a bridge circuit for measurement of resistances (Fig. 158). Input
impedance R,. , subject to setting, resistor R,. in feedback circuit, amd
two standard resistances: R,, --unregulated and R {standard three-decade
wire resistance box 21iC) form the bridge. To points A and B of this bridge is
connected a zero-indicator. Zero-indicator is an a-c amplifier with contact
modulator at the input and an output tube of type G6ES ("magic eye”). During
appearance of alternating voltage on grid of this tube the dimension of the shady
sector decreases, Therefore, when bridge is in equilibrium, the whole shady
sector is cleared,

wWhen setting transmission factor of potentiometers, connected to output of
cperational amplifier, bridge will be formed by standard divider, whose diagram :i5
shown in Fig. 155, and the most tested potentiometer T (Fig. 158b).

Amplification factor of amplifier of zero-indicator is selected equal to 10 to
15 considering that it is possible .eliably to distinguish one step of the third
decade of the 3.VC and 3.7

3. Individual and Group Setting of Zerc Level of Operational

Amplifiers, Methods of Combatting Leak and Methods
of Indicating Overloading.

At the output of operational amplifier in the absence of input signal there
can be a certain voltage. This voltage usually consists of a constant (or, more
correct, slowly variable) component and higher harmonics. It appears as a result
of inaccurate setting of voltages of power supplies, presence of grid current and
change of emission of first cascade, leaks at integrating point from side of power
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supplies, etc (see for more detail Ch. III), In connection with this before
baginning to solve a problem there always is carried out a check of zero level.
During use of operational amplifiers with a triode circuit of compensation for
drift (see Ch, IV, page 102) setting of sero level is executed, as a rule, before
each computation by a potentiometer, switched into the coupling network between
the first and second cascades. With application of amplifiers with automatic
stabilization of sero level the need for frequent chsck of sero level is gone. Here
in the process of initial adjustment of the operational amplifier by & potentiometer
of the intarstage coupling they select an operating regime for the least amplitude
of higher ocutput harmmonics, and displacement of zero under the influence of grid
currents is eliminated by introduction of a certain additional emf at the input
of the cpsrational amplifier.
When the simu.ator consists of & large number of operational amplifiers with

triode compensation (MN-2, EDA, etc.), for the purpose of fucilitating the operation

operation of setting of zero can he autometed, Here 2ll amplifiers of the computer
are broken down into separate groups, and setting of gero of the amplifier of each
group is produced in turn.

The system ol group setting of zero is exsecuted in two modifications: electro-

mechanical and electronic. 1n both cases setting of sero is carried out by measure-

ment and amplification of the signal of error ¢, at integrating point ¥
In electramechanical variant (Fig. 159) anM-ZM amplifier (see Ch. IV, page 116),

with polarized relzy 2, comnected to output, is periodically ccnnected by stepping

switch 3 to integrating point of amplifier. If voltage ¢, exceeds 2--3 miJ.limlr.a,gg

output rels; vorks and one half of electromagnetic cluteii 4L is switched on,
moving the cursor ol potentiometer of sero setting 5.

Such a system ensures control of sero of amplifier not only before beginning
work, but also during opsration. According to the data of I. M, Vittenberg (1)

with a periodicity of adjustment cf 20-30 minute srror due to inaccuracy of setting




(‘) X gpeens-
eyl N
:""""":3. ,i'“ e,
/ AN
’ wav 3

Fig. 159. Electromechanical variant of device
for group correction of zero level of operational
amplifiers, l--main d-c amplifier; 2--control
relay of clutch; 3--stepping switch; 4--2lectro-
magnetic clutch.

KEY: (a) To integrating points .f other amplifiera.
of zero level does not exceed 2-3 millivolts. In electronic variant of the device
(N. N. Lenov [1]), brought in Fig. 160, amplifier M-uM periodically is comiected
to integrating point of amplifier and charges capacitor, connected to grid of right

half of first tube.

-

- e .- .- e

r

&

Fig. 160. Electronic variant of device for
grwp udguatamt of sero.

KEY: (a) Main amplifier; (b) Stepping switch;
(c) Screen; (d) U-LMamplifier,
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# since in the absence of correction the amplifier in this circuit remains without
triode compensation, then it is necessary to switch on a Jdevice of periwdic
correction continuously and increase the frequency of control to 1 time each 10-1Y

¢ : . . . . Ce , iy

§ ste,  bFrror in setting of zero in such 1 circuit is not less than Z-3 millivolt

{on grid of first tube).

Fesides setting zerc level, the described systems somewhat lower instability

of zero level, mainly for an operational amplifiers, working in regimes of scale
blocks and irtegrators. During work of amplifier in integrator regime these
systems cannot in accuracy «<f stabilization of zero level complete with operiaticnal
amplifiers equipped in individually with a system of automatic stowvilizat:iorn,

Ixperience shows thot aprlication of systems of group setting of zeries in
beth variants in magr.tude cf zero drift doec not give results better than in
‘mylifierz with triode compensation, however it provides a camplete process auto-
mation of set*ing zerc.

accuracy of work of integrating operational amplifiers depends both or thre
segree of stabilizatior of zero level and alsc ci: spontaneous discharge cf
integrating capacitor due to leaks trrough the dielectric and external irsuiatior.
In ‘ig. 16la are shown possible leaks in the circuit of an operational amplifier
on tte example of the amplifier of analog EMU-5, Besides these leaks, change cf
charge cf integrating capacitor can be caused also by leaks bctween currernt-

carrying wires of power supplies and the integrating point of the amplifier.

{ 5 t
a) N b) g0
o e e

Fig. 161.

BRI

Fxternal leaks of integrating capacitor
and their remcval, ac -.resistance box; #» --

lay, »n --relay of initial corditiors,
Input; (b) Output,
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Application of improved iisclation between the indicated parts of the circuit
has significantlv less elfect than introduction of so-called '"ground insulation"
(V. V. Gurov [1]). In Fig. 161b is brought a diagram of an operational amplifier,
in which all elements, coupled with the integrating point and output, are
separated {rom each other by metallic grounded parts. Here all connections to the
integrating point should be by shielded wire with reliable grounding of the
shield. The lead to the integrating point should be conducted not through a common
plug, but to & separate jack, fixed in the metallic chassis. The metellic housing
of the integrating capacitor should be reliably grounded.

Contacts of relays of dischairge of integrating capacitor must not be on the
general insulating plate., In order to use here ordinary telejhone relays, it is
expedient to connect contacts by the diagram brought in Fig. 162. Contacts a amd
b are connected correspondingly to the integrating point and the output of the

operational amplifie.. (a) (b)

_',

Fig. 162. Diagram of connecting of coritacts
of relays with "ground insulation.”

Enumerated mzasures lead to replacement of leaks between integrating point
and output of operational amplifier through surface of insulation by leaks R,
between integrating point and the ground and leaks R, between ocutput and the
groud (Fig. 163). Increase of leaks between integrating point and the ground
has not so essential an influence on error of work of the unit., Additionally
appearing here, spurious capacitance between integrsting point. and the ground
leads to certain reduction of passband of amplifier.

Effectiveness of described method "grourd insulation" can be illustrated by
example of solution of a differential equition of type

F+o=0
-305~
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when P =A and ?(0)=0.

2
Eif In Fig. 16La is brought oscillogram of
¢ solution of this equation, when a - 0,314,
MC
::>> GEL by ordinary operational amplifiers, and

&
L2 2 PR . . Ay
I in Fip. 164b, when a = 0.003, by amplifiers

(electronic analog FMU-%), for which trerc
Fig. 163. Equivalent

diagram of operational is 'ground insulation."” As foliows frem
amplifier, with "ground

insulation." #c --resis- these figures, lowering of amplitude after
tance box.

30 min in first case constituted nearly
L.5%, while in the second it practically is inconspicuous. Lowering of amplitude
of oscillation by 2% is observed in second case only after 12C min.

These data indicate possibility of use of such ~perational amplifiers for
simulation of slowly proceeding processes of automatic control.

In simulators there are two accepted methods of signalling departure of opera-
tional amplifier beyond the limits of linearity. Usually for this on cutput of
operational amplifier is connected a nean signal bulb, which burns upon achieve-
ment of a voltage on amplifier output of +100v. Often simultaneously there is ccn-
nec.ed a relay for supplying an audible signal and the command to cease camputation.

When operational amplifiers are made with a system of automatic stabilization
of zero level, it is possible for indication of overloading to use signal of errcr
e 3 , amplified by anN-,.'{ amplifier.

As is known,

e ETTRITR (9.8)

with departure of amplifier beyond limits of linearity, K,-»0. tnd ¢,-+¢,, X

x T:‘LE; and will grow with increase of input signal.
in literature signs of this method of indication of overloading is met for the

first time in the book of G. Korn and T. Korn (1] during description of operationai

g 1 MO oS0y g
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) 1

—yru,'” T - b

Fig. 164. Oscillogrem of solution on analog of
second order equation.
KEY: (a) Minutes; (b) Sec.
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uny irfier of simujator of the Rund firm,

In F.g. 165 is brought diagram of indication of overloading based on measure-
ment of amplified signal e § and applied in electronic analogs FMU-5 and FMU-G
(icademy of sciences of USUR).

Voltage of error @ § in this circuit after amplification by ‘(- "M amplifier
moves from demodulating contact of vibrator B8/7 to ore of the electrodeas of neon
tube M.7 . The second electrode is connected to a common terminal, to which are
connected neon tubes of other operational amplifiers. The common terminal is
connected to the ground through resistor Ry, With ignitien of neon tube on resistor
Ry there will be formed alternating voltage, which is amplified by tube J, ,
rectified by diode .7; and after smoothing by filter Ry C3 moves to the control
grids of tubs .7, . Relay P, , connected in plate circuit of tube J, , here
is triggered and closes contacts, 1Py and 2P;. Contacts of the relay give signals
to cease work. The system is tuned in such & manner that the relay works with &

voltage at ths integrating point, exceeding 2 millivolts.

L/

Fig. 165. Circuit for indication of overloading.

yar --d-c amplifier, \(-/1\--amplifier with
modulation and demodulation; w7 --neon tube, wu --
viosrapack.
KEY: (a) Stop (reset); (b) Stop.




Such 2 method of signalling departure {rom the limits of linearity has the
advantage that it ailows one to use in the absencs of load on output of operational
amplifier the full range of linear change of output voltage, considerably exceeding
usually +100 v, Furthermore, it indicates malfunction in the circuit wren cutput
voltage remains within limits of model scale 1100 v, bul real limits of linearity
are narrowed, for example, by too many potentiameters, connected in parallel to

the output.

4._Main Functions and Principles of Construction of
Control System of Simulators.

To control system of simulator usually are entrusted fulfillment of following
operations: switching on process of solution ("Start"), ceasing procnss of
sclution (“Stop") and return to initial position before switching on process of
solution ("Stop").*

Ceasing solution is necessary to carry out measurements of values of separate
coordinates at corresponding moments of solution, and also during overloading or
fault of camputing elements. Furthermore, the control system should ensure
necessary switching operations when setting initial conditions, transmission factors
of separate camputing units and supply of disturbances.

ror possivaiity of visual observation of solution on screen of cathode-ray
oscillograph with tube, possessing afterglow, system of control should ensure
division of process into periods with period of 2 to 30 sec., It is very desiratle
here to carry out supplying of time marks and in turn connect to plates of
electron-beam tube one of the two input quantities for their simultaneous obaervation
on the screen.

Together with this in the installation there is often provided autcmatic ceasing

of the process of solution ana switching on cr disconnecting input signal at a

*Editor Note. Author appareantly means 'reset" for second veraion of "Stop."
We will put (reset) after this varient.
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mament of time given teforeharnd,
The control system should be simple, reliable ard cunversent in .perat.on.
The less the switching contact equipment in the circuit, the greater its reliati.ity.

a)

TLL R
finjalng

i
i
|
|

Fig._lbé. Control circuit of electronic model, type
éggjs‘(a) Repeat; (b) Once; (c) Cycles; (4) Indicator
unit; (e) Time mark; (f) Input; (g) Integrator; (h)
Out.put . *

As example let us consider control circuit of electronic analogs IPT-5 and
FEMU-5., In Fig., 166a is brought the fundamental control circuit of simulator, IPT-5, %#
In addition of functions, mentioned above, in this circuit there is provided ~cntrol
of stepping switches of variatie coefficients. 1In connection with the fact that
power of contacts of the interrupter is insufficient for commutation of circuit of
coils of stepping relays, in the circuit is provided control by contacts of
multiple-throw switch K. Circuit of coil of multiple-throw switch K is interruptec
by contacts of interrupter. To installation are added plug-in interrupters with
pulse frequency 2/3, 1, 4/3, 2, 4L and 1C c,

With 100 steps of stepping selector this gives a time of duration of working

cycle of 120 sec, 100 sec, 75 sec, 50 sec, 25 sec and 10.0 sec.

#kijtor Note: this is basically illegible diagram

##5ee description and operation instruction of electronic linear analog of type
IPT-5, 195.
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feginring ~7 proess oy sclution i1 this circult is connected with teginning »f
first pause ha'weer pulses, issued by interrupler. This is achieved because tne

contrnl relays ir blocks of cperationr. wmpiifiers are connected only after relays

P, interlock P, and thereby feeds the coils cf relay P, and relays P thr wugh
- -~ y ’
normally closed contact lPl.

Here relay Py interlocks by contact 2Py and feads of relays P, in computing

y
units for the duration of the whole time of solution.

To obtain time mark there is provided a circuit, conaisting of series linked
normally closed contact 2P} and normally open contact 1P, shunted normally by
closed contact 3P3. At the beginning of each pause (starting with the second)
between pulses of interrupter at a moment, when relay P; has already released its
reed and, relay P, still holds, the indicated circuit is closed a short time. This
i8s used for ewrnlving time marks.

Duratioir of supplying time mark is determined by reasponse time of relay P..
In the circuit there is provided a pulse counter of type SI-1, by which it is
possible to count these pulses.

Key /1, has two positions: work with constant and work with variable coef-
ficients. In first position key [l disconnects coil of contacter K. In second
position pulses of interrupter through contacts 1Py .nd 2P proceed to winding of
contactor K, the lattor by its contact 1K gives pulse to coils of all selectors
of blocks of variable coefficients of analog.

Control by work of blocks of variable coefficients is realized by stepping
selector J/, , giving on the 49-th step the signal of switching of output
circuits of blocks of variable coefficients from one field of lamellae of the
selector to the other.

Cn the 90th step of the selector #, there moves a signal to relay Py
by which is prepared a circuit for operation of relay P at the sero position of

k

brush of selector i .

Operation Pk ensures return of installation to initial position.
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In Fig. 166b s brought the timing circuit of the main switching elements of
the c~irncuit,

If it is required without interruption in work to iterate the solution, then for
this toggle awitch [], must be placed in the "repeat" position. Here on the :'..'-
step of selector }, excitation moves to windings ol relay i&, fixed in blocks
of operational amplifiers. Relay P, , disconnecting by means of contact /7%,
the circuit of relays Py, which disconnect inputs of amplifiers and discharge,
through a resistance of 1 kilohm, the integrating capacitors. On the 10lst step
of selector if, relay P, is disconnected and to the operational amplifier
there moves the voltage of initial conditions. With the help of contact 3?6
relay Ps remains switched on and the whole circuit continues the following cperating
cycle. ’

The circuit allows us to stop solution amd to fix the value of desired
variables. For this we press button "Stop"--K;, which excites relay P5 through
contact 1P6 . Relay P5 interlocks through contact 2P5 and excites through
contact 1Pg relay 29 in computing blocks which breaks the input circuit of integra-
ting amplifiers. JSimultaneously with this by opening contact 3Pg we disconnect
contactor K which causes a halt of all stepping selectors of blocks of variable
coefficients, Continuation of solution is carried out by pressing the push button

K1l

The control circuit of electronic analog computer EMU-5# is divided into two
parts. One part, mounted directly in linear part of computer, ensures "Start"
"Stop" and return of installation to initial position "Stop" (reset) and also
switching operations during supplying of disturbances, setting of initial conditions
and protection from overloading., Fundamental circuit of this part of the control
system is shown in Fig. 167a.

In Fig. 167b is brought the circuit of an auxiliary control unit, intended for

#S5ee V. A. Trapeznikov, B. Ya. Kogan, V. V, Gurov, A. A. Maslov, [1].
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reai.zat:on of repet.t.ve uperation, Autamatlic ceasing of sciution, supplying of
time marks on screen of eiectron-beam tube, sw:'ching on and switching off of
input signal at a predetermined moment of time., For bringing the circuit toc a
working state toggle switch of network 7, 1s set at thke "Ori" position, Here
there starts to revoive synchronous electric motor CJ |, which is coupled witn
three contacts of interrupter. These contacts produce pulses of direct current
with frequency 1, 2, 5 ¢, which can be used for switching of stepping selector
Ut . Frequency of pulses is selected by switch /7

Upon pushing the “Sta.t" button K3/! relay P3/l works, which locks itself by
its own contact /P371. Here the signal tube lights up and contact 2P3/]7 closes.

The first pulse coming from contacts of interrupter of synchronous electric
motor C.7 , switches on the circuit of winding of relay pr7 . Contact 1:.. 5s
clmsed, which pr duces the cperation "Start" of analog EMU-5. Simultaneously
stepping selector switch makes the first step. During rotation of electric motor

C.1 relay pr1 works with the frequency of the interrupter (1, 2 or 5 ¢) and
stepping selector starts to count the number of pulses, coming from interrupter
of electric motor €1 . In the circuit there is applied a stepping selector with
& maximum of steps, equal to 50,

To perform the operation "Stop'" at & prederermined second to the "Stop" terminal
they connect by a flexible cord with corresponding lead-ocut from lamellae of the
s.epping selector.

With connection of the brush of the selector with a lamella, to which is
connected the cord "Stop” relay PO works and by contact 1P0  breaks the
circuit of blucking of relay Pi3/1 . Contact 2P0 pre. .ces in the analog EMU-5 the
operation "Stop." With disconnection of relay PJ3/7 contact 2P3/1 will be opened,
the winding of relay P77 is disconnected from the interrupter of the motor ..,and
the stepping selector stops.

Period of iteration of the process it set by switch i and connection of cord
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"stop” with the corresronding lamella of the stepping selector. ULuring switching

on of toggle switch of divisjion intu periods T. relay p///1 works and by contact
arrn produces the operation “"Start,” contact /P11 closed, contact group 21411 is

switched and stepping selector begins to switeh.

| - A4Aam

Sant ey Nep (reem)

Fig. 167. Fundamental control circuit of
electronic analog of type EMU-5,

Contact of the zero position of the selector I, closes, and contact H,,
opens,

With connection of the brush of the selector to the lamella, united by the
flexible lead with socket "Stop", relay PO is triggered. Contact 270 closes and
switches on relay PC ; simultaneously to analog EMU-5 moves the signal "Stop"
(for discharge of capacitors of integrators and setting of initial conditions).

Relay pc interlocks by its contact /PC,

e s e ——pe



Contact 3PC closes and through the normally closed head contact of melector
I'KH switches on the winding of stepping selector (/)1 ; here the brush of the
selector autcomatically is set to zero position. With return of brushes to zero
position contact H, will open and relay AC. is disconnected, which will open
contact 3 PC . Furthermore, contact #/,, through contact /P71 produces the
operation "Start” of the model. The stepping selector again starts to switch and

‘'upon connection of the brush of the selector with the lamells, to which is conrected
the cord "Stop," the process is repeated.

In the additional controliing block there are two relays P and P2 , With
the help of these relays and contact group 2P/ it is possible to execute the
following operations: .

1) switching on of input signal at a given moment of time;

2) disconnecting the input signal at a given moment of time;

3) switching of couplings in the set-up problem.

To execute the enumerated operations socket "On'" is connected by cord with
corresponding lamella of the stepping selector. When the brush of the sslector
is connected with this lamella, relay P/ works and interlocks by contact /P! .
Contact 2P/ is switched on. For switching off rehy‘ p; 8socket "On" is also
connected with the corresponding lamella cf the selector.

In the control circuit there is foreseen the possibility of parallel work of
several simulators of type EMU-5 with control of the solution process “rom any

. installation. In distinction from installation IPT-5 here there is not anticipated

work with blocks of variable coefficients, based on stepping selectors (see Ch. XI).

5.__Observation and Recording of Solution.

Every simulator usually is supplied Dy means for observation and recording of
' the process of solution. These means are distinguished depending upon the speed
7 of processes, which are to be reconded»or examined. With slow processes with
{frequency, not. exceeding 1-2 cycles, we can use self-recording instruments with
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drive of the stylus mechanism from serve systems (instruments of the type of
recording self-balanced potentiometers, for example, EPP.Q), At freqguencies up to
10 cps for recording of the solution there usually are uset loup oscillographs).®*

at higher frequencies they use oscillographs with electron-beam tubes,

Spark recorders of type R1G-: (uevelured

!uﬂw% in industry), based on the principle of
i . dynamic compensation, work in the same
‘ 1 B
o range as loop cscillographs, nct requiring
I3 \‘
E“') = here camparatively expensive light sensi-
A\ . .
A
S%i:: = tive material and time for its processing.
L & Ce
m . However accuracy of recording here is 2-3

times lower. Heterogeneity of paper leads
to puncture otcurring with a large spread
of peoints,

In Fig. 168 are brought the general

view and diagram circuit of recording

device of Goodyear irm (Goodyear Co, UsA;
seg P, R. Vance and D. L, Haas [1]) with
drive of the stylus and drum from servo

systems. Anslogous installations are alsc

.....

N e produced by the Reeves fim (G. Kern and

T. Korn [17). in case of rotation of drum
Fiz. 168, General view and

dlagram of recording device with constant speed this device works as

of the Goodyear firm (United

States), l--drum; 2--cou- an ordinary reccrding instrument. Upon
ducting layer, 3--current-

collector, 4--amplifier; 5-- feeding the input of the servo system of the
dri:e motor, 6--potenticmetric drum drive with another depsndent variable
rickup.

there can ba ottained recording of dependence

*It i3 necessarv Ly indicate that with the
ciple it is also possible to rece-i
powar c:nsumed by locp and reguired

hslp of loop oscillographs in prin..
processes of higher frequency. Howsver here t he
speed of movement of paper sharply increase,
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between two coordinstes in the process of soluticn; in particular, there can be
obtained recording of trajectories of flying objeccs or phase rortraits of studied
dynamic systems. Accuracy of recording hers ir 0.2% a3t a maximum frequency of
reproduced processes of 2 ¢. The device can also reproduce in the form of voltage
an earlier registerad depamience between iwo coordinatez and, consequently, work
as a functional generator.

They also apply two-coordinate recording tables with drive from two 3ervo
systems. Thus, for example, recording device put out by the firm "Dobbis Mc.

Innes Limited" (England; see S. A. Wasc [1]) has & table 456 x 764 mm and ensures

accuracy of 0.25% during recording of very sluw processes, Error during reproduction

of sinuscidal oscillatiwns with frequenrv of O.<c ¢ ard amplitude 1228 mm already
conatitutes 0,5%. With increase of frocuency it ir Jecessary to lower accordingly
permissible amplitude of csciliations.

Daring operation of sigalators it is carsdient along with loop to use glso a
cathode-ray oscillogrsph. Tre latter 3srves hore mainly for visval observation of
the process and singling cul from ths rhole sel of received solutiuwns those, which
will be reécorded. Here there can be wsed standard cathode-ray oscillographas f
type EO-4 or EO-7, for which instesd of tube (3037 there is instalied a tube of
type (CJS70€ with long afterglow, Voltage of scanning of the beam is f&d to the
eoscillograph from integrating amplifier of the analog and by this synctronizes
beginning of the process with beginning of scanning. The time of scanning changes
with change of the time constant of the integrator.

There &re s.:0 conatructed specialized cathode-ray indicators of type 1-4,

I-5 and ERU-1. The {irst two are equipped with tubes with long aftergiow of type
D70 Jand [FA73Caccordingly. The third type has an electron-bear tube with dark
recording.

In Fig. 169 is brought the diagram of an imdicator, made with small differences

from the diagram of indicator 1«4 Scunning of beam here is internal amd is
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Fig. 170. General view and fundamental circuit of FRU-1.

-319-




Lo

carried out with the help of a phantastron oscillator circuit. Uynchronization is
carried out fram a4 50 cps network. There is anticipated possibility of setting
duration of scanning of beam within 1-10 sec, 5-40 sec, 1U-80 sec, 1lU-100 sec,
50-40C sec and 1(-800 sec. The time mark is given also by oacillator circuit of
pr.antastron type every i, 5, 10 or 25 sec. The time mark acts on cutoff of the
beam. In indicator is provided also relay P4, , which cammutates plates with twc
inputs for obtaining on screen simultaneously the image of changs of two cooruinates.

Starting and ctopping of scanning is carried ocut from the panel of the simulator.
Juring starting of the analog to the phantastron there moves a starting pulse through
capacitor c¢. when stopping the process, scanning is stopped by breaking of contact

1P:, in grid circuit of tube .i5,

In cathode-ray recording device ERU-1 there is used a cathode-ray tube of type
1Q.PF2-T with recording by a dark line with magnetic deflection and focusing of
peam,

Screen of this tube is covered by a layer of crystals of potassium chloride.
when the electronic beam strikes the screen on it there will be foru 1 dark violet-
blue lines, caused by absorption of light by those crystals of potassium chloride,
which experienced the electron bombardment of the beam.

Contrast of recording decreases in time and depends on illumination and
temperature of screen. With ordinary temperature and illumination of screen the
recording can be kept for several days.

Discoloration of screen--erasing of the recording is carried out by heating
the screen by an external electric furnace. Therefore to the device is provided
two sets of electron-beam tubes, While recording is conducted on one tube, the
other is prepared for work. General view and fundamental circuit of the instrument
is shown in Fig. 170. Coils, deflecting the beam, are fed through operational d-c
amplifiers with negative feedback for coil current. This ensures linearity of

dependence of current of coils on input voltage with accuracy up to u.1%.
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Sensitivity of circuit for both inputs is not less than 0.8 mm/v. For realization
of scanning in time amplifier ¥-1 can be used as a gensrator of scanning, for
which it is converted into integrator made. In the circuit by relcys P/, , P, ,

PIl, , and PlI, there is ensured simultaneity of starting of analog and beginning
of scanning of beam, ceasing of scanning upon stop of process of soiution and

return to initial position during switching off of simulator.

Table 6
_ .
No, @ - - .Iype of indicator
in ; ~— I-4 I-5 ERU-~1
order |Main characteristic®— ___
1 Diameter of tube screen 180 X 220 13C mm 100 nm
2 Type of tube 31133 131036 10LPK2-T
3 Sensitivity on both axes |8 mm/v 7 m/v 0,8 mm/v
at maximum amplifi-
cation 8 mm/v 7 my/v 0.8 m/v
4 Duration of single from 10 from 10 from 1 to 1000 sec in
scanning to 4LOO sec |to 250 sec three steps from 1
to 10, from 1C to
with repetition from 1 from 1 100 and from 100 to
to 80 sec to 25 sec 1000 sec
5 Frequency of internal 1, 5, 10 and [0,1; 1; 10 ¢ {Pulses of time marks
time marks 25 ¢ move from without
6 |Error of measurement Py d -
7 Feeding from net Ifrom net From stabiliser recti-
{ 220 v 220 v fier ESV-1M

Basic data of the above-mentioned cathode-ray indicators are given in Table VI.
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CEAPTER X

METHOD OF SETTING AND SOLVING PROBLEMS

For successful use of simulators of great importance is correct fulfillment of
a number of operations, connected with preparation of initial system of differential
equations for setting on the installation. These preparatory operations include:
composition of functional diagram of connection of computing elements in accordance
with given system of differential equations, calculation cf transmissions factors of
separate computing elements with respect to coefficients of initial equations, selec-
tion of scales of representation of dependent variables and time, determination of
initial conditions and disturbances in those physical quantities, which in the sim-
ulator are represented by initial variables of the problem,

i, Composition of Functional Ciagrem of Crinection of

Sepurate Computing Elements for Solution
of Given Differential Equations

Differential equations, subjlect to soluticn by a simulator, can be given in the
form of one equation cf high order, in the form of & system of differential equaticns
of different orders, a;d, finally, in ths form of a syster of differential equations
[ the first order. In orinciple set-up can be realized by increasing the order of
the derivative cr lowering the order of the derivative., In thu first case the equa-
tion is solved for the desired function and separste computing elements are connected

in such a way as to carry out sequential differentiation with subsequent summation
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of separate derivatives. In the sccond case equations are solved for the derivative
of hiprest rank of the desired function. If one were to assune that the vajue f

the derivative of highest rank is known, then to obtain the desired function it is
necessary Lo execute consecutively nany operations of intepration as the craer of the
highest ranking derivative, and then sum all compcnents, constjtuting the tipre-t
ranking derivative, One group of these components is the desirea function ang 1tn
lower rank derivatives are ctiained by imposition of feedback fror the outmut of

tre integrators to input of the adder; while the other is obtained by suppiyine

fror without (right side of equations, other dependent variables in case ~f sclutinn
of a system differential equations).

Thus, set-up by lowering the order of derivative requires that the hasis of the
simulator be integrating corputing elements, Here there is attained essential de-
crease of influence of interferences, created, for example, by the steppea nature
of potentiometers at input of separate units, the presence of higher harmonics in
vcltage of power supplies, and so forth. Therefore, as a rule, set-up on simuiators
is constructed by lowering the order of the derivative., Let us consider several
practical examples, As the first example let us consider composition of functional

diagram for a linear differential equatiom of the sixth order with constant coeffi-
cients

S x ' d'x 'x 4
T +‘|‘3‘,’i‘ +‘3"7¢'+‘3}}T+°4 “;,‘l" +¢s“::‘ +-aex =y (). (10.1)

oclving equation (10.1) for the highest ranking derivative, we will receive

s = d'z d*z i d Jed
R Y LT USRS MU
where
L [ ] [ ] L
’.--;.!-, .’——.-:-, .,a-.-:—, O‘a-;‘-‘-,

- .. 1 A
A= b= =
The functional diagrem is shown in Fig. 171. [uring composition of functional dia-

grar there was taken intc account the property of computing elements, built cn d-c

ampiifiers with negative feedback, to change the sign of the input sigmal.
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It is possible to somewhat simplify the functional diagram by combination in
the first unit of functions of summation and integration and unification in one
auxiliary adder of the function of change of sign of input signals, which was exe-
cuted in the above-mentioned circuit by three computing elements (units No. 8, ¢
and 10). In Fig. 172 is brought a diagram of set-up taking into account these re-

marks,
¢ I

" ‘-—xm ’_"
‘ g XJ ' -"——.

-~ rm -z

Fig. 171. Functional diagram of set-up of com-
puting elements for solution of &n inhomogeneous
linear differential equation of the 6th order
with constant coafficients.

¢ 4 ¢
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Fig. 172. Another variant of functiomal diagram.

As a second example let us consider composition of functional diagrem for ays-
tem of lineariszed differential equations, describing processes of course stabili-
sation of an aircraft by automatic pilot. Not considering banking, with constant

speed of aircraft v = const and an automatic pilot w.th proportional feedback and

-325-

B




-

response Lo the first and second derivatives we wiil cbtain

equation of moments with respect tc v axis
T&+@=~- kA R3+ [,

equaticn of projections ol all fcerces on 2 axis
TA+B=Ta+ [0

equation cf ruuder arive (1.5)
75+ d=ny, '

equation cf amplifier and sensors

ThH1 =kt koot hpy—Ah

In these eyuations there are designated:

' —time :onstants of aircraft,;

‘ -—amplification factors cof aircraft;

M (1)— A
fin =205

[ 4 1 i . N .
-—~increments of disturbing roment and
z.“}_ I: p

Ja(8) == — 7 forces;

T — time constan’. of acceleration of rudder actuatoer,

Tj -~ time constant of amplifier,

k., — static trensmission factor of rudder drive,

k — coefficient, determining rigidity of feeaback,
A, R . AL — coefficients, setermining influences with respect to defiecticn ¢! 1o

first and second desivatives,

¢ — course angle increment,

g — increment of slip angle,

3 — increment of angle ¢f rudder,

! — increment of t tal control signal.

Composition of func ional diagrem for system of differential equations assures
comy sition of a separs & functional diagram for each e uation, and then intercon-

necticn cf trese diagraims, -326-




Fig. 173. Functional diagram of set-up
of computing elements for investigation
of processes of course stabilization of
aircraft by an autcmatic pilot,

we construct the functional diagram of these squations, as before, preliminar~

ily soiving each equation of the system for the highest ranking derivative:

o~ | 4¢ & » f. i g
i A SR R R (10.4)
[}

P IREE S PR (10.5)
™ 1 ¢

=Tt (10.6)
'l ¥ T EIE PR DO R
*.T“"“T;Hr R P e A (10.7)

The overall fuactional diagrea is shown in Fig. 173. [lotted lines circls cir-
cuits, corresponding to separate equations ¢l investigated system,

When there is given a system of first-order differential equations of the form

‘ .

for each equation there can be composed en identical functional diagram (Fig. 174).
This allcows us cnce and for sll to connect computing dlements in simulator-

among themselves, and to set-up by setiing coefficients a4 and by, as this i{s shown
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Fig. 174. Fun-*ion=1 ‘jagram of set-ur of
computin elements .or solution of iinear
differe: ial equation of first order in
meirix models,

in Fig. 175 for solution of a linear differential equation of the third order

“J; s d'x dx o~ 1N
Qs 5+ & "47?1‘ + 4, :;,“"'{"“3"1::!!3(‘)- (10.9)
By preliminarily substitution %L:*xx and %;-’-zx, equation (10.9) is reduced -o

& system of three d 'lere.tial equations of the first order:

n
£

T:O-x,—fx}-é-c-x;-{—o-/l(i).
dx \ .
7;!-:0::“«0-.&,-\,»;;‘}-0'],(:).
dx,  a, a, a i
5 "-“‘"‘;:‘l“‘;;‘z“"‘;:" -‘v'a"f“;"/a(‘)-
Hore:
ere Cu*"-O. "u""-‘l* auzﬁ_ blzo,
6y, =0, Gy =0, @pn =1, b =0,
a ;-q-—.-‘—i. Gay = —~ <] do=- & =
3 o' 5 ' BT g by = —

For set-up there is not required composition of a functicnal diagram; it is
suff ~ient only to determina values of coefficients aiJ and by and set them by cur-
sors of corresponding dividars,

“he diagram of Fig. 175 is the totality of the three diagrams of Fig. 174, but
with this distinction, that in each diagram, solving a first order equation, besides
an adder, in:egrator and sign-change unit, there is introduced a unit for setting the
scele of variable x; (units No. 2, 6 and 10 on the diagram of Fig. 175).

Such a principle ¢f set-up is called matrix. Simulators, for which computing
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Fig. 175. Example of rommutation of blocks in

matrix models.
alementis are united beforehand in circuits for solution of first order differential
equatic 3, 81sc are called matrix.

Use of matrix principle of set-up ensures an automatically correct sequence of
coupling separate computing elemsats, and also indicates the way of transforming
eguations to 3 form, with which natural parameters of computing #lements do not dis~
turb stability of work of the device as a whols (I, S, Gradshisyn (1]). However
such a principle of set-up also requires increases of the quantity of computing
elements in the installation., Indeed, in considered example of solution of a
third order equation there were required 12 opsrational amplifiers. In general it
is possible to consider that for solucion of a third order differential equation in
this way there will be required, at least, 4n operationsl ampiifiers. Often it may
be that a significant part of these computing elements either ir general, will not
be used, or mey be absent during solution of the formulated probiem with ancther
rethod of connecticn of ccmputing elements. Increase of the numbsr of computing
elements lsads to the necessity of increasing the number of pc.mr units, and conse-

quently, dimensicns and ccst of the installation., Besidss this, tha matrix method
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of sst-up hampers investigation cn models of systems of automatic control by squa-
tions of their dynamic aections whizh significantly lcwers the graphicness of solu-

tion of problems of automdtic control &nd hampers research on synthoses of their

structures,

During compositicn of functional dia-

b
ant) grams of connection of computing eiements

 pemangy
L]

é} for solution of differential equations witl

variable coefficients one should proviae

£
poasibility of connecting to the output
~agil)x L2 J
—H <

corresponding units voltage dividers, con-

trolled f{rom spzcial bunchers (see Ch, XI).
Fig. 176. Functional dizgram of set-up
of computing elements for sclution of a In Fig. 176. for illustretion there is
linear differontial equation with vari-
able coefficients. brougit & functional diagram for solution
of equations
a
GE a0 G o x=su. (16.10)
Equations with coefficients variszvle in time can also h# set-up on installation
by nonlinear computing elements, multipliers and functicnal gensrators.
In Fig. 177 is brought a functional diagram of set-up of a Mathieu equation
%-}-’(u-— 2¢cos 2x)y==0.
Since the indevendent variable in electronic models is time, then it is useful
to introduce in Mathieu's equation replacement of variables by relationship
=3t w= 3;, desigrates here angular frequency of change of parsueter q.
After replacement of variables we will receive
%-{--‘{-ay—-?—qycos.t-—-:o.
Expression zs-':;-qcotul can be obtained in the form of solution of the

correspondirig differential equation

!
£2(0) == .
%1"0’:-0 when { T?
2(0)==90,




540~ 508

" Pluy

PTRTE

Fig. 177. Functional diagram of set-up of computing
elements for solution of a Mathieu equation,
Therefore for composition of the functional diagram of Fig. 173 we use the

system of equations:

4y -t
&+ ey=2y (10.11)
-;;-:—+-’z =0.

The presented method of presentation of the right side of the set-up equation
as the solution of a corresponding differential equation, introduced first by Bush
for a mechanical integrator, turned out to be very fruitful also for electronic
models.,

“omposition cf functional set-up diagrams of nonlinear differential equations
does not oresent any essential peculiarities,

A number of ca=es with typical nonlinear characteristics are examined in Chap-
ter XIII.

-331-




2. Determination of Transmissions Factors of Ueparate
Computing kiements by Coefficients of Initial
Lquaticns, UYelection of Lcales of
Hepresentation of Dependent
Variables and Time

uring determinetion of transmission factors of separate computing element: we
will start from the position that processes of simulators must be describeu by aif-
ferential equations the same in form as for the initial problem, and initial vari-
ables and their physical analogs and models can differ only by scale factors.
Trerefore in principle there can be two methods of determination of transmission
factors of computing elements in a circuit. The first consists in replacinr in ini-
tizl equations variables by their physical analogs by the corresponaing transfor-
nation. On the basis of the resulting equations we constitute the functional set-
set-un diarram. By this diapran we write equations, connectinp variables »f tnr
~~del, and these eauations are compared with the transformed initial ecuatins,
From comparis'n ~f eouations they determine relationships vetween c-efficients -f
initial eouati ns and scales ~f transf-rmati-n of variables on the -ne hand, and
tra'.s~issi'n fact rs ~f separate ¢ mputing elements -n the »ther.

In the other method in equations, composed by functional set-up diagrar, we
effect by transformation of variables replacement of physical analogs by initisl
variables ana compare resulting equations with the initial. Both systems of differ-
ential equations should be identical. From this condition there are cbtainea rela-
tionship between transmission factors and scale factors on the one hand, and coef-
ficients of the initial system on the other. From this ensues complete equivalerce
of both methods of determination of transmission factors of computing elements in a
cireuit,

Sotr. methods assume composition of differential equations by functional set-up
diagrarm., For each computing element, participating in the set-up diasrar, cne
should write an equation, connecting output megnitude with the input, renumbering

rrelirinarily in succession all computing elements and their input and cutp.t circuits,
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Transmission factor of a unit here acquires a number in the index, consisting of
two or three figures: the first figure (or first two figures) indicates the nunber
of the unit and the second, the number of the input circuit.

Thus, for example, in the general case for the i-th operstional amplifier,
working in adder regime with n components, it is possible to write

U,z—l}:_‘,.c,x,,u, (k=0 1,2 ..., m, (10.12)

where @, --is the coefficient, indicating what part of the output volitage Uk of
the k-th unit is fed to the j-th input of the given unit from the poteitiomster,
utilized for setting the coefficient of the smaller unit.

For a unit, working i? integrator-adder regime,

U4=°;2‘r"'uun (k=0,1,2 .... 1) (10.13)

wWhen using operational amplifier as an adder-differentiator

Vi==»pZa KU, =012 _ a (10.14)
Equations cf computing units, working in scale amplifier regime, and also utilized
for change of sign or integration, can be obtained from the given equaticns as a
particular case, when the nurber of components n = 1,
For nonlinear computing elements there is fixed only an ordinal numbter in thre
diagram, and this number is assigned to the corresponding trensamission factor,
Thus, for a multiplier-~divider we have:

Ul = ’IU-Ur

Un (10.1%
U,=y, v, )

where §, 1is the scale factor of the multiplier, 1. —the scals factor of the di-
vider, {—the ordinal number of the unit in the circuit.

Usually so that output voltage does not exceed the scale of 100 v, P, is
taken sual to 0,01 with permisaible change of Ug &nd U within # 100 v, Coeffi-
cient 7, usually is taken equal to 10 in the interval of change of dividend

U- + 100 v and divisor "n from 10 to 100 v,
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For functional generator of one arpunent the squation, connecting cutmut map-
nitude witk the input, will be
U,=vf(U,. (10,1¢6)
In particular, for units, reprroducing piver functions, in analop ~M'=5 there i3
taken:
U= 1008in 50s U,

U, =100cos 1(;5 v,.

U, =001L]
U,=10)}7,
U, =0.0001 U},
U,=21.34} U,

(,17)

In general when using general-purpose functional penerators (for example, miilt
on electron-bcam tubes in Academy of Sciences of ''55R) mapnitude . can change fron
U to 15, and % from 0.8 tec 5.

If the probler is solved with rigidly fixed coefficients, greater than cne,

tren all 1, which can change within limits 0 a, gt should be set ejual t~ one,

.r
iuring calculation cf transmission ratios one should alsc consider static transris-
sion factors c¢f penerators, ccnnected to input and cutput of simulater in case of
sisulation with elements of the control lecop.

Values of resistances at the input cf{ cperational arpiifier requiread for resi-

ization of given transrission factor are calculated fror expressicns:

for intcgntor A“l == ‘kl—,ix .

for differentiator Ky =RL,.
A - R

for scale arplifier YT kg

Capacitances Cij and C1 here are expressed in microfareds, but resistance R in
rap hms,

For example we will consiitute equations, connecting input and output
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magnitudes ror separate computing units of the functional diagram considerea in

Fig. 172. Using relationships (10..2) and (10.13) we will receive:

1 .
U= — "‘(K1|U5+Kuu:'+ KuUs+ KU\ + KU, )

Uy=— %(KIIUI)'

U’ = -— -;—(K,,U,). (10.18)
1

Ug= ~ ? (KgUy).
i ;

U|= - “" ‘K“U‘).

Ug= — %(Kuus)-

U’ == - (K7‘U3 + A’;’U‘ + k‘nlj.).

Here p = ;—'::: ; tp is an independent v.riable of the installation for time,
In the resulting equations voltage U 6 represents the sought for variable x.

solving this system for U, , we receiv

6’

Uglpt 4 Ky pP K KyKnpt + K KpKy P + KuKuKnKuKnP"?'
+ K Ky Ky KaKsip + ‘\'u’(n’\‘uxuxukuxnl =

= K..K,,K.,K,.K,‘KuU..

(10..9)

Magnitude |/ can represent the initial variable in a certain scale; analogously

6
the independent variable, time, can differ from time of initial problem in the

sense that processes on installation are reproduced in a somswhat delayed or accel-
erated rate.

Introducing equations of trensformation of variables, we receive:
£ =MU,
y=MU,
= Mg,
wvhere M, is the acale of representation of magnitude x in the installation in the

(10.20)

form of voltage, F.! is the scale factor of representation of magnitude y, M, is
the time scale.

Substituting relationships (10.20) in equation (10.19), we receive squation
of modelling circuit, writien in trensmission factors, scale factors and initial

variables:
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s v,t‘sl'.«m 2 o

Ku ‘ o A bKnKn d'z K KoKy 4
7+ R A A ik R
: K.K,.x KoKy ' K, Ky K, K, Ky, dx (10.21)
+—mrcnZoln L8 KKK, KoKy ax
M a“ M at

KoKy Ko Ko Ky Ky K M, .
Lt "““' LA "ax-._--‘T—";;—kuKuKuKuKnKu')""-
) At §

+

It is >bvious that crefficients ~f Lhis equation should be equal t» coefficients
°f initial ecuati-n (10.2).
Enusting crefficients for corresponding derivatives and right sides in ecuatins
(10.2) and (10.21), we receive:
%‘--ﬂ.- x..:.;x.. b, KuKiKn _,
L ( ‘ (]
KKKk - KuKoKikik _p,

! [}

KoKy Ky Ko K3 Ko Ky =0, (10.22 )

K..KnquuKs:Kgl M =b¢
2 .

MM

From these relationships it follows that during selection cf transmission and
scale factors there is some free play since the rumber of equations is less than
tre number of unknowns. Therefore for determinaticn of magnitudes of separate
transmission factors additional considerations are brought in, cornected with pe-
culiarities of work and properties of utilized computing elements. :imong trese
considerations is the desire to limit error {ror szero drift and the finite value of
the amplification factor, and alsc not tc allow saturation of separate computing
elements in prccess of solution of problems due to boundedness »f linear ranpe
(2 1 v),

“xperience shows that maximmum trensmission factor, established cn corruting
unit (made with triode circuit for drift compensation in the first cascade) working
as an integrator, must no exceed 5-10 and in scale block regime 20, For s com
puting elerent, macde with automatic stabilisation of serc lewsl, the permissible
transmission factor increases accordingly to 20 in the first case and to .0C in tre
second. Here the adder can be considered a ccale unit with equivalent resistance

at input, equal to resultant rosistance of parallels connected input resistances,
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If for given values of coefficients of initial equations transmissicn ratios re-
quired of operational amplifiers exceed the indicated boundaries, iransmission
ratios must be decreased by reconsideration of ‘he functional diagrem (changes of
scale factors) or introduction of additional units,

During selection of scale factors one should see that solution occurs at the
highest permissilbe level of vcltages in the installation, since this will ensure
best use of its possibilities in the sense of obtaining low error of the solution,

During calculation of trearasmissions factors for the case of factors of variable
in time there are predetermined the.i, maximua values and by these values, setting ail

3, = I, we select valuas of Kij' DPuring solution of a problem required values
of transmission factors of separste units are obtained automatically by decrease
of these coefficients by introduction of voltage dividers 4,(f) in needed places
in the circuit. Often the dividers are introduced also and when they wish tc es-
tablish a trensmission factor less than one or when it is necessary to pass inves-
tigation in a wide range of change of certain coefficients (parameters) of the
initial syster.

Expressicns (10.22) also permit one to formulate rules of composition of rela-
tionsh.ps between trensmission factors of computing units, s.ale factors ad coef-
ficients of initial linear differential equations, by which these relationships can
be written only on the basis of a functional set-up diagram.

Inceed, each coefficient of the injtial equation in a dependent variable or in
its derivatives is expressed by the product of transmissions factors of separewte
commuting elements which form a closed circuit, at whose output there is obtained
the considerec dependent variable. If investigation is conducted not in maturel
time scale (M, 9= 1), then this product of trensmission factors is divided by scale
factor My in a degree, equal to the rumber of considered coefficient by. Coeffi-
cient in an independent variable is equal t. the product of trernsmiss.on factors of
comput ing units, connected in series between the place of application of the inde-

perigent variable and output of the sought for dependent wvariable, sultiplied by the
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ratio of scale of representation of the dependent variable to the product of scales
of the independent variable and time in & depree equal to the order cf the highest
ranking derivative,

It 1s known that accuracy of solution of differential equations on eiectronic

nalog corputers is higher, the faster the solution converges. This means that
error durin~ investigation of stable systems of automatic control will be sirnifi-
cantly smaller, than during investigation of unstable ones.

In the latter case error grows in time and can reach an impermissibly great
ragnitude, At the same time there exists a number of linear svstems c{ autoratic
control with parameters variable in time, motion of which on separete time inter-
vais for a number of reasons is charscterized by instability, leading to build-up
cf deflections. The problem is to explain the magnitude of deflections ari nature
cf rotion of the system on a given time interval in order, by torresponding seiec-
ticn of parameters, to limit maximum deflection at the end of this time interval.

To solve such problems on simula* s without elements of the contrel leocp it

is expeadient t> introduce i -trensfocrmation fur every variabie of thre initial prob-

ler:

w My,
=0 (1G.23)

wrere ) is a sufficiently large positive number. Introducticn cf ¢ -tranafor-
ration of variables® for sclution of such problers on installations of type =LI

cas i

leads tc ctange of diagcnal coefficients of initial ecuaticns by uarntity A,
The resulting new syster cf differential ejuations wiii have a sclution, craracter-
ized oy aiminishing defiections, which it is possible wit! sufficient accurecy tc

chlain by an electronic analeog computer. For calculation cf sclutions of xi(t)

fror sclution of yi(t) cf the stable system we use agair trensicrration ej:aticn

*Offered by M. L. Brodskiy (see L. I. Gutermakher, N. V. Kurol'kev, I. i,
Vissonov, L. 5. Plabukov, and G, ¥, Yus'winck [1]).
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(10.23). For accelerastion of conversion it is possible to apply nomogrephs.
when set-up is carried out an a matrix analog, selection of factor A can be
accomplished experimentally on the actual installation, for which to diagonal co-

efficients a;,(i =1, 2, . . , , n) there are added numbers, proportional to

bu(i =1,2, ..., n)until the process of solution on the installation converges,
Indeed, if the initial system of equations is reduced to the form:
.‘!‘_“Ln—(.,,,‘+¢;,x,+ e o x)+ 1O

.,fi!._—-,- X+ 8nx,+ .. 40, X))+ [2(t)
..f‘."_'.—_—u.,xl+ﬂ.31;+ +°nlxn)+/l“)

with initial conditions xl(O), x2(0), . o ey 15,\(0), then after transition to vari-

ables ="z ..., y,=e¢Yx, we will receive
d
b 7’?” =— (@, + 32 y,+ ay ooyl fi(0)e,
¢
b 2= =—lawy, 4 Gat+ dh s e oyl S0 .
d . 3 - . - . - - * 8 « & & ¥ e e« ® 2 e o @
s, ’}%" = — [,y + 8.y, + ...

coe oy, FON YN+ St

From comparison of transformed and initial systems there ensues the abcve-inai-~
cated rule of change of ccefficients of an initial system of equations for finding
the required value of ,

when the i{nitii. systex of equationa is set up on an installation of struc-
turel type with respect to the general differential equation of a system with con-

stant coefficients " -1
s 4 'x dx
— + .._iﬁ__‘_.rr.’. ... + ‘I" - ‘. ,“,’

‘-
for determination of the required wvalue of i {t is possidls tc use known thecrems
cf algebra (A. G. Kurosh [1)) about limits cf rocts of a polynomial F(x). For
exarple, it {s pusaihie tc use the cailculation

M<l+i'-£—!i. (10.24)

where M is the upper lirit of mnduli of all real and complex roots ¢f a charecteristic
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equation, |A] is the modulus of the largest coefficlent, [a,) is the moaulus cf
the leading coefficient.

If coefficients of the characteristic equation are positive, it is possible to
use a generaiization of Cockay's theorem according to which moauli of roots of chur-
acteristic equation 4, are enclosed between numbers m and M, the least and greatest
ratio of a subsequent coefficient of the considered characteristic equation tc the
preceding cne. Knowing magnitude A it is possible to calculate ccefficients of a

new equation, subiect to solution on an installation by Horner formulas:
D* )
A. = """.'T =y

where
DM Q) = ( ﬂﬂ,(ﬂ))

@ Iyl
and E(p) is characteristic polynomial of initial equation. It is necessary tc note
that initial ccnditions for transformed equation ana the initial remein with this
identical.

In the transformed equation only coefficients of the left and the form of the

right side change.

3., Determination of Initial Conditions
anu Disturbing Forces

To determine initial conditions and disturbing forces in those physical quan-
titi~s, in which they are represented in the computer, one should use transforma-
tions (10.,20)., Thus, for example, if in solving differential equation {10.2) we

are given initial conditions:
20)=Cp sV(0)=C, xP0)=C, x9(©0)=C,

&nd disturbance y(t) = B = const, then on the basis of equation (10.20) we will re-

ceive
x=MU, yih=B=MU,
whence - xo G
U.(O)-— M. m'
and (‘) = L =3 .
n Uvalﬂ,‘""ﬁ; const. (10.25)
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in order to find sxpressions for initial conditions for remaining derivatives,
we will vee equations {10.18).

Cry the besis of these equations we cblain:

UG(Qsm - “—'-Zé—g-)- == -- 'Hgi;—-
F- 242 1 e
o~ 2P0 €y

U‘(O) = hxkiikﬁb = M;K..K;i '

_ Ao Cs
UsO =~ grkekoke = HiaKiKe"

_ =% 0) . C.
U= R RKoKs = MRaK Kok

_ (0 . C,
Vi0)= M AR K KA~ MK KoKoh; Ry,

If disturbance represents a given function of time, it can be reproduced on
the installation by solution of a certain auxiliary equation {see page 331) or by
introduction of a buncher of coefficients. In the latter case it is useful to pre-

sent y(t) in the form

(1) = Yauc & {2), (10.26}

where Ymax is the maxirmm value, taken by function y(t) on considered times interval.
Ymax
Here Uy max —~ My = const, and change of Uy max in time is carried out by the buncher,

as shown in Fig. 178,

Fig. 178. Method of intro-
luction in analog of given
functions of time,




4. Simulating Systems of Automatic Control
With Very large Time Constants

Muring investigation of these systems of antomatic control on analogs withcut
elements of & regulator the problem boils down to selection nf proper time scale.
Ay introduction of a time scale they reduce speed of model processes to auch 2 ~ap<
nitude, there is no error due to leaks and output beyond the passband of separate
corputing alements,

In case cf work with elements cf a2 regulator, naturally, it is neceesary tc
keep the tire scale natural, and then in slowly flowing processes cf adjustment it
is necessary to solve differential equations with rinute coefficients. Inceed, let
us assume that on the analog there will be investigated a controlled memt. .-, de-
scribed by differential equation

{F + 2hp + wl) x = ky. (10,27)
and let the period of natural oscillations of the object be T = 15 minutes, and
their attenuation such that with zerc initial conditions and a8 step-by-ster change
of y the x ccordinate reaches 95% Xyet during the time t = 2T,

In these conditions

ar=~;:-|n§5=n.6 107, «2=49.10",
Functional set-up diagram of differential equation (10.27) on installation is
shosm in Fig. 179.

On the basis of presented msthod coefficients of initial equation are connected
with paremeters of computing units by relationships:

DY L. T L. L\ NN SO, . ).
RLC ™ RCR,C M, R, ,C .k C,
Taking RlZCl = RlBCl = R2102 = Rllcl =1 and K_, = 1, we obtain

31
M
8 = ih=0003, a3,3,==49 107", a3, = VTRE

M
when =3, = 0.007. k= ! = =
8y =3, . R I'H; | we obtain % ! and 3,=1.
Thus during modeling of slow processes thers is no necessity to have capacitors
of very great capacity for integrators. large time constants 1t is possible to

reproduce by combination of the usual integrators and dividers. Here one should
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Fig, 179. Functiocnal set-up diagram on

similator of equation of an object with

slow processes.
apply operational amplifiers with automatic stabilization of zero level and turn
special attention to eliminating possible leaks between their integrating point and
output, especially during work as an integrator. A number of practical methods of

decreasing these leaks is considered in Chapter IX.

5, FExamples of Solution of Problems

Solution of linear differential equation with constant coefficients, Let us

assume that it is required to find in full time scale solution of the differential

equation

s x4 a a

@B G UG UG HO T 0 =000 (10 5
with given initial conditions: x(0) = 1, x{1)(0) = 0, x{2)(0) = 0, x{3)(0) = o,
x(L)(O) = Q, x(s)(O) = 0 and the following numerical values of coefficients:

b, =3, 8,=3.75, 8, =25, b, =0.937. b, - 0,187,
8, =0,0155. &, = 0.

The furictional set-up diagram of the problem is shown in Fig. 180, It differs

from the one.considered earlier (see Fig. 172) by inclusion of two voltage Aividers
(1,. 3,) for reproduction of coefficients less than one. Using the relationship
reccived earlier (10.22) betwsen transmission factors of separate units and coeffi-

cients of initial equation, we wil) receive when M, = ).
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Fig. 180, Functional set-up diagram of differential
equation of sixth order with wide range of magnitudes
of coefficlents,

K" == 3. K"K,‘K" = 3.75. KlJKzlA‘Jl = 2.5
KKKy Ky Ky, = 0,937, KKKy KoKy, = 0.187,
KKK KoKy K K132, = 0.0155,

n K Ty TRy TRyt <Ky T Koy
K13 = 2.5, th = 3.0, K72 = 0,937 and
s, =0,187, 1, =0.0155.
To guarentee work at the highest possible level of voltages in the installation

Taking K = 1, we will obtain K?l = 3.75,

we select scale My, proceeding from the fact that x =1 correspcnded to ! = 100 v,

Then L
M, = 75 = qo = 0.01.

Voltage of initial conditions is
]
u.(o)--%":lc &or = 100 .
On the oscillogram of Fig. 181 there is brought solution of considered equation,

received on computer tMJ-5. Comparison with calculating data shows that relative

error does not exceed 1%,

Fig. 181. Result of solution of linear differential equa-
tion of sixth order.




Solution of Mathieu equation, It is required to find periodic solution of the
equation
g-{»(c—?qcos'.’x)y:o (10.29)
when y(0) = 1, y(0) = 0 and ¢ = 2.
As it is known, periodic solutions for the given q “ake place not for all val-
ues of coefficient a.
If we want to obtain a periodic solution of the form
y==ACelg. x) (10.30;

where A= I1®
! Col¢. 0

then, using known relationships or tables (see (4, Strett [1]), we find that a = 8=
= 2,38, Replacing independent variable x by tima t, wve move to system of equations
(10.11), whose set-up on a computer is shown in Fig. 177.

Equations of voltages for separaze computing units of the circuit give:

Uym — 2 (KU, + KU,

Ly, .
Uy — = Ky, (10.31)
U,———K,,U,,
Uim U,

X
Uem—Kuls. (10.32)

Solving systems of equations (10.31) and (10.32) for UZ and U5’ we will obtain
»u+ KKKy — $ KK, Up Uy =0,

PU + KKy Ky Uy = 0.
Introducing equations of trensformation of variables y = H,U2 and ¢ = "'“S’
we will obtain

!
Py + KpyKyKyy = M, 3¢ KKy 2y, (10.33)
P14+ KKKyt =0




Comparison of coefficients in equations (10.33) and (10.11) gives
o 1 :
T 8 = K, K\;,Ky. M, DMK, =1 et K KRy
Initial conditions are determined on the basis of transformation equations of

varisble relationships

0
U, (0) == lg":l. vy = 40

when q = 2, a = 2,38, §,= 0.1, ¥(0) =1, 5(0) = F¢ =1, = =1 we will obtain

KipKy, = 0,595, KK, K, =1, z}'-x,,x,, = 10.
Taking Ky, = 1, Ky =1, Ky =1, we will cbtain Ky = 0.595, Mg = O.1. Fnowing

F——

L 34 U 'm :
.( ) u. I‘r ' *

Scale My must be select such that units do not leave the bounds of linearity.

Let = 0,02; then
% ' Uy(0) = JD@‘ - 50 &.
y

Change of magnitude U,(0) influences only the scale of the obtained curve, and
riot on ite shape. In Fig. 132a and b are brought results of solution of this
problem on computer EM/-5 for a quarter period and for several periods of solution,
Error of solution on the first quarter period does nct exceed 2,.5%

Solution of problem of oscillation of rotor of synchronous machine with step
disturbance, Equation of machine without considering damping and eiectromagnetic
processes in coils can be approximately presented in the form

FHAmiaF, (10.34)
where § is the angle of displacement of axis of the rotor flux with respect to the
axis resultant stator flux, F(t) is acceleration, equilivalent to applied distur-
bance, A is magnitude, proportiomal to synchrenising moment. It is requ.red to
find t*e nature of change of 3} for verious values of F(t), given in the form of

a step function with A = 2 and sero initial conditions
1(0)mm0, §(0)= 0.

Functional sst-up diagrem in accordance with equation (10.34) is showm in Fig.
183. Equations of voltages for separate computing units will be: ‘

|




b)

Fig. 142. Resul's of solution of Mathieu equation,

\ )
U,= - ; (KU, -+ KUy, Uy = - ’! KU,

Uy=- ain(Qly. U, =aU (10.35)

>
Solving these equaticns for voltage Uz, we will receive
PUs+ KpKippysia(Qly) = KK, U, (10.36)

Introducing equations of transformation of variables
'z-' M‘(!:. F") = M’(’!“. A" = §
and changing to initial variables, we will receive

P . § : .
ant KK M, (sind, 0 ) Anloblop )

M), (10.37)
Comparing equations (1U.34) and (10.37), we obtain
- :l A 1‘\";“‘
KK pg oM, - A M, (I M, = 1.
¢ 4
i ,’é’n I ~> 4
il 4 B (7]

v

Fig., i83. Functional set-up diagrem
of computing elements for solution of
probler of coscillation of rotor of
synchronous machine,
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In functional generators of computer tMJ-5 for trigonometric functions we take

m =100 and 4= . Therefore M, (=5 Ahen A = 2 and ¥, - [,y -

4d

< ¥y =1, F(t) = 1, we obtain:

2
T SR

M, T r
r
In Fig, 184 is presented the oscillogram of the solution, “omparison f tle

riven oscillogram with results, recieved on a mechanical integrator (see I, M,

Markovich 1 ), shows that error of solution does not exceed 27,

) R R 5 tkexkb)

Fig. 184. Results of solution of problem
of oscillaticn of rotor of synchronous
machine.

¥EY: (a) —:‘;gz ; (b) sec.

SR 53 Ak M T s 0




CHAPTER XI

SIMULATING LINEARIZED SYSTEMS OF AUTOMATIC CONTROL

In principle every systom of automstic control during strict calculation of
various acting factors is described by a ncnlinear system of differential equations.
Linearized systems therefore are only coarse models, as it was afirst approximation
of the studied or recreated system of automatic control.

If in a number of cases the stability of the initial system can be judged by
the stability of its linear model®*, with respect to the quality of the transient
this can be done, apparently, only for a very limited class of aystems.

One can create the {mpression that in these circumstances investigation of
transients of linear models of CAP loses its msaning in general, and, in particular,
there is nc sense for sclving these problems in applying electrunic simulators.
However the matter is not so. As we know, development of systems of automatic con-
trol is conducted in separete stages. On the first atage. when the initial struc-
ture of the system is explained and there are established technicai requirements on
the ob‘'ect and regulator, analysis of a linearised system gives necessary initial
data, Furthermore, analysis of a linearised model serves during further investi-

gation fcr comparicsn and explanation of influence of ssparete nonliinear

*See, for exarple, M, A, Ayserwan (1],

-3, -




dependences, accompanying physical realisation of thes system, lying at the basis
of the principle of action of the object or regulator, or introduced artificially
for the purposs of improvement of dynamic properties of the rretem.

Application of electronic anilog computers sllows us %o aAccelarats and facili-
tate investigation of stability and <rensients in linearized sustems, especially
when they are described by differential equatinns of & high order with variable
coefficients and constant delay,

Equally with this coml.nation of linear sodel ! an cbiect in the form of in
elsctionic integret.r with elements of cont:cl equipmert gives ths possibility to
consider the influence of deflect. ns of technclogical c¢ider and earlier ignored non-
linear depsndences in this equipment.

Soluiion of linearized systams appears also of great help during checking cf
corrmctnase of set-up and solution of nonlinear problems on electronic integretors,
Thte check ls carried out by msans of raximum trensition to a linear system, for
which it i¢ easy to amalytically estimate stability and certain characteristics cf
tansients. It is necessiry to note that obtaining of correct results with the
telp of mathematical computers of any types requires from the researcher a clear
ides of the physicsl processes in the system, skill to estimste a number of partial
solutions, cbtained as ihe result of such investigation.

Lo Simuating Orditary Luwarised Systems of
Aytomatic Control with
Ccmt-lm. &g}_a_r_s_

lat us considor as an exampis simulation of the processes of automatic contrel

of speed of d~c motor, fed frow a generetor with regulated voltage. A skeleton

a:agrar of such 8 system cf automatic control is shown in Fig. 18%. Equations of
motion of consldered system of automatic control after linearisation and disregard
of reaction of armature ani inductance of armmture circuits of genereter and motor

can be presented in the form of the fcrllowing system:

PR

P R ik




equat .on of indicator of error

Ug— U, =AU, (11.1)
equation of tachogenerator
U, =8, (11.2)
equat . on of amplifier
¢=K, AU, (11.3)
equation of exciter
T, if;'— + £, = ke, (11.4)
equation of generator
r,%+£,=t,£,, (11.5)
equation of melion of motor
nate=o-. (11.6)

where UO is the master signal, 2 is angular velocity of notor, Tl is time constant
of excitation circvit of exciter, T; is time constant of excitation circuit cf gen-
erator, '!‘3 is electromechanical time constant of acceleration of motor, muts the

loau moment, ki, K, k3 are proportionality factors, Ky is amplilication factor of

o

ST
N\
@fq o g

Fig. 185, Pundamental circuit of simu-

la_ion of processes cf sutomatic contrel
of speed ~f d-c motor, B—exciter, [ —
generator, [ ——motor, T—tacoogenerator,

arplifier
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It is necossary to explain stability of such a sysiem of automstic contrel and
the infiuence on stabiiity and nature of trauaients of impositicn of internal feed-
back with respect to acceleration of regulated motor with vhe {ollowing numerical

values of paramsters of the system:

=8 ¥ _88C
" & rdn
c m4 Y 2OC
. rdn m, = 48 Kgem X __lv3°c
377 rdn
T,==0,1 s&c T, =05 sec Tsz_n{-g!-zlsec
(4
. rdn
B,=3 k=35 K;,=10, £=1i0 Py

Bafore investigation on an electronic model it is expedient preliminarily to
explain whether the system is stable for the given numerical values of parametars.
With this aim it is possible to use known criteria of stability of linear systems,
The quickest is the modification of Routh's criterion littie-known in automatic con-
trol practice, offered by A. M., Kats, useful for systems of any ordsr,

In order v explain stabiliiy of a system, it is sufficient according t¢ this
criterion to constitute a table from coefficients of the characteristic equation and
prove that diagonal members of this table are all greater than zero. Below is de- !
scribed a sample of composition of Kaits' tablu for the characteristic sixth order
equation ‘

P+op +ap' +ap+ a0+ 8,p+4a, =0, (11.7)
System 1s stable when 4;>0.8,>0,.¢,>9, d,>0. ¢,>0. f,> 0. .

In the considered case the characteristic equation will be of the third order:

Pt+ap +ap+ o, =0, (11.8)
3
where ] i 1 1 § 1 ‘
14 Ky %

€
oy=—yyy— = 1270.
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Table VII

iy ! [N ) & L] l L]
o |
bymea,—b, ..na‘—’— by ma,—b .gn-:l- i by =8,
a, a
|
‘)".‘“’f. t'-—." t‘-'|‘-‘. ‘.".—.‘
3, b,
| £y mey—d,\d, =< €omcy
| | 6
' e, md, —0, c.--:-:-
i fy=e

Katza' Table for that case has the form

Table VIII
& e 'Y
by=a b ‘e"';:'
b= by

and leads for positive az, a,, and a, to the known Hurwitz criterion of stability
66> q, (11.9)

For given numsrical values of parameters this criterion is not satisfied, and
therefore, if by considerations of accuracy it is undesirable to lower magnitude
2y by a decrease of the total amplification factor of the system, then it is neces-
sary to introduce means of stabilization.

Introduction of a signal, proportional to accelemation of motor, leads to in-

crease of coefficient a,:

o = "+;'~;';'+“. (11.10)

and, consejuently, satisfaction of criterion of stability (11.9) with proper selec-

tion of coefficient kb, in the acceleration signal.
Using the metnod brought in chapter X, we will constitute a diagram of connec-

tion of operaticnal amplifiers and calculate their transmission factors for solution
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Fig. 186. Functicnal diagram cf set-up of equa-

tions, describing processes of automatic control

of spead of d-¢ motor,
of the system differsntial equaticns (11.1 - i1.6) in the absence and in the pres~
ence of the acceleration signal.

With introduction of acceleration signal after simple transforrations we will

cbtain: ﬂ_,. §|K’ &K 0, 0 4K A, dQ
—_— — 7 E, +’T‘ N A “"T—“ dr’
az, )
__le ke, (11.11)
ﬂ -y
FE D L

The functicnal set-up diagiam of these equations is showr in Fig. 186,
Equations of ueparate units of the circuit of Figz. 186 will be:
Uy = H{KuUs+ Kuadl i+ K+ K,
Uy — Ky, + Keptlp.
Uy= - S (KyU; + gl 4 KeU).
Uy — (KyUs + KgU™ -+ Kga,Uo).

Intr: ducing equations of transformatuon of wariable:

E. = Mk.up g a“m MQU‘. ﬂ. = ﬁ’.u..

E,aMg'Ug. Ug=s MU, ¢ =My
we will obtain: A -




‘E. £ " U “E K L)
—‘Tﬂ*—;m;{: o"ﬁ': 1B
K, Mg K
—_——s 4 Es
[] []
M, K Kyyry
dE, L h, B
= -TEIE;-EQ "7H‘ E,.
@ = MM, E'-?%M_ « M""g

(11.12)

Compari.on of the received system of equations (11.12) with the initial (11,11) gives

1 Ku .IKI ME.KII
=W T MMy,
kK Ky Mg BKA KinMe
B/ N A A P
| Kypr, K, “z,"n
T, =M, T T T MM,
1 Ky ! MKy I KpM,
RTTH T RS T WM, Ty, MM

We select the time scale, proceeding from the condition that frequency of pro-

cesses does not exceed the passband of the computing elements of the installation.

Estimating coarsely duration of process of adjustment by magnitude of the

largest time constant T3 = 1 sec, we will take M, = 1, Here duretion of processes

t

in the simulator will be equal to duration of processes in initial system. Re-

maining scale factors, coefficients Kij and 4, , are selected from condition of

work of computing elements within limits of permissible error and the linear rarge

of change of output voltage,

For the given numerical values of paremeters we obtain:

K" “’ Kll KIJME
=10 ) g = 0 gy =50
Kip M, Kuy Mg Ky
T = 500 \.. -ﬂ'—- = 2. W‘-H;.- = - lO.

Koty | MKy - 0.25 KuMg !
T' =.91, w-‘—ﬂ-'—'-- R . T———'u.——“-
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o RN NIEIROORIRNTIN - 4 o

Hhtn!t-lwoukoHEB--lw,Hn--l,H‘-—lO,H%-J.,HET-].O.
As & result when ¢, = 1 we find:

K“- lo. K“O& K“-S. Kul.zﬁﬁ..
xa- 2. K" - lw. K‘ = l, Ku - 2.50

Kg=. Ulem—d8.. Ujm110v. g=1.

Trensmission factor Ko7 ™ 100 is carried out by connecting to the feedback
circuit of opsrational amplifier No. 2 a capacitor with capacitance C = 0,1 m.cro-
farad, and at input of resistor RZl = 100 kilohm, Kog = 2 is hare carried by feeding
input impedance Rzz = ] megohm from divider a; ~ 0,2,

In Fig. 187 are brought oscillograms of trensients in the investigated system,
received with the help of electronic medel EMU-5 accordingly in the absence of feed-
back with respect to acceleration and with introduction of this feedback with coef-

ficient k!‘ = 0,159 and application to the shaft of the motor of a constant moment
of lead m; = 48 kg-m,

As follows from the data, brught ‘n the oscillogrems, coincidencs with calcu-
lated values is sufficiently near.

e
Indeed: 2
02,0, pen ™ - _.,__7_.,_” ..; =" 0.096 rdn/sec
b

‘9,".~ - oo' Nn/‘.c
Frequency of process it is possible tentatively to estimate by equation (11.8),
using formula

b=-C-2
=+t (11.13)

where Y 1is a real root, and — 7t je — are complex roots of equation (11.8).
For process with small attenuation it is possible in expressions (11.13) to
disregard magnitude 2; as compared with § and T' as compared with w2.
Then we will obtain:
%z/{;’*” rdn/sec “we =9 rdn/sec.
With the help of electronic models it is possible also to determine in the plane

of paramsters of adjustment of the boundary of the region of stability, boundaries
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Fig. 187, Oscillograms of trensients of auto-

matic ~ atrol of speed of d-c motor.

KEY: (a) Sec; (b) Xg-m; (c) rdn .

sec

of the region with given qualities of the transient, and exscute repid se.ection of
parameters of varicus means of stabilisation. This allows to accumilate factual
material about properties of separsate classes of systems of autometic control and
thereby to fill the gap existing at present in theories of automatic control.

2, Simulating Systems of Autometic Control with
Paramsters Variable in Time

To differential equations with coefficients variable in time are brought prob-
lems of investigation dynamics of processes of stabilisation of motion of flying ob-
Jects about the center of grevity with variabdble flight speed. As an example let us
consider simulating isoclated motions of banking and course with eiements of stabili-
sation equipment.

Simulation of connected motion does not present any principal peculiarities,
with the exception of the appearance of additional cross connections in the set-up

diagran.
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Fig. 188, Diagram of union of model with
stabilisation equipment.

l-—feedback potentiometers, 2-—steering
motors, 3—relay units, L—amplifier, 55—
modulator, 5—-differentiating cell, 7—
potentiometers for receiving signal, pro-
portional to deflection of steering mo-
tor, 8—load stand, A—analog, B—stabil-
isation equipment,

Equation of motion of object with respect to banking in this consideration will

differ from equation (1.16) by the fact that coefficients B, and B, are no longer
constant, and functions of time are given:
v+ 8,7 =- Byt Fu. (11.14)
where F(t) = B,(t)3, is the disturbance acting on the object.
The diagram of coupling the model with stabilisation equipment. is showm in
Fig. 188, In the general case at places of union with real equipment there must be
established converters, whose tranamission factors dictate selection of scale fac-

tors of conversion of corresponding variables.

In the considered problem tension, representing the regulatad coordinate in the |

model, is converted by a special device into the angle of rotation either of all the |
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statilization equipment, or only of its sensory-=-a gyroscopic instrument. In those
cases, where dynamics of the gyroscopic instrument can be disregarded, the need for
a converter drops.

Output of stabilization equipment is connected with input of simulator by po-
tentiometers. Voltage from cursors of potentiometers, proportional to angle of ro-
tation of steering motors, moves to input of model. Here on shaft of the steering
device there should be reproduced load (hinged moments) by the help of a special
load stand. This load can change in time and depend on the angle of displacement of
the steering wheel and the coordinates of the object (angle of incidence or angle
of slipping). -As such a load device in the simplest cases we apply stands equipped

with springs (Fig. 189),

= NI 2 T hkTe
weoveny' Vergrem

Fig. 189. Fundamental circuit of load stand.
PM—steering machine, P-~reductor, /7 —spring
mechanism,
Set-rp of the equation of mction of the oblect is conducted ty maxdmum values
of coefficients for the considered time interval, and to output of the corresponding
units of the circuit are connected voltage dividers, bringing at every moment of time
the voltage to the ocutput of the units to the required wvalue.
Let us assume that in the considered problem B} pay = 4.45, By o0, = 309,
the gyroscope is taken as a sero-momsnt elemsnt with trensmission factor k, = 2.3

v/deg, and potentiometers on steering machines will convert the angle of rotation
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Fig. 190. Functional diagram of modeling of equations
of banking with variable parameters,
vl steering wheels ; into voltage U . with transmission factor &, =1,
The set-up diagram is shown in Fig. 190 a,

Equations of separate computing elements give
Url# + Kip (09l = -~ K\ Ky (U~ KpKp3, (0 U,
After transformation of variables U. =M U,, d=iU, T =Mty, v will re-

ceive

a"nu, Ko, () 4U ALK, K t y

EANN AN ! o - DLA .I‘i_!_! - _5_‘.',*,.‘..“" i .
@Y TH S aG YT "‘“73—. % (11.15)
Comparing equation (11.15) with initial equation, in which coordinate ; is

replaced by U_ by substitution U, = k.3 , we will receive

K. )
,n:‘(_)_ - Bi . .'B'“, == é.il_x'.iiﬂ'_i’_ﬁl .
B &M

. _

During investigation »ith elsments of contm‘l 'loop Ht. = 1, Furthermore, it is
necessary to take M_ = 1 sc that it is possible directly to feed output voltage of
installation to the differentiating circuit of the equipment.

Therefore finally we obtain when , () =a,i) =1 gnd A =

‘u-alm 234.05.
‘u‘n "B!-n b =11




These transmission factors could have been realized on two units of this cir-
cuit, *‘f coefficients B1 and 82 were constant., In this case in the first unit it
wou... .ve been possible tc realize a transmisiion faction of the order of 50 by
selection of a capacitor with 0.1 microfarsd capacity and resistors Ry = R12 =

= 200 kilohm, and R.., = 2,24 megohm, Trenamission factor of the second unit here

13
should have been K_. = 14.2 which for operational amplifiers with automatic stabili-

21
zation of zero level can be considered permissible.

Considering that coefficient Bl can also take zero values, it is necessary to
supplement the circuit with amplifiers at input and output (Fig. 190b),

Before solving a problem with variable coefficients and real equipment, it is
useful to prove the coriectness of set-up and solution of equations on models for
several fixed values .f cuefficients,

Analytic solution of equation (1l.14) with o (0) =0, ¢(0) =0, F(t) = —854%

and constant coefficients gives

- -~ — -
v %;f:lu Bt — e-84), (11.16)

In Fig. 191 is brought the oscillogram of solution of this equation on a model
for B; = 0.98, B, = 19.8 and 4 = 1.9, and in the table are brought results of com-
parison of this solution with the analytic one. The table indicates the near co-
incidence of calculated and experimental data.

In Fig. 192a are brought ocscillograms of change of coordimate ¢ during solution
of a problem with variable coefficients, given by grephs in Fig. 192b. From the
oscillogram one may see characteristic change of period of oscillations , which fcl-
lows a change of coefficient By in time. Transients during appiication and removal
cf disturbance converge to natural cecillations which bears witness to the presence
cf nonlinearities in the stabilisation equipment.

In the case of stabilization of course motion it is necessary to solve on the
model system of differential equations (2.5) with the distinction that coefficients

Al' AL' A5 and Ab sre g'ven functions of time,
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Fig. 191. On checking accu-
racy of solution,
keY: (a) ln deg; (b} Sec.
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Fig. 192. Processes of stabilimtion of barking with
variable parameters and supplying snd remocval of dis-
turbing moment.

KEY: (a) Time T s-c; (b) Experimental; (c) Calculated;
(d) Deg; (o) Kg-&; (f) iquation =f oblect; (g) vec.

Proceeding by the above-stated method, we arrive at the set-up diagraz broughti
in Fig. 193. As in the preceding case, it is usefui vefore beginning a sclution
with coefficients variable in time to check accuracy of sclution of equations cn
the model.

Solution of system (2.) for coordirate j unaer the condition thai A, - v, aia-

turbances F\ = "b = O, cosfficients ars constant and steering whesis ai moment
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Fig. 193, Functional diagram of modeling of
\quation of course motion with variabie pars-
maters,

KEY: (a) Disturbance; {b) YT¢ autcpilot.

t = 0are 1nsumt,Ly shifted an angle ., leads to equaticn

o
I

..? HA,+ A +AA 4 Ay =~ A AL+ C,
The integral of this diffsrentiai equation in the case of complex roots of

the characteristic equation will be
$mCuunat + Co"cosul — ﬁz.&rg‘, +
4 ‘ M& s ay (11.17)
Mt"’ 10 v + u

where Cl, 62, CG are conatanta of integration, determined by initial conditions

il = U, ~§{0;.=0. BP0z Ay in the fom of expressions:

i - j:’!f'zf ' A ]
Co= AL — ISR i A & &
L hA (11.18)
Cyme AL, - f,‘f r."
o= AR[AELFTE S A
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w.ere 7- 1is the attenuation factor, aud « 13 the frequency of oscillations, de-

termined by relationships:

(11.15)

el e e—— A——

0:5a " gy AR Wy pace ISty 17 CEA

Fig. 194. Checking accuracy of solution,
KEY: (a) Deg; (b) Sec.

In Fig. 194 is brought the oscillogram of soluticn of the considered system of

equations (2.5) in case of constant coefficients, equal to Ry = Ca35, A =0,

2
A, = 17.67, A5 = 20,65, and A6 = 1,59, Comparison of received sclution with the

analytic soluticn in distinction from the preceding case can be made not for separ-
ate points of the solution, but bty comparing characteristic parameters of the solu-

tion: % =~ C' + A|A: (A, + A|_)_‘l
] As + AA, (AA, + AP

Vo= 42 A

(11.20)

Results of comparison, shown in the oscillogram, bear witness to satisfactory
accuracy of obtained solution. It is necessary to note that error of solution for
parameter }", in significant measure is determined by how much transmission fac-
tors for both inputs of the operational amplifier, producing coordinate 3 (angle

of slipping) differ. Accuracy of setting of these transmission factors should be
not lower than the third significant digit.

As follovs from this example, for estimating accuracy of a solution, received
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Fig., 195, Processes of stabllization of course with variab)e paramsters.
KEY: (a) In degrees; (b) Sec; {c) Regime; (d) Kg-m.

on the modei, in a number of cases it is more correct to comduct comparison not for
separate points, but of cheracteristic parameters of the solution. This is sensible
to do especidlly when the soluticn hss an oscillatory character or sharply expressed
extrema,

In Fig. 195 are brought three oscillograms of processes of course stabilization
with coefficients variable in time, received during work of electric automatic pilot
with proportional feedbacx, controlled by the signal and its first derivative, Para-
meters of the differentiating circuit changed as & function of time in steps. From
oscillcgrams one may see characteristic change of amplitudes of natural oscillations,
connected basically with change of coefficients A, and As. On the oscillogram of
Fig. 195b is shown the influence of disturbances, applied in the form or rectariular
pulsas of various duration, and on the >scillogrem of Fig. 191c is shown influence

of brief change of sign of coefficient A, (statistically unstable objsct).
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2s Variahle Speed Drive of Coefficients

Devices, intended for introduction of coefficients variable in time, are called
variators variable speed drives of coefficients.

b - distinguish slectromechanical and slectronic variable speed drives of coef-
ficients, In those cases, when solution of a differential equation is produced in
full time 3scale and change of coefficients of differential equations occurs slowly,
we apply electromechanical devicss, With iteration of the solution with a frequency
greater than 10 ¢ps electromechanical devices cannot be applied due to great inert-
ness. In these cases for introduction of variable coefficients we use diode func-
tional generators, in which voltage cf the argument changes linearly in time ac-
cording to saw-tooth law with ths frequency of iteration, and corresponding multi-
pliers.

The simplest electromechanical variable speed drive of coefficients (Fig. 196)
consists of a certain mumber of linear potentiometers, cursors of which are moved
in time by a draw line and profiled cams, made in accordance with the function of
time given for reproduction. A tension spring serves to guarantee constant contact
of the roller and cam. All cams are planted on a common shaft, moved by an electric
motor with constant speed.

One wide-spread modification of cam variator is shown in Fig. 197. Pulse step-
by-step motor, moving the cam shaft, can be fed from a pulse generator of stable
frequency, provided in electronic models (for example, in IPT-4, IPT-5, MPT-9)
or from any other interrupter of current. This ensures possibility and simplicity
of change of spsed of rotation of cams in comparatively wide limits. Considered cam
variators with accuracy of profile of cam + 0,1-0.5 mm and maxizum can redius 60mm
introduce error of + 0,16-0.33%. Among deficiencios of these devices one should
mention comparetively high labor-consumption of manufacture of cams,

In the design of variator of coefficients offered by engineer Ivanovskiy cams

are replaced by slip-rings, made of wire, bent by a given .zw and fastened to fixed




Fig. 196. Fundamental circuit of cam var-

iable speed drive of coefficients.

le=slip-ring, 2—potentiometer, 3—tension

spring, 4—string, 5—drum, 6--cam, 7-le-

ver, 8-roller,
insulating plates 1 (Fig 198a). Along these plates moves a trclley with linear
wire potentiometers 3 of cylindrical form. Potentiometers by svrings 4 are presased
to the wire. Drive of the trolley is carried out from an aaynchronous motor through
reductor with a changeable treansmission ratio (movement of trclley at full speed is
provided after 440, 220, 110 and 55 sec). For stabilisation of speed,on the shaft
of the drive motor is put in a flywheel. The genersl appearance of such a variator of
coefficients as made by the Academy of Sciences of USSR is shown in Fig. 198b,

Examples of variable speed drives of coefficients with step-by-step approxima-

tion are the units of variable ccefficients of electronic models IPT-4 and IPT-5
(Fig. 199). The basis of each unit is a 100-lamellar stepping selector. Step-by-
step motor is controlled by pulses from an interrupter, located in the control panel.
Time of switching trom lamella to lamella can be fixed equal to 1.5 sec, 1 sec, 0.75
sec, 0.25 sec and O.1 sec. Consequentiy, to time of cycle of work of varistor can
have 6 values from 150 sec to 10 sec. Values of voltages, brought to lammellae of
variator, can be set in steps by any law from the voltage divider, where on the
divider there are 100 divisions of positive voltage and 100 divisions of negative

voltage, Commutation from the divisor to lamellas of the selector is carried out
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Fig. 197. Kinematic diagrem of modification
of cam variable speed drive of coefficients.
lecan shaft, 2-—cam, 3-—step-by-step motor,
L—-lever, 5—tension spring, é-—winding of
potentiomater,

KEY: (a) d-¢ pulses.

on a special setting field., DBesides, the level of a coefficient can be lowered by

an additional voltage divider with a coefficient of division 0 e J} at an interval
0.00). of the Jtep.

Fig. 198. Variable speed driws of coefficients with wire-wand shaped
slip-rings.




To obtain pulses, controlling the step-by-step motor, in analogs IPT-4 and
IPT-5 there is a special device, consisting of a quartz oscillator with 8 frequency
divider (with division of frequency from 1000 cps to 50 cps) and an auxiliary pulee
generator, consisting of 6 synchronous motors, working from a trequency of 50 c
and interrupting contacts with six different frequences. If permissible error of
scanning of coefficients in time is 2%, then motors can be fed directly from an

a~-c net,

wxcd (D)

(a) (d)

Fig. 199. Variable speed drive of coefficients
with stepping selector, ‘

KEY: (a) Setting field; (b) output; \c) Step-
by-step motor; (d) Pulses.

Among the merits of the considered variable speed drive one should include the
fact that in separate moments of time there can be received coofficients with great
accurecy, since separate sections of the voltage divider can be made very accumtely.
Fssential deficiencies of these devices are complexity of construction, large di--
mensions, appearance of additional interferences due to step-by-step in.ruduction of

the variable coefficient.
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Variable speed drive >f coefficients of analog MPT-9 is a modernizaticn of the
considered device, On the setting field of the urit of the variahle cnefficient

trere is no divider with negative values of voltapes., Nepative values of coefficient:

2P ysinyse ol

Fig. 200, Modification of variabie speed drive of

coefficients of Fig. 199.

KEY: (a) setting field; (b) Output; (c) From pulse

generator; (d) cps.
result from generzl displacement of level of the graph of the variable coefficient
by a special device, introducing negative input voltage with a constant coefficient
intc the model. Furthermore, to the stepping selector of the variable coefficent
unit there can be fed pul=es with one of five frequencies by program in time which
allows us to approximate the curve of the law of change of the coefficient more ac-

curately, i.4., on steeper sections of the curve to increase the frequency of

switching.
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To obtain progremmed introduction of frequencies of pulses on the stepping se-
lector the variable coefficient unit, there is an additional device, including still
another stepping selector with 10C lamellae and a setting field, where to every
lamella there can be passed pulses with one of the following five frequencies:

8 cps, 4 cps, 2 cps, 1 cps, 0.5 cps. Lamella can also remain unconnected, and in
this interval of time not one pulse will pass to the stepping selector of the vari-
able coelficient unit. All main elsmsnts of variator of coefficients and auxiliary
devices (generator of stable frequency and others) remain the same as in variator of
analog IPT-4. The basic circuit i. shown in Fig. 200,

Shown designs of variators of coefficients cannot be recognized as totally
perfect. Cam variators require comparitively great expenditure of time on manufac-
ture and replacement of cams; variators with wire on the insulating plate, do not
ensure smooth change of the time—-speed scale of potentiometers and have complicated
drive mechanism, Variators with stepping selectors also are not very simple and
frequently serve as a source of undesirable interferences, caused by the step nature
of approximation of the variable coefficient.

Apparently, improvement of variators with wire, glued on insulating plate or
drum, can lead to creation of devices which are simple, accurate and at the same
time convenient to use, Significant simplification here can be attained by trensi-
tion to smoothly regulated drive, in the form of a servo system, Supplying this
servo system with feedbacks with res:uct to speed and position, it is possible to use
the variator of coefficients also as a functional generetor or multiplier-divider
during investigation of processes with frequency up tc 1 cps. By this it is possibie
considerably to suprlement the possibilities of the electronic model without in-

creasing the number of additional units,
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4. Simulation of Systems of Automatic Control
with Constant Delay

Constant delay is met primarily in industrial process systems.*

An essential role in formation of constant delay in industrial systems is played
by the terminal velocity of transfer of the substance. An example is the system of
automatic control of thickness of a sheet on a rolling mill, where the meter of
thickness of the sheet 1 (Fig. 20la) and pressure device 2 are located a certain dis-
tance L from each other, due to which with a terminal velocity v of motion of the
rolled sheets there appears delay : between influence of pressure device and meas-
uremsnt of its result by the sensor. Another characteristic case of the presence of
constant time delay takes place in system of autoratic control of concentration of
solution by change of input of one of the components (Fig. 20lb).

Furthermore, ofien it is convenient in

Tek L | studying multicapacity industrial processes
a) —
v " to replace the equation of motion of high

order by equations of the first o second
' order with constant delsy. Finally, during

investigation of control systems with very

fast processes it is often necessary to ex-

plain the influence of small constant delays

of the order of 10-100 millisecond in the
Fig. 201. Examples of =zys-

tems of automatic control

with delay. a) control cir-
cuit of thickness of sheet on
rolling mill, l--meter of
thickness of sheet, 2—pres-
sure device; b) control cir-
cuit of concentration of solu-
tion; l--meter of concentretion,
2~~regulating element.

controller, or delay of such an order, to
which it is possible to recuce smll pare-
meters of system.

The general renge of constant delay,

encountered in systems of automatic control,

¥See, for example, V. L. Lossiyevskiy [2)].
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embraces intervals of time from 5 milliseconds to 100 minutes. However during simu-
lation, apparently, it is possible to limit maximum delay to 5 minute, since with
greater delays processes of adjustment proceed already so slow’; that the dynamics
of equipment of adjustment, in essence, can be disregarded and one can conduct in-
vestigation con an electronic model of the total system of differential equations of
the system of automatic control in an unnaturel time scale.

For reproduction of delay in electronic models there are applied special de-
vices, named delay blocks. In ideal case the delay block should be characterized by
the following dependence between input ¢, and output o, magnitudes:

Cor ) = 0, (t — 1), (11.21)

where t = const is the constant delay. In operator form squation (11.21) will have

the formr

s (P) =0Tt ().

(1.22)
Thus, output magnitude of delay block should copy accurately the input magnitude,

but with a shift in time <« Trensfer function of block should be

V.(p)=e".

Fig, J02. Passive networks, utilised for cbtaining delay.

=313~




s

rmariscn o f separate constructicns of deiay blocks and their appraisal can be
carried (ut on the hasis of comparison of frequency recponses. For an ideal delay
block the gain-fregquencv response is (W, (fm'=: 1. and the phase~frequency is 7.-= w:
Fnown ~-nstructions of delay blocks can be divided into two groups devending unnn how
the gpiven pain and prases frequency responses are realized, In devices of the first
rroup the pain-frequency response is reproduced in principle accurately, and that of
phase, approximately; in devices of the seccond group, vice ve,sa, the phase response
is reproduced in principle accurately, and gain, approximately. Among devices of the
first t:pe are, in particuli r, RC circuits of passive and active quadripcles, simu-
lating long lines, In Fig., 2028 is shown one circuit, consisting of passive RC

networks, isolated from cne another by separating amplifiers (for example, cathcde

followers).

Transfer function cf each such network is

I — RC,
YiP =1Trc, (11.23)

Transfer function of circuit of such identical sections will be

v = J] viio = (15 0)

We will estimate error, introduced by replacement of W,(p) by W:(p). This es-

(11.24)

timate can be made by comparison of frequency responses. For considered the bridge

circuit we have:

)
From this, considering 2nRC = : and comparing with ideal values of |W,(je)| and 3,
we will find error in phase response
&= — ot+2uuctg-£—
or when %:- < lapproximately
o= 1;5)', (11.26)

Error in gain response is
AM =9
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when p-.,.-2 x=-— pl we obtain

- (11.28)

— T1p) —6Tp 4+ 12
=W )= Farer, 417
Conducting, &s and before, comparison of the frequency response, received from

(11.28) with tre ideal, we find that

and W (w)| == [W o) =1L,
Ay = — w3+ 2arCtY 3 r"'(m 5 (11.29)
where .__ T
If we take maximur permissible error .; = 4", then from expression (11.29) it fol-
lows that w123 Connection in series of identical cells with trensfer function

(11.28) leads to increase of permissible magnitude of w:

av
30
L] e
i
/
10

0 ; ——d

J wr

Fig., 204. Dependence of error on . for var-
iocus types of sections.
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n Flp. 203 1s bproupht praph of dependence ~f numbher of sections n on w: for
varions JA; tFrom expression (11.26) and praphs of Fip, 203, calculated ty tris
expression, it follows that when the number c¢f cells n - 6 and pernissible cerer
3; 0.04rdn maximum permissibie value of (w7, =25 If one were to linit rapnitude
of resistances R and capacitances ( of capacitors of the circuit to 1 mepohr and
U.l  u f, then maximum possible delay when n -~ 6 will be

T =28 RC = 1.2 gec,

desides limited range of delay time application cf passive circuits also has

the deficiency that it does not allow us continuously to change delay time and

requires during its setting variations of parameters of every link,

5,

Fig. 203, Graph cf dependence of number of
sections on .. with given phase error,
Application of active circuits has significant advantages in this respect. Let
us consider one such circuit, reprcducing the first two members of expansion of e*

into a Pade frection series (sse 0. Perron (1]):

AN
¢’ am lim m- (11.27)

CYL R
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‘n Fip, Nle are stoum corparetive curves of 3 . fi.-) wWith various n and
varicus types of sections, .olid lines are curves for sections with transfer func-
tion of type (11.28), and dotted lines are for type (11.23). From the figure it
follows that for values of = greater than 3, it is expedient tc change to devices
of the second type. Transfer function (11.28) can be realized both by passive
(Fig. 202b) and active quadripoles. Application of active quadripoles allows us
to simpliiy setting of required parameters and removes difficulties, connected

with necessity in case of passive gquadripoles to have inductance with high quality.

4 Cue

o
B
Wl
QIR | vV
. )
.
ot
t

Fig. 205, Functional diagram of
reproduction of delay,
Of special interest is application for these purposes of operational amplifiers
(C., D, Morrill [1]). 1In Fig. 205 are shown two variants of such circuits. During
composition of these circuits¥* it is more converient to present the given transfer

function (11.28) in the form
12»T

Vo) =l — arigrim (11.30)
The circuit shown in Fig. 205b is used when in the process of the experiment it is
net required to change delay time, Amplifiers 1 and 3 here oftan can be taken from

remaining set-up circuit, 3o that on creation of delay there is expended only one

#According to methods of Ch. XII and Appendix I,
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operational amplifier., Helationships for determinetion ~f parammters of tiese cir-
cuits are obtained for piven value of = by comparison of transfer functions «f tlese
circuits with expression (.i1.30). For the circuit of Fip. 2054 we rave:
Kn""}' Ku=’%' KnKnKn:”:?" KKy — KpKis.

Magnitude ¢ can be changed smcothly by setting voltape dividers and in stepse=by
change of magnitudes of capacities of capacitors Cl and 5. With physically possible
values of transmission coefficients Kij general range of time cf delay constitutes
from 0,05 to 100 sec. In Fig. 206 are shown oscillopgrams of work of circuit when

t==0,1 and 0,90 sec. In initial period upon switching on the circuit there takes
place the process of setting the voltage. iInder conditions of modeling a CAP veltage
at output of the delay olock will scarcely change by jump and therefore process of
setting up practically will not effect accuracy of simulating processes of control, If
it is necessary to increase accuracy of reproduction of delay and to expand range of
perrissible values of «: it is possible to use, for example, the first six terms of

series (11.27), as C. D, Morrill recommends (1]. However for reproduction of such

a transfer function there will be required i0 opsraticnal amplifiers.

Fig. 206, Oscillogrems of work of circuit of Fig.

205, t.y is setting up tirme,

A somewhat different approach to synthesis of transfer funciions, with respect
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t- .ccation of their poles and seroes, approximating the transier function of the
iink with delay va= developed by #. J. “unningham [1].

Among devices, reproducing in principle accurately phase-frequency responss and
approximately gain-frequency are, delay units, bused on use of capacitors and mag-
netic tape as memory units. Here the current values of the input magnitudes are con-
t.inuously stored in the memory and continuously are selected from it after a given time

delay.

Fig. 207. Fundamental circuit of delay block
with storage capacitors,

Principle of action of a device with remembering capacitors (V. V. Gurov [2])
consists of the following: for a definite, fairly small intervalis of time output
voltage of operationzl ampiifier 1 (Fig. 207), representing input magnitude of the
delay block is stored by charging capacitors Cl’ Cz, o o oDy charged brushes 4. V~rl-
tage cf these capacitors after a time, equal to the time .f delay, is transmitted by
discharge brushes 5 to low-capacity capacitor Coc » in the feedback circuit of output
operational amplifier <. Use of operational amplifiers here ensures practically in-

stantaneous charge of capacitors Cl' C.s » « « to value of voltage ¢ - due to the low

2
value of the output impedance of amplifier 1. Dlischarge of capacitor C in the inter-
val hetween two periods of charge, caused by external leaks R.y, will here be negli-
gibls, since th~ time constant of discharge is very great: )

T= RyCa (t 4 K,
(1.31)
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wrere *  is the arpiificaticn factor of the cperat: nal avpiifier with <pen nera'.ve
feedhack,

+s5 the device, corrutating capaciters ¢, trere are used stenming se-
FS

‘\‘2, . 0 e
lecters or special collector commutators. In case of application «f sterping selec-
tcrs the brush contacts ~ove, out in case of collector commtators—cocilectors rove
with constant speea.

Time delay - is uet by change of angular velocity Q@ of rotation of motor 3 and

anfle a between brushes:

t=g (11.32)

By force of finiteness of interval of time At between charge of two adjacent
capacitors Cy and Ci+l in such device there is stored and reproduced with shift not
a continuous curve e, (' , but a stepned curve, Tils leads t~ error both in ampli-
tude, and in time of delay of output magnitude. Error in delay time here does not
exceed magnitude 3y and error in amplitude can be estimated by the evident rela-

tionship

-— ‘ll l] 033)
e, = S0 u, (

where ,-.-% , N is the number of storage capacitors; a; is the penersl anglc, at
which contacts of the commutator are located.
with the help of rel; donships (11.32) and (11.33) when ¢, - (i aa ¥« we find
the maximum value cf relative error in the form
Bodyy = wz =2,

ale  *
vhere 1., is minimun gap between brushes.

When 1, a = s,

(3¢)pyy =0.1e. (11.34)

From (11.34) it follows that for obtaining maximum error ‘el - 2¢, magnitude (..
rust not be larger than 0.2. Yesides error, caused by stemness of curve of output

voltage, such 8 method cf reproduction of delay introduces error due to finiteness of




~&yritude of capacity «f capacitor -".,)C. ~baolute errcr can be estimated by expres-

S

J‘_’ ) ,:1( d(“

¢ C+ L0 di A

ere " 1s the capacitv of the storape capacitor Fi'

'sing the earlier derived relationship for 3, and considering €e = €axmi S17 Wl

101, . .
(), »n': we will receive the maximum value of relative error in the form
Wt - 01 T w (11.35)
(‘: C,.‘l c 0 C - C,‘ A °

ahen . _g anc g, --0.25%% from (11.35) we obtain

b
cg,,.‘,C

~

The fact that capacitor (,. during switching on cf storage copacitor is crapped
inaccurately up to vcltageie,,) ;.caused au‘ustment of the step-by-step variable signal
not at once, but after several cycles of charge of capaciter C This as 1t were in-
troduces parasitic inertial delay in the system, !'sually capacitors 'Ci and C,. for
aecrease of ieak are selected as type KPFG or Gy (with styroflex dielectric),

an original rethod of loweriny error due tc step nature of the output voltage
curve was offereg in the worx of Ya, I. Grinva ana P. N. Kopay-Gora {1]. This methou
consists of adcing to each step of curve . , & linearly variable voltage, This

voltape results from integretion of difference of voltapes on capacitors Coc’ ob-

tained for tre duraticn of two ad’acent intervals of time t; and ty,,:

4oy
iy , AL, o
Upe= 3 ] W=l 2 =000
4
(1

In craer tc receive linear smoothing of th. stepped curve, it is necessary, th.t

Uaatt, 0 AU This i3 possible, {f 7 3¢ In case of application of interrating

operational ampiifier the given condilion reduces to
RC = M.

Trus, with correct selecticn of transmission factor ‘:'

of the inlegrating biock
summation of result of integration with current wvalue of stepped cutput voltapge pives
output voitaye cf piecewise-linear form. Ve will estimate maxirum value of reiat:ive

error witk such approximation. On basis of previously derived reiationship (0.<)
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AP = tonine ot

we have
| (d,
Opuidmns = (_‘:‘,1)_“ an,

After substituting of value 3¢ when €, =¢, ansine! and I ; -10 we obtain un

expression for relative error:

(pus)ar = 'ﬁlﬂ (w2

aren (e N, = 2% the perminnénio s~lue -2 Lo 71 Thus, uvwner conditions erual, in-
troduction of piecewise-linear avproxination as compared with stepped pives an in-
crease of maxinum permissible value of w: by an order. However error fror. inac-
curate transrmission of voltage to capacitor C. remains. If one were to select
C.. < C. then with preservation of low error iU, it is possible to increase raxirum
perrissivle value of &: to 4. Fundamental circuit of delay block, using considered
principle of smcothing the stepped output voltage shown in Fig. 208, For prepara-
tion of circuit at the end of interval of t,ime At for forming the following linear
aadition there is provided periodic discharge of capacitor C. By the given diagram

delay blr.cks are industrially produced in these block commutation of two groups of

2¢ capa.itors of type 'GS of 0,1 microfarad is exscuted with the help of two stepping

selcctors (type ShI 25/8). Duration of interval can be fixed at 0.1 sec, 0.2 sec,
0.5 sec, and 1 sec, time lag : —from 0.1 to 20 sec in steps. Accuracy of reproduc-

tion of output voltage constitutes + 3% up to (e%)u,, <35.

Fig. 208, Fundamental circuit of delay block with

storage capacitors in which there is provided linear
smoothinr.



With the necessity of carrying out constant delay pgreater than 50 sec it is
expedient to use principle of magnetic recording. In Fig. 209 is presented block-~
diarran of such an instrument (V. A, Ivanov [1]). Input signal, variable with low
frequency, is nodulated by Entrance signal variable with low frequency, is modulated
in frequency by sweep oscillator of RC type. Magnitude of input signal can take val-
ue of 1 € v; here the voltage frequency of oscilintor changes linearly from 500 to
90V cps. Voltage of penerator proceeds through power amplifier to recr ~ding head in
which there is set the raximum value of amplitude of magnetiezing field. The signal
thus recorded on the megnetic tape, passing through a special device of "infinite
cassette" type, induces in the head of reproduction with delay time a voltage, which

roves to the input of the amplifier. Infinite cassette can contain from 0.5 to 250 m,

-

>l

¥
8 () [

Fig. 209. Fundamental circuit of delay block

with application of magnetic recording.

l-—output device, 2—pulse counter, 3—ampli-

fier with limitation, 4L—=infinite cassette,

5—spead setting, 6-—stabilized rectifier,
7—high-frequency oscillator, 8—motor, 9—

reductor, 10—generator of control pulses,

lle=power amplifier, 12——leading shaft, 13—
reproduction head, lj—~erasing head, 15«= .
recording head, lé6—tachogenerator.

At the output of the mxplifier;li:niter we obtain a variable rectangular voltage
tension variable in frequency, whose am;ilitudg strictly is calibrated and does not
depend on magnitude of emf induced in the reproduction head. After the amplifier-

liriter the recéived square voltage pulses pass through a pulse counter, at whose
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output there is comnected a capacitor, so that voltage on this capacitor is propor-

tional to the number of pulses per unit time, i.e.,, frequency of recorded voltage or
magnitude of input signal.
In Fig. 210a is brought the general form of delay block with application of

magnetic recording as made by Academy of Sciences of USSR, In t.iél, bl_ock the belt.-

drive mechanism is woved by a d-c motor of type SL22). Speed of 'r'oution changes by

a change of excitation current. Fixed speed is kept constant by a system of auto-

 matic adjustment of speed.

0.5 to 20 minute, and this range is covered smoothly.

sustained with great stability (error near 0.1%).

The delay block allows us to receive a delay time from
Magnitude of delay time is
Error of reproduction of input

signal does not exceed 1.5%. Maximum frequency of reproduced signals is 2-5 cps.

In Fig. 210 (b, c, d) are brought several characteristic oscillograms, illustrating

work of described delay block.

for K. W. Goff [2].

On a delay block, made on magnetic drums, see also

In Table IX are compared main technical characteristics of separate types of

delay block.
Table IX
No.
in Type Delay Block Limiting Values Maximum Error Note
Order T wr
1 | Block of 4 operationd Error,
al amplifiers by PigJjfrom 0.05 3 + 2.5% phase, re-
201a diagram *Pto 50 sec lated to
(s =3
2 Bi.ock with applica- Error, am-
tion of storage ca- plitude, re-
pacitors and linear fro:;oo.l 3% lated t.c,:
smoothing T‘° sec s ;.;;;; ::o v :
s ™
3| Block with 3 o
oc th use o Error, am-
magnetic recording fm 0.5 |from 12 to 11.5% plit.uc’!e re-
::: to 20|several lated t; :
) thousand <25
cps.
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Fig, 210. a) general form of work of delay block with
application of magnetic recording; b,c,d) oscillogrems
of shift with respect to time of rectangular, sinusoi-
dsl and aperiodic processes:

lwwinitial process, 2--delayed process,

If one were to consider that in systems of automatic control in practice w: <=,
then from the data brought in the table it follows that with small time lags one can
successfully use a circuit with operational ampiifiers, and with large ones~-delay
blocks, based on magnetic recording., Delay blocks with storage capacitors as com-

pared with circuits of amplifiers, other conditions beirg equal, are significantly
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more complicated, nore expensive ancd less reliable,

5. vimulation of Uystems of Automatic Control with Tnterferences

For a number of contemporary systems of autoratic control (system of automatic
racking of radar stations, etc.) of larpe significance is calculation of influence
of interferences, penetrating the system simultaneously with useful signal. Prob~
lem of simulating of such CAP can be formulated in two ways. In one case the prob-
ren is pcsed of more precise definition of parameters of system taking into account
influence of interferences, introduced to model by reproduction of recordings of
change of input signal, received by full-scale tests, In the other case there is
studied influence on the process of adjustment of change of main statistical char-
acteristics of interferences by addition to input signal of signal of interferences,
produced by special generator with predetermined statistical characteristics, Thre
last formulation of the problem usually occurs in the first stages of creation of
the CAP, when it is possible to express only highly tentative assumptions about
statistical characteristics of input signal.

with recordings of change of input signal, recieved in real conditions, repro-
ducticn is carried out variously depending upon nature of carrier of this recording.
With use cof magnetic recording one can successfully apply the delay block, described
in the preceding section., With the help of this block it is possible to carry out
both recording and reproduction of input signals., During reproduction of noises,
registered on the tape, there is used a servo electronic-optical system,in nmany
respects reminiscent of the cathode-ray functional generators considered in Chapter
VII. Signal, controlling the position of the spot on the edge of the oscillogram
during its movement before the screen of the cathode-ray tubs, is used as the output
signal of noises.

For generating noises in redio engineering they use ordinary electron tubes
(most frequently diodes), fluctuations of whose current are anplified by multistage

broad-band amplifiers. However for modeling CAP these generstors are of little use,




since during creation of noises in a narrow band of low frequencies (from 1 cps and
lower) with power of the order of 0.1-1 w requires very great amplification., Re-
placement of vacuum tube by a gas-discharge tube (for example, thyratron) removes
only partly the need to ampli:y the sigral. For generating noises in the band of
frequencies below 1 cps large advantages pertain to application of a ball generatcr
(A. M. Petrovskiy [1], [2]) and a generator, made of voltage dividers (C. A, Wass
[1p.

As can be seen from Fig., 211, he primary source of noises in a ball generator is
a drum, filled with steel balls. Axis and lateral surface of drum are made of con-
ducting, and the face covers are made from insulating material., To the axis and
lateral surface of drum by slide contacts is applied a constant voltage. The drum
is rotated by 3n electric motor through reductor with variable transmission ratio.
llpon rotation of the drum the balls poured inside it create irregular contact be-
tween the wall of the drum and the axis, thanks to which current in the feed cir-
cuits continucusly changes. The emf of interference is taken from a resistor, in-
cluded in the feed circuit. As was shown in the work of A, M, Petrovskiy, in regions
of low frequencies (4 « NF) the spectrum of frequencies of genersted noises is prec-

tically uniform:

3z |
S(w) = 28 wF (11.36)

where S(w) is the spectral density, £, is voltage of power source of drum with
balls, ¥ is mean value of cylinder-axis conductance, N is the number of balls in
the cylinder, F is angular velocity o. rotation of drum in deg/sec.

Amplitude of output signal of such generator is subject to normal distributive
law, since the instantaneous value of conductance Y, is & function of a larges num-
ber of independent random variables.

Numbe: of balls in drum should be sufficiently great to ensure free fall of sep-

arate balls and sharp changes of conductance of drum. It has been practically fixed
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Fig. 211, Fundamental cireuit of ball generator of noises.

KEY: (a) Reductor; (b) Output; (c) Rectifier.
that balls must occupy approximately half of the volume of the drum (N = 50 to 200).
with decrease of angular velocity of rotation of drum power of noises in the fre-
gquency band, where S(w) is constant, increases, however sirultaneously there occurs
narrowing of this band of frequencies, Narrowing of band of uniform spectrum of
generated frequencies also results from application of limiters of amplituae at out-
put of generator. With necessity of conversion of spectrum of frequencies of gener-
ated noises at output of generator there can be connacted the corresponding filter,
lisually the drum is fitted with balls of close diamsters (from (0,5 to 4 mm); with
filling by balls of strongly differing diameters fall of separate balls during ro-
tation of the drum no longer is free, since one ball of large diameter draws after
it a group of smaller ones, In this case fall of separate groups will be {ree which
leads to appearance in output voltage of separate splashes. The latter can be suc-
cessfully used in a nunber of cases of simulation,

Principle of constructior of generstor of fluctusting emf with use of switchable

potentiometers is illustrated Ly the diagram of Fig. 212. Potentiometers will form
a rectangular grid. Cursors of potentiomsters, located in every vertical column,

are joined to a comron terminal (), Ul, . .. Ui, ani these are joined to output
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Fig. 212, Principle of construction of
generator of fluctuating emf with use of
switchable potentiomstors.

KEY: (a) Control unit; (b) Output.
through contacts of relays p,. P, ..., P, Relays are controlled from cyclical elec-
tronic meter through commutator, Distribution of amplitudes of output voltage
is given by setting of cursors of potentiometers on the basis of experimental data
or given characteristics of random process, Feed moves to potentiometers with the
help of two switches /7, and /77,. Strictly speaking, output vdlun of such instru~
ment cannot be called rendom. Possibility of repetition of signal from such penera-

tor is a known convenience, since it reduces the rumber of required solutions on
models., |
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CHAPTHER XII

INVESTIGATION OF DYNAMICS OF AUTOMATIC SYSTeMS WITH
RATIONAL FRACTIONAL TRANSF4R FUNCTIONS
In investigation of systems of automatic adjustment and control by electronic
anzlog computers there often is the necessity of reproduction of rational fractional
transfer functions of form

v(s)___.-"_+.n-|""+---""1’4‘.0
L ol L PR o Y Y (12.1)

wherem (8; 0, 8, . ....0,.8 gnd %.8,.5.4,., ..., a,. a,are given constant coefficients,
and p is a conplex variable,

To such transfer functions leads, for example, approxirate presentation of delay
by Pade series, synthesis of correcting circuits, and also a number of problems of
statistical dynarndcs of automatic control syatems,

itpplication differentiators in setup circuits of these transfer functions is ex-
ciuded due to sharp arplification of interferences, always attending cutput signal
of operational amplifier; presentation of the right side as a given function of tire
is possible only in a very limited number of cases, when beforehand we know the
law of change of input signal.

From iiterature ‘A, K. Ganulich (1], D. Michel (1], J. H. laning and
R. H. Battin (1], ©. L. Johnson[l)) we know various mesthods of reproduction of these

transfer functions with application of only integrators and surmers., These metlods

— ——————




can be reduced to four main ones:

1) direct integration;

2) decomposition of transfer function into partial fractiors (method of trans-
formation of structures);

1) expansion intc first order equations;

L) corbining derivatives,

These methods in literature were not compared and certain of them were mentioned
only casually. Of interest also is establishment of the possibility of their prop-
apation when coefficents of initisl differential equations for (12.1) are given

functions of tine,

1. Method of Direct Integration

Let system of automatic control be descrided by equation of form

‘.ym f‘n-ly'. "+ e +‘Iy" +0..y =
;‘.xa.-_i_b.““.‘"* . +"x‘" _+ b"x ‘.}.)

It is required to find y(t) for given constant coefficients 8, b (1 =1, 2,
e« + o o« , n) and perturbation x, whosu depcndence on tire ic not given beforehand.
For finding rules of composition of the functional diagrams we solve the initial
equation for highest order derivative y(“), ifn. m, or when n * m for the difference
of highest order derivatives:

..y " __ *.‘ 8 “' _‘,‘.‘ | V- ’.- ‘xt. "’ -

.—‘.._J.. b - ’._:‘.. ") - aes T (."l" - .,‘"', - (.‘J - b.x).

Introducing the symbolic designation of operation of integretion f dat = i

pi
. o i
j j dt dt = ‘;5 , etc,, we will receive
i ' »
e,y - ’.‘ = "'“rl"“a-l" = ',.(‘.-:!’ - --1‘) L
1
- "‘;'.T(‘d — bx) — ’” (a.y — dex). (12.2)

In order to preserve during set up initial values of coefficients 8, bi’ we
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“we

add to the left and rirht sides of expression (12.2) the terr —(a, —=1)r"). As a
result we receive

i
R A N

’n‘“a-:.\' b, x)

”

| |
pr 0¥ ”r"“’,~‘“>" hxyt Apx—tu, - Ny (1.3)

vxpression (1.2.3) allows us directly to constitute functicnal setup diagrar,
Trueed, we desirnate in (12,3) the sum of terms, containing s:Thols ~f operatinn «f

irterration hy a new variable z., then we will receive equatinn

ll
Yy=2 +b,x—(g, - 1)y. (1<.4)
Fer further construction ci the diaprar we deterrine the value nf tre aerivative -f

Dz,

1
l p:t """(“n-ly"’b.q'“‘_"‘“.A:)""h, X)) - . —

| t
—prlay - bx) - gt Wy = Ax).
Introducins desirmation

2, = lw b l
1= =5 a-2) — 0y 9X)— ... — »o ay — dxy —

)
we receive —p-T (u,y -~ b,x),

Py =—(a, \y—8,. x)1 2,
“cntimuing sirilar transforrmations, we wili ccre to the peneralized expression
Pra=—(@y oy =8, yx) 42, (h==12 ..  a) 2, =0 (12.5)

‘quations (1J2.4) and (12.5) lead directly tc the getup diarrar shown in Fir,
213, 7The total peneral nurber of required blocks when r - n here is n - j, whren
T > n, obviously, it is ncssible to do witlcut the cutput adder, and then nurbsr
cf blocks will be n + 2, T,e set up diarrar for that case cecmes automatically fre-
*re one in Fip. 213 rejectins of all n = r - 1 couplings, which feed input signal =x
forvard, Here naturally, there ias the nossibility to extract frorm the diarm:- de-

rivitives of output coordinat » of order above n - m - 1. J. Matyas [1)firs:

oIt {s necessary to turn attention to the fact that thic methed is useful to

appl:; with sufficientl: .arpe ., -0 Otherwise one shculd prelirinarily divide
(1<.2) 5 a_.
* n
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Fig. 215, oetup diagram of differential ecuation
of n-th order by method of direct *‘ntegration.
KZY: (a) Odd; (b) Even,

indicated this possibility and formulated rules of composition of diagram for that
particular case,

Initial conditions for integrators 1, 2 and n can be calculated by the given
relationships for 5 and 3, by generalized forrula

2,00 =2, ,= .}.?'ll‘.,y""'(o’ — b, O (12.6)
where ) = n e k, 1 =1,2,3, ...

Main advantage of considered method is that setup is carried out with respect
initial coefficients, and calculation of initial conditions is executed corparetiveiy
simply.

<, Dlecompogition of Transfer Function
nto 1 Fractic

This rmethod is based on the fact that any tranafer function W(p), where p is
a corplex variable, can be considered as a trenafer function of a certain one-cir-
cuit system with negative feedback, which in the direct channel hes tranaf«r func-
tion #;(p),and in feedback circuits Wo(p). On functions ¥, and W, are placed con-
ditions, according to which the mumerator of the first does not contain terws with
P, and the numsrator of the second can have a polynomial of p with degree, one
sraller than the polynorial in the mumerator of wW(p).
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Indeed, let

1 oy R v (p ,
: Wy R W .
O D= b = TE W W (12.7)

Functional diagram of connection of W,{p) ara & {p) s chowr

« oot ‘ ;o t
) @t

in Fip., 214, Let
Fire 2y, Mquiv-

alent clesed cir- W)= — e }-.. W.p) - ¥3P) Gl (12 2}
cuit of connection A —uipy 4 P AV AV
al(r) and wz(n)s we will find condition, which must be satisfied by o (pi.

Q,(p) ana Qg(p), so that equality (12.7) is correct:

%
R(p) __ _Q,(p) (12.93

P T Gin(n e’
wrence

RU’):QHP)- PiP):-’-Q.fP)Q,»(P)'r Q;(p) 11? 1(")

From condition fl2.lb) it foliows that the degree of polymomial ‘l:p) shoulc te
equal to the differcace of deprees cof polrromials P(p) and R(p), anc from (12.8) and
(12,9)—the degree ~f a polynomial ‘3(p) shoulc be one less than the depree of poly-
nordal R(p). isine these peculiarities, it is pvossible tc write the general form of

pclrnorials . p) and 43(p}:

a2-m
Q;‘P)=‘2‘}l‘p’. Qi =S mp (12.11)
- s

whier: Li &nu m, are constants to be determined,
For example, let R(p) = by + byp + b2p2 + b3p3, and P(p) =ay +ayp + 32p2 - a3p3.

Then by (12,11) we cbtain:

QP =14, Q(p)=by+ b,(p)+ b,p? 4 b,p",
Qp)=my+ mp+ mpl.

To determine ;O, mos My, and m, we substitute the found values of . «p ant <3
in (12.10). As a result we receive
8y + 3124627+ = Uhyp’ + Updy + m) p* +-Udy +m) p+1 b+ m,,

whence the songht for coefficients will be:
1 ) _ ’ . )
bh=3-+ m°=au—~5{-. m,-—a,——s;—. m,-a,-—-.f.

inus,
my +mp +mpt
b+ 0,0+ 0ypt+ 0,07

W,(p) =, Walp)=

w,(p) in turn can be presented

. v, (p)
V2 (P) = [EW, (p) Wn (5)'
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where Yulp = L w (p) = —Sotas
R+ 2P u m+mptmp

For determination of unknown coefficients we will use on the basis of (12.10)

the relationship

Oy +-8,p+ 8,07+ 0,p° = (3 + n,p)(m, + m,p+ mp0) 4T ).
kquating coefficients, we recsive:

Co=bg— (b — 0, 32) 2 ¢ =0, —[b, ot + 3—‘(0,—-0 1"-)].

m, ),y o, " my\c Y my
n,
hha L
M= ny ) N
ne wili decompose w22(p) into partial componen-s:
. , W. (m . 1
Wolp) - —— L W) -
“(”’_ L+ ¥, Wy (py' ""‘p’“-Qa“'d"

f.“

Grap’

Coefficients r and y we will determine from relationship
m,—+ mp -~ mzpz‘:

=g, — §pHc,+CP)+ Py,

”mlp) ==

whence s i

. e\ %o
r, =m,— Ml—ﬂl)—;’- ET.

Thus, the problem was reduced to setup of the following system of equations:

(n, T wplu =1y U,
@+ qp) e, =8—
(Co+ €\p) &y = Tylly-

Functional and setup diagrams, corresponding to this system of equations, are
shown in Figs, 215 and 216, Initial conditions with respect to new variables u, uj,
and u, can be found by the given initial conditions by the above mentioned system
of equations.

hs follows from Fig. 216, such a method of setup requires a large number of in-
verters as compared to method of direct integration, Furthermore, it is neces.ary

to expend comparatively greater time on calculation of cosfficients of trensformed

equations,




Fip, 215. Functional die -
gram, explaining method of
decorposition of transfer
function into partial frac-
tions,

Fip. 216, Oetup diagram, using method of decompo-
sition of transfer function into partial fractions.

. _txpansion of Initial Inhomogeneous n-th Order

“guation into a System of n Inhomogeneous
First Order Kquations

Tris expansion is not unique, however the best result is yielded by the methrod,
described by J. H. Laning and R. H. Battin [1], according to which a linear

differential equation with constant coefficients
—‘!ﬁ"' -g _l_l::_y_.f a dy - ay =
ar T g T T Ry T (12.12)
dx "'y d*c
=0x bt TG 0

can be presented in the form of a system of linear first order differential equa-

tions:
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.......... (12.13)
drect =y 2
!;f" =~ @y \Ya— Ga Va1 ™ . o— ay,—a,), 4 1,X.

Indeed, excluding y, Yp, « » « « , ¥, fron the last equation of system (12.13),

we arrive at an equation of tte form

dy d""'y dy . 4"
T Tl g T FOG T g T
a-1 dx
. X v
4 (3,11 3,8, ) 'd—‘;—-l’-r- R L LT o P O O o a,z,,)»d" 4 (12.11‘)
(2T 38+ - -- + 24,180, 3,4,) X.

So that equations (12.13) and (12.14) were identical, it is necessary, that

values of new coefficients 1, satisfy the following equalities:

by=1,+218, ,+28, »+ ... +12, 4,~ 24,

b, = Bl 20, + -0 $2,06; 7 2,0,

b, = p-l+ ... +3, 8+ 2,4, } (12.15)
b, . = 301y 204y

b, = 3,1

The functional circuit is constructed for system of equations (12.13) in the
form shown in Fig. 217. The total number of required blocks is n + 3, Coefficients
2, 3. ....13, easily are calculated on the basis of (12.15) by consecutive substi-

tution of values 1, starting with o, =9, Initial conditions with respect to new

 variables y. y,. .... y. are determined by system of equations (12.13) by given

y(0). yV(0). .... y* V(O and x(0), 2" (0). .. . xt*-1 Q)
As an example let us consider reproduction of transfer furiction
rrort;

approximating transfer function of a delay link e¢-» by a Pade series where p - . 2

12 . .
He" n ‘:2' ao - -{.—' ‘Izg' ":‘-‘..‘“ ..z;"‘?“. 01:- "“:-. 0:3'-

Equivalent system of equations on basis of (12,13) will be written in the form

(zero initial conditions are assumed)
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L4

dy ) d
= 4,y; -4,y t 2,x, -J"-- bk, oy -yt X,

“a

R e

- ™y

where v corresponds to output sipnal e,,.. and x to input ¢,,. (cefficients 2, 5
and 1, on hasis of precedins will be

12 n
"-:hl '-l. '. --:bl‘0| = "_.-, 1" _"n

Setup diagram is shown in Fig. a.

Fip. 217. oJetup diagram of n-th order differential
equation, composed by meinod of expansion of initial
inhomogeneous equation into n inhomogeneous first
order differential equations.

B T, et

4+ Methced of Combining l'erivatives
we divide initial equation (12.12) in two, introducing new variable

x
.=’+"--|"~'1‘ YT ETS (12.16)

As a result we obtain

_ ‘.. ‘l'l P
’—-..-;‘—.—‘f-.._l-;ﬁ-f- Ce +h";:‘+". (12'17)

“xpression (12,16) can be rewritten in differential form:

‘. -1
"_":‘+..-l-—‘;‘_::;+"' +.li":'?.'.'—=“‘ (1201“)

“er compesition of functional setup diapram it is necessary at first to ‘setup”
equation (12,18) by method of lowerinp the order of the derivative, and then form
the sought for variable y in the form of the sum of derivatives of u with corres-
ponding, coefficients, Values of derivatives _3;'1 are obtained direc.lly fror

corresponding outputs of integretors during soiution of equation (12,18). Certain

simpiification of the setup circuit can result if in equation (12.17) w exclude
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Fig. 218. Diagrem of setup of differential
equation, composed by method of combinirng
derivatives.

—::—: by substitution of its value from equation (12,18). As a result we pass to
equations

d% e - ds = X.
] tOa g T T o +ean

@ '

‘ ds
y-al--bug - .Q-I""‘i'_T‘Y ‘T("".l.f’ﬂ"ﬁ &

+(— b8, +0)u + b,x.

The functional setup diagrem by these equations for m = n = 3 is showmn in
Fig. 218, In general for setup it is necessary to have n + 3 computing blocks,
For determination of coefficients during setup there is not requirea fulfillssnt of
labor-comsuming calcu.ations,

Me o of D
uith Varipble Cosfficients
Methods of simulation of differential squations with variable coefficients are
considered sufficiently enough by J. H. Laning and B. H. Battin (1] and J.
Matyss [3]) . Therefors we will limit ocurselves here only to brisf{ remarks.
Composition of functional setup diagrem in cass of solution of equation (12,12)

with coefficients variable in time can be done by direct integretion or method of




¢ RO s 5
H

transition to an equivalent system of first order differential equations.® Main

distinction of these methods consists in method of determination of new variable c¢n-

46t 2w rvt e R S B-Merd

efficients for equations to be set up, Indeed, for setup by method of direct inte-

rration we replace equation (12,12) by equivalent equation

[ ]

\ ] ' \ / an :

ot iy o 20 Wi’ y <
., 1 ’-‘} . (uolg) -

~

. v
where y,x are the same variable as in (12.12) and 1,0). 3,10) &T® new functions of t.imo...,

.

sing properties of adjoint linear operators, Matyas [3] showed that new var- 4

e

iable coefficient< should he coupling with the following old relaticnehipe:

:
] ::‘
D TN S U I 2 H
l;“ :

= N Ry o,

Functional setup diagram of equation (12.19) is obreined by method, rentioned

above for differential equation (12.12) with constant coefficients with only this

NS < BT

difference, that in corresdtonding places there are connected dividers of variable

coefficients for settings i and 3, 0

Transition to an equivalent system of first order differential equations is oxe
cuted ‘ust as in the case of constant coefficients, but now new coefficients
2,00 2, h . .30 must be considered certain functions af time, Tetermination of
these functions of time by initial variable coefficients can be acone on the basis

of the work of J. H. laning and R, H. Battin (1) by recurrence formula:
o, () = b, (N,

e-4 i-0
A K \ ' v (0
-,mmb,m}‘ }‘C. TP | J;,

[ X4 N4 ]

Fror comparison of the two considered methods it follows that transition to

equivalent syster of first order differential equations requires fulfillment of less

®ethods of decomposition of transfer function into psrtial fractions and com-
bining of derivatives tum out to be inwalid, since they lead to charge of places
of aifferential operators which is ispermissible with varisble ccefficients,




calculating work, since in setup there participate all initial variable ocoefficients
a,tr in unconverted forwm. During solution of the problem by the method of direct

integration it is necessary anew to calculate all variable coefficients in the

v - e W IEE BT W erd

equations to be set up.

Comparison of considered methods of simulation of a rational fractional transfer
functions allows us to draw the following conclusions:

1. Reproduction of ratiomal fractional transfer functions and initial differ-
ential equations for them with the help of electronic models without differentiating
elements is possible to carry out by several mesthods. With non-zero initial con-
ditions there must also be known values of perturbation and its n — 1 derivatives
g at the initial moment of time.

2. Minimum number of operatiomal amplifiers in functiomal setup circuit in
general case constitutes n + 3, where n is the order of setup differential equation
and does not depend on method of setup. An exception is the method of decomposition
of transfer function into partial fractions, leading to functiomal circuits with a
large number of operetiocnal amplifiers.

3. Sirplest from the viewpoint of volume of required preparatory work is

.—vivq ‘.," T

sethod of combining derivetives. This method is applicable cnly in problems witk
’ constant coefficients,

4. During resolution of problems with variable cocefficients one should give
preference to method of transition to equivalent system of first order differential
equations, requiring & minirum of auxiliary calculations.




CHAPTER XIII
SIMULATION OF NONLINEAR SYSTEMS OF AUTGMATIC CONTROL.

Necessity of solution of nonlinear problea appears every time it is necessary
to consider bshavior of system of autamatic contreol with output beyond the limits
of small delfections of regulated magnitude, to consider limited power of object
and actuating mechanimm of regulataor, limitation of certain coordinates of system,
and also a number of pecularities, accampanying physical realisation of system
(dry friction, sone of insensitivity, gap in transmissions, etc.). Often nonlinear
connections are introduced in gystem to achieve optimm processes of adjustment,

In all enumerated cases it is necessary not only to develop stability, but
also to select structure and paremsters of systems, ensuring given charecter of
flow of process of adjustasut for all possidble perturbations in systea.

To avoid errore® during simulation of nonlinear ACS ams should turn special
attention to carrectnese of recarding of differential equations. In comnection with
this it is expedient to distinguish reproduction of nonlinesar depsudences in
slectronic and inertial elements of controi systems. As was already wentioned in
Chapter V nonlinearities, mst in aystems of sutamatic cantrol, can be divided into
typical ones, those lsading to elemsutary functions (sin x, cos x, xy, x/y, etc.),
and artitary ones, obtained from experiment,

%Besides author these sems erTors were indicated by GC. 1. Nonastyrshin (1)

who offered to replace verdal axtension of definition and grephs by introduction
of functions eigR.
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If for simulation of arbitrary nonlinearities and nonlinearities which leed
to elemsntary functions, we need special nonlinear blocks (See Chapter V, VI, VII
and VIII), then during simulation of typical nonlinearities we can use operational
amplifiers in combination with diode limiters or electramschanical relays.

Typical nonlinearities are what we usually call nonlinearities, comnected with
intermittent changes of tranmmission factor of separate sectioms, appearing at one
or another valus of input or output magnitude. Such intermittent change of trane-
mission factor usually results from presence of sone of insensitivity, dry frictiom,
gsps in transmissions, relay characteristics, limitation of coordinates, speeds and
accelerstions in nodulus, loop hysteresis in elemsnts of regulator and caoantrolled

prrocess®,
1, Simulation of d&&W
steristics in ¢ Elemsnts
Ligitation of coopdingtes ipn modulus. In real systems of autamatic comtrol

for constructive considerations and due to power limitations usually the range of
change of coordinates is limited,

During similation of such systema of electranic integretor it is necessary that
output voltage of ane or ancther opsretional amplifier, representing the coordinate
interesting us, after reaching a certain predeternined valus does not change further.
This can be realised by comnecting a diode limiter in the feedback circuit or at
the output of operetional amplifier. In Pig. 219 is depicted ane possible schese
of connecting a diode limiter in feeddack circuit of opsretional amplifier. At low
values of input voltage diodes [I; and J; are locked by voltage + E and —K from
oumcommmummmcmal-nzmmmurmx-x.

*Qestions of simulating typical nonlineerities already were touched upam in
in literature by various authors (See Y. M. Sokolov [1), A. A, Peldbawa (3], C. D.
Morrill and R. F. Bawm (2], 3. Ya. Kogen (4], C. A. Meneley (1) and others).




when under the influence of increasing input voltags, output voltage attains absolute

magnitude valus E, one diode will unlock, and now transmission factor of amplifier
will oe

’y
(’ trses ‘r..l?.'_)" Lo R,

;: 4—;1(' by " )-‘ r, ke (13.1)

LR 4 LW

A

h’henkl-kzhlngdn, r, =500 aa, r0-5CXX)u, r =33 kilochm, r, ., = 10 kilohn,
we will take K= 'V =565 .10 "I,

It 1s obviocus that with such a mmall transmission factor of block it is pos-~ible
with accurscy sufficient for practice to consider magnitude on iis output constant
during change of input magnitude,

Changing magnitude of resistance Ry, it is possible to affect steepness of change
of output voltages of block in the interval between the boundaries of limitation.
Especially important is the case where R, -».°. Here, by in force of the very larg:
gain factor of amplifier it is possible to consider that output voltags reaches its
1imit with the slightest change of input voltage (Pig. 219c). Such a bleck repro-
duces :-form nonlinear charecteristics.

rig. 219. Operational amplifier with diode
limiter in feedback circuit.




Diagream of connection of limiter to cutput of opsrational amplifier (See R. I,
Medkeff and R. I, Parent [1]) is shom in Fig. 220s. At low output voltage of
block ¢,,, diodes .I. 1, .1, and -1, pass current, and difference of potentials
between points a and b is equal to sero. Therefar e = ¢* ,.. . Depending

3 ]

upon magnitude of E and r for defirite valuo of ee, - fp. o - £ 4 7, diodes

L LS

.{, and then .1, lock, and when -1 diodes .71. anu .1, lock, as a result

eb. Tf3n
of which voltage on cutput resistaor with fir.her increase of ¢, remains unchanged
and equal to ¢ -, Rf"}-’— . Such limiter as campared with considered onz has only the

advantage that it gives more accurate cutoff of output voltage. However, it has
significantly higher output impedance, increasing with growth of voltage of limita-
tion, and it requares twice the number of diodes.

. " v

/ g}" E)n ‘

= +
IR

R

tional asplifier wit* diode

?
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Aeoursie setting of voltage of limitation is also given by the circuit of a
tricde limiter (Pig. 220b), connected in the feedback circuit of the operational
caplifier. Here triodes in mone of linear change of output voltage remain locked
due to nagative voltage betwesn grid and ecathode,

Slops of characteristic of circuit when diodes are comducting turns out to bs
ssalier than for diodes due to removal of rasistancs of divieor r, snd decrease of
internal resistance of iriode with sero grid potential.

Reprodu:tion of sons of insensitivity., If diode limiter, depicted in Fig.

217a, is connected ir serieg with input impedance of operational amplifisr, then
transaission factor of such hlock will change just as iransmission factor cof the
section possessing zone of insensitivity chsnges {Fig. 211a). Combination of two
diode limiter, one, in series with input imp~dance and the other, perullel to feed-
back impedance of operstional amplifier, allows us to reproducs statis character-
istics ¢l a cocticn of a system of automaiic control, pousessing zones of insensi-

tivity with similtanecus limitation of output magitude in modulus.

Cos

LN
-4 pt
L/

& e o e VAR
ryo R,
“""‘(" , —i,-r.,“)

[N

-t faa

nd|
3

Fig. 221, Schems for simulating a sone of
insensitivity.

If in schems of Fig. 221 we change magnitude of resisctance R’l’ then it i»s
possible to change stsepness of voltage build-up at output and when Rl —~ D we
can get practicully instantaneous luild-up. With limitation of output voltage of
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subsequent block in Fig. 209a or the very ssme block in Fig., 220 it is possible to
reproduce characteristic of a relay with restoration cosfficient, equal to one

(Fig. 221b).

Simulation of transmission gaps. For reproduction of static characteristics of

a section. containing & gap in kinematic circuit, there should be rcuted camponents,
reproducing te arss of inssnsitivity, and also devices keeping constant the value
of output coordinate with cignge of directicn of motion of driving component until
the whole gan of the kinematic cireuit is taken out. Upon such considerstion they
usually assume that the driven component doea not posssas & moment of inertia, bdut
iz under influence of smell moment of grietion, as a conseguence of which it keeps

te positicn, antedating change of direction of moticn of master component.

Pig. 222, Simulating gaps in trensaissions.

In the schems of Fig, 2222 as the memory component there is used sn operational
amplifier with capacitor in feedback circuits snd at input. Transmission of such
decisive amplifier will be:

=" (13.2)

When we diaconnect the input circuit output voltage keeps its previous value
thanks to very slow discharge of capacitor Cz. Capacitor G1 with accuracy up to
e; always is charged to voltage e , - and therefore automatically, ensures

-L07-
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secondary switching on of circuit with decrease of input voltage by a magnitude,
equal to 2, .

Scheme of Fig. 222b is built on principle of servo system. Input magnitude
here is compared with output on first opsrationsl amplifier. In the strengthening
errors amplification channel are connected in series a diode limiter, switching on
the circuit only when input magnitude exceeds output by magnitude % ¢ , and an
integrating operational amplifier with & large amplification factor, at whose out-
put voltage is preserved during breaiking of the channel of error amplification by
diode limiter. In number of operational amplifiers the diagram of Fig. 22a is more
econamical. To decrease error of first diagram due to reaistance, introduced by
diode limiter to input of first operational amplifier, one should Jecrease capaci-
tance of capscitors utilised in this cirvuit.

With help of these diagrams it is possible also approximataly to reproduce
characteristics of steady-state mode of a section, possessing magnetic hysteresis.+

Simulation of static relay characteristics. A scheme for reproduction of

static relay characteristics taking inot account restoration coefficient shown in
Fig. 223a (B. Ya. Kogan [4]). It consists of two operational amplifiers 1 and 2
with limiters in feedback circuit, changing like relays output voltage with change
of sign of input voltage, and one swmming amplifisr 3. In absence of input signal
due to constant voltages +U, and -U, fed to inputs of amplifiers 1 and 2, on cutput
of summing amplifier voltage turns out to be equal to sero. When with growth of
input voltage polarity of total voltage changes, for example at input of amplifier
1, then on output of sumaing amplifier 3 there will appear with a juap voltage 2&.
Part of this voltage, taken from the divider, moves in the form of positive feed-

back to input of amplifiers 1 and 2. Therefore,with decroase of input signal

*For scheme of modeling of family of static hysteresis loope see article of
V. G. Vasil'yev, V. A. Zverev (1].

e . —— e —-— - . — e
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R, Jo ¢
"I
e,
3
..,."v
Fig. 223, Schemes for simulating static relay

characteristices.
change of sign of output voltage of amplifier 1 occurs now with a value of ¢ = Uo,
but with a value of e ,, = UO-QA. The lower part of the scheme works analogously
with opposite on input signal.

On oscillograms of Fig. <2ia are shown dependences of ¢, on e, , received

with the help of considered schems for various values of Uy, £ and U, . In Fig.
223b is presented a diagram of modeling of static relay characteristics on two
operational amplifiers, offered by A. 1. Manukhin (1], Reduction of number of
operational amplifiers here is attained by limitation of possibilities of the cir-
cuit. Up here can change from O to 4 v, Uy from O to é v and 2E from 24 to 100 v,
Combinatior of a relay element and memory unit in the form of integrating
amplifisr in a circuit with negative feedback (C. A. Meneley [1)) allows us to

reproduce appraximately the static characteristic of a linear potentiometric pickup

-L09-
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taking into account step nature of potentiometer.
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e e . ] n
02 l —"5— & I
e e o,~85V
) -ea. v RSV Fig. 225. Characteristic of potentiometric pick-

up taking into account step nature of potentio-
Fig. 224. Oscillograms meter and fundamental circuit of its e.sctronic
of work of schems from model.
rMg. 223. KEY: (a) Relay element,
Depending upon

form of charscteristic of relay elemsnt (I or II in Pig. 225) it is possible

In Pig. 225 is showm fundamental circuit of such a device.

3

{

approximately to model the step mature of potentiomster accordingly without calcu-f

lation or taking into accout the gap in kinsmstice of the cursor drive.

Relay ¢lement can be made in various wmys: by thyrsatrons, nson tubes or aore
accurately by the diagrem of Pig. 223 (See N. A. Shnaydmen (3)).

The connection between paramsters of the diagrem, the characteristic of the

-l0-
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step are given by relationships:#

e R,

‘ ..)‘ =S (5'..‘) — (h..)’ = ... —-(A‘..’. == (U").F.:"
Ae - R, R,
( uu)t == (A'oulh = ... =2 (0,0 = 7(.—: -k:, (U").

Speed of voltage build-up of a step will be

i',m) = Y
de,, St,ep—c”"

Comparison of diagrams on Fies. 21Y, 22U, 221, 222, 223 and 224, shows that for

reprodvction of typical nonlinearities of elsctronic elements of systems of autamatic

control it is sufficient to have a dinde limiter and a certain number of usual opers-

tional amplifiers.

Let us consider as an example simulation of several typical nonlinear problems

of automatic control on dc electronic anaiog camputers,

Simulating relay systea o automatic conirol. Equations of investigated systems

are given in the forms

(13.3)

x, = J(x,).

Punction f(x,) e given by graph (Pig. 226s).
It is required to determine charecter of transients

various values of k, namely: k = 3QL, k = 400, k =

The setup diagrea on model for given equatione
(13.3) 1s shom in Pig. 227. The dotted line circles

v 1\"'1”:’ PP+ 2ip+ hix, - kx,.}
1heew
-1 -85 Xy
u L
-4}
J N3 with initial conditions 12(0) =), x2(0) =0 ad
o ...
-Gvr
i edddhe - k = 200 and k = 100.
“i o\ o B Ve ",
~-4-40%
Ly
Fig. 226. Relay charac- that part of the diagram which reproduwoes the
—tariatice
*In these relationships the minus sigr is omitted and it is taken that
Urelease™ O
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relay characteristic.

Equations for voltages for every block of the setup diagram will be:

Uy — (K Ug+ Ki2jUp + K3, U0,
]
.Ui"' - "'xﬂul'

U,- — ‘:'KMU'.
Ugm —KyUy
Ug=JUy.

- A W - D . -
- - - - e - r---—---

Pig. 227. Punctional diagrea of eimula-
tion of relay system cof antcaxatic cantrol.

Solving the remlting system of equations for U,. which represenis coordinate

Xy, WO receive

Uyt 1 KKK e 1 KaKuKung = KoK oKy WU

mm«-undmwu;z-%og; ‘1":1"6"“‘“"

B9+ KoK K30 + Ko, Kgnp) == — Mo KuKuKurf (gL )-

P S

o~




Comparing with initial equations and taking that

A',"; o".. » we h&v.

KK K3, - 25.

Dependence U,

Fig. 226b,

/Uy

Ky Ky K2y =1,
KnKyKy = &

=Y. U= Jr.

M,
M, KnKuK, =4,

2,
M, == Y

with the taken numerical values of scale is shown in

Since coefficient k significantly differs from remaining coefficients and

thereb> causes difficulty during setup (possibility of output of blocks beyond

the limits of linearity), it is expedient to introduce a tims scals.

I1f one sets

Lo 080 —oniig - 3 x,

‘l’.

,.__;, , then initial equations will take the form

Now transmission factors of separate blocks can be determined from relation-

shipe:

KK\ K i, = 0835,
K KKy = o 1,

Knkuxu = ’f .

Values of every tranmmission factar for various k are drought in the following

table,

Table
. 5 x, ", e, ; n, ' &y ’ ' -
e _4,;,_._*,--.. e
] s 0% 0 ' l U 1 0AS } o
W nwe e o iy t,r osu il
I T Y I R
T I L L Lo, e an
) | l | . |

= s ——

e ——
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Fig. 228. Oscillogrems of control processes

In Mg, 2284, b, ¢, d are given ocscillogrems of trensicuts for various k.

L~ i

.
R

Comparison of results from cscillogrems with dats :ounhucn.hyonmnumgr

formstion,® are showmn in this table:

*Calculation by I. X. Smirmova (a——amplitude of cecillations).
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Table X1

(‘) ﬂs‘;p.vnp f‘j)':‘ (C) rb). rC)!
04 34 138 l 106
i 0 | 14 6s | 1. ! 107
200 ors | | m | 1@
00 - 3 -—

KEY: (a) Parameter; (b) Ca culated; (c)

Experimental.

Pig. 229. Phase partraite of
relay aystez of sutamatic con-

trol.

Prom comparison of data of the table can
soe sufficiently well coincidence of calculating
and experimsntal values. A picture of phace
plane, photographed from screen of cathode-ray
ostilloscope for three values k = 304, 400 and
100 and various initial conditions, is showm in
Pig. 22%, b, ¢.

Results of experiment confirm presence of &
stable limit cyecls when k = 400, 304 and 200.

230 is browght the fundamsnutal circuit of
electro-hydreulic ssrvo aystem, ueed in device,
iatended for comversion of output voltage of
slestromic model into angls of rotatioa of plat-
form (V. A. Khokhlov {1]). Such converters are

reguired in a mmber of ceses of simation
with elements of the cantrol loop.
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bquation of motion of separate elements of diagram on the assuaption that load
of hydraulic servomotor is small and nonlinearity is deveioped only in limitation
of current of electromechanical converter, will be:

equation of hydraulic servomotor

dy
LA (13.4)

where ¢ 18 angle of rotation of servcaotor, p, is displacement of valve, k

[4 ]

is proportionality factor;

equation of motion of valve with hydraullic amplifier
4 .
T4 th=» (13.5)

where ‘l'l is time constant, and p is dislocation of needle of hydraulic amplifier;

Mg. 230, Pundassntel circuit of
electro-hydraulic servo gystea. l--
slectromechanical converter, 2--potentio-
mster of eetiing of table, 3J--Rydraulic
amplifier, 4--plckup of speed, S5-—potentio-
mster of feedback, O~-hydreulic actuator,
7-—~discharge.

equation of slectromschanizal ccnverter (.elay)
Ra+nS ey, (13.6)

R R S

» Py O g~




Y
is proportionality factor, T2, ‘1'3 are time constants;

where 1 _--current of control in relay coil, variable within limits A < I'y <A, Ky

equation of electronic amplifier

f d; 2od; !
,'r. S"'.. .“( TT‘ " v 7“»“3‘)“' (l!.)

where :"y is steepness of amplifier, koc-teedback factor, T“, '!'5 are time constants

of differentiating circuits with respect to first and second derivatives.
Problenm consiats of finding influence of limitation of control current on the

transient in the system with the following numerical parameters:

T,.— 1.16sec. A, =105 I/ca., T,=038-10""sec
T,=015.10""sec’. 7,=0.18.10 "sec, &, =0.13- 107" cu/ua.
S, =12.8 nejs. R, = 573Vvideg. —30 na </y <50 ua,
T,=20-10""sec, Ti=08.10 *sec’.

Functional diagram of setup of these equations is shown in Fig. 231. Taking

scales of representation of initial variable
1“,“ = “",,.” =01, M, = 0.1, 4“, = .",‘ =01 and ‘"" = 31,

we receive transmission factors of separate computer blocks:
Ky =93 Ky=10, Ky=12 X, =10, K, =667
Ky =4 Kg=23 K, =905 K073 Kg=673
Kg=1. K, =1L

3 3 “ 3

Fig. 231. Punctional diagram of simulation of electro-
hydraulic servo systea,




Results of oscilloscoping itransierts during sten change of input sipnal are
shown in Fig. 232a, b accordingly for a linear problem and taking into account
limitation of current IY‘ Cscillograms show noticeable lowering of specd of reachinp
steady-state value with limitation of current,

Iv is necessary to indicate that during construction of converting devices
large difficulties arise, caused by the fact that natural parameters of the device
must not distort processes of adjustment, obteined in the simulation. Therefore,
the transmission band of the converter should be at least one order wider than the

transmissicn band of the investigated syatem.

.04 secC

Fig, 232, Cscillograms of processes of ad-
Justment. in electro-hydravlic servo system,
obtained during simmlation,

At present converters are constructed on the basis of a servo system, converting
voltage into angle of rotation, voltage into angular velocity of rotation of plat-
form and, finally, in the form of a model of physical analogy, converting voltage of
model into moment actirg on shaft of a mechanical systam with one degree of freedom,

O-e example of a converter, tased on combined use of enumerated principles, is

18-




described in work of L. N. Fitsner [J].

2. oSimulation of Systems of Automatic Control with
Typical Nonlinearities in Inertial klesant.s

Simulation teking intoc sccount limitation of coordinates, During simulation

of limitations of coordinates of elsctronic elements (for example, limitation oi cut-
put voltage of electronic amplifier) it makes no differsnce where the amplifier is

coupled in, at input, output or in feedback circuit of operaticnal amplifier.
e
&t
'
[ o I~

I
i
i
|
!
|

d

Fig. 233. Disgram of elsctrc-hydraulic serve system, from
book of G. Korn and T, Korn {1]). l-—-piciup of input
signal, 2--potentiometric pickup of mismatch, 3--feed-
back, 4--load, S-~-servometor, 6—convertier, 7--amplifier,
g--valve,

Completely otherwise stands the matter uuring reproduction of limitations of
coordinates in inertial elements., For example let us consider simulation of the
hydraulic actuating mechaniam of the serve system, doscribed in the hook of G. Korn
and T. Korn {1]. Equation of motion of this actuating mechanism (Fig. 233) in

linearized form will be:

al for electronic amplifisr
Ul (13.8)
b) for electromechanical convurter (relay, solemoid, etc)

(Typ+ e = kU, (13.9)

uulg-




¢) for valve

(T o'+ Typ + Lp=— &3, {(13.10)

d) for servomotor

Tspx = k. (13.11)

In reality corrdinates U, p and x cannot change infinitely. Thanks to finite
value of voliage of power supplies and load output voltage of amplifier can change
linwarly only within limits -, ¢ 74 ., Tha .8 to limited productivity of oil
purp and {inite area of apertures, covered by valve, A, 7. 7, and, consequently,
speed nx, deveioped by piston, will alsc be limited, Also limitesd will be movement
of piston = (—Ay<x {4

After coordinates U, ¢ and x reach limits, these equations of motion become
invalid, Assuming that vibration in mounts does not occur and limitations of
coordinates do not set or simultaneously, we arrive at the following possible cases:

5. (Typ 4+ 1)a=RA,

(T2 + 53p+ 1)p = ko, | when |22 > A, = coast.
Topx = Ay
2 U=123
(Tp+-Da=RU, | when [kd| <A,
pp=0. p=A, but [43] 2> 4,

Topx = kA,

. U=k | waen (ki < A,
(T + Do=AU. |A] < A,
(Tt + Typ+ l)p = Ryo. '
px=0, 2l foar| A
x == Ay °

It is obvious that during simulation it is necessary to have the possibility
of reproducing all enumerated cases, Froquently, they disregard such detailed re-

cording of equations, as a result of which they allow incorrectness intc solution

of the problem,

-420~




In Fig., 2348 is shown sstup diagram of computer blocks of the model, brought
in the mentioned book of G. Korn and T. Korn, for solution of the placed problem.

From analysis of this diagram it follows that afler working of the output
limiter integrating amplifiers 4 and 5 will continue to integrate input signals, and
up to moment of reverse movement of servomot~ r on these integrators there can be

established voltage of any magnituds (within limits of linearity!. These voltages

will represent initial conditions with respect to coordinates z; and . for
reverse movement and will lead to motions of system, in principle differing from
those, which should take place in reality.

In Fig., 234b is shown a diagram of simulation, without the indicated deficien-
cies. Limitation of the coordinate of the inertial element here is attained by
forced conversion to zero of its speed by means of short-circuiting the feedback
circuit of the corresponding operational amplifier. For every limited coordinate
here there are introduced two additional units: a comparator and a unit of the
sign of acceleration. For the purpose of greatest graphicness for commutation, in
the circuit there are used electromagnetic and polarized relays (""). Analogous

coomutetion when indispensable can be fulfilled on diode keys.

Simulating an inertial aztuating mechanism taking into sccount dry friction

on output shaft. Dry friction in an electronic element usual.y is reproduced by

the same circuits, which are used for obtaining the static characteristic of clear-
ance,

For an inertial element such an approach leads to incorrect results. As it is
known, equation of inertail actuating mechanism taking into account moment of

freiction on output shaft can be reduced to the form

T+ De=to—— M, signe

fhene # 0 0r if =0, butbs| > 1 My,).

and x = const

‘mgno-o u |ka] <%M‘,).

(13.12)
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Pig. 234. PFunctiocnal diagram of simulation of CAP of
Figo 2330

Here T is time constant of actuating mechanism, x is output coordinate of
actuating mechanism, « is speed of output shaft, o is contrcl signal, k—ampli-
fication factor, M;p is moment of dry friction, s is coefficlent of self-levelling.

Moment of friction when « = 0 is equal in moduwlus and opposite in direction

to total effective moment &> as lond as the latter does not excel limit value

In FPig. 235a is brought diagram of solution of this equation aon a model. Until
the input signal is less than voltage, which ripresents friction U;p , the circuit
works as a unique relay servo system., Cperational smplifier 2 here reproduces tl.
relay characteristic. Indeed, with output voltage |U,| < |E| gain factor of
amplifier due to breaking of feedback is very great and the least change of input
signal leads to appearance at outm' of signal +E or -E depending upon sign of input
signal. If the input signal determines speed, then output signal of such block will

-} 22~
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L

represent moment of frictiom.

Output voltage of first block, which is the mismatch signal of the considered
servo system, will be minute (since gain factor of subsaquent block is very great),
and, therefore, as long as U, < UTp » U, = 0, and consequently, Urp in magnitude
will follow U, .,

After signal U, exceeds value of U, _,,, the latter does not changs further ard
processes in systea occur in accordance with given equation for constant value of
U e+ For removal of natural oscillations, appearing in circuit of model during
work in mode of relay servo system, one must connect in feedback circuit of opera-
tional amplifier 2 small capacitance of order C = 300 pf.

In Pig. 235b, ¢ are brought oscillograms of change ¢f separate voltages in the
circuit of Fig. 235a when time constant is T = 1 sec and 0.4 milliseconds. The last
case takes place during calculation of dry friction, for exampls, in low-inertia
sensor of a regulator,

As an example let us consider simulation of the zystem of automatic coatrol of
speed of steam turbine taking into account frictioa in valve of servomstor.*

During investigetion of the system of automatic control of speed of steam
turbine on stand in the VTI (All Union "Order of Red Banner of Labor” Scienmtific
Research Institute of Heat Engineering in nams o P, E. Dsershinskiy} thore wers
revealed natural oecillations of the control system in the presence of friction,
artificially introduced in sensor of comtrol circuit » .th diagonal coupling. There
was formilated the problem of reproducing these phsnomsna on an ¢lectronic model and
of investigating influence of magnitude of introduced friction on charscter of
transients, amplitude and frequency of naturel oscillations.

Equa .ions, which describe motion of .nvestigated system cf autamatic control,

Work on simulation of this CAP is being conducted by the authar with G. A,
Kirokoayants.
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according to the data of VIT have form:

oequation of sensar

Tc%}+n=v+9-lrlti¢n(-ﬁ); (13.13)

equation of valvs

o=— (13.14)

squation of servomotor

L
Tea == (13.15)

equation of controlled process
d
Ta?}’i“’?:“ —a)p, (13-16)

where 7 is coordinaie of sensor, s is coordinate of servomotor ¢ is coordinate of
valve, ¢ 1is regulated magnitude (speed), a is cosfficient of self-levelling,
r is force of dry friction, Tx, 'rc, Ta, are time consitants of system.
Equations are given in relative magnitudes.
Punctional setup diagrsa of these squations on electronic model is shown in
Fig. 236. For reproduction of friction wu use the earlier considered circuit. The
connection between tranmmission factors of separete blocks and coefficients of

differentizl equations is determined from eguations:

i ! \ .
b A KoKy Xy, T, fri = K,,K“k"U,,.

I
7; far=y K.‘x’|.“‘~ “;::‘-KS‘IH',

i L ,
- g x“:‘.."', . r.1 B k!\} K.'jf"

”

1
T'.‘ = K‘:Kl’ui".
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On oecillograms of Pig. 237 for illustration of received results there are
brought transien‘s in system at initial value of coordinates ¢ (0) =-1, 7(0) = 0,
#(0) = 1 and values of parameters T, = 0.22 sec; T, =0.3 sec, & =0.316, To = 0.4l

sec, M, =116, M, =2.3 §,=0.92 without and with of frictional force r = 0.1,

sec
l,r-’ Jsec

P
$

EAN

) 1 -1a8ec

Fig. 237. Oscillogreams of transients in systea
of automatic control of speed of steam turbine.
a) for linearised system, b) with calculation
for dry friction in valve of servamotor.

As follows from the oscillogrems, with thess values of parameters of systea
and its structure friction in sensor leads to appsarance of natural oecillations and
conaiderably worssns quality of process.

S tion of actuat account gaj ic
circuit, i{nertial Joad and friction on cutput shaft. Let us consider equatiom of

motion of actuating sechaniem, in which motor is coupled with regulating unit by
msans of gear tran:uisssion, possessing clearance (Pig. 238). We will also consider
inertia of the regu.ated wmnit and momsnt of load, created by it on output shaft

of reductor.®* Equation of mo':m of such dynamic system will vary depending upon
wvhether there is selected & gap in tranmmission ar not.

#As far as this author knows, simulation of such a problem was first considered
by A. A, Fel'dbawmm {4]; see also A. A. Pel'dbeun and S. P, Omufryuk {1l].
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Take the following designations: J1 is given moment of inertia of driving

shaft, J, is moment of inertia of driven shaft, &, is coordinate of driving shaft,

2
i, is coordiinate of driven shaft axis, s is gap of transmission, M is mament,
aevelopad by motor of actuating mechanism on driving shaft, M is counteracting

moment, developed by load (in particular case this can be moment of dry friction).

e
b uy[ W 8
, {

7 & M o,

Pig. 238, Toward deriving squations
(12.21). l--motor of actuating mechanisn,
2-=reductor, 3-—regulated unit.
Brsaking of system due to presence of transmission clearance will take place
wvhenever |i, — 3] <% . Hers equations of motion of driving and driven slements

will be independent:

4 %—“ M. (13.17)
G M. (13.18)

When gap is selected 3 =i, =1 , system will move as a vhols. Here w will

receive

L)
Dt Do =M= M. (13.19)

During solution of this problem on & simulatar it is possible to use two dif-
ferent methods. Introducing for consideration mament of reaction of driven element
to driving and of driving to drivem® (mizzested by A. A. Pel'dbaum) it is possible
to preserve recording of squation of motion of considered gystem in the form of
system of two squations both for motion in sane of gap, and for motions with

*Physically this momsnt of reaction can be trested as & moment of elastic
strains, appsaring in reductor during transmission of moving momsnt to load,
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selected gap. In ancther method of so.ution of prob.em trsneition from system of
two independent equations (13.17) and (13.18) tc equation (13.19) is carried out
automatically with departure from clearsnce limits,

Determining in first case soment HC as

§' A(h—h—3) vhen (=815 5. >0
Mg=10 vhen 14—l <. (13.20)
A, —4+3) vhen 3 —%1> 5. ¥ <0,

we write equations of motion of considered actuating mschiriss in ¢t - Jo~a

i)
% At =My — M,

. S (13,21)

(']

Pig. 239. Punctional disgram of siam-

lation of procesees in inariial elemsuts

containing gape.

Thus, problem of simulatior of ineriial actuating mechanisa in the prezsnce

of gap in trensmiesion boils dowr to sciution of system of nonlinear equaticms,
into which there enters nonlinear function M., ietermined by relationship (13.20)).
whezn Mo = O (motion in sone of gep), system of investigated equations becomes (ree,
and when M, # O it is connected. MNonlinear funciion My A8 it were cautates system
of equations (13.21). PRorwming of this function is most ccnveniantly carried out by

tvo operational amplifiers, united in series with diude elements,

Fig. 239 is brought complete diagream of simuiaticn of considered preblem.

e L
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series with diode elements.

In Fig. 239 is brought complete diagram of simulation of considered problem,
It differs from that offered by A, A, Feld'baum cnly in smaller number of operational
amplifiers ind coverage of diodes 4, and 4, by a feedback circuit, The latter pur-
sue the goal of decreaaing error, caused by nonl‘nearity of volt-ampere characi:ris-

tic of diodes with small plate mltages., Diodes I, and 4, coupled in circuit of
auxiliary feedback of amplifiers 3 and 6, serve to switch in this feedback during

break of main diodes 4; and 4a, This ensures prese.vation of voltage at summing

points of operational amplifiers 3 and 6 in all regimes at a very low level and
allows us to receive output voltage in blocks 3 and 6 practically equal to szero

whsn diodes 4, and 1, are locked,

¥hen motion 1s in the sone of clearance ( & — &,—% <0 or 3,~%+7‘;> 0),
diodas .7, and -1, are locked and 1, and .1, are unlocked and variables 3, and
& changs independently (accordingly under the influence only of M , and M, ).
Dutside the clsarance M;a{“&;; > %)dap.nding upon direction of rotation either

dicde .1,, or diode A, opens and the circuit as a whole should reproduce equation

(13.19).
£ 4
< He
) =d

F.g. 240. Equivalent scheme for limit case of
Fig. 239.

In Pig. 240 1s depicted diagram of model for that limit case under the con-
dition that - - O. With change of direction of motion ( %, - 0 ) diagram of

Fig. <40 in structure remains as d»fors, but in it operational amplifier 3 should
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bs replaced by operational amplifier 6 togother with connected input impedances.
We will find those limitations, which it is necessary to put on paramsters of

diagras (Fig. 240), so that transients in it are described by equation (13.19).

Output voltage of amplifisr 3 taking into account switched in feedback circuit of

integrators can be writte: in the form

Y,
AT TalaP? + U, —U;?—!rnrﬂr‘ )
Upn= — Vo i Vu- Vu Tulu - (13.22)
¥a &,
- i
where TR, Ty = R,C. Vo= ynﬁ?l;_. ,,“_;ia:.

With sufficiently large gein factor K., when in working range of frequencies
the following is valid

m+u+m,mm

Yy

<

expression (13.22) can, with accuracy sufficient for practice be presented in the

form
Uy= - Ua‘r‘ anni” Ju

T3 Ty
(13.23)

Equation, connecting ocutput voltege of fifth block with input of fourth, will be

A t o,
U=l Vst 7 Un). (13.24)

where
Ta=RyC. Ty=R,C. To=R.C.
In the model, presented in Fig. 24,0, voltage U5 represents output coordinate
2 % Therefore, equations (13.23) and (13.24), describing procesces in consider<d
circuit should be solved for voltage U5.
After excluding U3 and transition to originals taking into account that

U; = const, weo receive

Tiuly Yn) i, (13.25)

(1 + 7orev2) G = - (rore V= 7o Us):

*With opposite sign.

-L30-




Assuning TL = ‘I‘A3 and considering that scales 4, of input magnitudss ars
H L

selected identical, i.e., Uu,, =4 M and Uy =4y, we will receive

) | 4 aM?, .
(Tu : TSI + T\‘IT'R\ ):) NTON = k,u(‘“n - M-)' (U-£6)

So that equation (13.26) is identical to equation (13.19), it is necessary,

that wher Ug= - 33, we have

Y Y
7:” - -,7‘: =1 ‘srursa = ‘njzl k,TuTn = kKJl'

where k5 is scale factor of output megnitude.

Main deficiency of presented method of solution is inclination of circuit of
model to generate undamped oscillations. Indeed, considering circuit of Fig. 240
in the form of one amplirier with complicated feedback, we can verify that in its
¢ircuit for a finite value of gain factor there must appear undamped oscillations.

If one were to consider that gain factor K, is not a constant magnitude, and by

3
force of inertness of the amplifier represents a certain function of frequency,
then the possibility of lcas of stability will become evident. Presence of undampsd
oscillations leads to distortion of transmission of signals of main procass of
adjustment. Use of usual methods of removal of these oscillations leads to lowering
upper limit of frequencies of signals, developed without distorticn in such simula-
tion of the investigated servo system.

In connecticn with this it is useful to consider another method of solution of
the formulated problem, in which simulteneously on models there is not reproduced
the main process of adjustment and oscillations, caused by elastic deformations in
transmission, but there is carried out automatically transition from one differential
equations (13.17) and (13.18) to another (13.19) and back depending upon state gap
in transmissions.

If Fig. 241a is pressnted a complete fundamental circuit of the model, necessary

during solution of problem by the considered method. 1In circuit ars showmn ivhose
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switching operations, which provide transition from equation (13.17) and (13.1R)
to equation (13.19) and vice versa. These operationa are executed by normslly-

closed diode keys Kl’ Xo» !(3 and normally open ones KL and X Change of state of

6°
key is caz. led out by commutating voltage j_Uk, appearing every time after selection
of gap in transmission. With appearance of commtating voltage cceurs cross-connac-
tion of input voltages to blocks 1 and 4 and disconnection of blcock 5 from block 4.
Simultaneously, with this transmission factor of blocks 1 and 4 increases which re-
produces increase of general moment of inertia of system due to moment of inertia
of output axis,

So that after selection of clearance we have equality 3 =i, , in the
circuit is an additional sixth block, forming eircuit of negative feedback for
blocks 5 and 3. Selecting great gain factor of this circuit (by decrease of .152) ,
it is possible to achieve satisfactory accuracy of tracking. Voltage Uy, is
fed to block 4 so that at output of this block after selection of clearance we re-
ceive voltage, proportional to & . This voltage during reverse input in zone of
clearance serves as voltage of initial conditions and ensures,thereby, correct
repeated union of blocks 4 and 5.

Pundamental circuit of normally-closed diode key, shunting input impedance of
operational amplifiers is shown in Fig. 241b, From this diagram it is posaible
to obtain the diagram of normally closed key Kj. With change of polarity of voliages
Uk and U, , we obtain diagram of keys KL and KS'
Impedances of normally-closed key are selected from relationships:

in absence of cammutating voltage

T UV 5 tosauslus0. (13.27)
in the presence of commtating voltage

FUJSu UuYu e w120 (13.28)
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Hence Uoa

Vud B5E Y VS Ve Ty S S gy

It V=130V, €y =Us=2%100Vv, ¢hen

10
Y= ) Y. V=2V,

to
P

-
Fig. 241. Diagram of simulation of processes in
inertial elements with gap, based on application of
slectronic keys.
KEY: (a) Output.
Conductance Yll usually is determined from required vaiuves of iransmission
factor of block in every position of key. Let there be given two required values of

transmission factors of block Kl and Kz accordingly for closed and opened state of

key. Then y y v
= - - it \
Ki ) 2 A + T;! '
K, == -,;.";'-
Hence

K, — K.
Yu=Y, 1.
u="n— (13.29)

Considered examples of simulation of certain nonlinear problems also give an
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idea of methods of simulating problems of adjustment, requiring realization of auto-
matic vransition from certain equations to others, differing not only in coefficients,
but also in structure, Apparently, presented methods may also be used for realiza-
tion of automatic transition of a CAP from one law of adjustment to another depending

upon phase and nature of the transient.

3. Examples of Solution of Nonlinear Problems of Automatic Control

AR

During investigation of systems of automatic control by electronic models it
is possible to obtsin not only particular solutions, correct for the given numerica.
values of parameters, but alsc, which is very valuable, to reveal the total picture
of possible motions for givne structure of the system and, thus, to make recommenda-
tions on selsction of paramsters. Let us consider the method of formulating auch
investigations with two examples of very simple systems of industrial control.#

As the first example let us consider system of automatic control of inertial
object of first order, regulated by relay astatic regulator., Here we will assume
presence of delay 7 in transmission of controller action. In these conditions con-
sidered system of automatic control is described by following system of differential

equations:

T.-‘;',—-{-szup(t—-‘). %’:‘2/(?)- (13.30)

where To is time constant of object, k. is amplification factor of object, < is

0
time lag, p is controlling action, ¢ is controlled variable, and function f(?)

is determined thus:

{ 0 when — 9, <9 < %%
JO=] 44 vhen ¢>% and9 < —ou

#These examples were considered by author on the advice of A, Ya. Lerner.
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Fig. 242. Functional diagram of simulation of
astatic relay system of automatic control with
constant delay. 57 is delay block. Dotted
line circles circuit, reproducing relay charac-
teristics,

The problem is set in the following form: to find decomposition of plane of
parameters of system k, and -;: into regiens wath attenusting process and naturai
oscillations for various values of the zone of .nsensitivity of reiay ;—:: ( 3mas
is maximum value of controlled variable) and initial conditions :(0) «0. w(0).-0,

Setup disgram is shown in Fig. 242. During simulation there was established
a fixed value of magnitude A. Change of magnitude A is equivalent to change of
ko. Magnitude Ty for convenience was taken equal to 1.0 sec. Zone of insensitivity
of relay was set equal to in ;%3; = 0.1 and 0.05. Zone of insensitivity is related
to x ¢ (0), since experiment 5(0)=73.,. . Results of simlation for value 35 (0)=
=1 is shown in Fig. 243s, and b, In Fig. 2.3a is brought decomposiiion of plane of
characteristic parameters of system, and in Pig, 243b is the dependence of amplitude

7. and frequency /f.. of natural oscillation on -;: . These materials allow
us to make selection of main parameters of object and regulator on first stages of
projection, and also forwulate a number of valuable conclusions about properties of
considered control systen.

As a second example of simulation of control process let us consider the same

object as in the preceding case, but with a proportional-pulse controller. Equations
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Fig. 243. 8) Boundaries of regions
with attenuating processes and stable
natural oscillations in plane of pars-
woters k; and y-for astatic relay CAP
with delay. I--region of stable oscil-
lations, II--region of attenusting
processes. b) Dependence of frequency
and amplitude of natural oscillations
on . with various values of kg and

.
[ M

describing process of adjustment in this case are:




T, %}+v=k..p(l~t).
d

T =le—w {(13.31)
4 d

.o +e=3T.5.

T,

where T, ix time constant of servomotor, ¢ is coordinate of the driftless stabiliser
T, is time constant of the driftless stabilizer, 3 1is proportionality factor of the
dr:ftless stabilizer. Operating characteristic of servomotor f(7—¢) is given by

graph of Fig. 244.

L/

Fig. 244. Characteristic of actuating
mechanisa.

We find, as before, decomposition of plane of paramsters of system ky and ,:
into valuss regions with stable self-excited and attenuating processes for two
values of sone of insensitivity of servomotor and various values of coefficient of
the driftless stabiliser on the condition that T, = T, (condition "tuned

driftless stabiliser", A. A. Voronov [1]). Functional setup diagram is shown in
Fig. 245. We take also ;L =10, A=1, tan ¢ =1and Ty=1 sec. Change of
magnitude A and tan § ends to increass or decrease of general gain factor. Change

of ko works in the same direction. In Fig. 246 are given results of conducted in-
vestigations, Oscillograms of Fig. 247a and b illustrete effect of introduction of

a driftnecs stabiliser in considered system. As follows from these oscillograms,

without & driftlecs stabiliser in system impermiseible natural ocecillations is set,
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Introduction of the driftless stabiliser removes natural oscillation and ensures
reduction of duration of transients appraximstely to one half-period of natural
oscillations.

I

far-v » <

& ¢ &,

L J

Fig. 245. Punctional diagram of simulating a
CAP by propartional-plus-floating controller.
5s-delay block.

Investigaticn of transients in systems of automatic control with nonlinear

damping. Lately nonlinear feedbacks have found wide application for improvement

of quality of transients in systems of automatic control. However, calculation of
transients in such systems, usually executed by approximate numerical methode, turns
out to be very labor-consuming. We will show as an example determination of
transients in such systems by a simulator.

In Pig. 248 is showm a servo system (See Dsh. L'yuis [ ? Lewis or Louis) (1)),
in which for improvessnt of quality of transients there is introduced additional
damping, opposite in sign to signal of main damping and proportional to product of
performance speed by the magnitude of ezror signal. In beginning of process, when
error signal is great, additional damping considerably decreases total damping in
systea and, thereby, ensures maximm poesible build-up speed of process. With
decrease of error signal additional damping decreases and system is effectively
braked.

1f we disregard inductances of armature and excitation coil of tachogenerator,
and also the delay, introduced by amplifiers Kl and Kz, then equation of motion
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of considered servo system can be reduced to the form

I “:;:.. + A—7 “"' +B(3~| ) ‘:l~. +D‘u:= D‘M' (13'32)
[ 7
[
u
H
&5
! i
as

v u [T) a4

FPig. 2,6. Boundaries of rugions with atten-

uating and divergent processes in plane of

paramsters ko and ;- with various values

of :‘ . l-—region of divergent oscilla-

t.iona, IJ——rezion of attenuating processes,

L==L-—boundary of unstable limit cycles.
Coefficients J,. A and B are determined by parameters of motor, tachogensrator and
amplifiers.

Problen consists of determining character of transients in systea for pre-
B D

selected parameters (," - R T2 T - 15.2) , step change of input signal
x, = 1and sero initial conditions,

Functional setup diagram is shown in Fig. 249, Hers to obtain identical effect
during supplying and removal of perturbation into the multiplier there is intro-

duced the modulus of error signal. Obtaining of modulus of variable is attained
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Fig. 247. a) Transients in system without
isodroma; b) transient conditions with tuned
driftless astabiligzer,

Fig. 24i. Fundamental circuit of servo sysiem

with nonlinear damping (by Dzh. L'yuis {Lewis]
[11). . and 5. tachogenerators P—reductior,

Kj and ¥ ,—amplifiers.

Fig. 249. Functional setup diagram of equation of
motion of servo system with nonlinear damping.




Dy use of additional sign-inverting amplifier 6 and two diodos ,1. , .1, coupled oy
a8 scheme of full-wave rectification.
Equations of voltages for separate computing blocks of the functionsl diagram

ha+. the form:

T
U,-= ;(K,,f.., 1+ KaUs + KU, + Ky,

Uy=- —;-K,,U,.
Uy=- Ky,

Ui= - (KgU; + UK.
Ug= - Bt/ U

Ue= - KuU,.

U, = U,

Solving this system of equations for voltage Up, representing in the circuit initial

variable x  , we will receive

- T
%g"— %Klo%“‘xmjs“"u KUy —KyUyi “4{" +
+ K K KUy = KyKUy,

Introducing transformation of variables «x,, =M U, x,, =M, U. and

assuming Mt = 1, we will recieve after comparison with injtial equation (12,32):

A - B K41, N

—— =K . - — - 11 %% N3

7, woogy T
Kllasku’\'u '"Iul o 8 D N . » . . ". .
T A'u T -I!- ' .JlA = |5.2 - A" . A“ ) K“" = k” 'A‘" -.“i“ .

w e select scales of

Assuming K;,) = Kh2 and Kbl = ] and considering that 3,
presentation of variables. Having in mind best use of full scale of model, we let
X, = 1 be represented in installation by voltage Uy = 100. Then i, - V.., -0.Ui,

Here transmission of factors of blocks will be:

K, --8 Kg=1, Ky =3, K, 307 KN, -2 A, =10l
K“ ~=Ku ':l. KU"O'7‘,‘
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Fig. 250. Transients in servo systsm: a)
with linear damping and step input; b, with
nonlinear damping and step input; c) with
linear damping and sinusoidal input; d) with
nonlinear damping and sinusoidal input,

In Fig. 250 are shown oscillograms of transients in the circuit for two cases:

with supplying of unit perturbation a and b and with sinusoidal input ¢ and d. As
can be seen from the oscillograms, duration of transients in system with unit per-
turbation is reduced approximately to half of that with linear variant systenm,
possessing fairly great damping.

With sinusoidal input there is attained certain decrease of phase shift, dut
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there appear significant ~cnlinear distortions. The latte: {ndicates once again
the wmll-known fact that by reacti~m zf nonlinear aystem to unit perturbations one

must not judge its behavior during perturbations of other Lypes.




CHAPTER XIV

METHODS OF SIMULATING AUT(MATIC SYSTIMS
WITH DYNAMIC RANGE OF CHANGE OF VARIABLE,
EXCEEDING DYNAMIC RANGE OF ELECTRONIC MOimi
A3 is known, dynamic range of the best models of electonic analogs does not
exceed 103 . However; in solving a number of problems of automation it is necessary
to deal with cases, when range of change of variable considerably exceeds this figure.
Among these cases cne can mention solution of problem of moving a flying object
into +he sone of self-guidance, processea of nuclear reactor startup, solution of
certain problems of automation of chemical processuvs, etc. In solving these problems
use of electronic models requires application of special methods. Of these methods
one should msntion: 1) deccmposition of total interval of change of variablea into
subranges with lirits permissilie tor eiscironic mocel, of change and 16alisativa
of autcmatic transition from one step to the next with corresponding change of
scales of representation of variables and transmissions facturs of separate blocks;
2) transformation of initial equations into logarithmic presentation of variables.
Belov both enumerated methods are expounded in the example of investigation of
processes of starting a nuclear reautar (B. Ya. Kogan (6]). Application of
electronic models also to reproduction of processes of starting considerably expands :

region of their application, sspecially as trainers.




1. Pundamentsl Equat‘ons of Reactor startup

To show the main laww of startirg a raactor we will write the oquation of
kinetice in simplified form. w.th this aim we will take "one group” theory of
calculation of delayed neutrons, and alsc the assumption that all allocated power
goes for heating the reactor, and the effective multiplication factor linearly de-

pends on position of the moderating rod and temperature. Upon these assumptions

ve have:
dn in 1—3
=" T T et O S
aC 3 .
Cn Rt (4.1)
aF
& =™

where k., ==af —aT

Here are accepted the following designations : n—total number of neutrons
at moment of time t; ik, -—effective multiplication factor; ? —percent, of
delayed neutrons in iotal number of fission neutrons; i-—~average lifetime of prompt
neutron; C—number of radioactive fragments of equivalent group of delayed neutrons;
A -disintegration constant cf radioactive fragme..s -2 agu.valent group; S——number
of neut..ons, radiated by out:cldo sourcs. T --average temperature of reactor; .
—proportionality factor, determined by physical propertiesa of material of active
gone and geometry of reactor; a--speed of changs of reactance with advancemsnt of
rod; a1 -——temperature coefficient of reactance.

By solving system (14.l1) one must receive dependences n(t), C(t) and 7(t) for
linear movement of rods and given initial conditions.

Neutron power of reactor and concentration of nuclei-emitters of delayed neutrons

here can change in very wide limits (for example, from O to 1010).
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2. Solution of tquaticns of tartup by .actions

Solution of equations of startup by wections can be carried ~ut rtoth manuaily

and automatically. In the first case solution {s conducted up t» tre moment, when
voltage, representing in the model initial variable n, reaches 10C v, Ther the

installation is changed to t'.e "stop" mode, we record values of all voltage: on in-

tegrators toward the end of the period of solution, Before beginning the following

stage of solution the new initial conditions are se. in a scale, corresponding this

section of the soluticn. As shown below, values of transrission factors of

i

certain computing blocks of the model must change with each transition to a new

scale of representation of variables.

«V

. R

] VJ
*ng—

> HE ?

o

Fig. 251. Setup diagraa of equations of
reactor,

Indeed, relationships for voltages in the setup iiagram of equations (is.1) %'
(Fig. 251) will be:

Lk 6-




2L — K, + 001K U Uy — Kyally — XUy,

2y e~ KU, — 001K K U U, — KUy, (1a.2)
aw .,
7" m — .|K“U e

[4
U= f KukyUsdt — KqU,.
o

Introdicing scales of representation of {nitisl variables == - MU,
C=WlUz, T=K u,, ik, =M,U, , $S=MU,; and considering time sccle
to tes one, w: will receive the following relationships betwesen coefficienta of

initial equation, scales and trsnmmission factore of sepurate blocks:

M 3} ) ..
K=, Kgi=7. MeKukuli=a.
i

OOINy  1-d KK O3 My
E,. { ‘“'a"g. { wr
M, M, r
Ky & Kyzsno 3 K=o 3Ky g’ —p
n‘uc pd) M 4 M,

From analysis of these relationships it follows that during ch-nge of scales
N, and N, during transitions from one section of the axcursion to the naxt it is
simultanecusly necsseary to change values of o and s ., Thus, for eaxample, if
in process of startup X, increases with transition from one section to the naxt
by an order, then coefficient s:culd be incressed by the sew~ magritude o, ant
cosfficient o should decrease.

During process autamation of simmlation of startup of reactor with variabdble
scalss of representstion of varis®lss it is necessary to antieipste secummlation in
new soale of voltage of initial conditions for the following stage of salutimm.
This can be realised in prineiple by various ssmory waite. In the work of B. Ya.
Kogan [6] 1t was with this aim thst it was proposed to dowble part of opsratiomsl
.olwoofutum, that whe, "ne part is ceswpied ‘n solstion, the ather




¢

Pig. 252.
account autcmatic changs of scales during transition fros one

section of startup to the next.

Setup dingram of equations of reactor taking into

[ &
» y- AA"LLAJ A L . Aﬂl f .':'Al"‘“‘gﬂL Al“
/ d .
& 7 Niw
. X - ,
| R CTETTT
Tig. 253. Oscillogram of starting prooess of reastor by steps.




is prepared for solution, storing in new scale the initial conditions.

In Fig. 252 is shown setup diagram taking into account sutcmatic transition
from section to section,

Controi circuit of simulator should with such method of selution ensure auto-
matically & definite sequence of succession of regimes of sach group of zomputing
elements, participating in the soclution. With this aim they use two signals: one,
obtained {rom comparison circuil, awitching on relay a when voltage, representing
variable n, attsins & magnitude of 100 v, and the other farm the delay circuit.
With growth of neutron power T grows and, conseguently, thermal negstive feed-
back increases by forcr of which neutron por starts to fell and as 2 result of an
oscillatory process arrives at stenay -statc reg’ e, Fall of neutron power under
the influence of input of thammal neg.iive fesdbrok can in a numbsr of cases be so
large that for its reproduciion it will be nccessary, just as in build-up, to go
through the whole process in gsctions. Hers, naturally, with decrease of power it
is necessary to deucr:sse c-aia of representation of variavles n and C.

Since process cf change of coxcentration of nuclsi-smitters of delayed neutrons
will lag behind process of change »f neutron power, thsn with decrease of p.ver one
must decompose the solution intc intervals, being criented on the process of change
of C. For this purpose in the control circuit from operational asplifiers 1l and
12 there r™ssults a signal during change of sign of derivative %} . Derivativa

fﬁ is obtained by repeated summation of all components of first equstion of
system {iL.1). Switching on of relay § excites auxiliary relay XB, executing all
necessary comuutation for transition to tracking for U . ‘Transmission factors of
amp’ 'ers 8 and 9 K9l - KBL = 0,1, and K92 = K82 = 10. So that output voltage
of amplifiers 8 and 9 not exceed 100 v in process of tracking C, at inputs of 92
and 82 thare are connected auxiliary limiters, preventing input into these amplifiers
of & voltage exceeding 10 v, Simultaneously with change of scales M, and M ,it is

necessary to change on every interval values of o, and 1, , but in the opposite
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irection, For this there are used reversibls stepping selactors WHP) and UIKP?2,
changing Jdirection of motion after every switching on of relay. 1In Fig. 253,as an
axample, thers is brought the oscillogram of the process of starting of the reactor,

obtained by the above msthod.

Fig. 254. A) Sotup diagram with alei-

caticn of adiitional capacitors; B' Con-
trol of model with addi‘joral canacitors.
KEY: (a) Control relay of base blocks,
When in process of starting of magnitudes n and C due to action of thermal
feedback are not loserad moré than an oode. or whea one 18 interested only in the

process of build-up power, it is possible to considerably simplify the scheme of

R

automatic solution of problem by sections. With this alii &l the Degin-‘ng of every

i

N

£

subsequsnt stage of solution for setting voltages of integrators C and n, decr.ssed

by 10 times, there is used connection for the preparatory period of additional

-

capacitors parallel to capacitors of these integrating blocvis* (Fig. 254a). it

I i

*>imultaneously with author this method was offered by N. Filipchak, V.
Filipchak, T. Zelinskiy (1lJ.
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is ratural that in periods of work these additional capacitors must be disconnected
and reliably discharged. Since additional capacitors do not participate in process

of soluticn, they need not have a polystyrene or styroflex dielectric.

T |
S38¢
! i
:Hy-«f(—
o P 1]
| ] | ALY |/
R BaBe +] s ~
T X

Fig. 255. Oscillogram of starting process with application of
circuit with additional capacitors.

Magnitude of capacity of additicnal capacitor Cg 1is by evident relationship

C==C(-5=_‘--l) when 55:10. C,= 9C, (14.3)

where C is capacity of integrator, Uk is voltage at end of preceding working inter-
val, Uy is voltage, whict should be at the beginning of the subsequent working
section,

Control and setup diagram with such a method of change of scales is considerably
simplified (See Fig. 254a and b). Oscillogram of starting process, taken with the

help of application of discharging capacitors, is shown in Fig. 255.

3. On Solution Error

Error in given interval of solution is caused by the following main factors:
inaccuracy of setting of transmission factors of separate computer blocks, static
error of multiplier, error of linear computing elements, inaccuracy cf setting of
initial conditiens.

In accuracy »f work of comparison circuits and scattering in operation of con-
trol relays need not in principle affect ac.uracy of soiution. Their influence

shows only on magnitude and number of intervals of solution,
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Comparison of results of investigation of errors shows that one of the main
components is caused by error of multiplier. In Table XII is brought comparison of
data, recaived from solution of the problem of starting on digital computar and

on an electronic analog with application of multipliers of various typs.

Table XI1I
(a) uatienut wOUIHOCTH PRARTOPD PR MYCAE, NoIYUYeRNME € NONOUNG
\ (b) AWLMo T ! (?) .\I £2.) . (e‘?-v‘:-)umm (f)
sreRTpON- woge i ¢ y.!:::;en;:exa
HOR BwM- [ € DHXTIPONNMN ‘ [ [lpnyueianne
camteannoh ‘”“""';é‘;:o“" { MNGANTE NG
" ycrpo . CrpuncTeuv
(g) I l yeTpu
Bpewn or ' | I
RAN2 12 NYCINA, rex \ igin, { ig" j n ‘ g n ; L]
B (h)
R 4.201 436 | 17, | 4318] 4 , | Ornocureasnan
100 3.16 I NOTPEUWHOCTS
152 3.9 329 () —
200 325 | 3255 32551 EVRELL R
300 326 3258 3,2.’,14, (n),
900 3% |325 i | 325 |
|

KEY:
received by;

(b) Power;

(a) Value of power of reactor during starting

(c) Digital comprter;

(d

)

Electronic analog with electronic multiplier; (e)
Electronic analog with electromechanical multiplier;
(f) Note; (g) Time from beginning of starting, sec;
(h) Relative arror.

Comparison of data of table indicates expediency of application of multipliers

of increased accuracy. In a number of cases good results can be achieved with the

help of an electromechanical multiplier (See, for example, G. Korn and 7. Korn [3)).
Considering that

ko changes comparatively slowly and can be fed to inertial

input of the multiplier, application of such a multiplier will not put limitation

|

on transmission band of signal.

L. Investigation of Starting Procgsses !1 th the Help of
uations, Prel 1ly Converted R sentatjo
of Power.

Fxpourried method is based on the fact that the system of initial differential

equations (iL.1l) is solved not for power n, but for magnitude y, the inverse of the

reactor period:
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n 4’

Here fydl:f—}dnslnn' and consequently, y=‘"":").

Designating for brevity C/n = x, S/n = W we find:

c ¢S
s ‘% 14 _Cran aw w145 S 1 dn (1Lt)
@AW T RAr T AR T Td T R d T aadt .

Dividing the first two equations of system (14.1) by magnitude n and considering

%;E ==0. we will write taking into account (14,1) a system of transformed equations

(14.1) in the form:

dx Laed 3 dF ]
- =Xy 7 TIX e g =
, 3 1—3,
LA R TS PN (L.5)
"Ry = at. —aT. n.—_-,fya.

Variables x, y in this system change in significantly narrower limits than in
the initial one which allows us to investigate the process of starting as a whole.
For solution of this system on electronic model there are requirsd nonlinear com-
puting elements: two multipliers® and one functional generator.

il we designate by y not the derivative of Ina , but simply Ina itsself
then we rome to a 373tem, equivalent to the one brought earlier, with the same setup
diagram (Pig. 256). If one were to apply electromechanical or pulse-time multi-

.
pliers, then by one multiplier there can be obtained both sought for products, having

~re gersral cc-factor.

*It is necessary to indicate that the requirement of accuracy of multiplier,
delivering the product v .y may be not so high, since with growth of power n magnitude
W bexins to vanish and starting from a certain value n it can be complet.ely {gnored.
Influence of thermal negative feedback at begimning of starting process practically
is inconspicuous due to small values of temperature ' , and therefors,this coup-
ling actually can be connected, only starting from a certain value of 7 , 1.0,
after definite time after the starting process.
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Fquations of voitages for circuit of Fig. 256 wiil be:

U= KU+ KU+ KUy + KU .
‘d‘%l — = KuU,. :

U,== - ve'l™
i:l%' == KuUr ,
s o KU

(14.6)
U. = - (K“U‘ + K‘o"s).
U,= - 001U, U,

e oo MG+ KU+ KU KU,
Uy=: — 001UV,

«w .

._d__'l= - KU,

Section of scales v and { for functional generator is executed proceeding
from requirement that when U; = 100 v, U3 = 100 v,

Relationships for determination of scales of representation of variables will
be: yo= MUy, no= HUST = Mg, ks MU W=M U [ear g,
After substitution in initial system of equations of woltage and comparison

with giver system (14.5) we will receive:

. 4 . M, My M, o f
N i ) ’,'. By Y 7.('}_ Ko == 1. ‘,&'l; Kip=1. WMy b KGR U M, a, :
M, Wy, S M, 1—3 KMy KoM )
w'_xnggl. -n;—n.. KJ’.U“I“‘R‘TO T;K“- r . M. z”' ——n-{—(::'.lT.

From these relationships it follows that selection of scales » and t{ influenc
value of transwission factors K,,, Ku and magnitude of scale Kn, and the latter in

turn effects the maximmm value of power, which can be represented by the electronic

model. Limiting steepness, reproduceable by functional generator, to magnitude
S, = 10, we will take

Ly
0w —
U‘-':' o ';."i"”‘ (u.?)

4S5y~




It is obvious that when U, ® 100v, U3 = - 100 v, and when U, = 0, vy =

2

= (100/010) < 0,005 v.

[yt =ira
ief 07 }2 >, of
-
+F

Fig. 256. OSetup diagram of equations of reactor,
transformed to logarithmic representation of power,

Steepness is

s.ﬁ(—:—:/;:):—: 10 I‘hQﬂU:r: 100 v.

Scale of representation of power is

1 ¢ o

When maxismum output voltage Uj = 100 v, maximmm power, which can be represented

on model, constitutes

gy == 220268,

It is necessary to note that during reproduction of dependence (14.7) oy

functional generator with piecewise-linear approximstion when permissible srror

¢« = 0,25 the least length of interval of decomposition of axis of argument
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(See Chapter VI) constitutes

v 8025
I"‘ l/ ‘,,,)." ; —“'“-—‘—- 1,40 v

Length of adjacent section will be

A= —'{’ffﬁ =145 V.

Realization of such a functional generator by diode elements, a8 calculation
shows, requires at least 12 diode elements and runs into large difficulties from
comparative proximity of points of switching of diode elements toward the end of
the argument scale.

Application of quadratic approximation on diode elements with a carrier (R. A.
Bruns (1], A. A. Maslov and Yu. G. Purlov [1]) or by combining thyrite nonlinear
resistances (L. D. Kovach and W, Comley [2]) significantly simplifies the circuit
of functional generator and increases accuracy and reliability of its work.

Indeed, with Quadratic approximation with permissible error ¢ = 0,25 the

length of least interval of decomposition of argumsnt will be

A =5 ‘/Mfw : ‘/j‘-’-jgr 6.3V, (s4.8)
“ mt l

Rounding to lower whole {igure, we take hl

= 25 v,

= 6 v. Then remaining sections will %
i

be: h, =8 v, hy =10 v, h& =15 v, h5

Thus, the total number of elements in case of quadratic approximation decreases

mor- than half as compared with case of linear approximation. Diagram of functional

generator with quadratic approximation is shown in Pig. 257.# Here for lowering of g

#Diagram was developed by A. A. Maslov anr Yu. G. Purlov,
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current characteristics of separate diode elements their coupling is taken mixed.

First four diode elements (numeration is taken in order of growth of argument) are

coupled at input, and two--in a circuit, parallel to amplifier, Ideal current-

corroded  haracteristics of input circuit and circuit, parallel to amplifier, are

shown in Fig. 258.

From Fig. 258 it follows that with accurscy of 0.16% current

characteristic of first diode element can be replaced by a segment of axis of

abscissas,

T <

44 -c:}-"j
js=clennin
A3 [ ]

d ’I

. < "o
oy e
b * - -

4 Y,
<)

e
3
Py —

AAA

Fig. 257. Diagram of functional gener-
ator witn diode elements ami carrier.

In Filg. 259 is presented oscillogram of process of starting with logarithmic

reprasentation of power and use of electromechanical multiplier. Comparison of

this solution with solution, received on digital machine, showe that maximum error

constitutes 26-30%, including and error of reading of magnitudes from oscillcgram

(from finite thiciness of 1lin , which themselves can reach 10%. It i{s natursal t:at

application of electronic mu] ipliier bssed on thyrites in this case leads to in-

crease of error.

In logarithmic ropresentation of power ¢~ sources of error, taking place in

case of solution of problem by sections, inaccurecy of work of functional generator

(antilogarithm).

However, inaccuracy of work of functional generator leads to in-

crease of error of resolution only starting from moment of time, when thermal
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negative rsedback becomes effective, i.e., after first maximum attained by power in

rrocess of startup.

w'l’;
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17N+ 8060 & '
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N |
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’ [}
/,"lwv,'-')
/,(wa)

Fig. 258. Current characteristjcs of
functional generator with carrier.
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Fig. 259. Oscillogram of process of starting with
logarithmic rerresentation ol pnwer.

Thus, during solution on elsctrornic models of problems connected with {nvesti-
gation of processes with wide range of change of variables, it is expedient to
apply rircuit of soluticn by seztions with automatic transition from one section
to the naxt. This circuit gives higher accuracy as compared with solution durirg
logarithmic presentation of variables. although it requires certain increase of
numder of computing elements and a special control circuit.

When investigation ir comducted unly on section of build-up of variabdle or

when lowering of variab s after reaching a maximm does not exceed two orders,
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modeling should also be comlucted by sections with automatic change of scale of
representation of variables witn the help of circuit with additional capacitors.

This circuit is marked for simplicity of control system ani does not require increase
of number cf computer elements,

With use of logarithmic representation of powsr the circuit is complicated by
necessity to have an additional genrator (reproducing antilogarithmic dependance)
and gives less accuracy of solution by sections.

From what has been presented, furthermore, it foilows that func.ional generator
in circuit with logarithmic representation can be practically realized only with
appiication of piecewise-quadratic approximation and limits magnituie »f variable,

wi.ich can be represented in electronic model to five orders,
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APPENDIX I

REPRODUCTION OF COMBINED LINEAR OPFRATIONS BY
ONE OPERATIONAL AMPLIFIER

Linear operaticns, executed by operational arplifier in combination with sim-
plest passive #Ysctric circui‘s; already were considered in Chapter II., It turns
ont that by means of complication cf these pacsive slectric circuits it is possible
tv one amplifier to obtain mores complicated linear operstione, With such use of
oparational amplifier we can reduce quantity of amplifiers necessary for solution
of problem, and in certain cases (for example, during reproduction of oscillatory
sections of CAP) lower limitations, caused by imperfectness of frequency resporses
of computing tlocks,

However, such complication of peassive cirecuits of operational amplifier often
leads to a state where ws can no longer clearly divide input circuit from the cir-
cuit, parallel to the amplifier, This in turn demands & more gunersal approach to

deriiation of transfer function of such an operational amplifier.*

Let vs consider the most general circuit diagram of linsar circuits and amplifi-
er (Figc 260)0
In this diagram to input of operational amplifier and parallel to it are

switched passive multipole networks Yl and Yz. For finding transfer function of

#Such approach is met in a number of works of F, H. Raymond [1] and R. Perety
(1],
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snch opsrational amplifier we will write equation of currents at the poles:

ill = syll‘m'l:n + “"u (Pnl :nu + [Y“(Plh ;iv } (1!] )
Tn = V3 (P, 20, + (Y2, (P)], ;..l + Yo (P, ;v }
Ty = 1Yy (Pl b+ 1Y 53 (P s + 1Y o (P €,

and Ty = 1Y W (Pl tey + IV g (P sy + 1Y (P2, (1.2)

ia = {V g (Pl 0+ Y (P, foun + (Y (Pl e, I
7n= Vs (P ;n + (Y (P, egur + Y (F)I, ;s-

~a
&

i o, " - 3 > j
fo ey Ga
A

-

Fig. 260, Skeleton diagram for deriving
basic relationsnips.

In expressions (1.1) and (1.2) the index after brackets indicates number of
multiterminal network. Conductances [Y; (P)]l and (Y4 (P)], are determined as
ratio of current Ijy or I;, in considered pole to voltage, standing as a factor in

sought for cond-ictance on the condition that all remaining voltages, determining

~f

current of pole, are equal to zero.
2 when ¢,,, = ¢, =0, ”’n(P”‘ — :_7;'

Thus, for example, (v, (P)),= >
[ ] (1
when ¢,, =¢, =0. Disregarding grid current of input cascade of anplifier, we ar-

|

i

rive, as before, at equationc of operational amplifier in the form

Iy +ig=0. } (1.3)
tous = — K,e,,
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where I3) ané I3y are determined by third lines of expressions (1.1) and (1.2),
On basis of (1.1), (1.2) and {1.3) we obtain finally operaticnal equation of

operational amplifier in the most general form:

; = — ‘y'l (P)!l *"Yn (P),’ '-'l ( l'lb)
sut "Ta P+ Y Pl i— I [Yu P4 (VP -
k! {Ya (P + “ n (P

With very great Ky, when in working range of frequencies the following is correct

l "u(/‘”"; + 'Yp(/”)ll < |
Xy Pt £ (Vi | <L

equation (1.4) is simplified:

PP LY L Ml LOTN 1) N (1.5)
wi =T W P + V(P

Relative error, caused by such simplification (finite value of Ky), is determined by

expression

e, =) (P + Yy (P, (1.6)

‘\y YulP), + V(™)

Let us consider several particular cases, flowing from general ralationships (1.5)
and (1.6).

Let in circuit of operaticril amplifier there be used only multiterminal net-
work Y. Then in expressions (1.5) and (1.6) all conductances with index "2 after
square breckets must be set equal to sero,

As a result we arrive at relationships:

- - — qu (P) ; (1'7)
oS .( %’

Yo = ! Yu(P)lu
o = Ry PP (1.8)

where [V, (P)), ::I!'_ when ,._.:»...ao,u’,(Pn,:—..:!!‘— wvhen ¢, =¢, =0, Y aifl = 2 when
'.. ‘-‘ 'ﬂ

Cory = f.. = 0.

If we use only multiterminal network !2, then, proceeding as in preceding case,
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s 4R, W 1

_—ers T

we arrive at expression of form

- (YuPl; (1.9)
ot = 7 [V (Plls *"

= _ 1 ru(Ph

by, “"R'; Ve (P)ls (1.10)

When in circuit of operaticnal amplifier we use instead of multiterminal networks
two quadripoles Y; and Y,, connected so that Y, is not directly coupled with in-

put, and Y; is not directly coupled with output of operational amplifier, we obtain

V3 (P, = [V (P)), = 0.

Therefore
. (1.11)
- — _'___ll‘ )l .
'.ill - (y“ (P"l 'n-
do. = 4 P+ 1V (Pl (1.12)
st 7T A, (Y (Pl

Some practically important circuits of operational amplifiers, ensuring fulfillment
of combined linear operations, calculated by these formulas, are shown in Table XIII
below,

Of great interes. is circuit, brought in third column of XIII on page L67 re-
producing undamped harmonic oscillations. Use of such a circuit as pickup of sinusoi-
dal oscilliations has this deficiency, that for change of frequency of oscillations
it is necessary simultaneocusly to change all paremeters of the circuit. Honnr'

here there is attained economy of computing blocks and bandwidth of generated sinusoi-
dal oscillations is considerebly expanded.
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APTENDIX IT

BRIEF TECHNICAL CHARACTERISTICS OF CERTAIN TYPES OF
D-C FLECTRONIC ANALOG COMPUTERS
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Table XIV, General Specifications of Certain Electronic
Analog Computers, Developed in USSR
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#ata for these electronic models are brought in article of E, A, Glusberg [1].

~F{gures are given for ane base block, designed for resolution of second order
equatione,
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Fig. 261. Electronic analog computer of type IPT-3
(industrial model), 1 - block of operational ampli-
fiar, 2 - block of variable coefficient, 3 - block
of coefficient, L - control panel,

Installation is intended for solution of ordi-
nary linear differential equations up to the ninth
ordar irclusively with constant and variable coef-
ficients, It is constructed in the form ol separate
blocks (in one block is located one computing ele-
ment ), united by woggle joints in accordance with.
problem to be solved. 7Total complex of cocmputing
blocks is fod from the stabilized rectifiers.

The installation is composed of:

l. Operationai amplifiers — 18 (9 with plate
load 20 kilohm, and 9 piece with plate load 10
kiloha).

2. Blocks of constant coefficients (divi-
ders) — 18,

3. Blocks of variable coefficients — 18,

4., Control panei,

Oprret” mal amplifiers are three-cascade with
triode compensation in first cascade (see diagram
of Fig. 27). Installation ailowe union with auto-
matic control equipment. There is automatic repe-
tition of resolutiom for possibility of observa-
tion of solution of cathode-ray indicator.
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Fig. 26<., Electronic analog camputer of type MPT-9
(industrial model), 1 - setup field, 2 - control
panel, 3 - section of operational amplifiers, 4 -
section of blocks of variabie coefficients, 5 - sec-
tion of blocks of constant coefficients.

Installation is intended for solution of ordi-
nary lin=ar differential equations ur to l6-th order
inclusively with constant and variable coefficients,
It is constructed in the form of separate section-
stands.

The inatallation is composed of:

l. sction of operational amplifiers — &
(total operational amplifiers — 48; 16 integrating
and 32 scale — suming).

2., Section of blocks of variable coe.licients
— 4 (total blocks of variable coefficients -- LB8),

3. Sections of blocks of constant coefficients
— 4 (total blocks of constant coerficients [divi-
ders) - 48),

4. Control panel.

5. Saetting (isld,

é. Special crystal oscillator 50 cps,

7. Power blocks (electroinic stabilized recti-
fiers with ferroresonant stabilizers) — 4.

8, Power supplies of incandescence — 7,

Operational amplifiers are made with automatic
stabilization of zero level (by circuit of Fig. 43).
Blocks of variable coeff{icients are made ol atepping
selectors,

Installation allows comcination with automatic
control equipment. There is automatic repetition
of solution to ensure possibility of obaervation
of sclution on cathode-ray indicator,
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Fig. 263, Electronic analcg computer type LMU-1
(industrial model): 1 - section of operaticnal am-
plifiers — main, 2 - section of variable coeffi-
clents, 3 - power units, 4L -~ cathode-ray indicator,
5 - panel of check of blocks of variabie coeffi-
cients,

Instailation is intended for solution of ordi-
nary linear differential equatione with coefficients
constant and variable in time up to ninth order, and
also reproductior of typical noniinear characteris- :
tics, It ies constructed in the form of machine of !
structural-sectional type with two separate stabi- 5
lized power =uppliec.

PPy S

The installation is composed of: 18 operational
emplifiers, 20 variable coefficients, 18 voltege
dividers, 68 plug-in input impedances, 1 sstting
field (not interchangeable), 12 input resistance box-
es, 8 diode elemonts.

Operational amplifiers are three-cascade with
tiiode compensation in first cascade., UGain factor
of amplifier at zaro frequency is 5 « 103, drift 3
millivolt afier 10 minute, bandwith in closed state
500 cps at l=vcl 0.99. Amplifiers are located 6 to
a plateau.
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Fig. 264, Flectronic analog computer of type EMU-3
(Academy of Sciences of USSR). 1 - block of opira-
tional amplifier, 2 - block of constant coefficient,
3 - control panel, & - block of adjustment, 5 - pow-
er block.

Installation is intended for solution of ordi-
nary linear differential equations up to sixth order
inclusively with coefficients constant and variable
in time, Structural type in the form of a stanu.

- Setup is carried out by connection of separate blocks
by flexible cords.

Fending is carried out from one stabilised rec-
tifie!‘.

The installation is composed of:

1, Operational ampiifiers — 12 (allowing ex-
ternal load of 10 ma).

2, Blocks of constant coefficients — 22,

3. Blocks with capacitors — 2 (0.01 — 1 mi-
crofarad).

4. Block of dividers — 1 {0,01 — 1), -~

5, Electromechanical variable speed drive of
coafficients — 1 per 20 variable coefficients (added
separately).

6. Control panel.

Cperational amplifiers are three-cascade with
triode compensation in first cascade (see circuit of
Fig. 37). Installation allows combination with auto-
matic control equipment.
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Fig. 265. Electronic analog computer of type MN-7
(industrial model). 1 - setting "ield, 2 - knobs
for sadjustment of zero, 3 - funct.onal generator,

4 - multiplier block, 5 - control buttons, 6 - knobs
for setting initial conditions.

Installation is intended for solution of ordi-
nary linear and nonlinear differential equations up
to sixth order inclusively, with constant coefficients,
Installation is in the form of portable desk instru-
ment with separate power block.

In MN-7 there are 16 operational amplifiers
with triode compensation (see circuit of Fig. 37),
six of which can execute function of integration.
Remaining amplifiers are used as adders and sign-
inverters,

In lower part of installation are four cells,
into which can be inserted multiplier blocks or
blocks of universal diode functional generators,
These blocks do not have their own operational am-
plifiers. Multiplier blocks are made from silicon
diodes and for work require three operational ampli-
fiers. In functional genserator they use tube diodes,
Functional generator can be coupled both to input of
operetional amplifier and in feedback circuit,

For work of generator there are required one or two
operational ampiifiers, Setup is carried out by
plugs and short wires on setting field, located on
top of the computer,
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Fig. 266. Electronic analog computer of type MN-8 (industrial model ),
Installation is intended for solution of crdinary linear arnd nonlinear differential oqua~
tions up to 32-nd order inclusively with constant and variable coefficients., Of structursl
type, in the form of separate sections. Total sections —.- 1,
Connection of separate blocks is carried out by flexible cords,
1
m In model is composed of:
' 1. Blocks of integrating rational 6. Multipliers {with 3 inputs) — 12,
amplifiers (4 amplifiers in each) — 8. 7. Blocks of limitation of coordi-
2, Blocks of summing amplifiers and nates and zone of insensitivity — 6,
amplifiers of change of sign (4 amplifiers 8. Differentiating blocks — 4.
in each ) — 12, 9. Delay blocks — 4.
3. Blocks of constant coefficients —48 10, Dynamic blocks — 3.,
L. Blocks of variable coef.icients (in 11. Linear load sections — 3,
every block 4 variable coefficients) — 12, 12, Cathcde-ray indicators — 3,
5. Funttional generators of one argu- 13. Control panels — 2

Operatiaal amplifiers are made in a circuit with automatic stabilization of serc lewve)
(see circuit of Fig. 48). Functional generators use principle of piecewise-linear approxi -
mation by diodes, Multipliers are made with application of stepping selector with possibility
of multiplication of three input magnitudes in one device. Delay block uses of operational
amplifiers, Model gives possibility of investigating transient with comnection of automatic
control equipment,

There is iteraiion of solution with possibility to examine solution on cathode-ray indicsa-
tor. Model MN-8 allows us to sclve simultaneous two separate problem=,
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Fig. 267. Flectronic analog computer of type EMU~5 (Academy of Sciences of USCR).

Variant I: 1 - nonlinear blocks, 2 -~ linear part, 3 - additional control block, 4 -~
power block, 5 - oscillograph EO-7 with tube 131036,

Variant II: 1 - nonlinear attachment, 2 -~ linear part, 3 - additional comtrol block,
4L - power block, 5 - oscillograph EO-7 with tube 131036,

Installation is intended for solution of ordinary linear and nonlinear differential
equations up to and including sixth order. Of structural type, in the form of portable desk
instrument,

Installation is developed in two modifications., In composition Variant I is composed of:

1. Operational amplifiers — 12, 5. Additiomal control block — 1.
2, Maltipliers — 1, 6. Power block - 1,
>e Punctional generators -- 1, 7. Cathode-ray indicator — 1,

4. Blocks of typical nonlinearities — 4.

In Variant IT ronlinear blocks are replaced by nonlinear attachwent composed of two mil-
tipliers anc eight runctional generators with 2, operationsl amplifiers, retional -
fiers are made t»aw automatic stabilization of sero level and ecanomic Snﬁ cascade mﬂww»
circuit of Fig. 52). Installation allows combination with conmtrol equipment. There is
possibility «f automatic iteration of solutionm.
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Fig. 268. Electraic analng computer of typs EMU-6
(Academy of Scieaces of USSR). 1 - maltiplier, 2 -
functional generitor, 3 - limear part, & - slectronic
indicator, 5 ~ additional control block, 6 - power
block.,

Installation is intendeld for solution of ordi-
nary linear and norlirear differemtial equations wp
to and including tne sixth order, Of structurel type,
in the form of portable desk instrument with separate
power block.

Model is compoeed of 3

1, Operstionai amplifiers — 12,

2. Maltiplier - 1,

3. Panctional gemesreter — 1,

4. Blocks of typical nomliearities — A,
5. Additiomal comtrol bhlosk — 1,

6. Cethode-rey indicator - 1,

Operational amplifiers are made wi'h avtomtis
stabilisation of sere level and csommmic output obe-
cade (see sircuit of Pig. 52). I iastalistion amd
separete compting ciemmets is cemdusted "growssd
insulation®. Setup is earried ok W plags
and srort woggle juimte om face of setting fiald,

Installation allows coubinstien with somtyed

ment. There is possibility of amtemmtic ftesetdam of
solutiom,
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Fig. 269, Klectronic analog computer of typs MN-10
(industrial model).

Installation is intended for solution of nonlinear
differential equations with constant coefficients up
to and including sixth order. MNmaber of nonlinear com-
puting blocks (functional generators of one variable
and multipliers) does not exveed 6, Setup is carried
out on special switching field., All computing slements
of machine and ecurces of stabilised power (block KSV-1u)
are made of semiconductors.

Instailation ie composed of: 24 operetional empli-
fiers, 6 diode cells for reproduction of typical non-
linearities, L universal functional generators of one
variable, 4L multipliers. Operetional amplifiers are
made of semiconductors by & scheme with autamatic stabi-
l1isation of serco level,




Fig. 270, £Electronic analog computer of type EMU-8
(Academy of Sciences »f USSR).

Installation is intended for solution of ordinary
linear and nonlinear differential equations. Constructed
in the form of separate base blocks, designed for solu-~
tion of differential equations of second orde~., Every
base block is supplied with four operstional amplifiers
(see circuit of Fig., 58) not requiring stabilised feed-
ing, power suppiies and a certain nuaber of linear and
nonlinear feedback circuite, in the form of plug-in
inserts,

In typical setup of model, intended for solution
of linear and nonlinear differential equations up to
and including the 10-th order, there are foreseen fol-
lowing varieties of inserts: a) linsar (integratiom,
suwation, changes of sign, setting of scale, reproduc-
tion of typical nonlinearities); bt) nonlinear, intended
to execute multiplier-divider operations; ¢) nonlinear,
intended for reproduction of nonlinear dependences of
one argumsnt; d) nonlinear, intended for reproducticn
of fixed nonlinear dependences of type sine, ocosine;
¢) intended to execute operations of control; f) meas-
uring, intended to sxecute operstions of msasurement
during adjustment, Cathode-ray indicator is mounted
in separate base block.

Installation allows union with real equipment.
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Fig. 271. Set of nonlinear blocks NNB (industrial
model ),

Setup of nonlinear blocks is intended for ex-
pansion of the circle of problems, which can be
solved by linear electronic analogs of type IPT-§,
MPT-9, LMU-1, and increase of number o nonlinear
computing elements of MN-7 and others,

NNB ensures fulfillment of following nonlinear
opera.ions: reproduction of three nonlinear depend-
ences of one variable, three operstions of multi-
plication or division. It is constructed in the
form of thres base blocks. In each base block are
two doubled operstional amplifiers, made in a cir-
cuit with parallel amplification channels (see Fig.
58), two plug-in inserts of nonlinear feedback cir-

cuits and a power supply. Development on basis of
installation EMU-8,
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Fig. 272, RKlectronic analog computer of type EDA
(Academy of Sciences of USSR),

Installation is intended for solution of ordi-
nary linear and nonlinear differential equations up
to and including 19-th order, Qf structural type,
constructed in the forwm of two cabinots,

Installation is componed of:

1. Operational amplifiers - 138,

2. Multipliers — i,

3. Functional generstors of one variable — 4.
4. Gensrator of harmonics — 1.

Operational amplifiers are supplied with om
of periodic setting of zero level (see Pig. 150).
Multipliers are based on the pulse-time principle,
Functional generetor uses approximation of given
funct.ion 8 terms of a Pourier series (I. S. Bruk
and N, N. lenov [1)]).

Installation allows combination with control
equipment .,
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Fig. 272, Complex o electronic simulaiion equiument
of type MN-14 (industrial model), Intanded for saclu-
tion of complicated dynamic problams, described by
ordinary linsar or nordansar differential equaticos
up to and including 30-th ordsr with largs number of
nonlinear deoendences,

Installation includes: 90 opsraticnal amplifiers
with automatic stabilization of zero level, of which
30 car work as integrator, 30 -~ as adder, 20 — in
change of sign made and 10 — auxiliary to execute
certain linear, nonlinear and logical operations. To
axecute nonlinear orerations there are: 50 blocks,
exscuting operations o and
20 tlocks of universal functional generators of one
variable, ., blocks ol typical nonlinearities, 6 ° ks
for reproduction of trigonometric functions, 12 pu.se-
time multipliers, Total number of ampiifiers in
machine is 360, There is autamation af introduction
and recovery of data. Setup is carried out on plug-
in setting field provided with digital voltmeter and
8 two-coordinate table,
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rig. 274. Complex of electronic simulation equipment
of type EMU-10 (industrial model); on the right and
on the left — universal stands; in center — special-
ized stand.

Complex of simulation equipment EMU-10 is intended
for solution of linear and nonlinear differential
equations up to and including 24-th order, and also
solution of certain problems of optimisation with mum-
ber of regulated parameters, not sxceeding 7. Equio-
ment consiste of universal and specialized stands.
Universal stand contains: 48 broad-bend operatiomal
ampiifiers, assembled in circuit with parallel . pli-
fication chantels (see Fig. 59), of which 2, can work
as integrator; 4 electronic muitipliers; 4 electronic
universal funstional generators; 4 combined electro-
mechanical functional generators {(for 20 coafficients
varisble in time; L alectromechanical multiplier-
dividers; 84 ten-turn potentiameters, of wvhich 64
are se¢ automatically by servo system of digital volt-

ter; plug-in setting fleld, standard of tenaiuon and
time, System ci control ensures static and dynamic
cantrol of problem stop at a given moment, iteration
of solution for all or part of “he computing elements,
It includes special block for automatic change of scale of
representation of variable., Specialised stand in-
cludes semi-chamnel relay optimiser and 4 blocks of var-
iable delay, for which time lag can continuously chanze
into voltage functions of the model,
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Fig. 275. Electronic analog caomputer with auto-
mated solution scanning of type MN-11 (industrial
model ).

Installation MN-11 is intended for autometic
finding of a solution, satisfying certain pre-
scribed criteria., Installation includes: 9 in-
tegrating operational amplifiers, 38 summing cper-
ational amplifiers, 6 miutipliers, 3 bliocks of
variable coefficients, 4 three-dacade voltage di-
viders, There are three main regimes: detecting
of sclution by method "minimization," semiauvto-
matic detecting of solution by method "survey",
crdinary solution of problem with seliection wmanu-
ally of required soiation.

Structually the installation consists of the
electronic model itself, working with frequency

of repstition of solution 100 times per second, power

section and control table for checking and tuning
plug-in elements and functional blocks,
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Fig. 276. Electronic analog computer of firm "Electronic Associates”
(United States) consists of 50 operstional amplifiers, 10 electromechan-
ical muitipliers, made with servo gystems, control panel with two setting

fielde, 156 potentiometers for setting initial conditions, two voltmeters
and other equipment,

Firm also releases installation of smaller dimensions of type 16-31 R
(see Fig. 276b). Tt contains 20 operational amplifiers, four multipliers
with servo systems, 32 voltage dividers and one plug-in setting field.

i
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Fig., 277. Electronic analog computer (Radio Cor-
poration of America) of t "Typhoon",

KEY: (a) General form; (b) Three-stage plat-
form; (c) Control panel,

It is intended for investigation of pro-
blems of control of spatial motion of missiles,
It consists of four main blocks: block of roc.
ket missile, carrying out solution of equation
of motion of missile for given initial conditions
and current values of forces and moments; aero-
dynamics unit, executing, according to given
data of wind tunnel test and current values of
coordinates and speed of object, calculation of
forces and moments; target block, giving coordi-
nates and speed of target; guidance unit, pro-
ducing control signals and stabilization by data
on motion of terget and missile,
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Composition of computing elements of installation can be
characterized .y the following table:

Number of computing
elements
Designation of s
Note
blocks of model Stabilized Serve
operational systems
amplifiers
Block of aerodynamics 135 6 There are 36 multipliers
of increased accuracy.
Guidanc: uni: t missil 11158 U From total of LLS oper-
Block of rocket missile 5 - ational amplifiers, 80
are intended for work
as integrator. All
equipment is mounted on
43 panels
Target block 9 2 Total number of tubes
4000
Total power consumption
Recording devices 18 — from network 46 kilo-
watis
In all LiS 19

Resuilts ol nolution are fixed on two recording tables. For visual
observation ther is a three-stage piatform with model of missile, re-
5 rroducing motion sbout center of gravity. Trajectory of motion of cen-
i ter of gravity of rocket missile and the target can be observed on
§ special table with luminescent balis. Possibility of conjunction with
real equipment of stabilization and control is not foreseen.
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Fig. <78. «clectronic analog computer of "Beckman
Instruments, Inc." type ©A5GE~1100 (the United
States),

It is intended for solution of linear and
nonlinear difrerential equations; it consists of
60 operational amplifiers with automatic stabili-
zation of zero level (made by Goldberg's diagram).
To execute nonlinear operations there are 8 elec-
tronic pulse-time multipliers with two frequencies
of saw-toothed voltage for work with narrow and
broad band width, 10 electromechanical multipliers,
made with servo systems, &Electronic diode func-
tional generators (20) allow us to carry out ap-
proxdmation in 20 sections, With the help of ad-
ditional block there is foreseen possibility of
automatic adjustment of these generators for re-
production of given nonlinear dependence. Fur-
thermore, in installation are mounted 6 devices
for transfoimation of coordinates, 8 sine-cosine
generaters, 10 pairs of diode elements, JSetupr
18 carried out on plug-in setting field with
3600 holes, by shielded connecting wires, With
machine there can be used system of automatic set-
ting of potentiometers rom punched tape and
electric typewriter, By this it is possible to
give signal for measur=ment of output of any
computing element of the installation,

Passive circuits of operational amplifiers

are located in special housing, inside which a
constant temperature is maintained,
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Fig. 279. Electronic analog comruter of
"Goodyear Avicraft Corporation” utype GEDA,

Instaliation is inmtemnuiei for soluticn
of linear and nonlinear differential equa-
tions. Installation includes: 108 opers-
tional amplifiers with centraliz~! system
of compensation of drift of sero .iavel,

6 electronic diode fuactional gensravors,
approximating giver nonlirnear depesdance
in 10 sections, 6 slectronic mulse-time
multipliers.

For setup there servs two plug-in set-
ting fields. There is a digital rolimeter,
#shich {in cambination with accurete bridge
ie used for setting potenticmeters and auto-
matic printing of results. Servo systoms
are used for automatic setting of po-
tentiometers and functional gensretors. In
installation is a system, allcowing us auto-
matically to control and read output vcltage
from any camputing element .
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f{g. 280, E&lectronic inalog zomputer of
Reaves Instruzents Corperation of type
REAC'”I.

installation is intendad for sclution
of ordinary iinear differential equations
up to and including sixth order., It con-
siste of 12 operational amplifiers with
automatic stabliisation of sero jewel, i8
accurate potentiometers, stabilized power
supplies and a 26-volt supply for relays.
Setup is carried out wn plug-in setting
field,




T

i analog computep
REAC-4,00 of Reeveg Instrumenta Corporg-
t
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Fig, 282, Electrunic analog computer of
Control Specialists, Inc.

Installation is intended for solution
of ordinary linesr differential equatione
up to and including sixth order, It con-
sists of 12 d~c operational amplifiers with
gain factor near 3104 (six of them can
work as an integrator).

Fig. 283. Electronic analog computer of
Donner Scientific Company.

Installation consists of 10 opera-
tional amplifiers, each { which is made
with one pentode., Setup is carried out on
a separate setting field.

L

»
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Fig. 284, General view of site of computer of type "TRIDAC" of Elliot
Brothers (England)., 1 — laboratories, 2 — generating substation, 3 —
site for eclectromechanical servo systems, L — hydraulic reductors, 5 —
oil tank, 6 — location of hydraulic pumps, 7 —— oil cooler, 8 — con-
trol station, 9 - location for rectifiers, 10 — location for checking
electronic devices, 11 — location for storage of instruments, 12 — fan,
13 — air cooler,
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Fig, 285, Model assembly of stands of non-

linear analog with 12 operational amplifiera,
SEA (France),
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Fig. 286, Simulator of increased accuracy
of type OME-P-2 of SEA (France),

I —
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Fig. 287, FElectronic analog camputer, with iteration
of solution, of Tokyo Shibaura Electric Co,

Installation consists of 12 operational amplifiers,
interded for work as integrator, adder, and also for
fulfiliment of other linear opsratiocas » and 6 ampli-
fiers, utilized for multiplication by constant coeffi-
cient and inversion. To execute nonlinear operations
there is foreseen a muitiplier, two functional genera-
tors and a certain number of elements for reproduction
of type nonlinear characteristics. Limits of linearity
of output voltage + 50 v, Control voltage is fed rrom
separate generator of cyclic pulses, For observation
of solution there is used a built-in cathode oscillo-

graph,
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Fig. 290, Smgll electronic amalog cumputer
of typs MEDA (Czechoslovakia),

It 1s intended for solution of linear
and nonlinear differential equatione, Tt
contains 20 operational amplifiers with
automatic stabilization of sero level,
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Fig. 291 Complex of electronic analog equipment (developed VVZ TESLA
Pardubice) of type AR3 (left part), ARL (right side) (Csechoslovakia).

AR3 is electronic analog computer of average divension, consisting
of 112 operational amplifiers, of which &4 are used to esecute linear,
and 48, nonlinear operations. Nonlinear part includes: 16 diode limi-
ters, L universal functional generators, 16 specialized functiomal gen-~
erators, 4 diode multipliers, 8 electromechanical multipliers, 10
voltage comparators, 6 devices for reproduction of time dependences.

ARL — small electronic analog computer, having 16 operetional
amplifiers and the following nonlinear computing elements: ( diode
limiters for inclusion in feodback circuit, 2 diode bridge limiters for
inclusion at input of opsrational amplifier, 8 specialized functiomal
generators (4 for reproduction of function x2, 2 for reproduction of
function x3 and 2 for reproduction of function sin x).
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Fig. 292, Electronic analog computer of
VEB Archimedes Rechenmaschinenfabrik of
type EAR-64 (German Democretic Republic).

Universal installatiou for solution
of linear and nonlinear differential equa-
tions., It consists of 64 operational am-
plifiers with automstic stabilisation of
sero level, of which 32 can work as inte-
gretor and susmer, To execute nonlinear
operations there can be used 16 nonlinear
computing elemsnts (elecironic multipliers
and universal functional generstors). Non-
linear camputing clements are constructed
on basis of piecewise-linear appraximation
on diode slements. There is a setting
field of 100 sccurate potenticmeters for
setting cosfficients, L amplifiers with re-
lay output,
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