UNCLASSIFIED

\o 400 534

Reproduced
by the

ARMED SERVICES TECHNICAL INFORMATION AGENCY
ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

UNCLASSIFIED

A S




A e o <

NOTICE: When govermment or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligestion whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveylng any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.




- —um

63- 3~

FTD’TT 62-1720 | -

NEWS ACADENY OF SCIENCES OF THE USSR, DEPARTMENT OF

TECHNICAL SCIENCES, POWER ENGINEERING AND
AUTOMATION (SELECTED ARTICLES) .

FOREIGN TECHNOLOGY
DIVISION

AIR FORCE SYSTEMS COMMAND

WRIGHT-PATTERSON AIR FORCE BASE
OHIO




FTD-TT- €2-1720/1+2

UNEDITED ROUGH DRAFT TRANSLATION

NEWS ACADMEY OF SCIENCES OF THE USSR,

DEPARTMENT OF

TECHNICAL SCIENCES, POWER EBGIN'EERINO AND AUTOMATION

(SELECTED mn:.zs)

English Pages: 30

SOURCE: Ruossjam Periodical, Izvestiya Axademiya Nauk
SSSR. Otdeleniye Tekhnicheskikh Nauk,
Eaargetika i Avtomti‘ra, Nr, 1, 1962, pp

S/24-62-0-1

THIS TRANSLATION IS A RENDITION OF THE ORIGE
NAL FOREIGN TEXT WTMOWT ANY ANALYTICAL OR
EDITORIAL COMMENT. STATEMENTS OR THEORIES
ADVOCATED OR IMPLIED ARE THOSE OF THE SOURCE
‘ AND DO NOT NECESSARILY REFLECT THE POSITION
i OR OPINION OF THNE POREICN TECHNOLOGY Dt

PREPARED BY;

TRANSLATION SERVICES BRANCH
FOREIGN TECHNOLOGY DIVISION

VISION. VP-AFI,. OHIO.
FTD-TT- 62-1720/142 Date1s Feb. 19 63




TABLE OF CONTENTS
Symmetrical One-Frequency Forced Oscillations in Nonlinear
Automatic Control Systems, by V. V. PavVIOViieceecesrcesccsassasess

Principle of Constructing Self-Adjusting Systems, by V, A,

Gordeyev.o-coouoo.'.oco.'.l.lool.0.0000000'00.0loioo'oa'.o‘....o»l...

About a Type of Self-Adjusting Control System, by V., I. Cher-
netskiy. and RI “I !usupov.....'.."l.l....I...O';..O.I...l........

FID-T7-62-1720/142 - . 1

Page

18




Syrmetrical Onee~Frequency Forced Oscillations in llonlinear iutcmatie
Control Systeéms - '

L4
vo v. PaVlOv

Greater attention is devoted to approximate investigzation of sy:.me.trical onee
frequency forced oscillations in automatic Control Systems with substuntially none
linear 1ink{l - 3],

The basis for agproximate determination of forced oscillations in ngnlinear
systems 13 coustituted by the expression for equivalent linearization of nonlinear

functions £(x,px)

'_lts-'r-)-'-.l-'éﬂnj-c(b- o ([)

where

L]

1(A)=-' S/(Aroo'. —QAsingjeospdy 1(A)=.,|S/(‘°°°°-—°“‘")“""

(14) (v)
obtained by N.l{,Krylov and N.N.Bogolyubov{tﬂ for ths case, when the ncniinear function:

in the equation, describ'ing an automatic control system, is proportional to ths small
perameter ¢ o Using expression (1), they obtain[S] a formuls with the aid of which 'O

one-frequoncy forced oscillations are mvestigated

T e &

where A= amplitude of forced oscillations, B- amputude of the perturbation effect,

Q(p) and s(p) - operational rolynomials - of any arbitrary degree, include in the fol.

lowing equation, describing the ianvestigeted automatic control system

oma+/(=.;-)-smvm . ®)
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where U(t) 2 B sih cmegs t,

When deriving expression (2) it is assumed, that in the system are redlized
the pr_opertios br e fil._tor.

However, as shown by practico, not in all instances when studying one<frequency
forced oscillations does this expression give a satislactory result. Here, as a rule,

considerable aiscrcpancfes between the approximated result act.:ording to (2) and

the accuréte one are observed in tae regica of low frejuencies, ‘

To study oneefrequency forced oscillations in automatic control systems with
substanftally nonlinear link, -the characteristic of whica can be written in form of

Ferm)=hsthpet e )

where hlx*thx - linear part of the charac toristic P(x,px), it ie possible to utilize
the results, obtaided w5y,

According toESl s 82 approx.hmto investigation of essentially nonlinear systexs
can be pade by an odrdinary msthod[_"i]. but by replacing the essentially aonlinear funcﬁ-'

tion t(x.px) with a more dofintte -expression for equivalent linearizaticn.rmvi‘ng the

form of '.T_ggm--{!-&p+[-c(-)+ c'(-)+(1(—) vy } (5)
vhere ‘ g (0) = o § (-mm-hmv—umﬂmm (50_)

2=

9 (e) = —'- ‘ /(8 cos b, — hacos § — w1 sin §) sin g/ (5 L)

lambda and orega - ettenuation ratio up.cl the’ n'equency “of aolv:.ng the 'origirafins'
equation, which is found fram the basic dirferential equation at f(x,x) =2 0

The uSe of tam (5) fc':r studying the transient procéss‘éa izi auvtomatic contfol sys-
tems with essentially nonlinear link gives in individﬁal cases a mors occu’rété resﬁlt

[5]. than when using the expression for equivalent linearization accord!.ng tot{;‘

L3

'I'hia closor denni.tion u btought Ln by the correeung membor

M(-)'-('(')) +("(.)) | 1. _ ((9)

s e e | e e e v e

w. shall discuss ways of utuum the ncre defined oxpruuon (5) for oquivahnt

S
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linecarization of essentially nonlinear | function f(xorx) for tle purrose or_
studying oue=-frequency forced oscillations, excited im nonlinear sutomtic control
systems, We will assume here that the MVestigafed system is alzo described by equa-~
tion (3), #ssuning, that Q(p) includes the linearized part of r(x;n).
Then, if the linear part of the automatic control system possesses the property
' of a rilter(3]. then in fii‘st approximetion it is possible to seek a solution for
the established forced oscillations in form eof . 4
| | st Q) |
If we were to ccnsider (7), then equation (3) can be presented[j] in i'pm of .

[ewr—st 7 (cosn—"520)]s=—10esp0 &8)

For equivalent linesrization of a nonlinear function f(x,rx) in acccrdance with
term (5) it is necessary at first to determine the velue of the attenuation ratio lambda
and the frequency cmepa of the solution of the ®originating® equation, The 'origﬁ\ating'
equation in this cese is obtuined from (8) a¥ f(x,px) = 0,

[er—s0) 5 (cone—"55)]s=0 @)

. .

It is apperent, that a solution of equation (9) will be (7), because we are interesied
only in set solutions, ience it is evident, that thc velues, characterizing the
"originating® solution, will be '

120, e=0 7 Qo)
then o : o
./.(s.n)-_--/(s.ph--{-fg')rﬁ[""+(L(z%l)‘!+(".(-2'3)']‘}.,. Q‘)

_ where

7(A) =';l,1 /(Acosp, — AQsin v)mﬁ’

) (1e)

Camparing the obtained more Jefined expressicn (11) (more’ accurate formula (11)

omi.oml‘

,'¢A)=a% /(Acos p, — AQin ) sin iy

for equivalent linearization of nonlinear function with (1), we point out, that the

FI-TT-62-1720/10 | 3
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dufcrom between them uu in the additional member

e )

the mamitudo of which dopenda aubstantnlly upcon the froquonq of foroed ocouhtiou

omega, ‘values a{a) and q'(A) and their ratio,
Next, by substituting (11) in (8) we arri.vo at a more accurate cprouim tor ltuJy.

*ing m-rroquemy forood oscillations
[~ Q n + q+Ag — 1’ ‘ . (

whereby its distinction from ordinary terms uud 1n this case uea in the correction
member Aq and, as is evident from (12), it cun be subetantially different in the zone
of low frequnnc:l.u from expression (2), ' ,

As an illustration for the above stated we shail discuss certain examples, We
will consider here, that in the examples under question the properties of a filter
B are being realized.

Example 1. Assuning a certain autamtic control aystem is descridbed by oqutm
(3). wherety ‘

Q=P Fr+ie . A
S(p=1 (14’)
( 5 at z\1l ‘ . : |
b 4 ¢ o sl/x/ 1 SO

It is necessary its amplitude frejuency

. characteristic at different amplitude

values of the perturbasion effect U(t)s -

e
S
P

B sin omegat,

To- do"'th’i;.ﬁ by using (13) and conuder.‘

¥ (14) ve will obtain an om‘uion l'ig.l.Apprmcimate amplitude-frequency charv
tog (14 . acteristics lewith oconsideration of correc-

. u:lth the aid of whish it is easy “ 31“ tion, 2ewithout conlidorttion et corrootiﬂh

b




- where

1= Vo -, S= 5. p=1 ('54_)
In tig,l was obtained the amxllitude-freqﬁexiéy chm'aéterlétic 'by ccubining on
one graph families of curves, determinable by left and right parts of expression (15),

1.0

, A N M(A, Q) - !
Ip(y, By Q) =5 o ! f‘ ) V(l.!)(i+q-}-Aq...Q0)O+Qt

(/¢6) - W)

which have the form, shown in fige2 and 3 respectively, By the intersection pcints

are determined the necessary dependence data A = f(comega) at Bj = const (fig,lecurve
1), For the purpose of comperison on the very same graph was ploéted the amplitude
frequency characteristic without consideration of correction (,curve. 2),

As 1c evident fraxm fig.l.a substantial

A - ! : )

pA 47 j correction takes place in the zone of low

: 5 ]

. ’ frequencies, lHowever, as already mentioned
147 5 befcre, the magnitude of the correction-'de=

' -

]
1?4 pends not only upon the frequency , bhut also

upon the value q and .&'n i,eoupon the concrete farm of linearization coefficients,
vhich must be taken under consideration in every colncrete‘ case,

Example 2, In role of secand «ample we shall discuss a nonlinear automatic sys..
tem, investigated in {6}, |

The system is deicribod oy the follwing equations

, | morniram—we - (18)

whereby T-k=l, f(x)-relay characteristic without insensitivity zone with k=l

It is necessary to determine, the dependence of the th:..'e'shold value gf the
amplitude B of outer sinusoidal perturbation U(t) = 3 sin omegn upon the frequency
cmega, ‘ | - '

Taking into considerat iom, that the linearization coefficient of the nonlinear |

me:ber £(x) is dstermined by the ratio q('A) a l;kp/J\A. we will present (13) in form'

FID=-TT=6221720/1¢2 , 5 |




of - .
‘ . W+ € + oo = B (}Q)
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FigejeDetermining vpor in an automatic control system: leaore accurate value
2(A, jomega ), 2=Value Z (A, jomega)without ccrrection,

Fig,5, Determining vpor in autcmatic control system by.2 (A, jomega)withou$ core.
rection i

Fig.6, Dependence of amplitude V por upon fnquency of forced oscillations amegas h
accurate vqluo. 2eapproximate, core accurate. 3eapproximated, :

where : : ) ,
Cauizr, wWime, t a t
: oy L F7 Ry E wq‘)
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It is apgarent, that O'-/I;Aanegaz appears in this way to be the correcting member
A, vhich is due to the presence of Aq in (11), - ‘
After, having, formilated on a cOmplex surface the expression
' A o :
Z(A.9 = v < C 3 ( )
(4. 9 = e, ~C + Ging 0.
at various values omegay = const, it is not ¢ifficult to determine the threshold vulue

vpor’(vthmahold) (fige4)e In fire5 i§ civen an exalogous foriwulation without

considerat ion of correction and it was deternined ons solely possible thereat valuo'vthr'

= 1,27, which does not depend upon the frequency omczae

The dependences Vi, ., = tp(qnega) ootained in this way are given in fig,6, On the
very same fig is given the accurate dependence of =xplitude threshold value .vthr
upon the outer ef fect frequency cmega, borrowed from= report [6".

It is ewident from fig.6, that the approximate dependence Vipn, was plotted by
the ordinary approximation method[j], but with the viilization of a more accurate
term for equivaleat linearization (11), is in excellsnt conformity (i.e.with a suf-
ficient degree of practical accuracy) with the accurate depsndence of the ainplitude
threshold value upon frequency. This shows, that tke smployment of term (11) in an
ordinary approximated method ailows to more closcly def.ime the result of investigations
in the_se‘ individual, single cases, in which the ordinary form of linearization (1)
gives a less accurate result. '

In this way it is possible to make & conclusicn, that the use in an ordinary
approximated method of calculating the more accurate expression (11) for equivalent
linearization of an eésentially nonlinear member offers a perfectly satisfactory ree=
sult when investigating one-frequency forced oscillations in nonlinear autcmatic

control systems o
) Submitted May 5, 1961
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Prineiple of Constructing SelfeAd justing Systems
by
V. A, Gordeyev
DL scussed the circuit of selfead jusating, which consists of basiec circuit.\device.
Geterimining the quality characteristic, and operational elezent, In the role of basie
circuit is accepted an oscillstory link of second magnitude,

Generally spesking the system (;f controlling an object can have the form of, as
shown in figeles The coufficients of the W¢ function change at will, At this change’
thsre may originate such a eccbination of object parameters, that at unchanged coef-
ficients of the regulator Y, the system becomes unstable or does not yield the

#iven qual ity, To satisfy these these requirements is possitle by 1ntroducing an

. additional self-adjustment -eircuit, viich by a selected algorithm would change tﬁe )

urameters W, (fig.Z). The wutput sig- - .-
, oy

nal, o0.ge controllable coordinate, is 2 —e] Wy

fed to the analyzer*which represents "

a metering-conputing device*loterminihg ' - T
i"igeleControl system
any given quality charactoristie, If the
value of the caleculated quality index differs from its given value, then an error

value appeersgvhich goes to the control device, It chemges the value of the coutrol

parameter a; until the current value of the quality index, computed in the analyzar,

will be equal to its fixed value, The double arrow in fig.2 indicates that not the

coordinate, but the parameter, is changing

Tae analyzed circuit presents a parametric feadback oy the quality charactere
istic, . . . . )
We shall discuss a mraber of possible quality i.‘ndigoa and pringiplu of con_

FID=TT=62=1720/142 o 29




structing self-ad justoent circuits for systems wiih raprid change in the rerameter of
taa basie circuit, Rapid is cbnsidored such o change in parametsrs, vhen within t'de
perj.od-of the transient process of the basic circuit tie roremeters dc change to such
an extent, that it is irnpossible during the investigation to use the method of *frozen
coefficients *, | |

. - Y
F 3 g ¥ :

-—..cr—-' w'
w‘. / . r+1—-€ y' ' ' [4
. . L @ L
. o l‘WMI - \7P J [
Ynpatrnwyee | 22
L | Yempodomte 24
Fige2eSelf-ad justment circuit Fige3.Structural arrangement of oscil.
l=aralyzer; 2=-control device latory link,

Ve shall analyze certain quality characgter-istics using an oscillatory link as an
example, The basic form can then be replaced by a structural forn (fig.3),having a
transmission function '

{
O = =TT

Assurding that there are convergent (fig.y)eor divergent (fiz.5) oscillations of
of coordinate y, caused either by the change in parameters, or by reactions, The .
énalyzer is constructed so, that at its outwt during the period of oscillations

should originate a wvalue, squal to the difference of positive And neget ive half-waves,

-

7
; I\ 5
‘.
}_ T —q
Mg.z..Convergont oscillutiona of ' FigeSe Diverzent oscillations of cocrdinste
coordinate y - ye

R Armae e ia s

——— oy
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where A1~ first half wave of i=-period, A, - second half wave of i-period, o

The obtained signal x 1s accepted to be the controlli.né one for the sclf=ad justrmen ¢ f ‘
circuit, The schems is set up so that the uttenuation xi charges in dependence upon :
the value Yo These chayges will take place in such direction as to make X equal to |
2ero; in this case the system will be on the boundary of stability .

hen working out the initial condition with respcet to speed fo the transient

process bty the cocrdinate for (_1) is determined by formla [f!

Eror () 1V TE (3)

y()=

Vl

i

- . !

Through the duration of the first periodl 0 there is no correcting signal, This i
signal on the basic of (2) is emitted through the period T and is equal to

Ti;..cxp (— : nt__)

T [l pgl] W)

After each following period is emiited a valué, determinable by equation (4), out

90 in this case will correspond to the wvalue of speed ct the beginning of each period, ;
It is evident from formla (4) that the ,reater the amplitude of oscillations,the
greater will be the ‘valxie of the correcting action y at the very same xi and T,
Dependence graphs = £(x4,T) at.io. = 1 are given in figeb, whence it is svident,
that thg value ¥ is greater at negative xi, than at positive, Consequently from thg
zone of inatability the system will come out more exietget:lcally. than from the ‘zone °
" of stability. | | '
If in the role‘of ‘controlling device we would take an integra ti'm.; link with -ampu-
fication factor k, then at above mentionsd conditions the equation of os¢illations

y for the n-per:l.od will acquire the form of

T!y + [2§°+ V‘ kg (8 — ) ] TJ +y= 0 npn j(l,.) = I/,,,(I[(l..) =Yt (5)

‘-.

where xi, = initial attenuation value. and t changes from t = t; = 0 at t 4%y to

t= T,

In stable state occillaticns y ars described by equation of conservative link,

Modeling was done on an IFM5 type model, Structural atrangemagt of analyzar

i

FTD-TTw62=1720/1+2 11




") 0and n(o)(-o.]m value ¥ (0) was celected sojthat the system should ‘not reach g

i{s shoun 1n £1347.0n 'the first memory devicestﬂbl\m] are moasuréd the amplitude valufs.
Within a period the comwutating device[lﬂhcnl transmits these values to second

7, wher@ they are retained for the duration of the period, and the first Z0 at that

moment beccme discharged, gettiug ready for the rfollowing cycle, The cox:mta%tngvdo-

vico consists of differentiating link, detector and a series of relays,
The cirocuits of memory dsvices with commtation contacts are given in fig.8, L

In the role of ZU wore used integrators working in condition of memorizing the inttia

oogauioml'i].

Pig,6eDependence graphe X =f(x1,T) FigeTebtructural arrangement of analyner

T ‘ ’ - e. 3

- e

‘ fige.8.Arrangenents of mory devices,

.A change in xi was made by changiag ons of the co=multiples, fe'd‘ to the m.ilt!..li—
cation link, Initial cunditions were fixed in both circuits $(0) and 2x1(9), Ve took x1(0).
’aat\u‘ation. During the modeling was chengeld the ooerf!.cim‘t ¥ in the self=adjustment

circuit, 7ige9 -noﬁp"oncnlogrm of procezses ut various k‘u is ovidont.lan increase
3 ‘ .

1n k raises the oseidlatory nature, s roiuction - rectricts the werking prooess,’

FIDNTIm6201720/198 o




sraphs clcarly show the performance of carrmtating and memory devices and the on
tainmwnt of valuey
In som;a instanceg the quality index of the form (2) is inappiicable because of
.the presence of oscillations y in stable state,
It 1= then possible tp pt:l_.lize the quality. cr;terion in form of
%X=A, —rA;, wpux=0 r=.'j': (6)
In this way, when takiné "up thevaluel.:. we are faking“\';p ‘the desired amplitude
ratio of the oscillatory process, If r '\ 1, then the given conuitions will be the demp..
ing oscillations. The dependence § = f(xi,T=1) for oscillatory link at various r is
given in fig,10, |
The self—adjustm:'xt circuit, utilizing criteria (6) operates well in tho prescnce
of osciliations, If we strayed into a zone where »i \ 113. then in the absence of
action there will bev no oscillations and ths selfeadjustment cys.
tem will not bring out the vasic circuit onto a given value x13. Ordinarily there is
always action at really functioning system, and the Qaigination of a similar situation

. is not dangerous, .

Fige9 _ | : Fig.10

' Fig.9e0scillograms of transient processes at?y = Aj=Ayt a) k= 0,33, a) k = 0,142
Fig,10, Dependence graphs?y = £(x1,1). : ‘

FID-TTe62-1720/1%2 o 13"




I-Iov:é:ver. it is nocessary, it is posaible to provide a device vhieh wauld forci.biy
reduca the value xi in the absence of oscillations, or £t is poseidble to feed Poriodi,—
cally artificial, for examgple perturbation pulses,

Th3 arrangement of the mnalyzer, giviggvelue (6), differs from such ror (2) only"

by the introduction into one of its arms a constant coelficieant, equalling r,
Adjustment oscillograms x1(0)=-0,1 vwith a system of .reduc:lng x1 in the absence of

oscillations at r = 1,35 (xiq = O,1) i3 shown in figelle In view of the consjderable
. 3 R

amplificatdon Tactor in the self-sdj:xsment circuit takes place a rapidneglaect in the

zone of positive xi, And u;on dizcontinuation of cscillations the auxiliary system
causes a reduction in xi (figdlla). The r‘educ ticn, when the value xi reaches a valu;

xi = = 0424, the internal fluctuaticns of the model sisrupt the systen to sucix an
exverng, that tho reduction in xi is interrupted and the analyzer bagins; wrking,assuv.
ing attenuation of the systom (figell,b)e I: figell a,b, xi and ardesi@ated. the
rermaining curves were recorded on a loop to check t.he operaticnal accuracy of cections
of the system, In.figellc is presented the operation of self-adjustment during lipear
change in xiy at a rate of 0,09 un:lt-s/period. The perturbation along xi wes fed fé:lloal-

ing the control device, Th¢ broken :r.i.u characterizes ¢tha voltage at the ocutput offhe .

control device, Under *ioen i€ understood a value.\fed to the control link, It is

oevident {rom the oscillogram, that inspite of the change in xiy, self-adjustment
does not give ¥ to oscillaticns and “reaks

UPe.
The amplification facter in the seif-adjusiment circuit shculd bte selected when

applying the discussed principle to a real system, because this ccefficient is iimﬂy:cl

not only uy the stability ccnditions of the selfeeﬂj;xsment circuit, as oy t.ho
permissible value of sidpping into the zone of p(;sit_i.vo ., In ;ddition. this value
depends upon the aétion and permissible oscillation amplitudes of the countrol para«
motor, o

.1t is possible to iaprove the proyosed quality index in the ase:ot of reNucing

FID-TT-62-1%0/1%¢ - BT
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htime during its calcylation and increasiing %;he interference resistance,

The firct oné cen ve obtair.éd.‘if the v lue )X 1is calculated not-by the period, but
Ly the i*alf-period. It is nec:=csary to compare each two adjoining amplitudes ccnti-
nuously, end not by the perioi in jeirs, This calls for a caznge in anavaer.}:nd to

"increace the rapid zction of the self-ad justment circuit,

Fiz.11,0scillograms of transient précesses atX= Ap-Thp
To ralse the interference resistance of the analyzer it is rossible insteed of
amulitudes (2) to take the area (integ;ruls) of Sy and Sp half vaves, Tas interferences
hposcd on the oscillatio...... ere smocthened oute

The value b & 1s then equal

=5 s afis (=g -reatrite)] ()

mn-méz-;gao/m 15
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As a deficiency should be mentioned the d;'itt in the integrators, coleulating

the areas, It 1s thercfore necessary to apply Special measured for ths elisiuation

of same, To calculate X, according to expreszion (7), cnly the first 2U in tke analyzer
are substituted by integrators,

ality indices (7) and (6) assure identical damping.becaus.‘e at+q = 0 we have
) Al 6;|

'=2,‘=?.“=°‘P( 7,—‘_=—r) (Z)
The degree of sttenuation for ithc oscillatory liak at T'= 1 equalsE]

,.=’_--;|_:_’A_1—exp( ynu—'v)

where yyms ¥op = amplitudes of two neighboring half waves ol one polarity. Then,

by - comparing uquations (€) and (95,1:6 obtain

=y . (10)

In this vay, r characterizes the degree of attenuation of thc transient process,

Oscillograms st & quality index of the fori of (7) are ahalogous %o éz‘aphs of
transient processes in previocus instsnces,

In all cases under discussion in the role of regulating parameter vas taken the value
b'e 19 'If we change the amplification factor of the seccnd integm ting link or the ampli-
Tication factor of feedback, encampassing both integrating links (fige3), then we will

cbBain, respectively, transmission functions

. L
W (p) = r—""—"ﬁ‘—— W (p) = 7 A\l
and thg roots . "f_ Pt . T ( )
’-::—'—‘;'4']7'}/1—_{' (’1)

where m 3 var,

It is ovident herefrum, that it is nocessary to construct the system soy thad
the value .n should never be equal to zero, otherwise there wili appear two zero '
roots, and the application of the discussed criteria is impossible, |

In conclusion it should be underlined, th:zt the above mentioned quality indices
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can be u.tilized for soclf-adjustment only at an oscillatory stability botind._sry.
Sutmitted July,10,1961 |
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About a Type of Self=iAd justing Control Syustenm

Yy
V. I. Chernetskiy and R. M, Yusupo¥

1. Arrang ent of the protlem, Equations of perturbaticn movement of an autoe
ratic control system in most general cass can be preseated iz vectof form as
o S . .
— =F, @ X, Y.0) : .
o . - (1
T:F,(C,X.Y.ll,l’) o
t=0, X=X, T¥=Y,

wherg X = vector of obJact‘s control coordinates; Ye vector c¢f regulator control coorwm
dinates; U = vector of inner ard outerfo_hymmm%erturbaﬂons affecting the
object of control W.- vector of innsr and outer uncontrollel jerturbations, afrectiné
the regulator; Xgo, Yo- initial values of vectors X and Y, Fl» Fo - nonlinecar functions,

The ccordinates of vectors X,Y,¥ and U in géneral case -appear to be random.
functions, . '

~ In the system (l,1) the first eq.uation binds ths controll-abl@coordinate‘s of
the object (vector X) with other coordinates, in the tecond equation are bouhd the
coordidates oi the regulator (vector Y) with ccordinates of the object and coiitrole
ling parameters (véctor F). ' .

The naturs of change end the values of perturbations T and W, which rei‘iect
the internal (deviation of parameter values from c'aiculat'aﬁ). as wecll as external
perturbations, can not be accurately forseen when doéignin;;-and prducﬁg tho sys= .
tem, That is why a solf=-adjusting ccntrol 5ystex’n' isAnecessary‘. '

Yo will assumb, that tie sclfeadjustment system shoull mset given requirements

DT G2-1720% - 18




with resprect to control accuracy ..

lx‘|<¢x.
) lel ey (a =12.0) -npu t(:[l,,, TI K' 1)
viere xiy, x5 (1 = 1524p009r) = ‘cvordinates of vectors X and ¥ txi' fxi" given cone

s.tant‘ numbors.\-zo. T]- operatirg interval of the object.
" To fulfill the com.litions \1,2) for the basic system (1,1) with any one. of the
- available methods (snalytical, by modeling, ete) even in the presence of fun 'mfor.
\ﬁ‘oi’about the U and W vectors is practicall}" impossible because of' the couplexity .
. of the system (1l,1). Faking a whole seriaé of assumptions, wa simplify the matherals .
cal mode.l of the system, The 3i:plified system of equations is used as stendard,
The equ..tion coof*icients of this s. stem are computed in the assuwaption, that the
cbject in the 1nterva1{to,'l‘:[ is affected by knovn pe"t‘urbati.ons U-s W3e Judging by’
the results of measuring the sensitivity of elements we calculate tnc current (real)
ccefficients cf the approximating system of equations, The. coefficients obtained in
such a vay are compared with standard onés .and their difference are used in the romm-
lator to oring down the values of current coefficients to standard, A co:r.ﬁari.iaon of..
current and standard coefficients is imde on partial intervals.‘..into vhich the basic
1nterval[to.ﬂ is broken down,
2o Formulation of a stewdard sy-tem, At the first step of simplifying the system
of equations (1J1) the indidental factors are reslecod by their mathematical expece-

E{iona. .Je will obtain the following rerular nodel of tne real ccntrol systems
=F,(t X, Y U)

__=F,(1.J\.Y.W.P) : (1.1)"
t=t, X=X, Y=Y, -

o seeme e

In the equetions (2.1) the top row desipnatas that. the mathematical expectation
is taken from each vector coordirate., /e assume, that in these equations the values
of the vectors U and W in the 1nterva1[to,'r3 are known,

Next we will write, that 7 = 0 at ¢ z[to.i'l .
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‘v’hen for..u].ating a self-adjusting system of equations (? 1) will gerve as initial
base for the obtainment of standard, But the use of systems (2,1) dtrectly in the role
of standard is not—edvioablo by virtue of its sufficient complexity (crcater order,

presence of nonlinearity etc.)‘.ln"a‘ridition-*ufficiently conplete irformation.regarding

control can oe obtéined on a mach sinpler moiel, which, in the fima}. ccuat, will. consi.

'dera'ol,y reduced the vclume of computation operstions upon the forrmlaticn. of & standard and

duri..g the functioning of.a selfad justing system, - -

Let us assume that as result of lincerization, the disregarding of cecond degrec
bonds and elinination of reculator variable (vector Y) the syctem (241) is reduced into
form R S . - :
ﬁ( e P):n(l)= Y« ( T .P) (=1,2r) (ﬁ,j) B

m(,'i':_'p)=,,_,.(¢,p.):7:;"-g-...+a.‘(;, P) (Qi&)

where

¥, (t, d/at, P) - combines useful and narmful perturbations with corresponding oper =

a )

Fgf‘a. . i - N .(-
" For cie system (242) 1is possible to attain fulfillment of conditious‘(li_."é.)_on

account of properly selecting the vector of the control parameters P, the coordinates

of which may .appear to be wariadle in time, The cce!‘ficientsa

» a,-l'...; qﬂl will
also be certain function+f time,

To simplify further we vill try, ir poseibla)to rediuce the order of equation*t
the system (2,2) vy disregarding small perameters. de can gulde ourselves ovy ideas
of rolucing the order of systems with constant coefficients (:..1).(2.2). Since there
are ro analytical methods of reducing the order for ;.systems vwith variablce coefficients,
then such a problem can preseatly be solved only with the aid of modera cmputhg de.
vices Lty the method of multiple repotition of the solution, .

If the entire interval foaf] 18 broken down into intervals, where the coefficients

change 3lowly, then in these intervuls, having taken coustant coefficients (averaged),

.
- ;
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the reduction in the ordlera of equations of systen (2.2) c2n also be carried cut by
already existing me:nods (z,1), (2.2).
acsuning that as result of disregarding small parameters the system ol equations

(2+2) acquires the forn of

R.(t. & )x‘(t)=¢. (. % .P) (im1, 27 . ;) R (3_3)

where . ;"<.‘

7?«('.-;‘-.”);“;‘(‘-")%4-. ——‘d (l P) (2%&

To si;nfalify ti.e investigations we assu;xze., that each cccrdinate of +the vector of
control parametcrs is included in oniy one of the equations of systen (2.3), iees
system (2,3) is troken down into a series of independent channels by cach ore of the
ccntrollable var:lables.‘ Intzrsecting connectiuvns betwaen _cm:mels can be realized only
through rerturbations,

Fo_r the case of simplicity we shall further discuss a casa of cnntrolliné only
one variable, designating it by X, and the ccrresponding standard difrorentia; equa-

tion by

‘-(‘ P, —"'l'an—l(' Px)

c+aerr=ne (2 Ar)

Here Px - vactor of coatrol 3 rameters, affecting the variable X
[ ]

3. iinking lathematical liodel of the Control System with Standard, The real process

will be approximated by equation

c.(!) TX ban, () T2 2 el +a.(t)z = ¥a(t) t([z,, 1'| ('3 ]_)

e —— g o et b a— 4ol — e

I equation (3,1) the right part is icken as standerd. This elininates the necessity
-of measuring the perturbetion effects, vhich oa scme real objects appears to be
quite difficult and a practiecally nonrcalizedle problem, Deviations of actual per-
turbations and values of operator coefiicients of the right side of equation (3.1)
from standard \-:i'l’;. ve considered in a self;adj;xsmant system through values of coeffie
cients ap(t)yeeepao(t). Purthermore, the me'xtloned assumption (about the effect
on the system of stahdard actions) offers the poaaibnity of selecting a quite easy
FTD=TT=62=1720/1+2 22




ulgorithm to calculate the coofficicats an(t)yeeepay(t) of the approximating eq'uati.on
(3.0). | |

But it appears, thet therec is no need for calculating all the coefficients apn(%),cee,
ao(t) of equation (3.1)e The truth is, upca the perameters of the reculatoy ord:i'.na-ruy_ E
essentially depends only a part of these coefficients.\Conseguently.‘cl.lculating all coeffi -
cients, we can anyway not dictinguish all their values from standard, But for satis<
factory operation cf the system it ic necessary scmehov to consider the deviatiohs of‘
values of all coefficlents from standard, ‘e 3o this in the foliowing manner.,

Not reducir;.g the generality of esiimates, we will assume, that upoan the control

ling parameters depends only m of the first coefficients (ag(t), a1(t)geeepap.y (t)e ¥We
vill transfer into the right side of equat.:lon (5¢1) the members containing coeffi-

cients am(t)' l(t)iool.an(t)

Am—1 (‘) "d;:u'.-'i" +...4+a (‘) z= va (‘) r“n (‘) .+ an (‘)d"‘_:. | (3. ]_ &) "

e o a emg sy mme e e s — =

cince the information sbout coefficients an(4 ),...,am(t) cannot bs used by us
in the regulator, then wé will not directly determine these coefficients.
" But when determining coefricients ag(t),e.esap 1(t) we will assume that the valges

of the coefficienis an(t).....am(t) are ‘o standard

Gm—1 (')

P L (e)—[a.'(c);,-. e G J (3 3_)

‘e deviations of values of coefficieats an(t).....am(t) from standard will be consi-

dered through values of coefficients ac(t)seeestina1(%), .

| The above mentiohed method of direct consfideraticn of deviations of values of
noncontrollable coefiicients considerably reduces the volume of computing ’operationai. )
cince it eliminates the necessity of celculating n + lsm coeificients, .

be betermining the coefficients ol approximstiug equation, In the role of approxi-
mting equation we will take for gonerality equation (3 1) Yo will assumegthat at
a certain intervalltk.tk.,g were obtained values x(t), X (t)seeesx?(t) of real’ pro=
cess in points ty = 'Yl.'?z.....“ tierl. Thon. uming. that tho mternl\"bﬂt&tg

wn-'rr-éz-mo/m | a2 S




" splected o .
wasrm“——“(n sucil a way, that the *

ccafficients an(t)yeeesdy(t) czn be replaced with sufficient aceuracy (within linits
of thiis interval )by constant numbers, we will ottain a system 3 of linear hetero.

geneous al gebraic equations to determine n+ 1 of unknowa coefficients

d' (t;) 4"z (1)) '
: ; s (n_T”_:__l’_ dve AWz () = W (1) (e 12 (‘-" .1)

In the system (4.1) thec index k designates conformity of éoeffi.cienta 8nseeesly
and permbaticns‘\k, (8) of the intervalftis tielly ‘

We wish o point out, that the selection of the magmitude of the 1nterva1[tk.tk4g
represents a v-ry ccuplex problen, It .is alcso necessary to coasider hers the rate of
change in coefficients ap (t),..098o(t), and the rate of changa in perturbations, and
the time necessary for measuring and analyzing data about .the process etce

We will generally assume that a) n+l,

Singe the measurements , carried out at the momeat of tima, situated closer to tie
rigcht end of the interval[bk.tbq » bear inforration, which shows maximum effect on
further process of contrclling, then it appears to be advisable to introduce weigﬁt
coefficients§ (~ J).'determining tae walue of each measu*emant apd of each one of

the aquations (l;.l.). The weight coefficients should sutisty the conditicns:

¢

1) p(t) >0 .' G=1,20...2)

2 Sp () =1 | (4—.13)

y==f .
And so, from the assumption about linearity of rise in weight of mcasurements vith

time it is possible to select the weight coefficients in the follwing canners

”(i) .(:+1) (’"2""')' (U-‘,Zi)

The determination of coefficients aa(k). ;1( ).....a(k)‘ will be cdone by the metkcd

of leacst squarer, minimiziang the function

g @3)

vhere : - LTI

Iy= E. 20 (5)) aM — g (x;) : (4‘ 3 a)
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The necessary minimum conditicm of function L is the equality to zero of its pgr“r\l

derivetives of first regnituae,
Having calculated the partial derivatives bl/aq“;) (1 = 0.15000n) and equaﬁr.g

sams to zero, we will obtain a system n+l of linear algebraie dquationp to determine

the unknown coefficients

a® Y Ip (e (w2 ()] +ah N fp(r; ):«»(r,)x(nn—--

=1 i l

L+ at 2 (2 () 20 (r) A (e} =

| (+4)

= \ lp (t,)t'(f,) (7)) (i =0,0,...,n)
i=l ’

e —— P U

If vectors are introduced

z=(z(0)Vem)2(t) VoGEah-- - . 2(x)Vp(T.))
Z= (&) Vo) ¢ (D VE@E ... 2(W) V() |
0 = (o () VT, 90 () Voo 2o Vi) (L)
¥ = (I VRTL - $ UV P )

Then system (l4e4) can be rewritten into form of

(tao. o)

g (@0,2) + a @EOI) 4 .. .+ a® @0, W)= (T, ¥, m) (u‘ 5)

where the expreseions in round mrentheau designate scalar darivatives °s corrospond-
ing vectora. '

In order that system (4e5) éhmld have a s;ngls soiution relative to the coe.ffif '
cients ag¥),...,a), 1t 1s nececsary and 1t 1s sufficient that the determindf of this

s:,rétem saoculd be 3diffaeroent from zero, Since the determinant of the system

(.;' -;) . (-;l ;.) o . (-;, .;("))
fm| @& & @9 R Q‘- S'a)
L S e pwey

et 2= e e g

is the gram detorminant, then it will not be equal to zero then and only then when the

system of vectors %, %eee;2(8) will be linedrly independent,
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Since in practice are ;ossivle cases of linear dopendence of these vectors, it
is necessary to provide mesthods for aynonymous determination of the 'sougixt for
cosfficimts also for these cases. |

In the role of one such method it is [possible to ﬁtroduce the following,

At each 1nfervai[tk.tbg afier .obtaining s measureuents we will caleul=ste the Gram'
deteminant in all its main minors, Assuming thore is & minor of maximum power 1, diffcr-
ing from zero (14: s)e Tasr all coefficients a(:). 5(21""’95-5'1 are acsumed to
be equal tc their standard values, and the remainirg ones are ‘deteri'..'.med by solving |
with any cne knouz methed a lincar system with determirant, differing frou zeros -

If 1 =10 +1 ,then the very Gram determinant differs from zero and all sought for
ccefficients ere doterulned synonymously,

Put i1 =0, 1.9.(;,; £ ) =0, then it can 1 assumed that all ccefficicnts have
standerd values and no adjustment of sems is neco-scry.

I‘o reduce the vclume of calculations it is possible tc use the property of the
Gram determinant, ccnsisting in the fact, that if eny one m= jor minor is different
frem zero, then all mgin mincrs of lower ﬁwe+ra elsc dirferent from zero, Consequewtly
it is possible to calculate 'ths nein micor in a sequence, teginning with the minor
of maxizum power ‘(the very Gram determinant), and contimuingz the celculation to the
first winor not equalling zero.

It should ba pointed out, that with the aid of thc descr.i‘ced- method it is poscsible
to make a sy nonymous determination.of coeificients ao(k). al(k).....an(k) and in

case s / n+ 1, | |

In scue .instances deviationdof values of ccefficients ao(k),.._..én(k) are best

determined by mininmizing function (4,3) with the aid of gradient methods, For zero |

' approximations in this case it is possible to $ake standard values, And so, in ths

case of using just cns step along the corraction gradient to standard values they are

f oL
PSR .

15 o ‘/E(v-w) (4“')

calculated by values(fcruulas) : et
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J-l

where Zr=23 Ly (q. ba)
(k) 2\ 0 are determined for each mtenal{tk.tk,g N '

Using analogoys formula when nesessary it 1s aleo possible to calcuhto $ha follow-
ing approximations, '

5S¢ The la.H governihg changes in control coefficionts, In general case each oneof
the coefficients ag(t), 8;(t)sece08p(t) may depend upon the contiol parameters py,
Poeeeesly (P = (Ll.pz.....ps)) in an arbitrary menner, Secause c¢f this it is piactically
impossible by changlng g of the regulator parax:iete;'a to accurately adjust the values
nﬂ._of the coefficients to standard, At an accurate gdjustn;ant of severel coefficients '
the remaining ocaes can still to a large extent increase their deviations frow: standard,

That is why a proposal is made to select the values of the control xcefficients at

each 1nterval[tk.tk.,£1 using the me.hoc of least qu.xares cf the minimizing sunm

L= 2 (Am)—’ = (0 G - - 0 P =4 KSJ)

R e DS D

Using the nocessary condition of the presence of a minimmm for function. (5¢1) ws

will obtain the tollo«.ing system of algebraic equations to determine pl"“"z

» ey (pr,.... P ! o '
Z lal(’l! -.Pl)"‘“tl ——-—a?—.—=o U=l-------'/:) Kg.i)

Actually the values of parameters Plsssesbg (amplification factors and time cons-.

tents) are limited by certain resirictions ‘
o ‘A-c'é;;<.ac (9= ’»2----v€y (5'3)

Consequently the miaixizatiorn of ;unctionu (3e1) muist generally be?arried“wt
with consideration of conditions (5.3). In this case will be ottained values of parae-
mgtera PleceesPg the detormination of which .Iaadl to ﬂu attainmens of an a'ppr'oxlm‘-‘
tion of the real system tc the astandard, | |

6o Integral forn of equations to dstorm:l.ne the coefficients of approximting

equation, All above mmtioned douberations and operations were done under the agsump~

tion, that we hove to our dieposal a magnitude of control value at the interesting
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. us mocent of time and the nocessary number of its derivatives,.
Even though there are certain assumptions on the obtainment of derivatives of
any arbitrary order from the controlled value[?l ’ but so far these assumptions are
little realized, Consequgntly it is necessary to provide certain methods of rcalizing
a self-adjusting system of coatrol in the presence of a limited nwuber of derivatives
(ordinarily with peraissible accuracy if is possible to é'btain the first two deriva-
tive 3), wkich can be practically measured, .
The problem of detcrmining the coefficients of appro-;:imating equation can be solved
vhen measuring a iimited number of derivatives if the integral fora of an algebraic
equation system (3,1) is used, This form of equations can be obtaj.mdA:lf each meuber

of equetion (3.,1) 1s integrated nem times within corresponding limits

‘5:-'1 T ' )

at® & ( e ‘ G dt. . dt 4a,,® “ ces \ f;:f-dt...ru .
N _-'k ATm fk_'_l __2 a ryer-y i
n—m A—m
Y ! oty . '
...-;-a,w§3--~Szdc...dz {1 feoma.. | ((01)
Ab_ b ki USE o
, n—m . n—m
s G=12...,9)

P .
- v .- . '

Hore = - cumber of derivatives of controllable value, vhich can be maesured with

peey

required accuracy.

Assuming that m = 2,Then after 1ntegr:ation we will obtain
’ = !
a,® (211 (1) — 211 (1) — 217 () Aty — 2V (1)

— () o] s [o1 ) — 2100 — 17 () 8 -

T ‘ LT t

'~

! t
,“_;_a;m ‘ i z(t)dt \ X‘ WL ()de .. .dt
iy ki ‘:_‘,"" s ix k e

ur—g' T )

(At: T " ‘ml = ’ 2- cenn d) | (6\1)

where
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But in the system (6,2) we havo still not freed ourselves from the necessity’ ot’
measuring high power derivatives, elthough they have to be measured not ia joints s
but in ona pcint ty, i.e*.t the begirning of interval \’fkotkoﬂ o

Since to our disposal are only values of the very warieble and first and second

derivatives, then we shall attach to the derdivatives a power higher than the second

standard value. g, [z"(n)—z"u.)—(z"' (0 Bty =~ (0 )y 2] +...

)l. ! |I t
.

cag \ Ol de= S '
R = S S u?' 3)
“als (/zl 3, :S) n—~—' )
From (6.3) oy the explained method is possible to determine coefficients,
When assuming the smallness of the inierval [tk.tkﬂ:]. witii members, containing the
dcgrees N\'j ='(J = ty higher than second power, can be disregarded, And zo
for example, at nemultirle intesration and at mentionod assumption about the smallness

of the inte val[tk. tk*l‘.l the system of equations for determining the sought for coef- -

- y— = PR

A7) )
m[z (;) — 2 () — 2' (1) At; — 2V (1)) _-] + 1y ® [ S x(f)dt —
. '.

ficients acquires the form of

f 5ot [}
—z(:.)m,—zi(c.)f_}'-] T ta® S} Voo (e ..a=

. ) x Iy s "
1. t
= ; S ﬂ&.‘"(l)dl
aa A
-
e e . G=1,2,...,9)

D U,

To reduce the order of the derivatives necessary for measuring derivatives it is-

algc possible to use the following methods,

First of all, in equation (3,2) in the right side the values of derivatives
3(t)gesesxX(t) can be taken as standard, The order of the higher a-rzv;ttn.}auch
is necessary to' measure, decreaseé froon tome ],

Secondly, standard values can be given to all members cf the initial appradmating
equat ion, in additich tc theses members, thc control value derivatives at which caz;
be measured prectically with requ’iro& accuracy, It is assumwed that there is a posaibuu'y;"
of measuring the very controihblo value in its two first derivativec.,l-:qg\uu (3.1) -
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.
L e @

as () S+ a () 5+ ag )2 (0) =

o-fen(@)sewo@)] ()

will then acguire the form of

somotimes gives
This approximatiof satisfactory results,

Conclusions Self-ad justing systems crecated by tHe above explained prineciple, ecn be
used for controlling a wide class of objects, The basic advantage Of these systems.

is the consideration of noncontrolled perturbations, outer as well as inner (by maintain-

ing the parameters of the object and regulator), . . .
I Submd tted 1Septe8,1961
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