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NPOBJEMBI HEJUHEWHOTO AHAJIVN3A B UHXKEHEPHBIX CUCTEMAX
MexnyHapoaHbIi XKypHAI Kazanb

Ot Pegakunonnoro Komurera

EnuncTBO — B pazHoobpasuu

MexnyHapoanbsiii XKypHan «IIpoGiaemMpl HEMMHEHHOTO aHAIHM3a B MHKCHEPHBIX CHCTEMax» —
MedcoucyuniunaprHoe O08yA3blyHoe HaydHOe Iepuoauueckoe I3paHue, mnpeacrapisiolee
UCCIIEIOBAaHMSI TI0 HEJTUHEHHBIM MpoljemMaM B IEJIOM, BO BCEM pa3HooOpa3uu
GyHIaMEHTAIBHBIX ¥ TPHUKJIATHBIX HAyK, BKIIOYas JUCHUIUIMHBI €CTECTBEHHOTO W
TYMaHUTapHOTO IMKJIOB (MaTeMaTuka, MeXaHuKa, ¢u3MKa, XUMHUSA, HWHKEHEpPHBIE,
OuojoruuecKkre, MEAUIMHCKUE, COLMAIbHBIE, TOJUTUUECKUE HAYKH; SKOJIOTHs, KOCMOJIOTHS;
SKOHOMHMKA U (UHAHCOBas MaTeMaTHKa; TaKKe - HaHOHayKa M HaHOTEXHOJIOTHUS,
YCTOMYUBOCTh M TOJACPKUBAIOIIEE PAa3BHTHE, MPOOJIEMBI PHCKAa M 3alIMTHl HH(OpMALnH,
poOIeMbl HCCIEIOBAHMUS Olepalui, ... ).

B stom Bhinycke xypHasa «[IpoOiaemMbl HEIMHEHMHOrO aHaiM3a B WHXKEHEPHBIX CHUCTEMAX)»
(Ne2(46), T.22, 2016) omyOJIMKOBaHBI CTaTbH, AHATUTUYECKHE O0030pbI, HAYy4HO-
MH(OPMALIMOHHBIE MaTepHallbl, OTPAXAIOIIUE BUICHHE CHEIUAINCTOB, BbIIEISAIOLINE
HEKOTOpbIE AaKTyaJbHbIe NPOOJEMBbl HACTOALIETO M OYAYLIETO MeNCOUCYUNTUHAPHO2O
xapakrtepa. Briienensl 1Ba criequanbHbIX pa3jena.

OnuH Y3 HHUX CBSI3aH C pe3ylbTaTaMu, HpeAacTaBieHHbIMH mpodeccopoM O.I.Mopo30BbIM,
CHEeNHATNCTOM B 001acTH paguo(OTOHUKH, NPEACTABUTENIEM H3BECTHBIX OTEYECTBEHHBIX
HayuHbiX IIIkon B obiactu kBaHTOBOM 3sektpoHukd (FO.E. IMonbckuii u I.. WnbuH) u B
obsacth  MUKpOBOJHOBBIX TexHonoruid ([LA. MopozoB u IO.E. CenenbHUKOB),
[IpurnamennbiM PegaktopoM 1o 3toMy paszaeny. Temarvka IpencTaBICHHBIX UM CTAaTel
CBSi3aHA C MpoOJieMaMH HEIWHEHHOTO aHaln3a W CHHTe3a paguo(OTOHHBIX CHCTEM U
ycTpoicTB. OHa SIBISIETCS OUYEHb BAKHOM KaK C TEOPETUUYECKOM, TaK U C MPHUKIAJHON TOUYEK
3peHus. 31ech ONyOIMKOBaHa YacTh pabOT ITOU Cepuu:

O.I'. Mopo3sos, I''1. Unbun, I'.A. Mopo3oB. AMIUIUTYIHO-(Pa30Basi MOIYJISALUS JIa3€pHOTO
M3JTy4EHUs B 3a7ja4ax NeHEPALUN PANOYaCTOTHBIX CUTHAJIOB.

B.B. bepe3un, A.M. IlutoB, A.C. HewaeB. ABTOMAaTH3MpPOBAaHHOE MPOEKTUPOBAHUE
[IMPOKOTIOJIOCHOTO IMOHOTO YABOUTENS YaCcTOTHI B Anamnazone (26+40) I'Tw.

B.A. Bypmun, A.B. Bypamn. MogenupoBaHue HEIMHEWHOIO pPACIPOCTPAHEHUS MOJ
B MHOT'OMOJIOBBIX BOJIOKOHHO-ONTUYECKUX JIMHUSAX JalbHEN CBS3H.

Jpyras yactb craTeil TOTOBUTCS K MyOJIMKALlMU B CJIEIYIOIIUX BBITYyCKaX.

Btopoii criennanbHbIN pa3zien CBs3aH ¢ pe3yibTaTaMH, MPEICTaBICHHBIMHU MPodeccopoM
b.I'' MuHra3zoBslM, CHEIMaIMCTOM B O0JAaCTH TEOPUH TOPEHHMS U BO3YIIHO-PEaKTHBHBIX
I[BI/IFaTeJ'[eI\/JI, NpeaACTaBUTCIICEM HM3BCCTHBIX OTCUYCCTBCHHBIX HAYYHBIX IIIxon mo (1)I/IBI/IKO-
TEXHUUYECKUM MpoOJIeMaM JIBUTATeNe U SHEPreTHUECKUX YCTAaHOBOK JIETATENIbHBIX alllapaToB
(C.B.PymsaueB, A.B.TamantoB, b.C.Bunorpamos, B.E. Anmemacos, A.®. [lperanuH),
IIpurnamennsiM PegakropoM 1mo 3toMy paszaeny. Temarvka IpeACTaBICHHBIX UM CTaTei
CBfi3aHAa C TMpoOseMaMH MOJEIMPOBAaHUS, aHalW3a M CHHTE3a JUIs MPOLECCOB U
Tra30JMHaMHUYCCKUX TEUeHUH B ABUTATCIIAX W OHEPTCTUUCCKHUX YCTAHOBKAX, MOPOXKIACHHBIX
NOTPEOHOCTSIMU HAYKH U WHKEHEPHBIX MPUIIOKEHUH. B 3TOM BhIMycke onmyOIMKOBaHa 4acTh
paboT 3101 cepun:
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B.M. Ilanuenko, JIu L[3piBanb. CpaBHEHME pa3IMYHBIX ABUTrATEIEd W METOJbl MOBBIILIECHUS
tepmuueckoro KITJI.

ILI. Benukanos, Yxan bur. O KOHBEpTUPOBAHUH aBUAIMOHHBIX JBUTATENICH, OTPAaOOTaBIINX
pecypc B IETHOM SKCIUTyaTalluH.

H.I1. Benukanosa, ®anp Boiieaii. K npobiemMe kaponpoyHOCTH pabOUurX JIOMATOK TYpOUHBI
apuauuoHHbIx [ T/I.

Hpyras gactb craTeil TOTOBUTCA K MyOJUKALIUU B CICIYIOIIUX BBITYCKaX.

3/1ech B LIEJIOM: U3y4aeMble OOBEKTBl — MEHCOUCYUNIUHAPHBLE CUCTEMBI, TPeOYIOIINe 3HAHUIN
U3 Pa3IMYHbIX HAay4yHbIX oOjacTed. IMEHHO Ha CThIKE Pa3IMUHBIX AUCIUIUIMH MPOUCXOJUT
3apOo’KJCHHE HOBBIX TMIIOTE3, 00ECIeYnBaIOIINX IITy0OKOe MO3HaHUEe OKpYy»Karolero Mupa, ¢
NOHUMAHUeM TPOUCXOASIIUX ITPOLIECCOB.

B 3TOM OTHOIIEHUHU CIeTyeT MOAUYEPKHYTh, YTO (PYHOAMEHMATLHOU HAYKOU O MOOENUPOBAHUU
CJIOKHBIX MH)KEHEPHBIX CUCTEM A8/1AemCsl meopemuieckas Mexanukd, KOTOpor NPpUHAJIEKUT
NEPBOCTENICHHAS POJIb B PA3BUTUU METOOJIOTUU MOJIEIUPOBAHHUS.

«Teopernyeckasi MexaHWKa - (pyHIAMEHTAJILHASI HAYKa; OHA SIBJSETCH KJIOYEBBIM
npeaMeToM B MOATOTOBKE HMHIKEHEPOB, MATEMATHKOB, NMPHUKJIATHUKOB W (PHU3HKOB--
TEOPETHKOB,...[lJIsi MHJKEHEPOB OHA SIBJSIETCSI OCHOBOM MX CHEIHAIbHBIX HAYK; JJISt
MaTeMATHKOB — I0POTr0ii K COBPEeMEHHbIM 0000IeHUAM; 1151 (PU3UKOB - «IPeTIoanei» K
TEOPHH OTHOCHTEJIBHOCTH, K CTATHCTHYECKOl M KBaHTOBOW MexaHuke», — R.XIill,
Principles of Dynamics,Oxford,1964.

«MexaHuKa - 3TO CIUIAB MAaTeMAaTHKH €O 3/PaBbIM cMbIcaom», — [Ipod. M.T. Hyxus,
npeacraButenb Kaszanckoit YeraeBckoil IlIkoiabl MEXaHMKM M YCTOMYMBOCTH, PekTop
Ka3zaHckoro ynusepcurera.

Bbosniee Toro, B MoaenupoBaHuu, Kak roBopui Benukuii M. HproTOH:
«BCSl TPYAHOCTH COCTOMT B TOM, YTOOBI MO SIBJICHUSIM JABHKEHHS PACIO3HATH CHJIbI
NPUPOABI; a MOTOM 10 ITUM CHJIAM M3bSICHUTDH OCTAJIbHBIE siBJIeHus», — (M.HproToH).

Nmenno Mexanuka, ghynoamenmanvuan nayka o6 Hcexkyccmee Mooenuposanus, no3BossieT
OBJIJIETh ITUM HCKYCCTBOM, 3TUM «KNOW- howy. .. (mpuuem — o5t 1060 obracmu 3uanust).

[IpencraBiaeHHble B 3TOM BBITYCKE MaTepHajbl, HECOMHEHHO, OYyIyT cIOCOOCTBOBATH
00BEAMHEHNIO YCUIIUI TEOPETUKOB U MPUKIIAJHUKOB, CHHTE3y METOOB B PEIICHUU MPOOIeM
B MEXIMCLUUIUIMHAPHBIX cepax HAyKH W OOpa30BaHUS IO HANpaBJICHUSM, MOPOXKAECHHBIM
NOTPEOHOCTSIMU HAyKH M WHKEHEPHBIX NMPUIOKEHUM, B MOJIHOM COOTBETCTBHM C JE€BU30M
Mexnynaponnoit @enepannn HennHelHbIX AHAIUTHKOB —

«EnnncrBo — B pazHooopazum» ( [Ipodeccop B.Jlakimmukantam).
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From the Editorial Board

Unity — in Diversity

International IFNA-ANS scientific Journal “Problems of nonlinear Analysis in Engineering
Systems” is interdisciplinary scientific periodic Edition, presenting the works on nonlinear
problems in all areas of fundamental and applied Sciences, including both natural and
humanities disciplines: mathematics, mechanics, physics, chemistry; engineering, biological,
medical, social, political sciences; ecology, cosmology; economics and financial mathematics;
nanoscience and nanotechnology; stability and sustainable development, problems of risk and
information protection, problems of operational research,...

In this issue of Journal “Problems of nonlinear Analysis in Engineering Systems” (N0.2(46),
Vol.22, 2016) it is published articles, analytical surveys, scientific-information papers that are
reflecting the views of specialists and highlighting some urgent problems of present and
future of interdisciplinary character. The issue has two special sections.

The first scientific section is connected with results of researches represented by Professor
0.G. Morozov, the specialist in microwave photonics, a representative of well-known
scientific Schools in the area of quantum electronics (Y.E. Polskii and G.I. II’in) and the area
of microwave technologies (G.A. Morozov Y.E. Sedel’nikov), the Guest Editor for this
section. Subjects of articles presented by him are related to the problems of nonlinear analysis
and synthesis of microwave photonics systems and devices. It is very important both from the
theoretical and applied points of view.

A part of the works from this section is published here:

O.G. Morozov, G.I. II’in, G.A. Morozov. Amplitude-phase modulation of laser radiation in
generation problems of radio-frequency signals.

V.V. Berezin, A.M. Schitov, A.S. Nechaev. Computer-aided design of a broadband diode
frequency doubler in the range (26+40) GHz.

V.A. Burdin, A.V. Bourdine. Modelling nonlinear propagation of modes in long-haul
multimode fiber optic links.

Another part of the works is preparing to publication in the next issues.

The second special section is prepared on the results, presented by Professor B.G.Mingazov,
the specialist in the area of combustion theory and jet engines, a representative of well-known
scientific Schools on physical and technical problems of aircraft engines and power plants
(S.V.Rumyantsev, A.V. Talantov, B.S.Vinogradov, V.E. Alemasov, A.F. Dregalin), the Guest
Editor for this section. Subjects of works presented by him are related to problems of
modeling, analysis and synthesis for processes and gas-dynamic flows in engines and power
plants, generated by the needs of science and engineering applications.

A part of work from this section is published in this issue:
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V.1. Panchenko, Li Ziwan. Comparison of different engines and the methods of increasing the
thermal efficiency.

P.G. Velikanov, Zhang Bing. About conversion of aircraft engines after life cycle in the flight
operation.

N.P. Velikanova, Fan Weiwei. To heat-temperature strength problem of aviation gas turbine
engine blades.

Another part of the works is preparing to publication in the next issues.

Here in whole: the studied objects are interdisciplinary systems requiring Knowledge from
various scientific fields. Exactly the crossing of different disciplines gives the emerging of
new hypotheses that provide a deep Knowledge of the around World, with the understanding
of processes dynamics.

In this regard we emphasize that the fundamental science for modelling engineering systems
is theoretical mechanics, which plays the primary role in the methodology development of
modelling.

"Theoretical mechanics is a fundamental science; it is a key subject in training
engineers, mathematicians, physicist -applied oriented and physicist-theorist... For
engineers it is a base of their special sciences;

for mathematicians it is “way” to modern generalizations;

for physicists — it is "prelude™ to theories of relativity, to statistical and quantum
mechanics ", - R.Xill, Principles of Dynamics, Oxford, 1964.

""Mechanics — it is “an alloy” of mathematics with good senses™..., - Prof. M.T. Nuzhin,
Representative of Kazan Chetayev School of Mechanics and Stability, Rector of Kazan
University.

Moreover, in regard to modelling great Isaak Newton noted:

“...the all difficulty in whole is contained in what, that it is necessary on motion
phenomena to understand the forces of Nature, and after on these forces — to explain the
another phenomena”, — Isaak Newton.

And exactly Mechanics, a fundamental science on ART of Modelling for any area of the
Knowledge, allows to possess this Art, this “know-how” ...

The works presented in this issue will undoubtedly contribute the uniting efforts of theorists
and applied oriented scientists, with synthesis of methods for solving problems in the
interdisciplinary fields of science and education, in full accordance with the motto of
International Federation of nonlinear analysts:

«Unity — in Diversity» (Professor Lakshmikantham)
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Losslessness in nonlinear Kirchhoff circuits
and in relativity theory

A. Fettweis

Department of Electrical Engineering and Information Science/Communications
Engineering, Ruhr-Universitit Bochum,
D-44780 Bochum, Germany

Abstract. Kirchhoff circuits are of importance not only for studying electrical phenomena but are ide-
ally suited to model a broad range of physical systems for purposes where conservation of power and
energy and related concepts such as passivity and losslessness are essential. They consist of
interconnections of a variety of elements, which nowhere have to be linear and constant. If an element
such as an inductance is nonlinear and/or explicitly time dependent and is to be characterized as being
passive or, more specifically, lossless, its defining relation must have a specific form, but the classical
relation for a relativistic mass is not of this type. It is shown that, preserving classical relativistic
kinematics, requiring relativistic dynamics to approach the Newtonian one for appropriate limits, and
putting prime emphasis on work done, thus on energy rather than momentum, one is naturally led to
an expression for force in terms of mass and velocity whose form is in full agreement with that
referred to for a nonlinear inductance. This alternative way of modifying Newton’s second law
requires Newton’s third law to be also modified. These two modifications combined produce the same
conservation of momentum and the same dynamics of particles in fields as classical relativity. The
expression for Kinetic energy, however, is different. Logically consistent derivations are presented,
and a theoretical and an experimental result are pointed out that tend to offer some support to the
alternative theory, or at least do not contradict it, as implausible as that theory may a priori appear to
be. The paper complements and updates earlier results on the subject and improves the presentation.

Keywords: Newton’s laws, relativity theory, Ilya Prigogine, Kirchhoff circuits

1. Introduction

This paper is dedicated to the memory of the great physicist and chemist llya Prigogine. His
outstanding contributions have touched my own activities in at last two important ways: On
the one hand he is particularly known for his work on non-equilibrium thermodynamics, thus
an area in which the theory of an entirely different discipline, i.e. that of Kirchhoff circuits [1,
2], can play a helpful role [3]. On the other hand, he is one of the outstanding Russian émigrés
who came to Belgium as boys in the aftermath of the Bolshevikh revolution and who have
contributed so much to the scientific life of that country. Another one of those was Vitold
Belevitch [4], who has been the dominant figure in the theory of Kirchhoff circuits during the
second half of the twentieth century, certainly in Europe and, in the opinion of many, also
worldwide, and who is the grand master to whom this author owes the privilege of having
been introduced into the beauty, generality, and rigor of that theory. The present paper shows
how the theory of Kirchhoff circuits can throw some new light even on certain aspects of
relativity theory.

Kirchhoff circuits are of importance not only in the context of modelling electric phenomena
but also for a variety of other reasons. As an example, they can serve as reference circuits for
applying wave-digital concepts, in particular to filtering [5] and numerical integration of
ordinary [6] and, especially, partial differential equations describing physical systems [7 - 9].
While for filtering one is usually interested in linear circuits, numerical integration largely
addresses nonlinear phenomena.
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Kirchhoff circuits are composed of elements that are interconnected by merging element
terminals into nodes. The interconnections are described by the Kirchhoff voltage and current
laws. A crucial consequence of this is that conservation of power and thus energy is strictly
guaranteed by the validity of the Kirchhoff laws. Hence, properties such as passivity and
losslessness (which is a special case of passivity) are in turn strictly ensured if the corre-
sponding properties hold for all the elements. In order to guarantee in a simple way that an
element such as a nonlinear inductance is lossless, however, it should be represented in a
somewhat different way than what is usually done [7 - 9], and this alternative representation
turns out to be of rather fundamental physical importance.

Mass is, in a sense, also a lossless (conservative) element. In Newtonian mechanics this element
is linear, but in relativistic mechanics it is nonlinear. Surprisingly, however, the relationship
between force and velocity in classical relativity theory [10 - 19] does not have the general form
one might expect in view of what has just been said about a nonlinear inductance.

In previous papers [20, 21] it has been shown that by making certain assumptions that at least
are not a priori unreasonable one is naturally led to a relativistic expression between force,
mass, and velocity that differs somewhat from the classical one but has a form that is in full
agreement with the general form just referred to. This discrepancy is essentially due to the
fact that in classical relativity, momentum is the quantity placed at the beginning of the deri-
vations for establishing the laws of dynamics, while the alternative approach puts prime em-
phasis on energy and work done. There is no change concerning the use of the Lorentz trans-
formation and thus the validity of relativistic kinematics, which is indeed known to be the
result of intellectually highly satisfying and strict logical deductions. We thus maintain the
second Einstein postulate, i.e. the one concerning the universality of the speed of light. Simi-
larly, we uphold also the first one, i.e. the one concerning the universality of the fundamental
laws of nature. In a sense, we do however complement the two Einstein postulates by what
we will refer to as the principle of Newtonian limit.

The alternative modification of Newton’s 2nd law (Section 4) requires a corresponding
modification of his 3rd law (Section 5), although the latter remains untouched in classical
relativity. The two changes combined imply that conservation of momentum holds as in clas-
sical relativity (Section 5) and that the dynamics of particles in fields (e.g. in particle accel-
erators) is also the same (Section 6). An expression, obtainable by standard approaches, for
the energy of an electrostatic field observed in a moving reference frame (Section 7) agrees
with the alternative theory, and so does, if properly interpreted, an extension to general
electromagnetic fields. The Bertozzi experiment (Section 8) does not, to say the least,
disprove it either, although that experiment involves kinetic energy. The expression for that
quantity is indeed different in the two cases so that there have to exist ways of differentiating.

The present paper pursues several prime purposes. Firstly, the main result, i.e. the derivation
of the alternative relation between force, velocity, and mass, is carried out in a somewhat
different way than previously done, thus offering an even firmer basis for justifying that ex-
pression. Secondly, the Bertozzi experiment is analyzed more precisely than has been done in
[21] and is shown to actually have a tendency of favoring the alternative approach, although
the accuracy of the experiment is not high enough to allow us to draw definite conclusions.
Thirdly, several inaccuracies in [21] are corrected, but we keep aiming at the same generality.
Fourthly, the present paper is not only an improved but also a substantially expanded version
of [22] and should thus be more easily accessible. Of course, as in [21] but contrary to what
had been done in [20], we do not impose any restrictions on the integration constant occurring
in relation with the energy expression. All previous results that are essential for understanding
the paper are included for ease of presentation and thus for the benefit of the reader.

2
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Clearly, the entire issue remains puzzling. It is hoped that the results presented hereafter will
stimulate further experimental and theoretical investigations that bring about the needed
clarification.

2. Passivity and losslessness in nonlinear Kirchhoff circuits

A nonlinear inductance that depends exclusively on its current, i, can be described by either
one of the equations

u=D(L4i) or u=L,Di (2.1)
where u is the voltage across the inductance and
D =d/dt, (2.2)

L, =L4(i)=¢/i being the global inductance and L, =L,(i)=d¢/di the local inductance,
and ¢ the magnetic flux. It can be shown that L (i) >0 Vi is necessary but not sufficient for

guaranteeing passivity (in fact losslessness) while L,(i)>0 Vi is sufficient but not neces-

sary. In order to obtain a satisfactory characterization Meerkotter [23, 24] had suggested to
represent a nonlinear inductance by means of a nonlinear ideal transformer terminated in a
linear inductance, but a simpler, equivalent way is to write (2.1) in the form [7 - 9]

u:\/fD(\/fi):%(D(Li)JrL Di). (2.3)

The two expressions in (2.3) correspond, in a sense, to the geometric and the arithmetic mean of
the definitions (2.1). For the power absorbed and the stored energy, W, , one finds from (2.3),

ui =DW,, WLzéLiz, (2.4)

and for the inductance, L , the inequality L (i) >0 is now necessary and sufficient for passiv-
ity (in fact, losslessness).

Writing (2.3) in the formx =Dy, x =u/L, y:iJf, approximating D by means of the
trapezoidal rule with step size T, and designating the discretized time variable by t,, the re-
sult can be written in the form

b(t,) =-a(t, -T) (2.5)
where the so-called waves (wave quantities), aand b, are given by
a-UHIR Ty UZIR g 2L (2.6)
2JR 2JR T
We obviously also have
ui =a’ -b. (2.7)

All this holds more generally if L is a function not only of i but of any of the dependent
variables in the circuit and/or of the independent variable, say t. It holds even for
multidimensional Kirchhoff circuits [7 - 9], in which case D is a partial differential operator
and t has to be replaced by a vector of independent variables.

The simplicity of expressions such as (2.5) and (2.7) and their combination with passivity and
losslessness aspects are the essential reasons for the advantageous properties that can be
obtained by making use of wave-digital principles for filtering [5] and numerical integration
of ordinary and partial differential equations [6 - 9]. The inductance representation (2.3) can

3
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be extended to coupled inductances, thus to matrix inductances L, that matrix being
symmetric and non-negative definite. With u and i being vector extensions of u and i one
can then write,

u=%(LDi+D(Li)) or u=L"*D(L) (2.8)

where the matrix L2 is such thatL""?L"? = L, the superscript T designating transposition
and L"?=(1Y%)". The two expressions in (2.8) are equivalent if and only if

L"2D(LY?) = (DL"?)LY2. The general conditions under which the latter equality holds are

not known [25], but it is sufficient that LY? is a diagonal matrix times a constant matrix (cf.
the situation encountered later in relation with (3.13)).

The wide importance energy, wave, and scattering concepts have in physics suggests that
relations such as (2.3) and (2.4) have some fundamental physical importance. This observa-
tion, however, is not honored by the classical theory of special relativity.

3. Relativistic mass

For a particle of rest massm,, let

T T T
f=(f.f.f,) . P=(PeR.P) . V=(%.V.V,) (3.1)
be the force acting upon it, its momentum, and its velocity, respectively. Definev, 3, and « by
Viv=vZ, B=vic, a=41-3 (3.2)

where c is the speed of light. According to the basic principles adopted in classical relativity
theory the following holds (cf. (2.2)),

f=Dp, p=myv, my=my/a (3.3)
where we have written m instead of m in order to conform with the notation in (2.1). From
(3.3) one finds for the power delivered to the particle, as is well known,

V' = D[mgczj, (3.4)
and this by making use of the identity
Cle:VTD(lvj. (3.5)
« (0%
The quantity mgc2 is then interpreted as total energy while (mg—mo)c2 is the Kinetic
energy.
Clearly, m, as defined by (3.3) does indeed correspond to L in (2.1), not to L in (2.3).

This is somewhat surprising and, as explained in [20 - 22], the reason for examining whether
an expression for the force such as

fzx/ED(\/av):%(D(mvaDv) (3.6)

where the mass m is some function of v, say m =m(3), could be of interest. In the affirma-
tive, (3.4) would be replaced by

v'f =DE, =DE (3.7)

4
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where

E=E +E, E,=mv%2 E, =const. (3.8)
Since E, =0 for v=0, E, would be the kinetic energy, thus E; the rest energy (internal
energy) and E the total energy. One could then assume m, not mg, to be the quantity of
prime interest. In particular, defining a rest mass m, =m(0) one would want to preserve
essential properties of classical relativity, although for m instead of m,, and require that
m —m, increases with E, , preferably in a linear fashion, i.e., according to

E,=K(m-m,), K =const.,

and that m=oo0 forv=c. It then follows from the above expression for E, (c.f. (3.8))
thatK =c?/2, that m must thus be of the form

m=—1o _Mo 3.9
5 o (3.9)
and that therefore E, = %(m c’ - mocz) :

In view of E, =E —E;, that last result had suggested, in the earlier paper [20], to identify E
with mc?/2 and thus E; withm,c?/2. This, however, leads to difficulties, while nothing
contradicts the above equations if one does not impose any requirement onE,, i.e., on the
integration constant implied by (3.7). E and E, are then still given by (3.8), thus E, by
2 2

E, :%mvz :Eol_ﬁ7:Eo%, E, :%mocz,
with m as defined in (3.9). The case discussed in [20] corresponds to choosingE; =E,.
Adopting the present point of view, however, amounts to saying that a particle is, in general,
characterized by two constants, E; and E,. For E, =2E,, the rest energy is E; =m,c?, as

(3.10)

in the classical case. In general, however, no simple relation has to exist between E; and E,.

An attractive observation follows directly from (3.10). Using v* =V +V; +V_ the expression
for E, can indeed be decomposed into a sum of Kkinetic energy components as in Newtonian

dynamics according to

X X2 z*

E, Lo Eky:%mvj, EkZ:%mv2

It is true that the triple E, :(EkX,Eky,Ekz)T does not form a vector in the strict physical

sense (it transforms in a more complicated way than coordinates do, contrary to the momen-
tum), but this should not be of any concern. Nevertheless this observation may partly explain
why classical relativity gives preference to momentum for establishing the foundations of
dynamics theory. In fact, the emphasis placed on energy components (i.e., not only the three
kinetic ones mentioned above) is also of fundamental importance for the wave-digital method
of numerically integrating partial differential equations [7 - 9].

By means of f one can define the quadruple
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f f
= : 3.11
1ys ~DE, (3.11)
C C

for which in (3.11) a second, equivalent expression in terms of E, (cf. (3.10)) is given and

which can directly be compared to well-known results in relativity theory [10, 13 - 16, 19]. It
can then easily be verified that this quadruple is identical to the four-vector (world vector,
Minkowski force) originally introduced by Minkowski [27] and thus has a Lorentz invariant
form. One immediate conclusion of this is that a Lorentz transformation (cf. Section 4)
changes only that component of f that is oriented in the direction of the relative movement of
the two reference frames with respect to each other, i. e., the components of f perpendicular
to that direction remain unchanged, contrary to what holds in classical relativity theory.

Like for inductances one can go even a step further than what we have done so far and
consider a particle-like object characterized, in addition toE, , by a constant nonnegative defi-

nite symmetric matrix m, instead of simply a scalar mass m,. The scalar mass m has then
to be replaced by the matrix mass m given by (cf. (3.9)),

1
m=—m,. (3.12)
«

Expression (3.6) for f becomes
f= molD[lv] :ED(molvj :E(D(mv)+mDv):lmg/zD(lmgzvj, (3.13)
a \a « « 2 « «
the adopted notation corresponding to that defined in relation with (2.8).
For the power delivered in the matrix case, (3.7) remains unchanged, but in (3.8) and (3.10)
the expression for E, has to be replaced by

1 1
E, =§vav:—2vaov. (3.14)
The matrix case reduces to the scalar one if m, =1m, where 1 is the unit matrix. An irre-

ducible example for the matrix case will be mentioned in Section 7.

4. Direct derivation of the alternative way of modifying Newton’s second law
4.1. General relations

In view of the surprising results of Section 3 it appears opportune to examine whether there
exists a way of deriving them, and possibly further related ones, by some direct approach.
Clearly, since energy played an essential role in Section 3, such a direct approach would have
to be centered on energy and work done rather than on momentum, as in classical relativity.

Consider thus two reference frames, Sand S’, with S’ moving with constant velocity v,,

say, in the x-direction of S. For S we use unprimed notation as in Section 3 (coordinates,
velocities, forces, differential operators etc.) and for S’ the corresponding primed notation.
Between S and S’ we thus have the Lorentz transformation [10 -19]

x’=i(x—v0t), y'=y, Z'=z t'=i(t—ﬁoij (4.1)
Qy (a7 Cc
where

By =Vo/C, = +1- . (4.2)
6
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We consider a particle, P, moving as discussed in Section 3. For P it is appropriate to in-
troduce vectors of position coordinates

r=r(t)=(x.y.2)",

rr — r!(t!) — (X’, y,,Z’)T,
while t’ can be uniquely expressed in terms of t, say t'=t'(t), and vice versa. While (3.1)
and (3.2) refer to S, we have, with respecttoS’,

(4.3)

T T
(008, V= (V) (4.4)
vIVi=v? B=vie o' =1-5% (4.5)
where (cf. (2.2))
v=Dr, v'=D'r (4.6)
D=d/dt, D'=d/dt". 4.7)

As can be verified by means of (4.1), we have, as known [10 - 19],
dt o «f

—=X% oD=aD’ (4.8)

dt' o«

where, in addition to quantities already defined,

! ! Vx ! V)'(
a, =«/1—ﬁ3, o =1/1—ﬁX2, B, == B, == (4.9)

and furthermore,

v, —V, o
vi=—_0 Vv =—v, V.=—V,. 4.10
X 1_6x60 y o y z o z ( )
From these expressions, the following equalities can be derived:
1 1 v, VZi4v? v
W, _ — y A

N D'v, —$Dvx— EX+ i Dv, _as—xcz(VyDVy +vZDvZ), (4.11)

a/Z V. 1
D'v; =—D-—2+v, =Dd, (4.12)

« « «

12

pv. =9 pYe v lpy, (4.13)

(0% (6% «
D(V,/ay ) =D (/e ). (4.14)

4.2. Newton’s second law

Newton’s first law is purely qualitative and always valid; it thus is irrelevant for our purpose.
His second law concerns the expression of the force. For examining it we consider two refer-
ence frames S and S’ as discussed in Section 4.1 and a particle P as so far. Let t, and t, be

two time instants that are arbitrary close yet distinct, say t, >t,. Quantities referring to t;, and
t, will be given subscripts 1 and 2, respectively, thus, e. g.,

t{:t'(tl)’ tézt'(tz)’ t1=t(t£): t2=t(té)’

n=rit), r=r(t,), n=r(), n=r(t),

vi=v(t), v,=v(t,), vi=V'(t), v,=V'(t})

X =X(t), X, =X(t,), V=V (), V,,=V
etc. We also define
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At=t,-t, Ar= (Ax,Ay,Az)T =r,—n, (4.15)
AU =ty -1, Ar'=(AX,AY,AZ) =151 (4.16)
etc. and use the simplified notation defined by
o" :O((At)n):order of (At)" for n>0.
Dueto t'=t'(t) and adt =a'dt" (cf. (4.8)) we have

At =t'(t,+At)—t] = (dt'/dt) At + O? = L At + O?

Q
and therefore
QAL = aAt+0%, a?(At') = af(At)*+O°, (4.17)
and by Taylor series expansion,
AF' = V,AY +%(At’)2(D’v’)l+ o, (4.18)

The position of S" with respect to S can be defined as r, = v,t where
Vo =(V5,0,0)". (4.19)
Consequently, the position, r,, of P with respect to S’ but observed in S, and the corre-
sponding velocity, v, , are given by
r=r-r, V,=Dr,=v-v,. (4.20)

Correspondingly, the displacement Ar’ with respect to S’ is observed in S as a residual
displacement

Ar, =(AX,,AY,,Az, )T:Ar—Aro, (4.21)
where
ATy = VyAt. (4.22)
In Newtonian kinematics we have Ar, = Ar’, but in relativistic kinematics we obtain from
(4.1), (4.21), and (4.22)
AX, = AX =V At = o, AX/,
Ay, =Ay =AY, (4.23)
Az, =Az=A7.
For the forces acting during [t;,t,] we can write
f=f+0O', f=f+0
thus for the corresponding work done in S’ (cf. (4.16)),

th r
AW' = [£Tvidt = [£Tdr = (" +O'|ar (4.24)
t n
and that done inS
ty
AW = [ fTvdt = AW, + AW, (4.25)

4]
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where (cf. (4.20))

t
AW, = [ fTv,dt, (4.26)

f
t
AW, = [fTv,dt=(f +O']Ar,. (4.27)
i1

Clearly, AW, can be considered to be the work done due to the displacement Ar,, and AW,
the residual work done. In Newtonian mechanics we have v, =v', f=f", t=t' and thus
always AW, = AW’, but the same is not true in the relativistic case.
If desired we may assume (as will be done later) that P is instantaneously motionless in S’
at t'=t/, i.e., that

v;=0, thus v,=v,= (vQ,O,O)T (4.28)
(cf. (4.10)). This situation can indeed always be achieved by proper choice of S andv,. We
then have (cf. (3.2)),

=0y o=l V=V, Vyp =V = 0, (4.29)

and, due to (4.18), (4.23), (4.24) and (4.27),
Ar'=0% Ar. =0 (4.30)
AW =fTAr'+ 0%, AW, =fAr, +O°, (4.31)

The result expressed by (4.30) and (4.31) is in line with the notion of work done as a product
of force and displacement.

If (4.28) holds, the situation in S’ becomes Newtonian att’ =t/ , whence we may assume, as
is also true in classical relativity, that
fl=my(D'V"), =m, Alti'TO(AV'/At’), (4.32)

m, being some positive constant (identical to the rest mass).

More generally, the assumption (4.32) may be considered to be a consequence of a broader
requirement which we call the principle of Newtonian limit. We may express this principle in
a simple way by saying that for appropriately defined limits relativistic dynamics (i.e.,
dynamics compatible with the Lorentz transformation) should give the same results as
Newtonian dynamics. Expressed differently and more precisely, at time instants where P is
instantaneously motionless in the relevant reference frame, relativistic dynamics should, in
the limit for At’ =0, give the same results as Newtonian dynamics.

Let us apply this principle to the ratio AW’/AW, . According to what we have seen above
(subsequently to (4.27)), we have in Newtonian dynamics
lim (AW7AW,) =1 (4.33)

At'—0
and this even for any v;. Hence, it must hold in relativistic dynamics at least if v; =0. Since AW’
and AW, are O? (cf. (4.30) and (4.31)) we may thus equivalently say that for v; =0 we have

AW/ AW
i — i ) 434
AItI’TOL(At’)ZJ AItI’TOL(At’)Z\] (4-34)

9
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Since that last result must hold without restriction it must be true for any f; . Due to (4.18),
(4.23), (4.31), and (4.32) an alternative way to express it is to require
£ = (oot fyfa)fl VH (4.35)
or else,
(%fxl—fx'l)fx’l+(1‘y1—fy'l)fy'l+(1‘21—fz'1)fz’l =0 VI . (4.36)
For this it is necessary and sufficient that
afy =fi0, fo=f

!

yl» le :lel' (437)
Due to (4.28) we have v, =V, =0 and thus, in view of (4.11) to (4.13) and (4.29),

(ovi),~(0%).

(8%
(D'v;)zi(DV—Xj, (D'v;)lzi(DV—Zj.
oy @ Oﬁ aJy
Hence taking into account o, =y (cf. (4.29)), (4.32) and (4.37) yield
f,= ﬁ(DXJ . (4.38)
Oél (@] 1

Clearly, (4.38) implies the same type of relations for all three componentsf,,, f,,, and f
and this despite the differences in (4.37). Thus the orientation originally adopted for v, is

totally irrelevant. But t, is arbitrary. Hence we can finally indeed replace (4.38) by

z11

f= ﬂo(l vj, (4.39)
(0% «
and therefore,
f=ﬁD(Jﬁv)=%(mDv+D(mv)), m:m—g, (4.40)
«

confirming (3.6) and (3.9).
In view of Einstein’s second postulate, a relation of exactly the same type can of course be
written for f', v', and o', i.e.,
m
r-moo(Lv)

« o

In particular, ifv, =v, =0, i.e., if all phenomena take place exclusively along the x and x'
axes, we have o, =, g =<', and we then obtain, using (4.14),
of =a/f". (4.41)
More generally, we have
1 ﬁ ! 14 ! 14 !
f, =—[—°va +ij, f,=f,, f,=f

Z°
o\ C

(4.42)

v'f = i(v'Tf' +Chif ) (4.43)
Qg
where all quantities are as defined before and used so far. This result can either be verified
directly by means of (4.1) etc. or by recalling that a proper four-vector such as the Minkowski
force (cf. (3.11)) transforms from S’ to S by premultiplying the one in S" with the matrix

10
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& i 0 0
Qy Oy
0 0 1 0
M= ; (4.44)
0 0 0 1
i & 0 0
Qy Oy

(whose inverse M~ is obtained by simply changing the sign of 3,). The result (4.41) can of
course be shown to be a special case of the present general one.
Observe that the entire derivation, from (4.32) to (4.38), involves v’ only via (D'V’),. This is

of interest because it stresses the role of that quantity as an asymptotic measure. On the other
hand, in order to obtain the classical relativistic expression for the force, one would have to
replace the right-hand side of (4.33), as can be concluded by inspecting (4.34), by 1/ay,

which would amount to a somewhat surprising requirement.

So far we have taken it for granted that m,, is constant. Nevertheless there may by some inter-
est to allow also for rest masses m, that, although independent of v, are dependent on t in
some other way than via v . Let us assume that in that case, (4.32) is of the form

f'1=\/m_o(D'\/m_oV')l-

It is easily verified that under this assumption the above process for arriving at (4.40) would
still be valid, but (4.39) would then in general no longer hold.

5. Modification of Newton’s third law and conservation of momentum

In classical relativity, Newton’s third law remains untouched. This is true to the point that it is
common practice not even to mention that keeping it unchanged amounts to making a corre-
sponding definite additional assumption. If we adopt the alternative viewpoint, however, such
an assumption is nowhere justified, i.e., we have to modify not only Newton’s second but also
his third law.

Consider indeed action and reaction between two particles, P, and P, , the subscripts 1 and 2

being consistently used in this section in order to distinguish between quantities referring
either to P, orP,, respectively. We thus assume P, and P, to be travelling with velocities v,

andv,. Let there be an interaction between P, and P, and let f, and f, be the resulting
forces acting upon P, andP,, respectively. We first assume f,, f,, v;, and v, to be all

located on the same straight line, which we may assume to be the x axis of S, thus the x’
axis of S’ (defined as before); for S" we correspondingly have to consider f/, f;, v;,, and Vv,

(and similarly primed quantities as used hereafter). Defining

h=valC B=viale, B =Vt B =Vip/e, oy =\1-A", oi=\1-A%, i=12,(5.1)
we can write (cf.(4.10)),

!:ﬁl_ﬁo ’
/81 1—61ﬁ0’ 62

_Bb,
1-5,8,

By =Vy/C. (5.2)

11
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Assume P, and P, to be touching each other att =t;, which implies x, (t,) =X,(t,) and thus
(cf. (4.1)) x{(t)) =x5(t5), t5=t/(ty) =t;(t,). To simplify the writing we add a subscript zero
to specify evaluations at t=t,, thus at t'=t; (except that v, and thus 3, have the same
meaning as so far). If 3, =—-03,, we adopt S'=S. If 3, # —03,,, choosing /3, such that

55 —2b3, +1=0, b= (1+510»320)(»310 +520)>

b2 :1_{ ¥0%0 JZ,
Bro + Pao
always yields real values for 3, we obtain, as can be shown (cf. (5.2)),
Bro="F2 thus o'10=a'2 (5.3)
Note that the product of the two choices for 3, is equal to 1, i.e., we must select that choice
for which | 3| <1.

Due to the assumption concerning the orientation of the velocities and forces and the ref-
erence frames we may make use of (4.41) and thus write in particular,

oyofio =ageflo,  %ofa0 = %0f20. (5.4)
But due to the symmetry of the velocities in S" we must have f/, =—f;,. Hence, (5.3) and
(5.4) yield

which, due to

yofyp = —agf5. (5.5)
Furthermore if, while maintaining the assumption concerning the alignment of v,, v,, f, f,,

we abandon the assumption concerning the coincidence of that common direction with the
one of the x and X’ axes, an orientation argument as used in Section 4.2 (following (4.38))
shows that (5.5) remains valid.

Consider now the general case of the relationship between action and reaction. In view of
(5.5) itis clear that it could not be f, =—f, as in the classical theory. For modifying Newton’s

third law, however, the simplest way compatible with (5.5) is to write

off, =—a,f, (5.6)
where o, and «, are defined according to the subscript convention mentioned at the begin-
ning of this section (cf. (5.1)).
Next, let m,, and m,, be the rest masses of P, andP, . It follows from (4.39) and (5.6) that

D(p, +p,)=0
where
P =MpVi/ey and  p, =myVv,/

are the momenta as mentioned in Section 3. More generally, if there are n particles P, to P,
and if forces f ; to f, are acting uponP,, which is moving with velocity v, , we have

Dp, =a, (f +--+f,) (5.7)
where

2 2 T
pu = muOVu /aI/) Q, = 1_67 61/ =VI/ /C’ VI/ =V,V

14 7 v iy*

12
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Summing (5.7) over all particles, there will be pairwise cancellations in the right-hand side
due to relations of the type of (5.6), yielding

D(p, +---+p,) =0. (5.8)
Hence, conservation of momentum holds exactly as in classical relativity. Vice-versa, if in the

alternative theory we require (5.8) to apply in all cases, we are forced to modify Newton’s
third law as shown in (5.6).

6. Moving particles in fields — forces and energy
Assume that a field (electromagnetic, gravitational etc.) is exerting a force f upon a particle
P travelling with velocity v, that the equipment, E q(referred to hereafter by a subscript 1),
producing the field is at rest (v, =0), and that the reaction upon Eq is f,. Assume further-
more that all relevant distances are sufficiently small so that we can state (cf. (5.6)),
of =—off, =, (6.1)
with « and «,; as in (3.2) and as used in Section 5 (except that E g assumes the former role
of P, whence oy =1). If f; is independent of the velocity of P, it must be equal to the force
existing for v =0. Hence, we then conclude from (6.1) that
f=f/c (6.2)
where f; is that force that the field exerts upon P if v=0, and thus is equal to —f;, i. e., fis
the force as used in all classical expressions. We have e. g. f,=qE if q is a charge and E
the electric field, and correspondingly in the case of a gravitational field.

For an electromagnetic field this is confirmed and in fact extended to include the Lorentz
force if one proceeds as is classically done (see e.g. Section 7.7 of [19]), i.e., if, at the instant
considered, one derives f by Lorentz transforming the force qE’ observed in an appropriate
other reference system S’. For seeing this, let us first recall that the force f considered here is
identical to the corresponding part of the Minkowski four-vector (cf. Section 3) and that the
electric and magnetic fields are known to transform between S’ and S (both used as so far)
according to

E!=E,, E;:ai(Ey—voqu), E;:ai(Ezwotu), (6.3)
0 0

H.=H,, H;:ai(HywogEz), H;:ai(Hz—vogEy), (6.4)
0 0

primed field quantities referring again to S’ and unprimed onesto S.

Consider then a charge q that is instantaneously motionless in S’, i.e., we assume the orien-
tation of S and S’ and the choice of v, (cf. (4.19)) to be such that at the time instant
considered we have v'=0, thus v=v, (cf. (4.10)) and therefore also a, =« . The force f'
acting on q is then given by

f'=qE, E'=(E,E,E,).
From (4.42) and (6.3) we thus obtain, making use of the magnetic induction defined
byB =(B,.B,.B,)" =uH,

1

fxzqéEX, fy:q;(Ey—voBz), f,=9=(E, -V,B, ).

13
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This result can indeed be written in the form (6.2) with

fo=a(E+vxB). (6.5)
In the way the result is presented in (6.2) and (6.5) it is expressed by only using quantities
defined in S and general vector notation. Hence, it is valid without restriction.
On the other hand, a force f acting on a particle of rest mass m, also satisfies (4.39). We
thus derive from (6.2),

mOD(l vj _f,. (6.6)

We conclude from (6.6) that the alternative theory leads to exactly the same dynamic
behavior of a particle in a field as classical relativity theory.

This however does not include energy. Consider indeed a relation from classical electro-
dynamics such as

~oV'E =%D(5ETE+MHTH)+diV(Ex H)

(written in standard notation), where p =cdivE is the charge density and ¢ and p are as-
sumed constant (say €=¢,, it =/,). In order to obtain a proper expression for the energy

supplied, the alternative theory obviously requires, as has been shown in this section, to mul-
tiply the classical force density pE in the left-hand side by 1/«v, and the right-hand side thus

has to be multiplied in the same way. We consider here only the case of a constant « (see
also Section 7). Clearly, the field energy density then turns out to be

W=%<6ETE+MHTH) (6.7)

and the Poynting vector similarly becomes (ExH)/a. The classical expression
(cETE + uHTH)/2 is then something like an apparent energy density.

Note that in this and the subsequent sections we use the letters W and w for designating
energies and energy densities, and this in order to facilitate distinguishing between energies
and electric fields. Also note that if instead of a charge q we consider a charge density p

travelling with velocity v we can replace (6.5) by,
f :fo/oz, fo =p(E+vxB)

where f and f, are force densities, i.e., forces per unit volume.

7. Electromagnetic field moving with constant velocity

We define S and S’ as so far. Let us first consider a field that in S’ is electrostatic, thus at
rest, and given there by E'. Clearly, E' is independent of t’. Although for the corresponding
magnetic field we have H' =0, the field in S comprises both E andH. Since we assume ¢
and g constant we need not consider D andB. In S, the field is moving with constant ve-

locity v. We have v =v, (cf. (4.10)) and therefore,
V:VO> a:a05 Bzﬂoa (71)

the quantities thus involved being defined as so far (except that we assume v to take the sign
ofv,). From (6.3), (6.4), and (7.1) we deduce, for any E" and H',

14
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E,=E., Eyzé(E;wMHZ’), E 1(E;—VMH;),

z=
« (7.2)
H,=H,, Hyzl(H;—VgE;), H,=2(H; +VeE] ).
(0% «
For the field energy density defined by (6.7) we thus find for H' =0,
1o B
wW=—w +6—3W0, (7.3)
« «
where
’ 1 2 2 12 ’ 12 12
w :Eg(EX +ES+EZ),  wy=c(Ey+EJ), (7.4)

w' being the field energy density in S’. Due to the electrostatic hypothesis, the right-hand
side of (7.3) is independent of t'.
Let then

dV =dx-dy-dz, dV'=dx’-dy’-dz’
be the elementary volumes in S andS’, respectively. As is known, it follows from (4.1) that
for any fixed t,

dx =adx’, dy=dy', dz=dz,

so thatdV =adV'. We thus obtain from (7.3),
62
()42
This expression is precisely of the form determined by (3.8) and (3.10), withE, E;, and E,
replaced bywdV, w'dV’, and wydV', respectively, and such that no strict relationship ex-
ists between w' and wg. We may also integrate (7.5) over the entire volume, which leads to

W =W'+W, where

wdV =w'dV'+—widV" (7.5)

W=[ wdv, W'=[ wdVv’, W, :6—zjvyw(',dV'
«

Since w' and wy are independent of t", W' and W, may be considered to be evaluated at a

constant t’. Furthermore, V and V' may be the entire space.

In all cases we thus obviously obtain full agreement with the results developed in the pre-
ceding sections. The decomposition into rest energy and kinetic energy encountered in classi-
cal relativity theory does not offer a similarly elegant interpretation. This is remarkable since
Maxwell’s equations are known to be inherently compatible with the Lorentz transformation.

The second expression (7.4) can also be written as

W, =cETE —<E/%
But due to v=v, and v=v, we have (cf. (7.1)) VE, =V'E'. Hence, (7.5) can be expressed
in the more general form

wdV :(w'+?;va5vjdV', (7.6)
where
2e T T
my=—-((E""E')J1-E'E"" |, 7.7
o= ((ETE)-EET) @)
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1 being again the unit matrix of order 3. These expressions hold for any orientation of v and
have the form of the matrix case discussed in relation with (3.14).

Consider now a general electromagnetic field. Substitution of (7.2) in (6.7) yields, after some
calculation, the more general expression

! 1 ! !’ !
wdV :(w +§VTmOV+ 2 V'S jdV (7.8)
where
w’:%(gE'TE'wH'TH'), S'=E'xH/, (7.9)
r_ 2 AN =] AYNTAY =T T
mO_C—Z((sE E'+uHTH)1-(E'ET + uH'H )) (7.10)

Compared to (7.6), (7.7) and the first equation (7.4), the changes in w' and mj; are as imme-

diately expected. There is however an additional term that is proportional to the component of
the Poynting vector in S in the direction of v, thus of the corresponding momentum density
in S" of the electromagnetic field. This additional term vanishes in particular if at the point
P’ (thus at the position and the time instant) under consideration in S' the field has zero mo-
mentum, i.e., in a sense, is there instantaneously motionless. If we then consider (6.7) but ap-
ply it to S' instead of S, it reduces to the first equality in (7.4). Hence, invoking again a prin-
ciple akin to that of Newtonian limit (but now applied in an electromagnetic sense) we can
state that w' is, under the present assumptions, indeed equal to the field energy density at P".

8. The Bertozzi experiment
In 1964 Bertozzi [26] has published a few results of experiments aimed at determining the
kinetic energy of fast electrons. Expressed in terms of a notation more suitable for our
purpose, he had determined values of 32 =1-qZ, thus of vZ/c?, in terms of what we
designate here by
= Quy/MyC,

g being the electron charge, u, the voltage traversed by the electrons in the accelerator,
m, the electron rest mass, v, the velocity reached by the electron just before hitting the in-

tended target, and c the speed of light. According to classical relativity theory «, is simply

related to the other quantities by
2

M€ mye? = qu,, (8.1)
Ay
yielding
2 _ 2 _ 2 : _
of =1-5; —1/(1+ 7) , with g =v/c (8.2)

Since according to the alternative theory the dynamic behavior of particles in fields is exactly
the same as that predicted by classical relativity, the result expressed by (8.2) is valid in ex-
actly the same way in both theories (contrary to what had been stated in [21]).

Let E, be the kinetic energy of the electron travelling atv,. According to classical relativity
we have E, =qu,, whence in [26] ~ had indeed been set equal to Ek/mocz. According to the
alternative theory, however, E, =m,VZ/2a¢, which in view of (8.2) yields
E, =qu,d+~/2) = m,c*y(1L++/2), (8.3)
16
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and this discrepancy was at the origin of the confusion in [21].

For testing the validity of equating E, withqu,, Bertozzi had also, in two cases, determined
the heat, E, , generated by an electron hitting the target. Define 6 = E, /qu,. Since there are
some unavoidable losses (e.g. by X-ray generation) we have E, <E,, thus 6 <E,/qu,.
Hence, 6 <1 if we had indeed E, =qu,. In both tests (1.5 MeV and 4.5 MeV), the measured

result was 6 =1.067, which is compatible with 6 <1 only if one makes allowance for the low
accuracy (10 % as stated in [26]) of the experiment.

For examining the situation according to the alternative theory, let f be the braking force
acting upon the electron in the target and let f, be the corresponding friction force acting on
the target, which we may assume to be at rest. Due to the alternative form of Newton’s third

law we have
of =f,, a=\1-52, B=vic,

i.e., in view of (4.39), f, = mOD(v/a), v being the electron velocity at the considered time

instant. Hence (cf. (3.5)), the heat power generated by friction is vf; = D(mOCZ/a), and the
heat generated by the braking process is therefore given by

V=Vp
{mocz} _myc’

—m,c? =qu,,
[e% v=0 o
the second equality being indeed a consequence of (8.1). The excess energy E, —qu, (cf.

(8.3)) will be converted partly into radiation and partly into (practically unmeasurable) Kinetic
energy of the target and its supporting body, but, due to secondary processes, a small part will
again turn up in form of heat, thus causing E,, > qu,, i.e., 6 >1. This agrees with the tendency

exhibited by the outcome of the experiment, i.e., without having to invoke an insufficient ex-
perimental accuracy.

9. The matrix case

In Sections 3 and 7 we have briefly mentioned the possibility of having objects whose mass
cannot simply be described by a scalar, as is usually assumed, but only by a matrix. Let us
examine a few details about the properties of such a (particle-like) object P, which we thus
assume to be characterized, at vanishing velocity, by a constant (i.e. time-independent)
symmetric positive definite matrix m, called matrix rest mass.
We first have to re-examine the derivation presented in Section 4.2, i.e., for m, replaced by
m, and thus (4.32) by

f, =my(D'V'), 9.1)
However, if m, is a fully occupied matrix we cannot take it for granted anymore that the
value AW, defined by (4.25) and (4.26) is a proper estimate of AW'. Indeed if m, is as just
stated it is not possible to sufficiently separate the phenomena in the x, y, and z directions,
while due to (4.19) the corrective term (4.26) singles out the x direction. We therefore first
assume that the directions of x’, y’, and z’ coincide with the principal axes of m,, i.e., that

m, is diagonal, thus m, = diag(ml,mz,m3), and we may then again claim (4.34) to hold.

17
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However, in view of (9.1), (D’v’)lappearing in (4.18) is no longer equal to a scalar (formerly:
/m,, cf. (4.32)) times f/, so that the two right vector factors f; in (4.35) have to be replaced
by the original factor (D’v’)l. We have to proceed correspondingly for the three right scalar
factors in (4.36) where, due to (9.1), Vf] implies V(D'V'), so that (4.37) is still valid. From

this result, we can follow again the same steps as in Section 4.2, using for m, the property of
being diagonal. One finds this way that (4.38) has to be replaced by

flzimo(DXj
= Q )y

and thus (4.39) and (4.40) by (3.13), with m given by (3.12). Observe that for vanishing
velocity, P is again fully characterized by m,; this is in agreement with Einstein’s first

postulate but holds in the strict form just mentioned only because of the specific choices of
x', y', and z' with respect to x, y, and z (contrary to what is the case for the earlier

considered scalar m;).

We now drop the assumption for m, to be diagonal. Let P be travelling in S with velocity
v and subjected there to a force f, m, being the matrix mass for vanishing velocity, i.e. the
matrix rest mass. Let S, be a further reference system that is in a fixed, yet rotated position
with respect to S . There thus exists a constant orthogonal matrix U such that Uf and Uv
are the force and the velocity in S, . Since for vanishing velocity we have f =m,Dv, the ma-
trix rest mass in S; is Um,U" .

On the other hand, since m, is constant we may indeed choose the constant matrix U such
that UmOUT is diagonal. Hence, using the result obtained above we may write for S, ,

Ule(UmouT)D[luVJ. (9.2)
e} «Q

This implies again (3.13) to hold, with m as given by (3.12).

This neat result confirms the appropriateness of extending the scalar to the matrix case in the
simple way we have chosen in Section 3. There are, however, also discrepancies, and this
concerns in particular the classical concept of transforming four-vectors between S and S’
by premultiplying them with the matrix M (cf. (4.44)) or its inverse. The classical proof for
justifying this approach in the case of the Minkowski force is indeed not applicable because

M and m, will in general not commute. Nevertheless, quite simple proofs can be obtained
by making use of elegant expressions such as

1-5,8, =/, 1+ 5,0, =/, 1-0,0, =ayoq/ay, ola=ay/o,  (9.3)
which can indeed be shown to follow from (4.10) (cf. also (4.8)) and where all notation used
is as defined earlier.

Let us thus derive the equivalent of (4.42). We find, using (3.13), (4.8) (4.10), and (9.3),

f=m01D(Xj=moi,D’(i,((v;+v0)a0,v;, v;)Tj. (9.4)

« « « «

This yields, applying the equivalent of (3.5) forS’,
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. . vy D'(V'o/)2
f=m,—D'| —=| V +m,

B
’ y

o |« 2Cay,

!
z

That expression cannot usually be reduced to the form of (4.42), which is the one that would
be obtained by applying the standard procedure based on (4.44). For m, diagonal, say for

m, =diag(m,,m,,m;) one finds

f, =i(fx'+mlﬁ—ﬂv'TD'(i,D, £,=f/, f,=f,

Qg Ca «Q
but even that expression reduces to (4.42) only if m; =m, =mj;, which is equivalent to the
scalar case.
A comment similar to that at the end of Section 4.2 can also be made in the present context. In
particular, an object as we are considering here may be subject to influences other than forces
(cf. Section 7), which can bring about an implicit time dependence.

10. Conclusions

Proper characterization of losslessness in Kirchhoff circuits requires the defining equations of
elements such as inductances to have a very specific form, which in turn can be recognized to
be of fundamental physical importance. Surprisingly, this form is not respected by the classi-
cal relativistic expression for the force acting on a particle. However, requiring the relativistic
laws to become coincident with the Newtonian laws when approaching a time instant where
the particle is instantaneously motionless, and applying this principle of Newtonian limit in
particular to the force and to the work done, one finds an expression for the force, thus for the
relativistic formulation of Newton’s second law, that is in perfect agreement with that to be
expected from the theory of nonlinear Kirchhoff circuits. This difference comes about
essentially by putting prime emphasis on energy aspects (losslessness, work done, etc,) rather
than on momentum, as in classical relativity. The alternative way of modifying Newton’s
second law is shown to require also his third law, which in the classical theory remains
untouched, and as a consequence the expressions for forces in fields to be changed corre-
spondingly. These changes combined imply that conservation of momentum and dynamics of
particles remain exactly as in classical relativity, the latter aspect being confirmed and ex-
tended by appropriately interpreting the classical application of the Lorentz transformation to
Maxwell’s equations.

The rest energy of particles appears as an arbitrary integration constant, and its value thus
remains fully compatible with the classical relativistic expression. Definite differences be-
tween the classical and the alternative theory become visible for the kinetic energy, which for
the latter theory is rational in the velocity while it is known to be irrational for the former. For
an electric field that is static with respect to a reference frame moving itself uniformly with
respect to the observer, the kinetic term in the field energy agrees fully and directly with the
alternative expression for Kkinetic energy, thus contrary to the classical expression. The few
measured results published by Bertozzi about the kinetic energy of fast electrons favor the
alternative theory, but the inaccuracy of 10% mentioned by the author is too large to allow
definite conclusions to be drawn.

Some further-reaching ideas could be developed that concern the nature of particles and are
compatible with the present results. A very brief outline of this can be found at the end of
[21], although some aspects of that paper are revised or extended by the present one.
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OtcyrcTBHE IOTEPH B HeJIMHEHHbIX Hensax Kupxrodga
U B TEOPUH OTHOCHUTEJIbHOCTH

A. DerTBeElIC

Department of Electrical Engineering and Information Science/Communications
Engineering, Ruhr-Universitit Bochum,
D-44780 Bochum, Germany

Aunomayus. lemn Kupxroda wnmeror OonbIIoe 3HAYEHHE HE TOJNBKO JJsl MCCIIEIOBAHHA
NIEKTPUYECKUX SIBJICHUIH, HO M IJI1 MOJAEIMPOBAHMA IIHPOKOro psAna (PU3NUYECKUX CHCTEM B TEX
CIIy4asx, KOTr/la BaKHbI COXPAaHEHUE MOIIHOCTH M SHEPTHU U CBS3aHHBIE C HUMHU TOHATHS, HAIIpUMED
MACCUBHOCTh M OTCYTCTBHE TNOTepb. OHHM MPEACTABISIOT COOOH B3aMMOCBSI3H Pa3HOOOPA3HBIX
3JIEMEHTOB, KOTOPBIE HE TOJDKHBI OBITh JTMHEHHBIMH M MOCTOSIHHBIMU Tie-nu00. Ecnu Hekuil anemenT
(HarmpuMep, HHAYKTUBHOCTD) SBJISICTCS HEJIMHEHHBIM W/MITU B SIBHOM BHJIC 3aBUCSIIUM OT BPEMEHH M
€ro HeoOXOIMMO OXapaKTepH30BaTh KaK MAacCHUBHBIM WM, TOYHEe, HE HMEIOUMH IMOTepb, TO
OIIpeNIeJIAONIee €r0 BBIPAKECHUE IOJDKHO 3aluchiBaThbcs B 0c000i (opme. OmHAKO KiIacCHYECKOe
MOHATHE PEIATHUBUCTCKOM Macchl K TakuM He oTrHocuTcs. IlokazaHo, 4TO eciu coXpaHseTcs
KJIACCUYECKasi PEISTUBUCTCKAs KUHEMATHKA, €CIM PENSTUBHCTCKAs AWHAMHMKA MPUOIMKaeTcS K
HBIOTOHOBCKOM IPH COOTBETCTBYIOIIMX IPENENbHBIX IEPEX0JaxX, M €CIM OCHOBHOE BHHMAaHHE
yIeNseTcsl COBEPLICHHOW paboTe, a HE HMIYJIbCy (KOJMYECTBY IBIKEHMS), a DJHEPIUH, TO
€CTECTBEHHBIM 00pa30M MPHUXOAMM K BBIPAKCHHIO JUIsI CHIIBI, 3a[IICAHHOMY Yepe3 MacCy M CKOPOCTb,
(hopMa KOTOPOro MOJTHOCTBIO coriacyercs ¢ (hOpMO 3aIUCH JIJIsl HETMHEHHOW UHIYKTHBHOCTH. DTOT
AIbTEPHATUBHBIA CHOCO0 HM3MEHEHMs BTOPOro 3akoHa HproToHa TpeOyeT W M3MEHEHHUs] TPEThEro
3akoHa HproToHa. OTH JBe MOJU(HKALMU JAIOT TOT XK€ 3aKOH COXPaHEHHsI MUMITyJIbCca U Ty Ke
JUHAMHKY YacTHIl B I10JI€, YTO U KJIACCHYECKash TEOPHsl OTHOCHUTENBHOCTH. OJHAKO BBIpAKEHHUE NI
KMHETUYECKON DJHEpruu oTiauvaeTcs. lIpeAcTaBineHbl JIOTMYECKHE BBIBOABI, TEOPETHUYECKHUH H
9KCIEPUMEHTANIBHBIM pE3yNbTaT, KOTOPbIE B HEKOTOPOH CTENEHM MOATBEPKIAIOT aJbTEPHATUBHYIO
TEOpUIO0 WJIM, 10 KpailHed Mepe, He MPOTHUBOpedYaT eil, Kakoil Obl HEBEpOSTHOH 3Ta TEOpUS HU
Kazajmack. B pabore JOMONHSIOTCS M OOHOBISAIOTCS paHee TOJNyYeHHBIE 10 JaHHOW TEeMaTHKe
pe3ynbTaThl, yiydlneHa opma npeacTaBiIeHus pe3yabTaToB.

Knrouegvie crosa: 3axonsl HetoToHa, Teopust otHocuTenbHOCTH, Mibs [puroxkun, e Kupxroda

1. BBenenue

PaGota mnocsamiaercs mnamsATH Benaukoro ¢usuka v xumuka Wasu Ilpuroxwuna. Ero
BBIJIAIOLIMICS BKJIAJl B HAYKY KOCHYJICS aBTOPA 110 KpaiHEW Mepe 110 ABYM acCIIeKTaM: ¢ OJHOU
CTOPOHBI, OH OCOOEHHO H3BECTEH CBOEH paboTON MO HEPaBHOBECHOM TEPMOJAMHAMHKE —
001acTH, B KOTOPOH MOXET MPHUTOIUThCs Teopust neneit Kupxroda [1, 2, 3], kotopast cama mo
ce0e HMKaK He CBs3aHAa C HEPABHOBECHOH TepMmoauHaMukol. C Opyroil CTOPOHBI, OH ObLI
OJIHUM W3 BBIJAIOIIUXCS POCCHSIH, HSMUIPUPOBAaBIIMX B belbruro B JETCTBE IOCIHE
PEBOJIIOLIMY, KOTOPBIA BHEC BBIAAIOLIUICSA BKJIAJ B Hay4yHYIO >KHU3Hb benbruu. Jlpyrum
M3BECTHBIM AMUTpaHTOM Obul Burtonpa benesuu [4] — u3BectHBIN B EBporne u, mo MHEHUIO
MHOTHX, B MHpe CIeIuaTucT B obiactu Teopun ueneid Kupxroda BTOpOH MOJOBHHBI
JBAJIATOr0 BeKa. ABTOp 0053aH 3TOMY BBIJAIOUIEMYCS YYEHOMY CBOEH BO3MO>KHOCTBIO
[IO3HAKOMUTBCS C KPacOTOW, YHMBEPCAJIBHOCTBIO U CTPOrOCTBIO ITOW Teopuu. B naHHOU
paboTe moka3zaHo, Kak Teopus uemnedt Kupxroda MoxeT NposiuTh CBET Aake Ha HEKOTOPbIE
aCIEKThl TEOPUHU OTHOCUTEIIBHOCTH.

[lenu Kupxroda nmMeror 6onbliioe 3Ha4eHHE HE TOJIBKO MPU MOJAECTUPOBAHUU SIEKTPUUECKUX
ABJICHWM, HO U BO MHOTHMX JAPYIHX 3anadax. Hampumep, OHM MOTYT CIIyKUTb 3TAIOHHBIMHU
HEeMsIMU JJI1 BOJIHOBBIX IU(POBBIX MOJIXOAOB, B YAaCTHOCTH, K QuubTpamuu [5] U kK
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YUCIIEGHHOMY HWHTETPUPOBAHUIO OOBIKHOBEHHBIX AH(QEepeHlnanbHbIX YypaBHeHHH [6] u,
ocobeHHo, auddepeHaTbHBIX YPABHEHUH B YaCTHBIX IPOU3BOAHBIX, OIKCHIBAIOLINX
busnueckue cuctemol [7-9]. Ilpu dbunpTpamum ocoOblii MHTEpEC MPEACTABISIIOT JTUHEHHBIC
LIENH, a IPU YUCIIEHHOM UHTEIPUPOBAHUN — HEJIMHEIHBIC SIBJICHMUSL.

B nensx Kupxroda BbIBOJBI 3JIEMEHTOB COSITUHSIOTCS B Y37bl. CBSI3M ONUCHIBAIOTCS 3aKOHAMU
Kupxroda m1st TokoB 1 HanpspkeHni. OTCro/1a BRITEKAeT BaKHOE CIIC/ICTBUE, COCTOSINEE B TOM,
YTO 3aKOHBI COXPAHEHUS MOIIHOCTH M 3HEPrUM CTPOr0 TapaHTHPYIOTCS IMPU COOIIOACHUH
3akoHOB Kupxroga. 3HauuT, Takie CBOMCTBa KaK MacCUBHOCTH (Passivity) u oTcyTcTBUe moTephb
(yacTHBI cioy4yall MAacCHMBHOCTH), B CBOIO OYepellb, CTPOrO0 TapaHTUPYIOTCS, €CIU
COOTBETCTBYIOIIIIE ~ CBOMCTBA BBINOJHAIOTCA Ui BceX dneMeHToB. OJHako  YTOOBI
rapaHTUPOBATh, YTO BJIEMEHT, TAKOM KaK HEJMHENHAas MHIYKTUBHOCTb, HE MMEET MOTEpPh, €ro
HEOOXOMMO TIPEJICTABUTH B BUE, KOTOPBI HEMHOTO OTJIMYACTCS OT OOBIYHOTO [7 - 9], 1 Takoi
AJIbTEPHATUBHBIN BUJI DJIEMEHTA, OKa3bIBaeTCs, UMeeT (yHIaMeHTaIbHOE (PU3NUECKOE 3HAUCHHE.
Macca sdBisercs B HEKOTOPOW CTENEHM JJIEMEHTOM 0e3 mnoTepb (KOHCEpBATHBHBIM
aneMeHToM). B Mmexanuke Hbl0TOHA ATOT AJIeMEHT JIMHEWHBIH, a B PESITUBUCTCKON MEXaHHUKE
— HenuHeHbIM. OJHAKO YIUBUTEIBHO TO, YTO B3aMMOCBSI3b MEXKIY CHUJIOM U CKOPOCTHIO B
KJIACCUYECKOW Teopuu OTHocHuTeldbHOCTH [10 - 19] He mMeer Toi oOIIeH ¢GoOpMbI 3amucH,
KOTOPYIO MOXKHO ObLIO OBl OXHAATh, WUCXOJs M3 CKA3aHHOI'O BBIIE O HEIMHEWHON
WHIYKTUBHOCTH.

B mpenpinymux paborax [20, 21] ObuI0 MOKa3aHO, YTO MPH OMPEACIICHHBIX JOMYIIECHHIX
(KOTOpBIE HE SIBISIFOTCS allPHOPH HEOOOCHOBAHHBIMH) Mbl €CTECTBEHHBIM 00pa3oM MoIydaem
PENSITUBUCTCKOE BBIPAXKEHUE, CBA3BIBAIOILEE CUITY, MAcCy U CKOPOCTh, KOTOPOE OTIMYAETCS
OT KJIACCUYECKOTO, HO HMMEET BHUJl, KOTOPbIA IOJHOCTBIO COIJACyeTcsl C TOJBKO YTO
YIIOMSHYTOH 0011el popmoii 3anucu. ITo HECOOTBETCTBUE B OCHOBHOM CBSI3aHO C TEM, UTO B
KJIACCHYECKON TEOPUU OTHOCUTEIHFHOCTU UMITYJbC (KOJIMYECTBO ABMXKEHUS) — 3TO BEITUYMHA,
KOTOpasi NIPUHHUMAETCS B Hayajleé PACCYKJIEHUM IJi IOJIyY€HUs 3aKOHOB JTUHAMHKH, a B
QIbTEPHATUBHOM I10/IX0JIE OCHOBHOE BHMMaHHUE yJEJISETCsl SHEPIHM U MpojeIaHHoi pabore.
W3meHeHunii B oTHoLEHUH npeoOpa3oBanus JIopeHia, a cieqoBaTeNbHO, U CIIPaBEAJIMBOCTH
PENATUBUCTCKONM KUHEMATHKHU, KOTOPasl, KAK M3BECTHO, SIBJSIETCS PE3YJIBTATOM CIOXKHBIX U
CTPOTHX JIOTMUYECKUX BBIBOJOB, HET. Takum o00pa3oMm, COONIOJaeTCss BTOPOM TOCTYJaT
OlHIITeHa (Kacaroluiicsl MOCTOSHCTBA CKOPOCTH cBeTa). Takke coOiojaercs M MepBbId
MOCTYJIaT, KacarolMiicsl YHUBEPCANbHOCTH (PU3NYECKUX 3aKOHOB. OJTHAKO B OMPEEIIEHHOMN
CTETIEHHU MBI JIOTIOJIHSEM JIBA MOCTYNaTa DUHIITEHHA npunyunom nHblomoHo08CKO20 npeoeid.
Monaudukarust BToporo 3akoHa Herotona (pasnen 4) TpedyeT COOTBETCTBYIOIIETO U3MEHEHUS
TpeTbero 3akoHa HprloToHa (paszzmen 5), XOTS B KIAaCCHYECKOM TEOPUHM OTHOCHTEIBHOCTH
NocNeAHU ocTaeTcss Hem3MeHHbIM. CodeTaHue 3TUX JIBYyX MOAU(HUKALMI yKa3blBaeT Ha TO,
YTO COXpaHEHHE UMITyJbca COOMI0IAaeTCs, KaK U B KIACCHYECKOH TEOpUH OTHOCUTEIbHOCTU
(pazzen 5), 1 4TO AMHAMMKA YaCTUIl B MOJSIX (HapUMEp, B YCKOPUTENSIX YACTHI) TOKE HE
MmeHsiercst (paszen 6). BelpaxeHue (KOTOpoe MOKHO IMOJYYUTh CTAHAAPTHBIMM METOJaMM)
JUIsL DHEPTMHM B DJEKTPOCTATUYECKOM IIoJie, HAOMI0JaeMOM B JBIDKYILEHCS CUCTEME
KoopauHaT (pazzmen 7), coriacyercs ¢ aJbTepHATUBHOM Teopueill. PacmpocTpaHeHHe 3TOro
BBIPQXXEHHSI HA AJIEKTPOMAarHUTHBIE NOJIs (MPU MPaBUIBLHOW €ro MHTEpHpeTanuu) B oOuem
cllyyae TaKXe corjacyercs ¢ aJbTepHaTUBHOM Teopueil. DkcnepuMeHT beprounu (paznen ),
XOTd B HEM M TMPHUCYTCTBYET KHUHETUYECKas SHEprus, TakxkKe, MO MEHbIIeH Mepe, He
ONpPOBEPraeT ero. BrelpaxkeHne U1l 3TOM BEIMUYUHBI, HA CAMOM JIEJIE, PA3JIMUHO IS ATUX ABYX
CIIy4aeB, MO3TOMY JOJIKHBI OBITH CIIOCOOBI pa3InyaTh HX.

JlanHast cTaThsl IpecieAyeT HECKOIbKO ILened. Bo-nepBbIX, BBIBOA aJIbTEpHATHUBHOU
B3aMMOCBS3M MEXIYy CUJIOW, CKOPOCTBIO M MAacCOW BBIMOJHSAETCS HECKOJIbKO HHaye, 4eM
paHee, IO3TOMY NpejaaraeTcs 0ojee HaexKHOe 000CHOBAHUE 3TOTO BhIpakeHUs. Bo-BTOpHIX,
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A. ®eTTBeElIC

SKCIEpUMEHT beprouuu aHanu3upyercs TouHee, yeM B [21]; moka3zaHo, YTO 3KCIEPUMEHT,
CKOpee, TOJATBEP)KIAET aJbTEPHATUBHBIM IMOJXOJ, XOTSd TOYHOCTb OSKCIIEpUMEHTA
HEJOCTAaTOYHO BBICOKA, YTOOBI IOJYYUTh TOYHBIE BBIBOJBL. B-TpeTbHUX, HCIPaBICHO
HECKOJIbKO HeTouHocTed B [21]. B-uerBepThiX, JaHHas paboTa HE MPOCTO yaydileHa, HO U
CYILIECTBEHHO paclIUpeHa IO CpaBHEHHUIO ¢ [22], mOSTOMY OHa JOJKHAa OBITH TOpPa3io
yno0Hee /st BOCIPUATHS yuTaTessiMu. be3ycnoBHo, kak B [21], HO B oTiinuue oT [20], MbI HE
HAKJIa/IbIBa€M KaKHX-THO00 OrpaHWYEHHM HAa KOHCTAaHTY WMHTETPUPOBAHUS, BO3HUKAIOIIUX B
CBS3M C BBIp@KEHUEM JUId SHepruu. Bcee BaxkHbIe UIsl NOHMMaHUS CTaTbU MPEIbIIYLINE
pe3yNbTaThl, OMYOJIMKOBAaHHBIE paHee, BKIIIOUEHBI B TEKCT IS 00JIerYeHus! BOCIIPUSTHUSL.

SIcHO, YTO BOMPOC B LIEJIOM OCTAE€TCSI OTKPBHITHIM. ABTOp HaAEETCs, YTO IPEACTaBICHHbBIE
HUKE PpEe3yNbTaThl IOCITYXAT CTUMYJIOM K JAJIbHEWIIUM JKCHEPUMEHTAIbHBIM U
TEOPETUYECKUM HCCIICOBAHUAM, KOTOPBIE CMOTYT IIPOJIUThH CBET Ha JAaHHYIO IPOOIeMy.

2. [TaccUBHOCTB M OTCYTCTBHE NOTEPH B HeJIMHeHbIX nensix Kupxroga

HenuHeliHyr0o HHAYKTHBHOCTB, KOTOpPasi 3aBHCUT TOJBKO OT CBOETO TOKa |, MOXKHO OIUCATh
OJIHMM M3 CIIEAYIOIUX YPAaBHEHU

u=D(Lyi) wru u=LDi (2.1)

rae U — HampspKeHHE Ha MHIYKTHBHOCTH H
D=d/dt, (2.2)
Ly=L4(i)=¢/i— rnoGanenas wmmayktusuocts, L, =L,(i))=d¢/di — noxanbnas

WHJIYKTUBHOCTb, ¢ — MArHHTHBIH NOTOK. MOXHO TOKa3ath, uto ycnosue L (i)>0 Vi
HEOOXOMMO HO HEAOCTATOYHO, YTOOBI OOECIEYHTh MACCUBHOCTH ((DAKTHUYECKH, OTCYTCTBHUE
norepp), a L,(i)>0 Vi mocrarouyno, HO He HeoOXxomumo. YUTOOBI MONYYHTH

yIOBJIETBOPUTEIbHYIO Xapakrtepuctuky, Meerkotter [23, 24] npemtoxuin MpeacTaBUThH
HEJIMHEHHYI0 HMHJIYKTMBHOCTh C IIOMOIIbIO HEJIMHEHMHOro WAealbHOrO TpaHchopMaropa,
NPUCOETUHEHHOTO0 K JIMHEWHOM WHIYKTHBHOCTH; OJHAKO Oojee MpOCTOM M paBHOLIEHHBIN
crioco6 3amucu (2.1) B popme [7 - 9]

u:\/fD(\/fi):%(D(Li)JrL Di). (2.3)

JBa BeIpaxkeHus B (2.3) B OMpeNEICHHON CTENEHW COOTBETCTBYIOT T€OMETPHYECKOMY H
apupmMeTrueckoMy cpenHemy onpeneneHui (2.1). Jns  MOIJOUIEHHOM MOIIHOCTH U
3anaceHHoll sHeprun W, u3 (2.3) Haiinew,
. 1, .5

ui=DW,_, W, :ELl , (2.4)
a g wuHAyKTHBHOCTH L HepaBeHctBo L(i)>0 Temeps sBuseTcs HEOOXOOUMBIM U
JOCTaTOYHBIM Il HACCUBHOCTH ((paKTUUYECKH, — JUIsl OTCYTCTBHSI IOTEPD).
3anuceiBas (2.3) B Buge X =Dy, x =u/<L , y=i\/f , anmpokcumupys D mo ¢opmyne
Tpanenuil ¢ maroMm T u 0003Ha4asi AUCKPETU3UPOBAHHYIO IIEPEMEHHYIO0 BpeMeHH depes t,,
3aMyIIeM pe3ysbTaT B BUJE

b(tn) = _a(tn _T) (25)
€ TaK HAa3bIBAEMbBIC BOJIHEI (BOHHOBBIC BCJ'II/I‘-H/IHBI) au b HUMCHOT BU
qoUtiR - u-iR o 2L (2.6)

2JR "’ 2JR T
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O4eBHIHO, YTO MBI UIMEEM TaKKe

ui =a® -k (2.7)
Bcé€ npuBeneHHoe BhIe BMeeT Ooliee 00muil XxapakTep, eciii L — 310 QyHKIHS HE TOIBKO |
(Toxa), HO JMH000H W3 3aBUCHMBIX NEPEMEHHBIX CXEMbl W/WIM HE3aBUCHUMOHN IEpPEeMEHHOH,
0003HauMM ee t. DTo BepHO Aake I MHOTOMEpHBIX neneit Kupxroda [7-9], korma D —
OTepaTop B YACTHBIX IMPOU3BOJHBIX, a I HEOOXOMUMO 3aMEHUTH BEKTOPOM HE3aBUCHUMBIX
MEPEMEHHBIX.
[TpocTora Takmx BbIpakeHU, Kak (2.5) m (2.7) U UX KOMOMHAIIMM C TACCHUBHOCTBIO H
OTCYTCTBHEM TMOTE€Ph — BAKHEWIINME MPUYMHBI, MO KOTOPHIM MPUMEHEHHE BOJHOBBIX
U(POBBIX MOAXOM0B K (DUIBTpAlUU [5] ¥ YUCIEHHOMY WHTETPUPOBAHUIO OOBIKHOBEHHBIX
nuddepeHIMAIBHBIX ~ ypaBHEHHH ©  IU(QQPEepeHIIMaIbHBIX  yPaBHEHHMH B YaCTHBIX
MIPOU3BOJIHBIX JACT CYIIECTBEHHbIE MTpeumyIecTna [6 - 9]. IIpencraBienue UHIYKTUBHOCTH B
BuJe (2.3) MOXKHO paclpOCTPaHUTh Ha CBSI3aHHBbICE MHIYKTUBHOCTH, a CJIEOBATEIbHO, Ha
WHJIYKTUBHOCTH B MaTpuyHOM Buje L., mpuuem sTa marpuina SBISIETCS CUMMETPUYHOM H
HEOTPHIIATEIILHO onpeseneHHoi. Ecnmu U W | — BekTopHas 3amich U H |, TO MOXXHO
3anucarhb

u=%(LDi+D(Li)) utu u=L"?D(L%) (2.8)

rae Marpuia L2 Takas, 4TO L2V =L , BEpXHMHl uWHIAEKC |  o0o3Ha4yaeT
Tpancronnpoanue, 1 L2 = (LY?)" . lpa Beipaxenns B (2.8) S5KBHBAICHTHBI TOT/IA M TONBKO
torma, korma LT2D(LY?)=(DL"?)LY?. O6mme ycinoBus, NpH KOTOPHIX MOCTEIHEE

PABEHCTBO BBINOIHSETCS, HEM3BECTHBI [25], HO K0cTaTouHO Toro, uro L¥? — nuaromansHas
MaTpHIla, yMHOXKEHHAsI Ha MOCTOSHHYIO MaTpuIly (cm. (3.13)).

3HAYUMOCTh TOHSTUI 3HEPTHU, BOJHBI M paccesHus B (U3UKE MPEANOaract, 4To TaKue
BeIpakeHUs Kak (2.3) u (2.4) umerot ¢pyHIaMeHTanbHoe (pu3zndeckoe 3HauyeHue. OIHaKo 3TO
HaOJIOZIeHWe HE TPHU3HAETCS KIIACCMYECKOW TEOpHed OTHOCHUTEIBHOCTH B paMKax
CTIeUaIbHOM TEOpHH.

3. PesqisiTHBHCTCKAast Macca
ITycThb 114 YacTHIIBI C MACCOM MOKOSA M,

f=(fofyla)s P=(Pepep)’s V=(vovav) (3.)

MPEACTABISIIOT CcOOOM JCHCTBYIONIYI0O Ha Hee CHIy, €€ HMIOYJIbC H €€ CKOpPOCTh,
COOTBETCTBEHHO. byem onpenensars V, [ U « Tak:

viv=Vv? B=v/c, a=41-3? (3.2)
rime C — CKOPOCTh CBeTa. B COOTBETCTBMU ¢ 0a30BBIMH TPUHIIUIIAMH, TPUHATHIMH B
KIJIACCHYECKON TEOPHH OTHOCUTEIHHOCTH, BBITIONHSCTCS cleayromee (cMm. (2.2)),

f=Dp, p=myv, my=my/a (3.3)

rje Mg 3anMcaHo BMECTO M Juis COOTBETCTBHA obosHaueHusM B (2.1). Uz (3.3) mns

SHEPTUH, COOOIIAEMOI YaCTUIIe, MOKHO HAUTH U3BECTHOE COOTHOIIICHUE
T 2
v = D[mgc j (3.4)

a C y4€TOM paBCHCTBA —
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1 1
¢’ D==v'D|=v|. (3.5)
« e
Bemuuny mg(:2 TOI'JIa MOKHO Ha3BaTh OOIICH SHEPrueH, a (mg -m, ) ¢? — KMHETHYeCKO# SHEprueii.

SlcHo, uto My u3 (3.3) Ha camoM xerne coorBercTBYeT Ly u3 (2.1), a He L u3 (2.3). D10

HECKOJIbKO YAMBHUTEIBHO M, Kak oObsicHsAeTcs B [20 - 22], UMEHHO IMOATOMY HHTEPECHO
MIPOBEPUTH, MOXKET JIM MPEACTABIISATH HUHTEPEC BhIPAXKEHUE IJIS CUIbl BUIA

fzx/ED(\/av):%(D(mvaDv) (3.6)

rjae mMacca M — Hekas GyHKIHS oT V, ckakemM, M =m(3). B noarsepxknenue, (3.4) Oynmer
3aMEHEHO Ha

v'f =DE, =DE (3.7)

rae
E=E +E, E,=mv%2 E, =const. (3.8)
Tk E, =0 npu v=0, moE, Oyner xunemuueckou sHepeuei, a E, — snepeueii noxos

(BHyTpeHHel sHeprueii), E — obweii snepeueri. Toraa MOXKHO MPEAIONIOXKHUTb, YTO TJIABHBII
MHTEpEC TPEICTaBIseT BeIMYMHA M, a He M. B uacTHOCTH, Ompenenss Maccy IOKOS

My =m(0), >enaTeJbHO COXPAaHUTH BAXHBIE XaPAKTEPUCTUKHM KIACCHYECKOW TEOpHU

OTHOCHTEJIBHOCTH, XOTA M HE i Mg, a s M, u TpeboBarh, 4T0OBI M —M,

YBEJINYUBAJIOCH C pocToM E, , ’KenaTenbHO JIMHEHHO, T.€. B COOTBETCTBHU C COOTHOIICHUEM
E,=K(m-m,), K =const.,

u 4ro0bl M=oc0 npu V=C. W3 npuseneHHoro Bbime BelpaxkeHus anst E, (cm. (3.8))

crenyer, uro K =C?/2 ¥ YTO M JOJKHA UMETh BHI
m m
m = —02 = —g, (3.9
1-03 Q@
1 2 2
u nosromy E, =5(mc -myC )
C yuerom E, =E —E, B pabore [20] mpeanaranock ompenensts E depes mc?/2, wu,

CJICAOBATCIIbHO, E. — uepes m Cz/ 2. OI[HaKO 9TO CBs3aHO C HCKOTOPBIMU TPYAHOCTSIMH,
i 0

XOTSl HUYETO HE MPOTHBOPEUYHUT TPUBEACHHBIM BHIIIE YPAaBHEHHSM, €CJIM HE HAKJIAJbIBaTh
Kakux-1ubo TpeboBanuil Ha E;, T.e. Ha koHCcTaHTy UHTerpuposanus u3 (3.7). Eu E, torma
omnpezenstores o (3.8), cnegosarensHo, no E, , npu nomomu
2 2
1 1
2 1-3 Q@ 2

rae m ompeaensercs no (3.9). Paccmorpennsii B [20] cimydwaii coorBerctByer E;=E,.

(3.10)

[TpuHsTas TOYKA 3peHUS PAaBHOCWIIbHA TOMY, YTOOBI CYMTATh, YTO YACTHIIA, B OOIIEM ciydae,
XapakTepHusyercs qByms KoHcTaHTamu: E; u E,. Ilpu E; = 2E, sneprus nokos E; = mOCZ,

KaK B KJaccuuyeckoM ciydae. OjHako B 00LIEM cilydae IPOCTOrO COOTHOILIEHHUS,
cesasbiBatomiero E; u  Eg, Her.
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HemnocpenctBerno wu3 (3.10) cmenyer wuHTepecHoe HaOmoaeHue. C  UCMOIB30BaHUEM
2 2 12 2
VS =V, +Vy +V; BbpaxeHne i E, MOXHO, Ha caMOM [eie, PaslioKHTb Ha CyMMY

KOMNOHEHM KUHemu4ecKkou OHepeuu u3 HBIOTOHOBCKOI JUHAMUKU:

1 o\ 1 2 1 o\2
E, :Emvx, EkyZEmVyo Ekz=§sz-

~ T
B crporo ¢usuueckom cmbicne Tpoiinoe E, =(E,.E,,,E,,)’ He oOpasyer Bekrop

(mpeobpasoBanue 31ech O0Jce CIIOKHOE, UM B CIIydae KOOPAUHAT, B OTIIMYHE OT UMITYIIbCA),
HO 3TO HE JIOJDKHO BOJIHOBaTh. TeM He MeHee, 3TO HaOJI0IeHHe MOKET YaCTHYHO OOBSICHSATS,
0YEMY B KJIACCHUYECKON TECOPHUH BEPOSITHOCTH IPH (POPMYIHPOBKE OCHOB TEOPHH JTUHAMHUKH
OT/IaeTCS MPEANOYTCHHE MUMITYJIbCY. DaKTHUECKH, yIOp Ha KOMIIOHEHTaX 3HEPTuM (T.e. HE
TOJIBKO Ha YIIOMSIHYTBIX BBIIIE TPEX KMHETHYECKUX KOMITOHEHTAX) TAK)Ke MMEET BaKHEUIIIee
byHIaMeHTaIbHOE 3HaYeHHUE I BOJIHOBOTO Iudposoro (wave-digital) meroma yrcieHHOro
UHTErprpoBanus (D (epeHInaTbHBIX YPAaBHEHHI B YaCTHBIX TPOM3BOAHBIX [7 - 9].

I[Tpu oMoty f MOXHO ompeneuTh KBaAPyIob

f f

1 =|1 ,
~v'f| |=DE,
Cc C

U1t KoToporo B (3.11) mpuBoAMTCS BTOPOE, SKBUBAJICHTHOE, BBIPAXKEHHUE, 3alIMCAHHOE Yepe3

E, (cm. (3.10)), m KOTOpO€ MOKHO HENOCPEICTBEHHO CpPaBHUBaTb C W3BECTHBIMU

(3.11)

pe3yapTaTaMu U3 Teopuu otHocuTenbHoCcTH [10, 13 - 16, 19]. MoXHO JIerko MpoBEepUTh, YTO
3TOT KBaJPYIOJb aHAJOTHYEH 4-BEKTOPY, KOTOPBIM ObLI BIEpBBIC MpeaokeH MUHKOBCKUM
[27], a 3HAUMT, OH WHBAPHAHTECH OTHOCHUTEIBHO mpeobOpasoBanuii Jlopenma. Orcrona
HEMOCPEACTBEHHO CIeNyeT, uTo mpeodpazoBanue Jlopenna (cm. Paznen 4) MeHsieT TOJIBKO Ty
KoMmroHeHTy f, KoTopas OpreHTHpOBaHAa B HAMPABICHWH OTHOCHTEIBHOTO JBHIKCHHS JBYX
CHUCTEM KOOpJMHAT JIPYr OTHOCHUTEIBHO Jpyra, T.e. KOMIOHeHTH T, KoTopbIe
MEePIEHANKYJISIPHBI ’TOMY HalpaBJIEHUIO, OCTAHYTCS HEM3MEHHBIMU. B Kilaccuueckoit Teopun
OTHOCHUTENILHOCTH CUTYalus oopaTHasl.

Kak u B ciiydae ¢ WHIYKTUBHOCTSMH, MOXKHO TONTH €II€ JAJbIIE U PACCMOTPETh OOBEKT,
NOA0OHBIN YacTULe, KOTOPBIHA XapakTepusyercs, HoMUMo E;, HOCTOsSHHON HeoTpuUIaTeIbHON

ONpEEIEHHON CHUMMETPUYHOM MaTpuled M, BMECTO CKaJsapHOM Maccel M,. Torma
CKaJISIPHYIO Maccy M HEOOXOAMMO 3aMEHUTh Ha MampuuHylo maccy M, KOTopas UMeeT BUJ

(cm. (3.9))
m = 1 m,. (3.12)
Beipaxenue (3.6) s f cranoButcs
Q@ Q@

f :moiD[leziD(molvj :1(D(mv)+mDv):lmg/zD(imgzvj, (3.13)
Q@ o 2 e «

MPUHSTAS 3allMCh COOTBETCTBYET 0003HAYEHUSIM, IPUHSITHIM B OTHOILIEHUH (2.8).
B marpuunom ciyuae (3.7) ocraercs HeusMeHHbIM, HO B (3.8) u (3.10) Beipaxenue s E,

HCO6XOI[I/IMO 3aMCHHUTDH Ha

1 + 1 +
E.=—=vmv=——v'm,v. 3.14
) 202 0 ( )
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Cayuail ¢ MaTpuLell CBOOUTCS K CKaJLIPHOMY, €clii My =1m,, rae 1 — eauHuyYHas MaTpula.
[Tpumep ¢ matpurieii, rae NpuBeACHUE K TAKOMY BHIy HEBO3MOXHO, yrioMuHaeTcs B Pazaene 7.

4. HpﬂMOﬁ BbIBOA AJILTCPHATUBHOI'O C1moco0a u3MeHeHus BTOPOI'o 3aKOHaA HrroTona

4.1. O01mmMe COOTHOLICHUSA

C yderoMm HEOXHJAHHBIX pe3ynbTaToB Pazgena 3, mpencraBisieTcs YMECTHBIM HCCIEAOBATS,
CYIIECTBYET ]I CIMOCO0 MOJMYYHTHh ITH (M, BO3MOXKHO, CBSI3aHHBIC C HHMH) PE3YJIBTATHI
Hanpsmyro. SICHO, 4TO T.K. SHEPTUS UTPAET BAXKHYIO poJib B Pazaene 3, Takol npamoit moaxoz
JOJKEH KOHIICHTPHPOBATHCS HA JHEPTHMH U COBEPIICHHOW paboTe, a HE Ha HMITYJbCE
(xonmM4ecTBe JBUKEHHUSI ), KaK B KJIIACCHYECKOW TEOPUU OTHOCUTEIHLHOCTH.

Paccmotpum nBe cucreMbl KoopauHat: Su S', mpuuem S’ aBuraercs ¢ MOCTOSHHON
CKOPOCTBIO V,, JOINYCTHM, B HampaBleHMH X cucreMbl S. Jlas S Mbl HCIOIBb3yeM
o0o3HayeHust 0e3 «mTpuxa», Kak B Pasmene 3 (KoopauHAThl, CKOPOCTH, CHIIBI,
miuddepenianbHbie OMEpaTopbl ¥ T.1.), @ I S’ — COOTBETCTBYIOIIME 00O3HAYCHUS CO
«urrpuxom». Torna S u S’ cBs3ansl npeodpazoanuem Jlopena [10 -19]

x’=i(x—v0t), y'=y, z'=z t’=i(t—ﬁ05j (4.1)
Qy (a7 C
rac

By=volc, =413 (4.2)

Paccmotpum wactuny P, aBuratoinyrocs, kak onucado B Paznene 3. J{ns wactunsr P MoxxHO
BBECTH BEKTOPHI KOOPJAMHAT €€ MOJIOKEHHUS

r=r(t)=(x,y.2)",
rr — r!(t!) — (X’, y,,Z’)T,

npu 3ToM t' MOXXKHO OJHO3HAYHO BbIpa3uTh uepe3 t, mycts t'=t'(t), u HAaoGopor. B TO

(4.3)

Bpems Kak (3.1) u (3.2) oTHOCATCSA K S, UMeeM B OTHOIIIEHUH S':

’ ’ ! ! T ! ! ! ! T
() V() (4
vIV=y2 B'=V/c, o =\1-87 (4.5)
rae (eMm. (2.2))
v=Dr, v'=D'r (4.6)
D=d/dt, D’'=d/dt" 4.7)
Kak M0oxHO nipoBepHTh ¢ moMotipio (4.1), umeem, kak uzsectro [10 - 19]:
d—t, =~ % WD=aD' (4.8)
dt" o oy
TJIe B JIOTIOJTHEHHUE K paHee ONpeIeIeHHBIM BEINIHHAM:
: , v Vs
1_ﬁ)§> a, = 1_5x27 ﬁx :_Xa ﬁx :_Xa (49)
C Cc
U J1anee:
vV, —V, o o
vVi=—_0 Vv =—v, V.=—UV,. 4.10
X 1_ﬁxﬂo y o y z o z ( )
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N3 sTux Bblpa}KeHI/Iﬁ MOXHO IOJYYHUTH CICAYIOINEC paBCHCTBA:

2 2
1 ., 1 v vV, +V v
_ — X y z X

_'3DVX__a3 Dv,=D—2%+ >- DV, ——; 2(vyDvijvZDvZ),

« « a3C o C
/2

vy 1
D'v;, =“~D-Y+v,=Da,

« o «
12
V. 1
D'v. =% D-2+v,=-Dd/,
v (0% (0%

X

D(v,/ay ) =D (/e ).

4.2. Bropoii 3akon HeoTona

(4.11)

(4.12)

(4.13)

(4.14)

[TepBblit 3ak0H HpIOTOHA YMCTO KaueCTBEHHBIH M BCErja CIpPaBeIUIMB, TO3TOMY IS HAILETO
ciaydass OH He akTyaieH. Bropoil 3akoH HprOTOHa Kacaercsi BBIPAKEHUS U CHUJIbL.
Paccmorpum nBe cucrembl koopauHat S u S, kak B Pazgene 4.1, u Ty xe dactuny P .
Ilycts t, m t, — 1Ba MOMEHTAa BPEMEHHM, KOTOPBIC NPOU3BOJIBHO OJNM3KH, HO Pa3InuUMBI,

nycts t, >t,. Benmuunsl, oTHOCAmMecs K t;, u t,, Oynyr obo3HavyaThCca MHACKCaMH 1 U 2,

COOTBCTCTBCHHO, T.C.

u 1.1. Takxke onpeaenum
At=t,—t, Ar=(Ax,Ay,Az) =r,-r,
AU =t)—t], Ar'=(AX,AYy,AZ') =1, -1
¥ T.JI. ¥ UCTIOJIb3YEeM YIPOIICHHYIO 3aIHCh
o" = O((At)n) =nops0oK 8eUYUHbI (At)n npu n>0.
Tk t'=t'(t) u adt =a/dt’ (cm. (4.8)), umeem

At =t'(t, + At)—t] = (dt/dt) At + 0% = LAt +O?
ol

U TI0O3TOMY
oAt = oAt + 02, ozl'z(At')Z = ozlz(At)2 +0°,
U U3 pasiiokeHus B psaj Tennopa
’ ' 1 2 ! 3
Ar'=v,At +§(At )(D'V'),+0O°.
[TonoxxeHne S’ OTHOCHTENBEHO S MOXKHO ONpPEACNUTH Kak Iy =Vt , rae

Vy = (VO,O,O)T.

(4.15)
(4.16)

(4.17)

(4.18)

(4.19)

CreoBatenbpHO, TONIOXKeHHE I, dacTuipl P orHocuTensHO S', HO HaOmoIaeMoe B S, U

COOTBETCTBYIOMIAA CKOPOCTh V. 3alIUCBIBAIOTCS TAK:
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r=r-ry, V,=Dr,=v-v,. (4.20)

CooTBeTCTBEHHO, cMelleHne Ar' orHocurenbHo S’ Habmomaercs B S kak ocmamounoe
cmeujenue

AT, =(AX,,Ay,, Az, ) = Ar—Ar,, (4.21)
rue
ATy = VoAt (4.22)
B kunematuke HpioToHa mmeeM AF, =Ar’', HO B PEe/SITUBUCTCKOH kuHemartuke u3 (4.1),
(4.21), u (4.22) noxydaem
AX, = AX =V At = a,AX/,
Ay, =Ay =AY, (4.23)
Az, =Az=A7"
JUnst cuin, AeficTBYIOINX Ha IPOMEXYyTKe BpeMenH [t,t,], MoxkHO 3anmcars
f=f,+0O, f'=f+0,

TOT'JIa IS COOTBETCTBYIOMICH paboThl, CoBepiéHHON B S’ (cM. (4.16)),

th ry
AW' = [£T vt = [Tdr'= (" +O'|Ar (4.24)
ti n
JUTst paboThI, COBEPIIEHHON B S,
t
AW = [ fTvdt = AW, + AW, (4.25)
i1
rae (cMm. (4.20))
t
AW, = [ fTv,dt, (4.26)
i1
t
AW, = [fTv dt=(f +O"Ar,. (4.27)

ik
ScHo, uto AW, MOXHO cuMTaTh pabOTOH, COBEpIIEHHON Ha mepemenieHun Ar,, a AW, —
COBEpIIEHHOU ocmamounou pabomoii. B HBIOTOHOBCKOI MexaHuke umeem V, =V', f=f",
t =t" u mostomy Bcerna AW, = AW', HO TO ke caMoe HEBEPHO B PEISTHBUCTCKOM MEXaHHKe.
MOoHO A0TyCTUTh (Kak OyJeT cAeaaHo Mo3ke), 94to P menosenno nenodsusicna 8 S' nipu
t'=t, r.e.

V=0, mozda V,=V,=(v,0,0) (4.28)

(cm. (4.10)). DToro Becerga MoXKHO TOOMTHCS NMPAaBUIBHBIM BbIOOpOM S u V,. Torma umeem
(em. (3.2)),

g =qp =L Vy=V,, V=V, =0, (4.29)
u ¢ yuetoM (4.18), (4.23), (4.24) u (4.27)
Ar'=0?% Ar. =0 (4.30)
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-
AW =f/'Ar'+0O°, AW, =fAr, +O°. (4.31)

PesynbTar, KoTOpHIN onuckiBaeTcs BhipaxeHusmu (4.30) u (4.31), cormacyercs ¢ paboToi,

COBEpILEHHOM CUJION, B BUJIE IPOU3BEICHHSI CUIIbI HA CMELIECHHUE.

Ecnu (4.28) Bbimonnsiercs, To npu t' =t/ cucrema S’ cTaHOBUTCS HBIOTOHOBCKOM, OTKYyna

MOKHO IPCAIIOJIOXKUTH (‘ITO TAKXXEC BCPHO B KJIAaCCUUECKOM TCOpHUHn OTHOCI/ITGHBHOCTI/I):
! Iy ! H ! !
/=my(D'V'), =m, AItI’TO(AV /At'), (4.32)

M, — HeKasl OJI0KUTENNbHAs KOHCTaHTa (MJIEHTUYHAs MAcCce OKOs).

B Gonee obmem cmbicie pomymieHue (4.32) MOXKHO CUMTATh CIEACTBHEM Oojiee OOIIero
TpeOOBaHUs, KOTOPOE Mbl HA3BIBAEM MPUHYUNOM HbIOMOHOBCKO20 npedend. DTOT MPUHLUI
MOXHO C(OPMYJIHPOBAaTh OYEHb NPOCTO: TMPH MPAaBUIBHO ONpPEICICHHBIX Mpezenax
pEeNATUBUCTCKAs AMHAMHUKa (T.e. JUHAMUKA, COBMECTHMas C IpeoOpazoBaHueM JlopeHua)
JOJDKHA JIaBaTh Te JK€ PE3y/lbTaThl, YTO M HBIOTOHOBCKAs MUHAMHUKA. TodHee, JpyruMu
CJIOBaMM, B MOMEHTHl BpPEMEHH, Korja P MIHOBEHHO HEINOJBHUXHA B COOTBETCTBYIOLIECH
CHCTeME KOOPJHMHAT, PEJIATHBUCTCKAsl TUHAMUKA B mpezene aast At'=0 nomkHa naBath Te
e pe3yJIbTaThl, YTO U HbIOTOHOBCKAs TUHAMUKA.

[IpumenuM 3ToT mpuHuUn K otHomeHuro AW7AW.. CornacHo TOMY, 4TO MbI BHICTH

panblie (ypaBHeHue (4.27)), B HblOTOHOBCKOM AMHAMUKE HMEEM:
lim (AW7AW,) =1, (4.33)

At'—0
naxe i aoboro Vy. CremoBaTenbHO, B PEIATHBUCTCKOW [IMHAMHKE 3TO JOJKHO
BBIMIOJHSATHCSA, 110 Kpaiineii Mepe, ecmu V, =0. T.x. AW’ u AW, seusiorcs O? (cm. (4.30) u
(4.31)), npu v; =0 aHaMOrMYHBIM 0OPA30OM UMEEM:
W’ AW,
. . r
lim| —=|=lim| —5| (4.34)
At'—0 (At’) At'—0 (At’)
T.k. mocnegHuil pe3yibTaT MJOJDKEH BBIMOJHATHCS 0€3 OrpaHWYeHUi, OH JIOJKEH
BBIIONTHATECS uist moboro f/. C yuerom (4.18), (4.23), (4.31) u (4.32) anbTepHaTHBHBIN
Croco0 3amnucarhb €ro — 3To NoTpedoBaTh, YTOOBI

£ = (oo, fyufa)fl VE (4.35)
1
(e =) Fia+(f o —Fy ) +(Fa—f)f 4 =0 V1. (4.36)
Jlnst 3TOro He0OXOAMMO M JOCTATOUHO, YTOOBI
ofyy =F1s fyl :fy’l’ =1 (4.37)

C yuerom (4.28) umeem V,; =V,; =0, otkyna ¢ yuerom (4.11) — (4.13) u (4.29):

(o), -(0% ).

«

(D'v;)lzi(DV—le, (D'v, )1=i(DV—Zl.

oy « oy «

CrnenoBaTenbHO, yUUTBIBas oy =y (cM. (4.29)), (4.32) u (4.37), nonyuaem
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f,= ﬁ(DXJ . (4.38)

Ofl «
SlcHo, uto u3 (4.38) ciiemyeT TOT e TUI B3aHMOCBSI3M MEXKy BCEMH TPeMsi KOMIIOHEHTaMU
s fy u f,, necmorps ma pasnuuus B (4.37). Takum 00paszoM, W3HAYANBHO NPUHATAS

OopucHTaUuA VO COBCPUHICHHO HEYMECTHA. Tonpko tl SABJIACTCA HpOPISBOJ'IBHOfI BCJIMYHHOM.

X z1»

CremoBaTenbHO, MOXKHO 3aMEHUTH (4.38) Ha

f= %D(l vj, (4.39)
« (0%
H IIO3TOMY
f=ﬁD(Jﬁv)=%(mDv+D(mv)), m:m—g, (4.40)
«

noarsepxkaas (3.6) u (3.9).
C yyerom BToporo mocryiara DunirediHa it f', VvV u o' MOXHO BBIBECTH BBIPAKCHHE

TOYHO TaKOTO JKe THIIA:

m 1

r_ 0 i i

(0% (0%
B wactHocTH, ecu V, =V, =0, T.e. eciu BCe COOBITUS TTPOUCXOAT TONBKO BIOJL OCEH X H
X', uMeeM o, =, «, =, a3arem ¢ ucnonb3oBanueM (4.14) nomydaem

of =a'f'. (4.41)
B 6Gosee o0mmiem cMbIciie IMeEM

f:i[&v”f’ﬂx’j, f,=f,, f,=f;

X z°
o\ C

(4.42)

T 1 1Tgr ’
VT == (VT +chif) (4.43)
X
IJie BCe BEJIHYMHBI YK€ OBLIM OMHCAHBI BBINIE. DTOT PE3yJabTaT MOKHO MPOBEPUTH JHOO
HETOCPEACTBEHHO mnpH momouu (4.1) u T.4., 1100 C Y4eTOM TOro, YTO COOCTBEHHBIN
4-BekTOp, Takoi kak cwia MunukoBckoro (cMm. (3.11)), mpeobpasyercs u3 S’ B S
YMHOXEHHEM 3TOTO BeKTOpa B S’ B 00paTHOM MOPSIIKE Ha MATPHUILY

& i 0 0
Qy Oy
0 0 1 0
M = , (4.44)
0 0 1
i & 0 0
&y Oy

(o6parnast Matpra M ™' momydaercs mpocThIM H3MEHEHHEM 3HAKA By)- MoxHO moKa3aTh,
4T0 (4.41) — 3T0 YaCTHBIN CiTydail JaHHOTO OOIIEro Ciyyasl.

OtmeTnM, 9TO MONHBIHA BbIBOA (0T (4.32) mo (4.38)) BrimouaeT B cebst V' Tonbko B (D'V');.
OTO HWHTEPECHO, TOCKOJBbKY TaK TIOAYEPKUBAETCS 3HAUYMMOCTh JTOM BEIUYMHBI Kak
acuMmrnrorudecko wmepsl. C  npyroil CTOpOHBI, 4YTOOBI MOJNYYUTh  KIACCHYECKOE
PENATUBUCTCKOE BBIpAXKEHHE JUIS CUJIbI, OTpeOyeTcs 3aMEeHHUTh MpaBylo yacTh (4.33), 4ro
BUHO U3 (4.34), Ha /vy, @ 9TO 10CTATOUHO HEOKUIAHHOE TPEeOOBAHUE.

32



OTCYTCTBI/IC noTephL B HEJIMHEHHBIX IETISX Knpxroq)a 1 B TCOPUU OTHOCUTCIIbBHOCTHU

I[O CUux I10p mO CUMTAaJIaCh ITOCTOSIHHOM. Tem He MCHEC, YUE€T MacCC IIOKOs mo MOXET

IPEACTAaBIATh UHTEpeC (MyHE 3aBUCAT OT V, HO 3aBHCAT OT t). JlomycTum, 4To B 3TOM

'1=4Mm (D’ m v’) .
f'1=Mg V'),
Jlerko mpoBEpHTh, YTO MPH ITOM JOMYIICHUH Iporiece noiaydeHus (4.40) Oyaer BepHBIM, HO
(4.39) B 00111€M CITyuae BBITIOJHATHCS HE OYJIET.

ciydae (4.32) umeer BUJ

5. Moauduxamnus Tperbero 3akona HoloToHa 1 coOXpaHeHHe HMITYJIbCA

B xmaccuueckoil TeoprM OTHOCUTENBHOCTH TpeTuil 3akoH HbIOTOHa ocTaeTcss HEM3MEHHBIM.
OOBIYHO J@Ke HE YMOMUHAETCS, YTO 3TO IPEAIONaracT COOTBETCTBYIOIIEE JOMOJHUTEIBHOE
nomyuieHre. Ecim npuaepKuBarhest Ipyroi TOYKH 3peHHs, TO TaKOE IOMYIIEHHEe HEOOOCHOBAHHO,
T.€. HE0OX0IMMO MOJIM(UIMPOBAT HE TOJIBKO BTOPOM, HO M TpeTHH 3akoH HbtoToHa.

PaccmotpuM geiicTBue U peakuuio (IpOTUBOAEHCTBHE) MEXIY AByMs dactuuamu P, u P,,

UHJEKCH | ¥ 2 B JgaHHOM pasjene 00O3HA4aloT BEIWYMHBI, XapakTepusytomue P, uP,,
coorBeTcTBeHHO. Cunraem, uto P, m P, npurarorcs co ckopoctamu V, u V,. Ilycts P, u P,
B3aumonelcTBytoT, a f, u f, — pesynprupyromue cunbl, neifictBytomme Ha P, u P,,
cooTBeTcTBeHHO. CHawana pomycrum, uro f,, f,, v, mV, pacnonoxeHsl Ha oIHOW M TOI ke

NpAMOH JIMHHUH, KOTOPYIO OylIeM CUHTaTh OCbIO X CHUCTEMbl S, (aHAIOTMYHO — OCBIO X'
cucremsl S'); B OTHOIICHHN S', COOTBETCTBEHHO, paccmarpuBaeM f), T7, vy, V), . 3anumem

B =V/C, B =Vy/C, B, =V,,/C, By =Vy,/C, oy :\ll_ﬁi{ i = Vl_ﬁirz’ 1=12(51)
MO>KHO 3anucaTh (cm.(4.10)),

g =t 3, S Sl DR (5.2)

1- ﬁlﬁo 1- ﬁzﬁo
IIycte P, u P, kacatorcs npyr apyra npu t =t,, otkyzna X, (t,) =X,(t,) u Torma (cm. (4.1))
X (tg) =x5(t5), ty=t/(ty) =t;(t;). Hdns ynpomeHus 3ammucu HCIONb3yeM HHAEKC «0» s
BenmuuH npu t=t,, Torga t'=t) (Ho mpu 3TOM V, u (3, UMEIOT TO € 3Ha4EHUE, 4TO U

Bbite). Ecmu 3, =—03,,, npumem S'=S. Ecu 3, # — 3, , T, BbIOUpas (3, Takue, 4T0

B5 =208y +1=0,  b=(1+ BBy )(Bio + Bao)»

KOTOPBIC C YUCTOM

B2 =1 4| —f10%20
Bro + Bao

BCEr/Ia JAI0T JeHCTBUTEIbHBIC 3HAUeHUS (3, MOTy4aeM, KaKk MOXKHO MoKa3aTh (cM. (5.2)),

3

’ — ’ p—
B10=—0 20 mo20a «'10=a/20- (5.3)
OTMeTHM, YTO MPOM3BEJCHHE JBYX BAPUAHTOB 3HAYCHHH (3, paBHsETCs 1, T.e. HEOOXOIUMO
BBIOPATh TOT BAPUAHT, TP KOTOPOM ‘ ﬁo‘ <1.

bnaronaps npeamnonoxeHn0 00 OpUEHTAMM CKOPOCTEH M CHUJI B CUCTEMaxX KOOPJMHAT, MbI
MOKeM IpUMEHUTH (4.41) u 3anucarp, B 4aCTHOCTU

ayofio = agofin,  agofag = agfse. (5.4)
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Ho BcnencrBue cummerpun ckopocteil B S’ Heooxoaumo umets )y =—f,,. Orciona (5.3) u
(5.4) naror

ofrg = —gofa0- (5.5)
Jlanee, eciu IpH COXpaHEHWH IPEANONIOKEHUA 00 opueHTanmu V,, V,, f, f,, orBeprayTs

JIOMYIIICHHE O COBMAJCHUU C HANpPaBICHUEM OCH X, JIMOO ocu X', TO YTBEpXkJIeHUE 00
OpHUEHTAINH, 3alIMCAaHHOE aHAJIOIM4YHO 3anucu B Pa3nene 4.2 (mocine (4.38)) noka3bpIBaeT, 4To
(5.5) ocraeTcst BepHBIM.

Tenepp paccMOTpuUM OOIIMK CiIydail COOTHOIIEHHUS MEXAY JACUCTBHEM M peakiuen
(nmportuBozeiictBueM). C yderoMm (5.5) sicHO, 4TO paBEeHCTBO U3 Kiaccuueckoid reopun f; = —f,

3[1ECh BBITIOJIHATHCS HE MOXxeT. OHAKO 11l MOTU(HUKAIIMK TPEThero 3akoHa HprotoHa camon
MIPOCTOM 3aMMHChI0, KOTOpasi He mpoTuBopednT (5.5), Oyaer

oy = —asf, (5.6)
rJie MHAEKChl BEIMYUH y U v, 0003HAYAIOT, KaK ObLIO YIOMSHYTO BBIILIE, IPUHAIEKHOCTh

COOTBETCTBYIOIIUM YacTtunam (cm. (5.1)).
Hanee, mycte M;; 1 M, - Maccel nokosd yactu, P, u P,. 13 (4.39) u (5.6) cnenyer, 4ro

D(pl + pz) =0
rie
PL=MpVi /oy u Py=myV,/
— WMITYJIbCHI, KaK YIIOMMHAeTca B paszene 3. B Gomee oOlieM cMbICie, €Cid UMeeTcs N

gactun or P, no P, u ecim cust ot f; mo f, nelictBytor Ha P,, koTopas nBmxercst co

CKOpOCTBIO V,, , UMEEM
Dpr/ :av (fl/l +.”+f7/k) (57)
raec

2 2 T
p)/ = m]/OVI/ /a1/9 Oé], = 1_61/ > ﬁy :VV /C, vV, =V,V

v v v

Cymmupys (5.7) mo BceM yacThllaM, C y4eTOM IONApHOTO COKpAIIEHUS B MpaBOW yacTu
Onarogapst COOTHOILIEHUM Buja (5.6), moinydum

D(p, +---+p,) =0. (5.8)

CrnenoBarenbHO, COXPAaHEHUE MMITYJIbCA BBINOJHAETCS TOYHO TaK XK€, KaK B KIACCHYECKOU
TEOpUn OTHOCUTENbHOCTH. Hao0opoT, ecnu B anbTepHATUBHOW TEOPUH MBI TpeOyeM, 4TOObI
(5.8) BBIMONHANOCH BO BCEX Cly4asX, HEOOXOAMMO M3MEHHUTh TpeTHi 3akoH HbloTOHa, Kak
nmokasaHo B (5.6).

6. YacTuIbl, ABUKYLIHECS B MOJAX, — CHJIbI M JHEPTUs
JlomycTum, 9To 1oJje (3JIeKTPOMAarHUTHOE, TPAaBUTAIIMOHHOE U T JI.) JACUCTBYeT ¢ cuioil T Ha
gactuiy P, koTopasi IBHTaeTcs co CKOPOCTBIO V, YTO YCTPOHCTBO (MCTOYHMK mois) E(
(manee 0003Ha4MM ero uHAEKCoM 1), reHepupyolee noiue, nokources (V, =0) u 4o peakuus
TOJIs, CO37aBaeMoro 3TuM ycrpoiictBom EQ — ato f;. Kpome Toro, momyctum, 4to Bce

pacCTOSHUS JOCTATOYHO MaJIbl, OTKY/1a MOKHO yTBepKaaTh (cM. (5.6)),
of =—aof, =, (6.1)
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I «v ¥ «; aHaJoruuHbI (3.2) U COOTBETCTBYIOUIUM JaHHBIM U3 Pa3zena 5 (3a uckiIoueHHEM
Toro, uro EQ Bemonuser poas P, otkyna oy =1). Eciu f; He 3aBucur ot ckopoctu P, TO
OHa JOJDKHA paBHATbCA cuie, cymectByromed npu V=0. 3xauut, u3z (6.1) MOXKHO
3aKIIIOYHTh, YTO

f=f)/a (6.2)
rae f, — cuna, xoropas neiictByer Ha P, eciim vV =0, u Takum oOpazom oHa paBHa —f, T.e.
f,— cuna B TOM MOHMMaHMY, KaK €€ UCIONB3YIOT B KIACCHUECKUX BbIpakeHUsX. Hampumep,
f,=qE, ecim q — 3apsan, a E — HanpspKeHHOCTH 3JIEKTPUYECKOrO OIS (aHAJIOTMYHO U B

cilydae rpaBUTAI[HOHHOTO TIOJIS).

B ciydae 3neKTpOMarHUTHOTO IOJIs 3TO HMOATBEpXkKIAeTcs M, (PAKTUYECKH, paCHpPOCTPAHSACTCS Ha
cwiy JlopeHna, eciu AeficTBOBaTh Kak B KilacCU4eckoil Teopuu (cM. Harpumep Paznen 7.7 pabotsl
[19]), T.e. ecrit B paccMaTprBaeMblii MOMEHT BpeMEHH NOMy4duTh T mocpencTBoM mpeodpa3oBaHust
Jlopenua cuibl E', HaOmogaeMoii B Apyroii cOOTBETCTBYIOMIECH crcTeMe KoopauHaT S'. YToObl
NOKa3aTh 9TO, CHayaja BCIIOMHUM, YTO paccMaTpuBaemas 31ech cwia f  ToknecTBeHHa
COOTBETCTBYIOLIEH yacTu 4-MepHOro Bektopa MuHkoBckoro (cM. Paznien 3) u uto snekrpuyeckoe
Y MarHUTHOE TI0JISI MOYKHO MIPE0OPa30BbIBATH YISl CUCTEM S’ M S COMIACHO COOTHOLICHHUSIM

E)'(:Exﬂ E;/:ai(Ey_VOIUHz)a Ez,:ai(Ez-’_VO:tu)a (63)
0 0

H!=H,, H;:ai(HywogEz), H;:ai(Hz—vogEy), (6.4)
0 0

311eCh BEMYUHBI C IITPUXOM, OIIATH K€, OTHOCATCS K S, 6e3 mrpuxa —K S,
3aTeM paccMOTpUM 3apsii (], KOTOPbIi MTHOBCHHO HEMOJBHXKEH B cuctemMe S', T.e.

JomycTuM, 4Yro opueHtamms S, S’ u BbIOOp V, (cM. (4.19)) TakoBE, 4YTO B
paccmarpuBaeMblii MOMEHT BpemeHnn V' =0, torma V=V, (cM. (4.10)) u nostomy oy =cv.
Cuna f', meiictByromias Ha (|, TOT/a 3aIMIIETCS TaK:
f'=qE, E=(ELE}E,).

U3 (4.42) u (6.3), TakuM 0Opa3oM, MOJYYUM C HCIOJH30BAHHMEM MAarHUTHOW WHIYKIIUU
B=(B,.B,.B,) =uH:

1
E,—VeB,). f,=a=(E,-v,B,).

z
(8%

1 1
f,=0=E,. f,=q—|

« «
DTOT pe3ysbTaT MOXKHO mepenucarh B Buje (6.2) ¢

fo=a(E+vxB). (6.5)

B ToMm Buje, B KakoM pe3ynbTaT mpeactaBieH B (6.2) u (6.5), OH BbIpakaeTcsl TOJIBKO dYepes
BEJIMYMHBI, ONIPE/IETICHHbIE B S, U B 0011ei BeKTOpHOU 3amucu. [IoaToMy OH cripaBeinB 6e3
OTpAaHUYECHUH.
C npyroii croponsl, cuiaa f, nelicTByrommas Ha 4YacTHIy C Maccod IMOKOS M,, TaKxe

ynosietrBopseT (4.39). [Toaromy momyuaem u3 (6.2):
mOD(EVJ:fO. (6.6)
«

3 (66) ACJIacM BBIBOA, YTO aJIbTCPHATHUBHAA TCOPUSA HACT TOYHO TAKOC K€ JUHAMUYCCKOC
MOBEACHUEC YaCTULEI B ITIOJIC, KaK M KJIaCCHUYECKasd TCOPUA OTHOCUTCIBHOCTH.
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Opnako crojJa He BXOAUT OHHeprus. PaccMoTpuM OTHOIIEHHE U3  KIACCHYECKOM
AJEKTPOIMHAMUKHU:

~oV'E :%D(gETE+uHTH)+diV(Ex H)

(3ammcaHHOE B CTaHAAPTHOM BHIE), e p =cdiVE — mmoTHOCTh 3apana, € U i CUHTAIOTCS
IOCTOSIHHBIMU (HAIIpUMeEp, € =&y, [ = [ly). UTOOBI MOXYyYUTH NMPABHIBHOE BBIPAXKEHUE UL
NOJBOJIMMON HSHEPruH, AlbTEpPHATHUBHAs Teopusi TpeOyeT (Kak OBUIO MOKa3aHO B 3TOM
pasziene) YMHOXKHUTh KJIACCUYECKYI IUIOTHOCTh cuibl pE B neBodt uwactu Ha Ucv.

CrnenoBarenbHO, MPABYI YacTh HEOOXOIUMO YMHOXXUTH TaKUM ke oOpa3zom. Paccmorpum
3leCh TOJIBKO CIydaid ¢ TOCTOSHHOW « (cM. Takxke Pasmen 7). fcHo, uto Torma Juist
MJIOTHOCTU SHEPTUHU TOJISI UMEEM

w:i(gETEwHTH) , (6.7)

u Bekrtop llodiHTHHra aHamoruuHbiM oOpazom craHoButcs (ExH)/« . Kiaccuueckoe

Beipaskenne (cE'E+pHTH)/2 torma mpeacraBmser coGoif HEYTO BPOAE ILIOTHOCTH

KQKYIIEUCS SDHEPTUU.

OtmeTuM, 4TO B 3TOM M MOCIENYIOIIUX paszaenax ¢ nomoupo W u W Mbl 0003Hayaem
SHEPIui0 M IUIOTHOCTh SHEPIUH, YTOOBI pa3avyaTh HEPTUU U dJeKTpudeckue nois. Taxoke
OTMETHM, 4TO €CJIM BMECTO 3apsiia ( paccMaTpuBaTh IJIOTHOCTh 3apsla p, JBUTAIOLIETOCs

CO CKOPOCTBIO V, TO MO>KHO 3aMeHUTH (6.5) Ha
f :]eo/a, ]EO :p(E+V>< B)

A A

rae f u f; — mmoTHOCT CHIBL, T.€. cHla Ha eaMHUITY 00BEMa.

7. DAeKTPOMArHUTHOE 10J1e, IBUTaIolIeecs ¢ MOCTOSIHHONH CKOPOCThIO

O06o3nauennss S u S’ — Te xe cambie. CHavana paccMoTpum mojie E', koTopoe B cucteme
S’ sBisercs 3ACKTPOCTATHUECKUM, T.e. MOKosmmMmcsa. SIcio, uto E' He 3aBucur ot t'.
HecmoTpst Ha TO, 4TO Uil COOTBETCTBYOLIEro MarHUTHOro mojis mmeemM H'=0, mome B
cucreMe S coxepxxuT U1 E, u H. T.x. MBI cuntaeM € M j4 MOCTOSIHHBIMH, HAaM HE HYKHO
yautbiBaTh D u B. B cucteme S moine nBuraercs ¢ MOCTOSHHOW CKOpocThio V. Mmeem
V=V, (cM. (4.10)) u moaTomy,

V:VO> Oé:O[O, ﬂz/BOa (71)
311ech Mbl UCTIONB3YEM Te k€ 0003HAYSHHsI, KaKie ObLIM BBEJIEHBI (32 UCKIIIOUEHHEM TOTO, YTO
CUMTaeM, 4TO V MPHHHUMACT 3HaK V). U3 (6.3), (6.4) u (7.1) momyvaem ms moboro E' u H’

£, =El E,=—(E)+viHy). E,==(Ei-vi;)
o a (7.2)
H, =Hy, Hy:l(H)’,—ng;), H -

z =
@] «

(HZ’ +V€E§,).

Toraa [uist IIOTHOCTH YHEPTUU OIS, OTPeessieMoi BeipaxeHueM (6.7), Haitaem npu H =0,

/82
W=EW'+§W6, (7.3)

e
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W’:%s(E)’(Z+E;2+E;2), wy =¢(E;2+E}), (7.4)

W — IUIOTHOCTH 3Hepruu mojsi B cucremMe S'. C yueToM 3JIeKTPOCTATHUYCCKOM THITOTE3bI
npaBas 4acth (7.3) He 3aBUCHT OT t'.
Torma mycthb

dV =dx-dy-dz, dV'=dx’-dy’-dz’
— 3JIeMEHTapHbIe 00beMbl B cucTemMax S u S’, coorBercTBeHHO. Kak m3BectHO, u3 (4.1)
CJIeIyeT, 4TO MpH J1I0O00M GUKCUPOBAHHOM t

dx =adx’, dy=dy’, dz=dz,

tak uro dV =adV'. Toraa u3s (7.3) nonydaem

ﬁz
O[Z

wdV =w'dV'+—wydV'. (7.5)

OTO0 BBIpa)KEeHHME 3amucaHo B Qopme, ompenensemoi (3.8) m (3.10), rne E,E, u E,
samenensl Ha WAV, wdV' u wydV', coOTBEeTCTBEHHO, TaK, 4TOOBI HE CYIIECTBOBAJIO
CTPOTOH CBA3M MeXHTy W U W;. MOXHO Takxke IIPOUHTETPHPOBaTh (7.5) MO BceMy 00BeMy,

uro npuBoaut kK W =W'+W, rze
_ r_ ! ' _ﬁz ’ r
W=[ wdv, W'=[ wdV/, Wk_?jvrwodv

Tx. W u W, He 3aBucar or t', To MoxHo cumtath, uro W' u W, omnpenensiuce npu

noctosiraoM t' . Kpome toro, V u V' Moryt 0bITh mpocTparcTBOM (eNtire space).

Torma BO BCcex cilydasx, OYCBHIHO, IOJIy9aeM IIOJHOE COOTBETCTBHE pPE3yJIbTaTaM U3
OpeabIIyInuX paszeaoB. Pasnoxkenue (decomposition) Ha SHEPrHO MOKOS U KUHETHUECKYIO
SHEPTHUI0, KOTOPOE BCTPEUYAETCS B KIIACCHUYECKOW TCOPHUH BEPOSITHOCTH, 371€Ch HE JaeT TAKOTO
e M3SMHOTO OOBACHEHUs. OTO HMHTEPECHO, TIOCKOIbKY W3BECTHO, YTO YpPaBHEHUS
MakcBesuia 3aBeIoOMO COBMECTHMBI ¢ TipeobpazoBanueM JIopeHiia.

Bropoe Beipaskerue (7.4) MOXKHO Tak)Ke 3aucaTh B BUJIE!

' T 12
w, =cE"E'-<cE;".

HoBcBmsuc V=V, u V=V, umeeM (cm. (7.1)) VE, =V'E’. Orciona (7.5) MOXKHO BEIPa3uTh
B Oosiee o01IEM BHIE

wdV :(W'+%vagvjdV’, (7.6)
rac
' 26 1T =T
m,=—|((E"'E')J1-E'E"" |, 7.7

1— enuHUYHAs MaTpuLa Mopsaaka 3. OTH 00BSICHEHHUS BBITOJIHAIOTCS IS JIF00OH OpUEHTALUH
V ¥ UMEIOT BUJ KaK B CIIydae C MaTpulieil, KOTOpBIH o0cyxaaics B cBsi3u ¢ (3.14).

Tenepb paccMOTpuM B 001eM ciyyae 3jekTpomarHuTHoe nose. Iloacranoska (7.2) B (6.7)
JIaeT, OCIIe HEKOTOPBIX BRIYUCICHUH, Oostee obmiee BhIpaKeHHe

! 1 ! ! !
wdV :(w +EVTm°V+ 2 V'S jdv (7.8)
rac
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W,:%((‘:E’TE"FILH'TH’), S!:E’XH,, (79)

m;, :0—22((5E’TE’+MH’TH’)1—<6E’ ET +uH’H’T)). (7.10)

Cpasnusas ¢ (7.6), (7.7) u nepBeiM ypaBHeHHeM (7.4), omydaem, 4To U3MEHEHH B W' 1 My
Takue, Kak oXuianoch. OIHAKO eCTh JONOJHHUTENBHBIH WICH, KOTOPBI MpPOIOPIHUOHATICH
KoMIloHeHTe Bektopa [loiiHTMHra B S’ B HampaBieHMH V, a 3HAYUT, KOMIIOHEHTE
COOTBETCTBYIOIICH IUIOTHOCTH MMIyJdbca B S’  93JEKTPOMAarHUTHOrO MOJS. ITOT
JIONIOJTHUTEIbHBIA YICH MCYE3aeT, B YaCTHOCTH, €CJIM B paccMaTpuBaeMoii Touke P’ (T.e. B
TOYKE TPOCTPAHCTBA/BPEMECHH) B cucTeMe S' moJie 00JamaeT HyJeBBIM UMIYJIbCOM, T.€. B
OTIPEICTICHHOM CMBICIIE MTHOBEHHO HEemoIBMKHO. Eciu 3aTeM mpumeHuTs (6.7) HE K S, a k S/,
To (6.7) cBemercs Kk mepBoMy ypaBHeHHIO (7.4). OTcioga OmnsTh BO3HUKAET MPHUHIIHIIL,
AQHAJIOTUYHBIA HHPEOTOHOBCKOMY TIpeieiy (HO Teeph B AJIEKTPOMArHUTHOM CMbICie). MOXKHO
YTBEpXkAaTh, 4YTO0 W' TpU TPHHATHIX JOMYIICHUSX HA CaMOM JieJie PaBHSCTCS TUIOTHOCTH
sHepruu nojsi B P’

8. OkcnepumenTt Beprouuu

B 1964 beprouuu [26] ony0aukoBan psii SKCIEPUMEHTAIbHBIX PE3YJIbTaTOB, KACAIOIIUXCS
OIpe/ieIeHUs] KMHETUYECKOM sHeprum OBICTPhIX 3JeKTpoHOB. Eciu wucnonb3oBaTh Oosee

o 2 2
HOI{XOZ[SIHIYIO JJIA HallluX LCJICHU 3aIliucCh, TO OH OHpeIIGJII/IJI BCIINYHNHBI ﬁb =1—Q{b , 4 3HA4YUuT,
Vtz)/C2 , C TOYKHU 3pCHUA TOT'O, YTO MbI 0603HaqaeM 3AECh YCPE3
2
¥ =(Quy/M,C*,
q — 3apsgaa 3JICKTpOHA, UO — HAIIpsKCHUEC, IIPECOJ0JICBACMOC JJICKTPOHAMHU B yCKOpI/ITeHe,

mO — MaccCa TIIOKOsA 3BJICKTPOHA, Vb — CKOpPOCTb DJICKTpOHAa HCEIIOCPCACTBCHHO IICPEA

CTOJIKHOBCHHEM C ICIbIKO, C — CKOPOCTH CBETA. B cootBeTcTBHHM € KIIacCHYECKOMH Teopl/leﬁ
OTHOCHUTCIIBHOCTH CBA3b (v, C APYT'UMHU BCIIMIMHAMHU IIPOCTA:

2
M€ myc? =qu,, (8.1)
Qp
OTKyza
2 2 _ 2 _
op =1-05 =1/ (1+~)", npu  By=v,/c (8.2)

T.K. B COOTBETCTBUU C AIbTEPHATHUBHON TEOPHEH AMHAMUYECKOE MOBEJACHUE YaCTHUI[ B MOJIAX
TOYHO TaKO€ €, KaK OMHCHIBACT KJACCHYECKas TEopHus, TO pe3ynbTaT (8.2) 0IMHAKOBO
CIpaBeJINB B 00ENX TEOpHUsX (B OTIMYHE OT TOTO, UTO CKa3aHo B [21]).

ITycte E, — xuHeTHuecKas >HEprusi 2J1€KTpoHa, 00JIafaroIero ckopocteio V. CormacHo
KJIaCCHMYECKOI TEOPHH OTHOCHTENBHOCTH nMeeM E, =qu,, oTkyzna B [26] ObII0 IPHHATO, YTO
v pasna E,/myC?. CornacHo aibTepHATHBHOIN TeopH, omHako, E, =myvZ/2aZ, uto ¢
yuetom (8.2) naet

E, =qu,d+~/2) = m,c*y(1++/2), (8.3)
¥ UIMEHHO 3TO PacXOXKIEHHE MPUBEIIO K MyTaHuIe B [21].
YTtoObI MPOBEPUTH, CHPABEUINBO JIU NpUpaBHUBaTh E, u qu,, beprouuu taxxe omnpenenun

TCIIJIOBYKO 3HCPTHUIO (,Z[J'I}I ABYX cnyqaeB) Eh’ CTCHCPUPOBAHHYIO TIpH CTOJIKHOBCHUH

38



OTCYTCTBI/IC noTephL B HEJIMHEHHBIX IETISX Knpxroq)a 1 B TCOPUU OTHOCUTCIIbBHOCTHU

a5IeKTpoHa ¢ nenbto. Ilycte 6 = E;/qu,. T.x. cymecTByloT Hen30ekKHbIe IOTEPH (HAIpUMeED,
Ha PEHTIeHOBCKOE M3lydeHue), To umeeM E, <E,, otkyma 6 <E,/qu,. CrnenoBatensHo,
60 <1 ecmu Ha camoMm zene E, =qu,. B oboux ciyyaax (1.5 MasB u 4.5 MaB) pesynbrar

u3mepenus Obur 6 =1.067, uto cormacyercs ¢ d <1 TOIBKO B TOM ciydyae, €CIIH CHACNaTh
MOMPaBKy Ha HU3KYIO TOYHOCTH dKcniepuMenTa (10 %, kak ykazaHo B [26]).
YroObl MCCIEIOBATh CUTYAIIMIO C TOYKU 3PEHUS allbTEpHATHBHON Teopuw, mycth f — cuia

TOPMOXCHUA, HeﬁCTBYIOHIaH Ha 3JICKTPOH CO CTOPOHBI LICIIH, ff — COOTBCTCTBYIOLIAA CHJIa

TpEHMsI, JEHCTByIOIas Ha Lelb, KOTOPYH Mbl cuuTaeM mnokodmeiics. C  ydyerom
aJbTEPHATUBHOTI'O BHUJIAa TPeThero 3akoHa HproToHa nMeem

of =f,, a=\1-52, B=vic,

T.¢. ¢ yueToM (4.39) f, = mOD(V/ a) , V. — CKOPOCTb 3JIEKTPOHA B pacCMAaTPUBAEMbIii MOMEHT
BpeMeHH. 3HauuT (cM. (3.5)), TemnoBas SHEprus, CrEHEPUPOBAHHAS TPEHHEM, HUMEET BUJ

fo :D<m0C2/a), a TCIUIoTa, CICHCpUPOBAHHAdA B IIPOLHECCEC TOPMOXKCHHUA, TOI'dad

3alMuChIBACTCs TaK:

V=Vp
mec® |~ myc?

. " —m,c? =qu,,

v=0 b
BTOPOC PABEHCTBO, Ha caMoOM jeiie, siBisgercs cienctBueM (8.1). M30bITouHas sHEprus
E,—qu, (cm. (8.3)) 4acTMYHO NPEBPATUTCS B DHEPrUIO H3IY4CHHUsS, 4 YAaCTHYHO — B
KHHETUYICCKYIO SHEPTHIO LN M €€ Omophl (MPaKTUYECKH HE TMOJIAeTCs U3MEPEHHIO), HO,
BCJICJICTBHE BTOPHYHBIX IIPOIIECCOB, €€ Majas 4YacTh OISTh MPEBPATUTCS B TEIUIOTY,

BcaeacTBue wero E, >qu,, T.e. 6 >1. Orto cormacyercs ¢ pe3yabTaTaMy SKCIEPHMEHTA, T.€.
A0IMYCKAaTh HEAOCTATOYHYIO TOYHOCTD OKCIICPUMCEHTA YK€ HC HYKHO.

9. MaTpuna

B paznenax 3 u 7 kpaTKoO yIIOMHHAJIOCh, YTO MacCy HEKOTOPHIX OOBEKTOB CIIEYET ONMHUCHIBATh
HE CKaJlsipoM, Kak OOBIYHO 3TO Jenaercs, a MaTpuueil. PaccMoTpuM HekoTopele CBOWCTBa
Takoro ooOnekta P (momoO6Horo wacrtuiie). bynem cuuTtaTh, UTO MpHU HCYE3AOIIE Majo
CKOPOCTH 3TOT OOBEKT XapaKTepu3yeTcs IOCTOSHHOW (T.e. HE 3aBHUCSALICH OT BpEeMEHM)
CMMMETPHUYHOM IMOJIOKUTEIBHOMN ONPEIEIEHHON MaTPUIIEH M, KOTOpas Ha3bIBAETCS MACCOU
NOKOS1 8 MAMPUYHOM 8UOe.

Brauane BepHemcs k BeiBoay u3 Pasnena 4.2, 1.e. 3aMeHe M, Ha M, , T.e. 3ameHe (4.32) Ha

! Iy,
fl =my(D'V').. 9.1)
OnHako ecom M, — «HOJNHOCTBIO 3aHsATas» (Occupied) martpuia, TO Henb3s Ooiblre

npuHuUMarh 0e3 JokaszarenbcTBa, 4ro BenuunHa AW, , ompenensemas no (4.25) u (4.26),

ABIIACTCA HpaBHHBHOﬁ OLICHKOM AW'. B camom ACIIC, €CIIN mo Ha CaMOM JCJIC ABJIACTCS

TaKOH MaTpuileld, TO HEBO3MOXHO YAOBJICTBOPUTEILHO pa3TPaHUYUTh COOBITHUS B
HampaBleHUsIX X, Y, U Z, B TO *e Bpems B cBsi3u ¢ (4.19) mompaBounsiii uneH (4.26)

BBIJICTISICT HampasiieHue X . [loaToMy BHa4aje Mbl OMycKaeM, 4yTo Hampasienus X, Yy u 7'
COBIIAJIAIOT C TJIABHBIMH OCAMH M, T.€. YTO M, SBIACTCS ANArOHAIBHOM, TAaKMUM 00pa3oM,

m, = diag(ml, m,, ms), U OIATh MOYKHO YTBEPXKIaTh, YTO (4.34) BBITOTHSICTCS.
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Opnaxo ¢ yuerom (9.1) (D'V’)l, KoTopoe nosiBisiercs B (4.18), Oosiee He paBHSETCS CKaJAPY
(panee: 1/m,, cM. (4.32)), ymHO)KeHHOMY Ha f;, HO9TOMY 1Ba BEeKTOpPHBIX MHOXkuTeNst f; B
npaBoii yactu (4.35) He00X0MMO 3aMEHUTH HAa UCXOHBIH MHOXKHUTEIh (D'V')l. Heo6xoaumo
HOBTOPUTH 3TU JIEUCTBUS B OTHOLIEHUH TPEX CKAISIPHBIX MHOKUTENEH B ITpaBoi yactu (4.36),
rae, B coorBerctBuu ¢ (9.1), w3 VI cuenyer V( D'V’)l, nostomy (4.37) Bce eme

cripaBeUIMBO. B COOTBETCTBUM € ATUM pPe3yJabTaTOM, MOXKHO OIATH BBIIOJIHUTH T€ XK€ IlIary,
yro B Paznene 4.2, ucnons3ys CBOWCTBO JUArOHANBHOCTH M. Tak MOXHO yCTaHOBUTB, 4TO

f, :imo(DXj
1 ay

A 3Hauut, (4.39) u (4.40) veoOxomumo 3amenuth Ha (3.13), rne m wumeer Bupg (3.12).
OTMeTHM, YTO IPHU MCYE3aIOIIE MAJIOH CKOPOCTU P OIATH MOJHOCTBIO XapaKTepu3yeTcss My ;

(4.38) cnenyeT 3aMEHHUTH HA

3TO COIJIacyeTcs C TEPBBIM TOCTYJAaTOM OWHINTEWHA, HO BBIMOJHIETCS B TOJBKO YTO
YIIOMSIHYTOM CTPOTOM BHJE TOJBKO Oyarogapsi ocobomy BbiOOpy X', Y', Z' OTHOCHTENBHO

X, Y, Z (B OTIMYHE OT CIIydasi C paHEee PACCMOTPEHHBIM CKAILIPOM My ).

Teneps orOpocum pomymieHue o auaroHaabHoctd My. Ilycte P gBuraercs B S co
CKOpPOCTBIO V M UCIIBITHIBAET TaM BozzeiicTBue cuibl f; M, — Macca B MAaTpHIHOM BUJIE IIPU
ycYe3arolle Majoil CKOpOCTH, T.€. Macca MOKOs B MarpuyHoM Bupie. Ilycts S; — npyras

CUCTEMa KOOPJMHAT, KOTOpas HaXOAWTCS B 3a()MKCHPOBAHHOM, HO TIOBEPHYTOM TIOJIOKEHUE
oTHOcUTeNbHO S. TakuM 00pa3oMm, CyIIEeCTBYET MOCTOsSIHHAs OpTOoroHajipHas marpuua U,
takasg yro Uf u Uv — cuia u ckopocts B S, . T.K. pu ucyesarome Majoi CKOpOCTH NMeeM

f =m,Dv, Macca mokost B MatpudHOM Buze B S, coctasnser Um U’ .

C mpyroii cTOpoHBl, T.K. M, MOCTOSHHA, TO MOKHO, HA CaMOM JI€JI€, BEIOPaTh NMOCTOSHHYIO

Matpuily U, Takyroo 4To UmOUT JMaroHajibHasl. 3HAYUT, UCIOJIb3Yys TOJYUYCHHBIA BBIIIE

pe3yibTaT, MOKHO 3alliCaTh JIA SO )

uf :E(UmOUTjDKEUvj. (9.2)
(0% (6%

Ortcrona onsaTh cienyer, uto (3.13) BemmonHseTcs; mpu 3ToM M umeet Buf (3.12).

OTOT pe3yabTaT MOJATBEPXKIAET MPaBUWJIBHOCTh PAcIpOCTPAHEHHS ciaydas CO CKalsipoM Ha
ciyyail ¢ MaTpuleil B TOM IpPOCTOM BuJe, KOTOphld Obl1 BbiOpaH B Pasznene 3. Omnako
CYILIECTBYIOT U HEKOTOPBIE PACXOKICHMSI, KOTOPbIE KacalTCs, B YACTHOCTH, KJIACCUYECKOTO
HOHATHS TPe00pa3oBaHus 4-MEPHBIX BEKTOPOB MEXIY CHCTEMaMU S U S’ yMHOXXCHHEM MX
ciea Ha Marpunty M (cm. (4.44)) wnm oOpatHyro et marpuily. Kiaccudeckoe
JI0Ka3aTeabCTBO OTOTO METOAA B CIIydae ¢ CUJI0i MUHKOBCKOrO HE MPUMEHUMO, T.K. M 1 m,

HC KOMMYTHUPYIOIIHC B O6H.ICM cJIy4dac. TeMm He MCHCC, 1OCTATOYHO IMPOCTHIC JOKA3aTCIILCTBA
MOHO IIPUBECTU C UCITIOJIB30BAHUEM TaKUX HU3AIIHBIX BI)Ipa)KeHI/II\/’I, KakK

’ ’ ’ ’ ! ’ !
1-58,8, =g/, 1+ 5,8, =qpd/a 1-8 05, = /oy, &'/la=og/c,  (9.3)
KOTOpBIE, KaK MOXHO M0Ka3aTh, cienytoT u3 (4.10) (cM. Takxe (4.8)), pu 3TOM COXpaHSIOTCS
BCE [IPUBE/ICHHBIE BhIIIIE 0003HAYEHUSL.

BriBennem Bwipaxkenue, skBuBajieHTHOe (4.42). Ilpu momomm (3.13), (4.8) (4.10) u (9.3)
MOJTy4YUM
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1 % 1 1
f=mO—D(—j=m0—,D’(—,((v)’<+v0)ao,v)',, v;)Tj. (9.4)
a \« « @
OTcrona, MPUMEHsIst SKBUBAJICHT (3.5) st cucteMbl S, OayduM
2
V. [ D'(v'a/
1 ' 1 X/i ° /80 ( )
f=m,=D"|—| v +m,
Q@ « s 2Cay,
\% 0

4

OOBIYHO 3TO BBIPAKEHHE HEIB3sl CBECTH K BUIY (4.42), KOTOPBIA ObI MBI TOJYYHJIH TIPH
UCIIOJIb30BAHUM CTaHAAPTHONM METOAMKH Ha OCHOBE (4.44). Jlnsd nuaroHaabHOM My, IyCTh

m, =diag(m;,m,,m,), Haiinem

f :i fx,_'_mlﬁ_O,V’TD’(i’j ? fyzf);’ fZ=f2'>

X
ay Ca a
HO Ja)ke 3TO BBIpaXKeHUE cBoaMTcs K (4.42) Toimpko TOrAa, Korga M, =M, =mM;, 4TO

9KBUBAJICHTHO CIIYYal0 CO CKAJSIPOM.
B nmaHHOM cilydae MOXXHO NMPHBECTH TOT K€ KOMMEHTapui, 4To W B KOHIEe Pazmena 4.2.
B HYaCTHOCTH, Ha paCCManHBaCMBIfI 31€Ch O6”I)CKT MOTYT BJIMATHL HC TOJIBKO CHIIBL (CM.
Paznen 7), mo3ToMy MOKET BO3HHUKHYTh HEsIBHAsI 3aBUCUMOCTh OT BPEMCHH.

10. BeiBoanI

[IpaBunbpHOE oOmpeeneHne OTCYTCTBUS TOTeph B Iemsix Kupxroda tpedyer, YTOOBI
OIpeNIeNAIOMe YPAaBHEHUS JJISl 3JIEMEHTOB, TAKMX KaK MHIAYKTUBHOCTb, OBLIM 3allUCaHbl B
OUYeHb crHenu(puyeckoM BHIE, KOTOPBIH, B CBOIO oOuepeab, HMeeT (yHIaMEHTaIbHOE
¢du3nyeckoe 3HaYCHHUE. Y TUBUTENBHO, YTO 3TOT BHJI 3alIUCH HE YUUTHIBAECTCS B KIACCUYECKOM
PENSITUBUCTCKOM BBIPAKEHUH JJIsl AEUCTBYIOIIEH Ha yacTuily cuiibl. OnHaKko TpeOys, YTOObI
PENATUBUCTCKHUE 3aKOHBI COBMAJAIM C HBIOTOHOBCKMMH 3aKOHaMM TNpU HPUOIMKEHUU K
MOMEHTY BPEMEHH, KOTJa YacTULIA SIBJISIETCSI «MTHOBEHHO HEMOJBUKHOWY, U IPUMEHSS 3TOT
IPUHIUI HBIOTOHOBCKOTO IMpeJelia, B YaCTHOCTH, K CHJIE M COBEpIIEHHOW paboTe, MOIyduM
BBIp@XEHHE [UISI CUJIbl, a 3HAUUT, PEISATHUBUCTCKYIO (OPMYIMPOBKY BTOPOTO 3aKOHA
HeploToHa, KOTOpas OTIMYHO corjacyercs ¢ Teopueil HenuHeWHbIX nenedl Kupxroda. 3to
OTJIMYME TOSABIIAETCS B TOM Cllydae, €CJIM OCHOBHOE BHMMAHHUE YAENSAETCS dHEPreTUYeCKUM
acriekraM (OTCYTCTBUE IOTEepb, COBEpIIEHHass paboTa M T.1.), a HE MMIYJIbCY, KaK B
KJIACCUYECKON TEOPUU OTHOCUTEIBHOCTU. AJBTEPHATUBHBIN C1OCO0 MOAM(PHUKALIMU BTOPOTO
3akoHa HproToHa TpeOyeT COOTBETCTBYIOLIEH MOAM(UKALNU TPEThEro 3aKOHA, KOTOPBIA B
KJIACCUYECKON TEOPUHM OTHOCUTEIBHOCTH OCTA€TCS HEU3MEHHBIM, a TAK)KE BBIPAKEHUH IS
CWJI, JEHCTBYIOIUX B NOJAX. M3 COBOKYIHOCTH THX M3MEHEHMH CJIENYET, YTO COXPAaHEHUE
UMIyJIbCa M JMHAMHUKA YacTUI[ OCTAIOTCS TOYHO TAKMMH K€, KaK B KJIACCUUYECKOW TEOpPUH
OTHOCHUTEJIBHOCTH, YTO TOJTBEPKJIEHO U JIETATU3UPOBAHO MPUMEHEHHEM IpeoOpa3zoBaHUN
Jlopenua 151 ypaBHeHHit MakcBea.

OHeprus IOKOS YacTUI[ OKa3bIBAETCS NMPOM3BOJIBHOM IIOCTOSIHHOW WHTEIPUPOBAHHUS, a €€
3HaYeHWE TOJHOCTBIO  COTJlacyeTcsi C  BbIpaXEHHEM M3  KIACCHYECKOH  Teopuu
OTHOCUTENIBHOCTH. OIpeneeHHbIE PA3IMUUSA MEXKIY KIACCHUYECKOM M albTEpPHATUBHOMN
TEOPUSMHU CTAHOBSTCS OYEBUJIHBIMU JJIi KHUHETUYECKOM »HHEpruH, KOTOpas B paMKax
aIbTepHATUBHOM Teopun npuemiema (rational) mo ckopoct, a B paMKax KIacCHYECKON
Teopun — HeT. [l SIeKTpUYecKoro MoJjsl, CTaTUYECKOTO B OTHOIIEHUHU JIBUKYLIEHCS
PaBHOMEPHO OTHOCHUTEIBHO HAOIIOJaTENsl CUCTEMbI KOOPAUHAT, KHHETUYECKUN WIIeH SHEPTUU
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MOJIi TIOJHOCTBIO W HANpSMYIO COTJIaCyeTCs C aJbTEPHATUBHBIM BBIPAKEHUEM  JUIS
KMHETUYECKOM  SHEpPruM, T.6. OTJIMYAETCS OT KJIACCHYECKOro BbIpakeHus. Psa
OMyOJIMKOBAaHHBIX bepTomiy pe3yabTaToB H3MEPEHHUS KUHETUYECKOW SHEPruu OBICTPBIX
AJIEKTPOHOB  MOJJCPKMUBACT AJbTEPHATUBHYIO TEOPUIO, HO yIOMHHaemasi aBTOPOM
norpemHocTh B 10% CIUIIKOM BbICOKA, YTOOBI JIesIaTh KaKHue-TM00 TOUYHBIE BBIBOIBI.

MOo’KHO BBIIBUHYTH O0siee 0OIIMe UIeH, KacaIOIUECs MPUPOIbI YACTHUI] U COTJIACYIOIIHECS C
MIPEACTABICHHBIMUA pe3yibTaTaMu. KpaTko 3TH maeu NpeAcTaBieHbl B KOHIE paboThl [21],
XOTSI HEKOTOPBIE aCEeKThI IEPECMOTPEHBI U PACKPBITHI B HACTOSIIIEH CTaThe.
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AMILINTYIHO-(a30Basi MOAYJISIIMS JIA3€PHOI0 U3JIyYeHUS
B 3a/1a4axX reHepanuu pajno4acTOTHBIX CUTHAJIOB

O.I'. Mopo3sos, I'.'1. Uabun, I''A. Mopo3os

Ka3aHcKkuil HallMOHAJIBHBIN UCCIIE10BATEIbCKUM TEXHUYECKUM YHUBEPCUTET
uMm. A.H. Tynonesa-KAU
420111, Poccuiickas @enepanus, . Kazans, yi. K. Mapkca, 10

Annomayus. B craThe pacCMOTPEHBI OCHOBHBIE CTPYKTYPBI, XapaKTEPUCTHKH, dJIeMeHTHas 0aza u
HaIPaBIEHNUS Pa3BUTHSA T€HEPATOPHBIX Y3JIO0B Pagro(OTOHHBIX CHCTEM. JTO BaKHO C TOYKH 3PEHUS
ompezencHUs TpeOOBaHUI K TapamMeTpaM BHEIIHEH aMIUTUTYJIHO-(a30BOM MOIYJIAIUHU JIa3epHOTO
U3IYYCHHST KaK KIIFOUYEBOMY Tpolieccy (OPMHUPOBAHHS PaTUOYACTOTHBIX CHUTHAJIOB B ONTHYECKOM
JMana3oHe W MOJUTaPMOHHUYECKOTO JIA3ePHOTO M3ITyYEHHS C COCTABIISIONINMHE, PA3HOCTHBIE YacTOTHI
KOTOPBIX JISKAT B PaIMOYACTOTHOM Juamna3oHe. MeToabl painopOTOHUKH, PACCMOTPEHHBIC B CTAThE,
MOJKHO KJIACCU(UITUPOBATH CIICIYIOIIMM 00pa3oM:

doTocMeleHre IBYX PaaIdovacTOTHBIX CHTHAIOB (HECYIIMX YacTOT) B ONTHYCCKOM JHANa30HE Kak
OCHOBA OIITHYECKOH TeHEePaIliy HECYIIUX PaAHOYacTOT;

BHCHIHAA aMIUIMTyJHas WIA (1)33OB3H MOAYJIALOUA JIa3€pHOr0 M3JIYUYCHHA IOJId T'CHEpaluu JIBYX
ONTUYECKUX TMOJHECYIIMX C PA3HOCTHOW YACTOTOH, KpaTHOW JBYM WM YETHIPEM YacTOTaM
MOIYIUPYIOIINX CUTHAJIOB,;

BHCHIHAA aMHJ'II/ITYI[HO-(ba?)OBaH MOAYJIALMA JIa3€pHOro U3ITYUYCHUA AJId I'CHEPpALUU JABYX OITUYCCKUX
MOJHECYIIUX C pa3HOCTHOM YacTOTOM PaBHOW MOJYJIMPYIOLIEH paii04acToTe.

JloTIOTHUTENEHO pacCMOTpPEHA dIIEMEHTHA 0a3a [ peaTu3aliyl aMIDINTYAHO-()a30BoH MOTYISINH B
ONTHYECKOM JUAIa30He IS PEIICHUS 3a/1a4 TeHEPaAIlUU HECYIITUX PaIUOYaCTOTHBIX CUTHAIOB.

Kniouesvie cnosa: paanopOTOHMKA; ONTHYECKOE (POTOCMENIeHHe; TeHepanusi HEeCYIIUX
pPaanovacToT; MOAYJISIMS JIA3ePHOTO U3IIydeHus; (DOTOHHBIE paAHOYacTOTHbIE T€HEPATOPHI.

1. BBenenue

CoBpeMeHHbIE METOABl U cpelcTBa 00pabOTKM pagMOCHUTHAIOB B ONTHYECKOM JMaNa30He
JUIMH BOJH [1-6] MpUMEHSIIOTCS B pa3iMYHbIX PaJAMOTEXHUYECKUX M ONTHUKO-3JIEKTPOHHBIX
cucTeMax OOOPOHHOTO M IPaKAAHCKOTO Ha3HAueHWs: pamuonokanuonHsie cranimu (PJIC)
NpeIyNnpexIeHus, pPa3BeAKH HA3eMHBIX U OOPTOBBIX CPEICTB, PAAHO3IEKTPOHHOW OOpPHOBI U
CBS3M II0 TEXHOJIOTHMSIM «PaaUO0-TIO-BOJIOKHY», «IIMPOKOIOJIOCHBIE CHTHAJIBI-TIO-BOJIOKHYY,
CO3/aHMsI CIIeLMaIbHBIX (OPMATOB MepeAaud JaHHBIX C HCIIOJIb30BAHMEM aMIUIMTYAHON U
¢da30BOI MOYJSAMH B BOJOKOHHO-ONTHUYECKUX MarucTpaisax. K 3amauam nepenauu, nmpuema
u 00paboTku uHOpMAIMKU B cHUCTeMaX pPaauo(POTOHUKH OTHOCATCA [7-9]: reneparus
HECYLIUX pano4acToT; paguodacTOT FeTEPOINHOB; OJUTAPMOHUUYECKUX U MHOTOYaCTOTHBIX
U3ITy4eHU C Pa3sHOCTHBIMM YacTOTaMH, JEXKAlUMU B paJvOHana3oHe; WX Iepeaaya Io
ONTUYECKOMY BOJIOKHY U ITpeoOpa3oBaHue U T.J.

KiroueBbIM 371€MEHTOM cHUCTEM paguo(OTOHMKH SIBISETCS MoJcucTeMa (HOPMHUPOBAHUS
MOJYJIMPOBAaHHOTO J1a3epHOro m3nmydeHuss [1-6], oOecneumBaromias Kak IEpeHOC
paarocHrHajga B ONTHYECKUI Iuana3oH (HampuMep, C IeJIbI0 HM3MEPEHHs] MIHOBCHHOW
YacTOTHI), TAK U (POPMUPOBAHUE MOJUTAPMOHUYECKOTO ONTHYECKOTO CUTHANIA C Pa3HOCTHON
YacTOTOM, JeXamed B paauonuanazoHe (Hampumep, Ui TeHEepalud HENpPepbIBHOW
paaMoYacToOThl, PaBHOW pa3HOCTHOHM, mocie QoTtocmenienus). [Ipy 3ToMm, Kak NpaBUIIO,
UCIIOJNIB3YIOTCSl JINOO OTAENbHBIM HAaOOp J1a3epoB, Pa3HECEHHBIX HA YAacTOTY PaJMOCHUTHAIA;
a0 Jnasepbl C BHYTPEHHEW MOIYJSIMEH WIM CHHXpPOHHU3AlMed MoJ; 700 Ja3zephl C
BHEIIHEH MOIYJISAIMel Ha OCHOBE 3JIEKTPOONTHYECKUX MOAYIISITOPOB C pabOYMM JAHANa30HOM
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gactor or | go 100 IThm ammioutynHoro, ¢a3oBoro, amILIMTYIHO-(Aa30BOTO U
MOJIIPU3AIMOHHOTO THIIOB IS CO3JaHus (JOTOHHBIX PAJMOYaCTOTHBIX TEHEPATOPOB.

B cuiy npuponHoil CHMMETpUU MOJYJMPOBAHHBIX CUTHAJIOB U HAMOOJIBIIETO JTOCTHKUMOTO
KodpuIMeHTa MOIYJISIUOHHOTO MPeoOpa3oBaHusi OCOOCHHO IIMPOKOE MPUMEHEHHE B
cucTeMax paauo()OTOHUKH HUMEEeT aMIUIMTYAHO-(Ga30Basi MOAYJSAIUS C TOJHBIM WU
YaCTUYHBIM ITO/IaBJICHUEM OTIOPHOTO OJJHOYACTOTHOTO M3iyueHus yazepa [10-13]. B cratbe ¢
TOUYKH 3pEHHsI OIpeeseHUs] TpeOOoBaHUM K MpoleccaM aMIUIUTYAHO-(a30BON MOIYISALIUU U
(GhOpMUPOBAHUS TOJUTAPMOHHUYECKOTO JIA3€PHOTO HU3IYyYEHUS C PA3HOCTHBIMH YaCTOTAMH
panuoaunana3oHa pacCMOTPEHbl OCHOBHBIE CTPYKTYPBI, XapaKTEPUCTHKH, dJIEMEHTHas 0a3a u
HAIPaBIICHUS PA3BUTHUS (POTOHHBIX PaIHOYaCTOTHBIX TEHEPATOPOB.

C oOmeil Touku 3peHHs MeTOAbl paauo(dOTOHUKHU, PACCMOTPEHHBIE B  CTaThe,
KJIACCU(UITUPOBAHBI CICIYIOMIMM 00pa3oM: (OTOCMEIIEHHE ABYX ONTHYECKUX HECYIIMX KaK
OCHOBa ONTHYECKON TeHepaluy paguoyvyacTOTHBIX Hecymux (paszmen 2), BHEHIHSSA
aMIUTMTyIHass Wik (a3oBas MOMYISIIHS JIA3ePHOTO W3IYYSHHUS JUIS TEHEpalud ABYX
ONTUYECKUX <«IIOJHECYIIUX» C PA3HOCTHOW YacTOTOM, KpaTHOM JBYM WJIH YETHIPEM
MOAYJIUPYIOIUM paarodactoraM (paszuen 3); BHEMIHS aMIUTUTYIHO-(a3oBas MOIYJISIHS
Ja3epPHOTO H3JIYYEHHUs [UIsl TEeHepalMH JBYX OINTHYECKUX TMOJHECYIIHX C Pa3HOCTHOM
4acTOTOM paBHOM MoAylHUpyrolie paauodacrore (paszaen 4). JJononHUTENbHO pacCMOTpEHa
JJeMeHTHas 0a3a Uid pealu3aluy  aMIUTUTYJHO-()a3oBOM MOAYNIALMM B ONTHYECKOM
nuarnasone (paszen S5) sl 3a7ad TeHepaluHd PaguovYacTOTHBIX CUTHANIOB. B 3akimioueHuun
00CYXXJAIOTCS JTOCTOMHCTBA HCIOJIB30BaHUSI HEMPEPHIBHOTO OJHOYACTOTHOTO Jlazepa U
JIBYXIIOPTOBOTO ~ MOAYJISTOpAa JUJIi  KOMIUIEKCHOM  aMIUIMTYAHO-(pa30BOM  MOAYJISIIUN
ONTHUYECKON HEeCyIell 4YacTOThl M CO3JaHUSl HAa HMX OCHOBE (DOTOHHBIX PaTUOYACTOTHBIX
TeHEepPaToOpOB.

2. OnTnuyeckoe porocMelnieHne KaK OCHOBHAs MpPoLeaypa
reHepanuy HeCyIIMX PATHOYACTOTHBIX CHIHAJIOB

[lepecTpariBaemMble T€HEPATOPhl PAAMOYACTOTHBIX CHTHAJIOB C HU3KUM YPOBHEM (Da3oBBIX
IIYMOB MPHUMEHSIOTCS B pa3IMYHBIX CHUCTEMax: paauosoKanuoHHbIX craHuuax (PJIC),
OecrpoBOIHOM CBSI3H, MIPOrpaMMHO-OIPEIEIIEMOTO paauo, MH(OPMALIMOHHO-
U3MEPHUTENbHBIX © T.a. [3, 14-15]. OObIYHO, paaMOYaCTOTHBIC HECYIIHUE CHTHAJBI
TEHEPUPYIOTCA C IOMOILIBIO CIOXKHBIX PaJUOIEKTPOHHBIX CXEM C MHOTOCTYIEHYAaThIM
YMHOXXEHHEM YacTOThI J0 JIOCTHKEHUs HeoOXoaumoro 3HaueHus. Kpome Toro, BO MHOTux
CIIy4asiX Cr€HEpPHpPOBAHHBIM pPaJUOYaCTOTHBIM CHUTHaJd [JOJDKEH OBITh paclpeneieH K
yJaJeHHBIM YCTpoilicTBaM. PacmpeseneHne Takux CHTHAJIOB B 3JEKTPOHHOM oOsacTH Ha
MPAKTHKE 3aTPYIHUTENBHO M3-3a OOJBIIMX MOTEPh B JMHUIX pacHpelesieHus, HalpuMmep, B
KOaKCHaJlbHOM Kabene. brmaromapst mIMpoOKoW moJoce MPOMYCKaHWS W HU3KUM IOTEpsM
COBPEMEHHBIX OINTHYECKUX BOJIOKOH, paclpeiesieHHe paJuoyacTOTHBIX CHUTHAJIOB IO
ONTUYECKOMY BOJIOKHY SBJIAETCS HACAJIbHBIM PELIEHUEM OTOM 3aladyd M 3HAYUTEIIBHO
yIpoInaeT TpeOoBaHMsI K CaMUM T'eHepaTopam.

PagnovacTtoTHple CHTHaJBI MOTYT OBITH CreHEpPUPOBAaHBI B OINTHYECKOH o00jacTu C
HCIIOJIb30BaHUEM IPOLEAYPBl ONTHYECKOTO ((pOTO) cMelIeHus!, Korja ABe ONTUYECKUE BOHbI
C pa3HOM JUIMHOW BOJHBI CMeIIMBalOTCA B ¢oromerekTope. Ha BbIxone ¢oromerexTopa
TreHepupyeTcsl CUTHaJ OMEeHMI € 4acTOTOM, COOTBETCTBYIOUIEH MHTEpBAIy MEXAY UIMHAMU
JBYX ONTUYECKUX BOJH. IIpenmosnoxum, 94To y Hac €CThb JBE ONTUYECKUE BOJIHBI!

€, (1)=Ecos(t +4,). o
E, (t)=E,cos(m,t+¢,), )
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rae Ei, E2 — 3HaUeHUs UX aMIUTUTY/, ®1, 2 — YIJIOBBIX YacToOT, a (1, (2 — ¢a3.
[TpuHMMasT OTpaHUYCHHYIO IIMPUHY MPOIYCKaHUS (POTONETEKTOpa, TOK HAa €ro BBIXOJE
OIIMCHIBAEM COOTHOIIIEHHUEM

| (1) oc 2Acos (0, —, )t +(¢, —,)], ?3)

rae A — aMIUIMTyAa, ompenenseMas 3HaueHusMu Ei, E2 u kosdduuueHToM ycuiieHus
doromerekTopa.

Kak cnenyer u3 dopmynsl (3), creHepUpOBaH SJEKTPUUYSCKUM CUTHAJ C YaCTOTOM, PaBHOM
pasHOCTH YacToT (M1 — ®2) ABYX onTHuecKuX BOJH (1)-(2). 3HaUeHus1 JaHHOW YaCTOTHI MOT'YT
JIOCTUTATh TEeparepleBoro Auana3oHa, OrpaHUuYeHUEM MOXKET OBITh TOJIBKO HIMPUHA MOJIOCHI
nponyckanust QoronerekTopa. OIHAKO HCHOJB30BAHUE JABYX HECHHXPOHU3UPOBAHHBIX
Ja3epHbIX AMOAOB MPUBOAUT K TOMY, UYTO MOJYYEHHBIH PaJMOYaCTOTHBIA CUTHAN OyneT
o0iagaTh BBHICOKMM YpPOBHEM (a30BOTO IIyMa, MOCKOJIBKY (a3bl ABYX BOJH @1 U (2 HE
KOPPEIHPOBAHbI.

Heckonbko npeiiokeHHbIX MeTouK [16-24] mo3BossIFOT reHepupoOBaTh U3 BYX ONTHYECCKUX
BOJIH, CHHXPOHHU3HPOBAHHBIX MO ¢a3e, paguoyacTOTHBIE CHUTHAIbl C HHU3KUM YpPOBHEM
¢dazoBoro myma. K HUM OTHOCATCSA: METO/IMKA CUHXPOHU3ALMU € 3aXBaTOM 4acToThl [16, 17],
meroauka (a3oBoil aBromoacTpoiiku yactorel (DAITY) [18, 19] u kKoMOMHHUpOBaHHAS
meronuka [20]. B pse pabot npeicTaBiaeHbl TeHEpaTOphl HA OCHOBE JABYXYaCTOTHBIX JIa3€POB
[21, 22]. Ocoboro paccMOTpeHHs 3acCay)KMBAIOT METOIUKH, OCHOBAaHHbIC Ha BHEIIHCH
aMILTUTYAHO-()a30BO# MOAYIIAIIMN OJHOYACTOTHOIO JIA3EPHOT0 M3TyueHus [23-24].

3. I'eHepanusi paguoO4acTOTHBIX HECYIIMX C NIOMOIIbLI0 BHEIIHEeH aMILJIMTY/AHOH
U (a3oBoii MOAYJISIIIUM JIA3€PHOTO U3JTYYeHHS

PagrovacToTHbIe HeCcylIne TaK)KE MOKHO TEHEPUPOBATH TIOCPEICTBOM BHEUIHEW MOYIISIIIHA
[10-15, 23-26]. IIpeactaBuM CTPYKTYpHBIE CXEMbl T€HEpaTopoB Tmpu pabore B
«MUHUMaNbHOWY» (puc.l,a) u «MakcumanbHOW» (puc.1,6) TOYKAX MOMYISAIIMOHHOU
XapakTepucTHku Moayistopa Maxa-Ilennepa (MMLI) [14, 15]. DnexTpuyecKuil CUrHam ¢
yIBOCHHO#N YacToToi 2fn OBLT ONTUYECKHM CTEHEPUPOBAH C TIOMOIIBIO AIICKTPUYECKOTO
cmetnennss MML] V=0 B «MHHUMaNBHYI0» pabouyro Touky [14]. CUrHam MHUUTMMETPOBOTO
nuarazona 36 ' ObuT mosydeH mpu Moy aupyroieit yacrore fm = 18 I'T'm.

fm  Ve=0 OB fm . Ve=Ux OB

)i 1
2fm )\, 4fm
1 P ((O= o1 L an vl po (@= O

—fm I +fm | —2fm I +2fm
_l_, A r___’l:'l. A > A | T 'L, A
Ao Ao Ao Ao
(@) (6)

Puc. 1. 'enepaTop paguoyacTOTHOTO CUTHaIA ¢ BHELIHEN MOIYIISALUEN J1a3€pHOTO
nuoga u cmemieHneM MMIl B «MHHMManbHYIO» (@) U «MaKCHMabHYIO» (0)
paboune touku: JIJI — nazepusiit auon; @/ — poronerexrop; P — pesxxekTopHbIii

bunbTp
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B [15] st reHepanuu 4acTOTHI B YETHIpE pasza OoJbIIeH, YeM 4YacToTa MOIYJIHUPYIOIIETO
curHana, paBHas 4fm, wucnome3oBaics Moxymsarop Maxa-lleHaepa, CMEUICHHBIA B
«MaKCUMAaJIbHYIO» TOYKY €ro MOAYJSIIHOHHOM Xxapaktepuctuku Vp=Ur, rae Uxr —
II0JIyBOJIHOBOE HampsbkeHue monyisaropa Maxa-Llennepa. OnTuueckas Hecylias ¢ JUIMHON
BOJIHBI Ao, @ TAK)K€ TAPMOHUYECKHE COCTaBIsoNME 1-r0 U 3-r0 MOpsIIKOB OBLIN TOJIaBJICHBI C
MOMOIUIBIO PETYIMPOBKH YPOBHS MOAYJIHPYIOIIETO CUTHANA M PEXKEKTOPHBIX (puinbTpoB. B
Ka4eCcTBE PEKEKTOPHBIX (QHIBTPOB HCHOJIB30BATUCH IEPECTpauBacMble HHTEP(HEPOMETPHI
Maxa-Ilennepa u ®adpu-Ilepo. Curnan muwnmmmerpoBoro auana3zona 60 I'Tp Obut momyueH
npu Moaynupyomiei yacrore fm = 15 I'T. Janubie addexts ObuH nOTyUeHBI B cepeaune 90-
X To0B. JJil CaHTMMETPOBOTO IMANa30Ha PaiovacToT yKa3aHHbIE YPQPEKThI MOIyuYeHbl HAMU
B cepenune 80-X rofoB mpouuioro Bexka. Ceenenus o0 3Tux pabdoTax npuseseHs B [10-13].

Jlis  HIMPOKOIOJOCHBIX 0030pHBIX paguoiokauonueix cranmuii (PJIC), cucrem ¢
PacTsDKKOM CHUTHala WM IPOrpaMMHO-ONPENENSIEMbIX CHCTEM PaJMOCBA3M  HEOOXOIMMO
HCIIOJIB30BaTh PAJUOYaCTOTHBIM CHTHAJl C IEpecTPOrKor dactoTel. B [23, 24] Obum
IPOJEMOHCTPUPOBAHbl JIBa TMOAXOJAa Uil TEHepaluu IEepecTpauBacMOro I10 4YacToTe
pPaZro4YacTOTHOTO CUTHAJIA C UCTIOJIb30BAHUEM ONTUYECKOTO QUIbTPa 3a(UKCUPOBAHHOTO TI0
JUTMHE BOJIHBI: HAa OCHOBE aMmIuMTyIHOTO [23] u ¢aszoBoro [24] moxynsaropa. I[logaBnenue
ONTHUYECKOI HecyIlel OCYIIEeCTBISETCS C MOMOIIBIO BOJIOKOHHOM perietku bparra (BPB).
OCHOBHBIMH TPUYMHAMH HAJIUYMS BBICHIUX COCTaBISAIONIMX B BBIXOJAHOM CIIEKTpPE
aAMIUTUTYTHOTO MOJYJIATOPA SIBISIFOTCS €r0 HEJNWHEWHas XapaKTepUCTHKa, TemIepaTypHas
HECTaOMJIBHOCTh, OTKJIOHGHHE TapaMeTpoOB MpeoOpa3oBaHUs OT ONTUMAIbHBIX U
MOTPEIIHOCTh  IOCTUPOBKU  TMOJSIPU3ATOPOB  MpeoOpa3oBarensi. Bce OHM  BBI3BIBAIOT
OTKJIOHEHHE paboyeil TOYKM W OBICTPBIA POCT aAMIUIATYI Mapa3sUTHBIX CIICKTPATbHBIX
cocTapnsomux. KIlOYeBBIM MPEUMYIIECTBOM HCIOJIb30BAaHUSL ONTHYECKOrO (ha30BOTO
MOJYJIATOPA ABJIAETCS OTCYTCTBUE HEOOXOUMOCTH BKJIFOUEHHUS IOCTOSHHOIO CMEILIEHUs, YTO
UCKITIOYaeT mpobieMy apeiida moioxeHust paboueit Touku [24]. B omiuyre ot MoayasTopa
Maxa-llennepa, KOTOpPBIM MOXKHO YIpaBisSATh JJIsl BbIOOpa YETHBIX MM HEYETHBIX
TapMOHHYECKHX COCTaBISIONINX, UCIOIB30BaHUE MOIYJSATOpPA ONTUYECKON (a3l MO3BOIHUT
TEHEPUPOBATh HX TOJHBIM HAOOp, BKJIOYAs ONTHUYECKYIO Hecyllyro. bueHus OOKOBBIX
TapMOHHYECKHX COCTABISIONINX, OCTABIIMXCS HA BbIXOAE OTOAETEeKTOpa mocie GpuipTpanuu
B BOJIOKOHHOM pemeTrke bparra onTthyeckod HeCyliel, IO03BOJAT CIreHEpUpOBaTh
paarovYacTOTHBIN CHUTHAI.

Heob6xoauMo OTMETHUTh, YTO BBICIIME ONTUYECKHE TapMOHUKH, TEpeJaHHbIE Yepe3
OJTHOMOJIOBOE BOJIOKHO, OyIyT MOJBEp>KEHbl XPOMATHYECKOM aucrepcuu, KoTopas Oyaer
U3MEHATh COOTHOLIEHHE (a3 B OOKOBBIX COCTABISIFOIIMX. [[JIsI COXpaHEHHsS COOTHOILIEHHS
OJIMHAKOBBIX (ha3 HeoOXoaWMa KOMIIEHCAIMs [UCIepcHd. B yCIOBUSX KOMIIEHCAIIUU
HKCIEPUMEHTAJIbHO OBLIO MPOJEMOHCTPUPOBAHO, YTO NpPH MOAYIMPYIOIIEH dYacToTe,
aexanieid B nuamazone (18,8+25) I'Ti, moKanbHO M JUCTAHIIMOHHO OBLIM TOJYYEHBI 1B
MOJIOCHI CHTHAJIOB MIJUTUMETPOBOTO auamnazona (37,6+50) I'T u (75,2+100) I'T.

4. I'eHepanusi paiuo4YacTOTHBIX HECYLIIMX C YACTOTOM, PaBHOI MOy IUPYOLIei
(aMnMTyIHO-(pa30Bast MOIYJIALMS)

PaccmorpuM mepexon OT aMIUIMTYAHO-MOJYJIMPOBAHHOIO CHUTHAJIa CO CTOIPOLIEHTHOMH
MONyNIALMEed K CUTHany OueHud. DTO MepexoJ MOXKHO OCYIIECTBUTh MO0 3a cueT
NOJABJIEHUS] HeCcylero kojeOaHus, MO0 3a cUeT MepeKiIoueHHst (a3bl aMIUIMTYIHO-
MOJ1yJINPOBAHHOI'O CUTHAJIa B MOMEHT, KOTJla €ro orudaroIas JOCTUraeT HyJIEBOIO 3HAUYEHUSI.
CriekTpbl HMCXOJHOTO KBAa3UTAPMOHUYECKOTO KojeOaHHs €O CTPYKTYpPOH aMIUIMTYIHO-
MOJIyJINPOBAHHOIO CHUTHaia (a) M CIEKTPbl MPeoOpa3oBaHHBIX KoJeOaHHI CO CTPYKTYpoil
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cuUrHayia OMeHH, MOJTy4YEeHHBIX 10 epBoMy (0)

(@) U 10 BTOpPOMY (B) BapuaHTaM, MPEICTABIICHBI
Ha puc. 2.

2Q N B 53TOM ciyyae MOJIY4YEHHBIE CIIEKTPbI

....... > CYIIECTBEHHO OTJIMYAIOTCAd II0 Pa3HOCTHBIM

ygactrotam 2Q2 (puc. 2,0) u Q (puc. 2,8) B

v

3aBHCHMOCTH OT CIT0c00a mpeodpa3oBaHusl.

PaccMoTpuM 1iepBEIM BapuaHT pealu3allvi.
=202 Oep Ot r eHepaT(I))p plzmlzloqaCTI())THoro b CHTHAJIA
i (6) CAaHTHMETPOBOTO JIMara30Ha ObLI nocTpoeH
| HAMHM Ha [PUHIMUIIAX aMIUTUTYIHO-(ha30BoMi
i MOIYJISAIMK B KJIACCHYECKOM AaMILIUTYIHOM
i SIICKTPOOIITHYCCKOM MoayiaTope (ADOM) Ha
! KpucTajiae Mmeranunodara autus LINDOsz,

kiacc cummerpun  3m  [10+13, 25+26].

v

CoeauneHne AMIUTHTYHOTO AIIEKTPO-
ONTHYIECKOTO MOJYJISITOPA C JIA3EPHBIM THOIOM
U (OTOACTEKTOPOM  OCYIIECTBIISIOCH €
MOMOIIBI0  BOJIOKOHHO-ONITHYECKUAX — IITHYPOB
(6) (murreiinos). Ilpu pabore reHeparopa B
«HYJIEBON» TOYKE MOAYJISALIMOHHON
XapaKTEePUCTHKH BBIXOIHOM CIIEKTP
OIHCHIBACTCSI BBIPAKCHHUEM:

(,Ocp_ZQ (,Ocp COcp+2Q (D

I

E,.. =—JEe"™|2> 3, @)sin(2k + )t |, (4)

v

k=0

Ocp—L2  Ocp  OptQd o rie o — YIVIOBAas YacToTa ONTHYECKOTO
u3nydenus, a () — yruoBas 4acroTa
MOJYJIUPYIOIET0 HW3JIY4YEHUs, HHACKC | B
JTAHHOM BBIPQXEHUU YKa3bIBae€T Ha TO, 4YTO
BBIXOJIHOE H3JIyY€HHUE OPTOTOHAJIBHO BEKTOPY
HOJISIPU3AIMN UCXOMHOTr0 H3nydeHus; Jok+1(2)
— ¢ynkuus Beccens (2k+1)-ro mopsaka. Ilpu
noJyBOMIHOBOM  HampsbkeHun Um = Ui
nonyunm z=n/2, Ji1(z)=0,64, J3(z)=0,06. OmHOYACTOTHBI BXOJHOM M JIBYXYacCTOTHBIN
BBIXOJHOM CHEKTpPbl M3JIy4YE€HUs I'€HepaTopa, a TAaKKe paJuoyacTOTHBIM CHUTHall Ha BBIXOJIE
(doToseTekTOpa MoKa3aHbl Ha PUC. 3, @-6 COOTBETCTBEHHO.

MakcumanbHblii ko3 dunmrent mpeodpasoBanus [15] pasen 0,64. Ilpu kosddummente
npeoOpaszoBanus 0,58 k03¢ hUIMEeHT HEMMHEHHBIX UCKa)keHUH He npeBbiaeT 1%. 3aech eie
JIBa BaXKHBIX MOMEHTA, KOTOPbIE€ OTMETHUM: 3TO — PAaBEHCTBO AMIUIUTYJ CHEKTPaJIbHBIX
COCTaBJISIFOIIIMX M TIPOTHBOIOJIOKHOCTh WX (pa3 (4To BaKHO, Hampumep, IS TEeHepalnuu
conuToHOB [39] 1 mocTpoeHus! POTOHHBIX (HHUIBTPOB PATUOYACTOTHBIX CUTHAIOB [29, 40-41],
BHE 3aBHCUMOCTH OT PacIlOJIOKEHUsS paboueil TOUKM) U MPOCTOTA MEPECTPOHKH YaCTOTHI, YTO
00BSCHSETCS UCIOIb30BaHUEM OJHOTO MOJIYJIMPYIOIIEro CUTHAJA.

B03MOXHOCTP BO3HMKHOBEHHUS! YETHBIX COCTABISIOUIMX B CIEKTPE BBIXOJHOTO M3ITyYCHHMS,
nokaszanHas B [16], MoxeT ObITh MOJIE3HA MPH T€HEPAIMU MOCIISI0BATEIbHOCTEH UMITYILCOB
¢ Bo3BparoM K Hymo (RZ, return-to-zero) u ¢ BO3BpaToM K HYJIIO C TIOJaBICHHEM ITOCTOSTHHON
cocrasisironieit (CSRZ, carrier-suppressed return-to-zero) [40]:

Puc. 2. CnexTpbl aMIIuTyJHO-MOIYJIH-
POBAaHHOTO CHUTHaNa J0 IpeoOpa3oBaHuUs
(@) u mocne mpeoOpa3oBaHus MO MEPBOMY
BapuaHTy (0) U 10 BTOPOMY (6) BapHaHTY
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2

e(t) =—j 7ej“’° Y 3,(@2) + 2D 3, (2)cos2kQt +2) T, (2)sin(2k + 1)t ¢ (5)
k=0 k=1 k=0

@ ©) ©

Puc. 3. CnekTpsl BXOIHOTO (@) UM BBIXOAHOTO (0) W3IIy4EHHUS AMILTUTYIHOTO
AIIEKTPOONITUIECKOTO MOMAYJIATOPA; OCIUIIOrpaMMa paJlOYacTOTHOTO CHTHala
(6) Ha BeIxoze hoTomerexropa (puc. 1, a)

TeOpeTI/I‘-IeCKI/Ie PE3YIbTAaThl aHajin3a CIICKTpa Ha BBIXOAC IMpEAIaracMoro rcHeparopa
IMPpUBCACHLI B tadn. 1. OHu MOJIYYCHBI B IPCAINOJIOKCHNUU, YTO MOAYJIATOP CMCHICH IIpU
HYJICBOM IIPUJIOKCHHOM HAIIPSAXKCHUU F: 20, a IOJIApU3aTOPbI 1100 OpPTOTI'OHAJIbHBI

o=—P=45°, nu60 napauieabHbl 0=P=45°.

Tabnuna 1. Beixonssle criektpanbHble Xapaktepuctuku ADOM
a,B,I. CrnexTtp uznydenus Ha Bbixoge ADOM

. o0
0=45°, B=—45°, I =0 | B, =—jEe!®! 23 3o .1 (2)sin(2k +1)Q2t |
k=0

. [e'e]
0=45°, B=45°, T_=0 E,on (1) = Ee 0N 30(2) +2 > Iy (2)cos2kQt b,
k=1

C BbBIXOAAQ aMIUIMTYIHOTO 53JEKTPOONTHYECKOIO MOIYJISATOpAa H3JIy4eHHE IOCTyMaeT Ha
MOJIIPU3ALMOHHBIN CBETOAEIUTEND, Y KOTOPOTO OJHA U3 TJIaBHBIX OCEH OPUEHTHPOBAHA IOJ
yriaoMm 45° K 3JIeKTpoONTHYECKOMY MoayisaTopy. Ha IByX BbIXOAax MOJIIPU3aLHOHHOTO
CBETOJIEIUTENS MOIYYUM JBa ONTHYECKHX CUTHAJIA 1O JBYM IJIABHBIM OCSIM, NIPUYEM OJUH
CUTHAQJI COCTOUT M3 BCEX ONTHUYECKUX YACTOT YETHOTrO Mopsiaka (mepsas cTpoka Tabdn. 1), a
Jpyroil — U3 BCEX ONTHYECKUX YACTOT HEUETHOro (BTopasi cTpoka Tabia. 1). DTo mo3BosuT
nonyunth kak RZ, tak m CSRZ mocrnemoBaTelbHOCTH WMIYJIBCOB COOTBETCTBEHHO B
muanazone (0,3 + 1) I'T', onpenensieMoM MOJIOCOH MPOIYCKaHHUS aMILUTUTYTHOTO 3JIEKTPO-
ontuueckoro wmoxaynstopa [40]. Bes cucrema SKBHBaJCHTHa TI'E€HEPATOPY HWMITYIIBCOB,
KOTOPBII COCTOMT U3 (pa30BOr0 MOAYJIATOpAa U B3aWMOJIEHCTBYIOIIEH Mapbl IpedeHYaThIX
GuIbTPOB A BBHIOOPKM YETHBIX M HEYETHBIX OOKOBBIX MOJOC. ['J1aBHOE NPEeUMYIIECTBO
IIpeIaraéMoro MeToAa 3aKJ4acTcs B TOM, 4TO I pa3[esIeHus MOCIIEA0BATEIbHOCTEN HE
UCIIONB3yeTCs (hU3MdecKas mapa B3auMOCHCTBYIONMUX TpeOeHYAThIX (DUIBTPOB, UTO JIETACT
PETYJINPOBKY YacCTOThI IOBTOPEHUS 3HAYUTEIBHO MPOLLE.

Bropas Bepcusi MCTOYHMKA JBYXYacTOTHOTO M3JIy4eHHs Oblla CMOJAETUpOBaHa Ha Oase
nsyxnoproBoro  ([AII) wmomymaropa Maxa-Llennepa [29]. Ilpm  moaenupoBaHUH
paanodacToTHeIM curHai ¢ dactotod 10 [T momaBancs Ha o0Oa mopTa JBYXIOPTOBOTO
moayistopa Maxa-Ilennepa. Hanpsbkenue cMmemieHust U3MEHsET (a3oBYIO 3aJEPKKY MEXITY
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UHTEP(PEpUPYIOLUIMMHI ONTHYECKIMH BOJHAMH Ha BBIXOJIE ABYXIIOPTOBOrO MoaynsTopa Maxa-
Llenmepa ¥ TakuM OOpa3oM MEHSET MHTEHCHBHOCTh BBIXOJHOIO CHTHajla. MakcuMyMm
nepesaToyHoi (yHKIIMU COOTBETCTBYET CIIy4al0, KOrja pa3HOCTh (a3 kpaTHa 27 paauaH
(KOHCTPYKTHBHAsI UHTEP(EPEHLINS), & MUHUMYM TPOITYCKaHUS UMEET MECTO, KOT/Ia pa3HOCTh
¢da3 kpaTHa 7 paauaH (IeCTPyKTUBHAS UHTEp(EpEHIINsI).

PaccmotpuMm BTOpO# BapuaHT peanuzanuu. [Ipocteiimmm kosiebaHueM, yI10BIECTBOPSIIOUIUM
5THM TpeOoBaHMsAM, sBisiercs Konebanue Buma S, (t)=S,cos(2Qt+m), rne S1 — ero

MOCTOSIHHAS aMIUTUTY/Aa, @ T — HadainbHas ¢asza. [Ipu 3Tom ¢a3y Hecymiero xKonedaHus mo
OylneM KOMMYTHPOBaTh Ha T IIPH HPOXOXKACHHU MOJIYJIHUPYIOIIEro KojiedaHus MUHUMyMa. B
cllydae aMIUTUTYIHOW Moaysiuuu curHaiuoMm Si(t) komeGaHUs KOMMYTHpPYeMOW HecyIeit
IIOJTyYHM pe3yJIbTHpPYIOLIee KOIeOaHHe CO CIIEKTPOM CIIEAYIOIIEro BHa

e(t) = Z {———( t L H[COS(COML”Q) t-cos(e, —nQ) t] . (6)
n-2 n+2

rae M — Ko3QpPUIUUEHT aMIUTUTYJTHONH MOAYISALUY.

N3 ananuza (6) BUAHO, 4TO NEpBOE ciiaraeMoe B OOJBIIMX KBaJPAaTHBIX CKOOKAx Ompejaesser
cnekTp kod(hdumueHntoB psga dypbe KOMMYTHPYEMOH HeCymield, a BTOpPOE€ U TPETbe
ONHKCBHIBAIOT  MMOJABJISIONIEE BO3JEHCTBME HA €ro COCTaBISIONIME  MOAYJIUPYIOIIUM
kosiebanremM. CTeneHb MOJABIICHUS 3aBHCUT OT KoddduuueHta monymsiuud M. I[lpunss
Es = 0, momyuynm, 4TO ONTUMAIBHBIA KOIDPHUIMEHT MOAYISIUH Mopt = 5/9, mpu sTOM
pe3yabTHpYIOlIee Kolebanue mpakrudecku apyxdactoTHo (Ei = 0,76Eo), Tak kak amIuaTyaa
CIIEKTPaJbHBIX cocTaBisronux En < Ei/15 g n > 5. Tlpu usmenennn koddduimeHTa
moaymsimuu B mpenenax (0,85 — 1,15) Mept k03D HUIMEHT HETMHEHHBIX HCKKCHUN
BBIXOJIHOTO KoJIeOaHus He OyaeT npeBbimaTh 1%.

[TonmHoro mnonaBiaeHUs OOKOBBIX COCTaBISIOMMX € N = 3 MOXHO J0OUTbCA IIpU
UCIIOJIb30BAHUM [UIs aMIUIMTYJHON MOIyJsiiMu curHana Buga Sy(t) = SolsinQt|. Torma
pe3yibTHUpYIolLIee KoneGaHI/Ie Oy/eT UMEeTh CIIEAYIOUINNA CIIEKTP

(t)— 0(1 b)z {cos (@ +nQ)t—cos(w, —NQ)t}+

7
nE,b @
+

{cos(w, +Q)t—cos(w, -Q)t}

rae b — ko PUIHEeHT aMIUTUTYTHOH MOAYIISILIUY.

AMIUIUTYAa CHEKTPAJbHBIX COCTABISIIOIIMX OyIeT ONpeneniaTbcs KOdQPUIUEHTaMH psja
@dypre u s n=1 Ei1=[2Eo/n][1-b]+[nEob/4], a mns n>3 En =[2Eo/nn][1-b]. TIpu bop=1
CHEKTpP COJIEP’KUT JIBE€ MOJIE3HBIX COCTABJISIONIMX HAa YacToTax mo+(2 U wo— 2, mapa3uTHbIE
COCTaBJISIIOIIME TOJHOCThIO MojaBieHbl. llpu u3MeHeHun kordp¢uIueHTa MOIYISALUU B
npenenax (0,7-1)bopt ko3 duIMEHT HEMUHEHHBIX MCKAXEHUN BBIXOTHOTO KOJIEOaHHs HE
Oyznet npesbimath 1%.

JIByX4acTOTHBIA CIIEKTP MOKET OBITh MOJIyU4eH IMOJIHOM peanm3anueii meroga Wibuna-
MoposoBa [10-13] ¢ momomipio aMImIuTyAHOro Monynaropa Maxa-llennepa (AMMID),
paboTaroliero Ha JUHEHMHOM ydacTke pabouell XapaKTEepUCTHKH, M (a3oBOro MOAYIATOpa
Maxa-lleanepa (OPMMII). Ilpu sTomM ans ynpaBineHus ¢$a3oBsIM MoayisiTopoM Maxa-
Llennepa wucnonp3yercs Oyok mnpeoOpasoBanus [PUYA — T'PUD (I'PY — reneparop
Pa3HOCTHOM YaCTOThI) CHHYCOMIAILHOTO CHTHAAA ¢ 4acToToi (2 B MeaHjap ¢ dacToTou (/2
Ui (pa30BOM KOMMYTAIIMK C COOTBETCTBYIOIIMMHU aMIUIUTYJaMH YIPABIISAIOIINX HANpPsHKEHUI
U, KoTOpbIii IpeicTaBiIeH Ha puc. 4 U paHee HaMH He paccMmaTpuBaics. BomokoHHas pemierka
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Bp3rra HCIIOJIB3YCTCA Ui OOIMOJHUTCIBHOI'O IMMOAABJIICHUA OINTHYECKOM Hecymeﬁ HCTOYHHKA
JIA3CPHOI0 U3JTy4YCHUS.

CHGKTp HU3TYy4YCHUA TJI1 ABYX COCTaBJIAIOIIMX Ha BBIXOAC MOAYJIATOPOB B JAaHHOM Cliy4dac
OIMUCBIBACTCA BBIPAKCHHUCM:

Eaam () = 0,49Ey {sin( @+ Q/ 2)t —sin(w — Q/ 2)t}+
+0,007 Eg{sin( o+ 3Q/ 2)t —sin(w — 3Q/ 2)t} + ...
Kak BumHO 13 (8) pa3sHOCTHAs 4acTOTa MEXKAY COCTABJISIONIMME JBYXYaCTOTHOTO U3TyYCHUS

Q paBHa YaCTOTE MOAYJIHUPYIOLIEIO CHUIrHala. COCTaBJ'IHIOH_[I/IC BBICHIUX TapMOHHK HE
YUYUTBIBACM B CUJTY MaJIOCTHU UX aMILUIUTYMO.

(8)

I'PH I'PH

\ 4

nJin

a
Puc. 4. I'ereparop ABYX4acTOTHOTO CHMMETPHYHOTO U3ITydeHHS (a); KoieOaHue
Hecylel Ha Beixogae (oromerekropa (0) (37aech 4acToTa Hecylied B aBa pasa
MEHBbIIIE TOKa3aHHOW Ha pHC. 3, 8)

[TomyueHo cyXeHHE Pa3HOCTHOM YAaCTOTHI B JBa pa3a MO CPaBHEHUIO C KIACCHYECKHUMH
CXeMaMH €€ YIABOCHHS, MPUMEHSEMBIMA B TPAKTHKE W3BECTHBIX PagHO(OTOHHBIX CHCTEM,
HampuMep, TpH HCIOJIB30BAaHUH OJIHOTO aMIUIMTYAHOTO MofayisTopa Maxa-Ilenaepa,
paboTtaromero sl MOJNABJICHUST HECYHIeH B  «HYJIEBOH» TOUYKE MOAYISALIMOHHOM
XapaKTePUCTUKH, KaK YKa3bIBAIOCH B (4) u (6).

5. 3ﬂeKTp00ﬂTI/I‘leCKI/Ie MOAYJATOPLI AJIsA q)OTOHHI)IX PAAN0OYIACTOTHBIX T'CHEPATOPOB

B npumeHenusx paauoOTOHUKM B  OCHOBHOM  HCIIONB3YIOTCA  JIByXKaHAJIbHbBIE
ANIEKTPOONITUYECKUE  MOAYJISATOpPHl Ha  OocHOBe wuHTepdepomerpa Maxa-llennepa,
peanu3yioniue aMIUIMTYAHYI0, (a30Byl0 H aMIUIMTYAHO-(Qa30Byr Moaymiauuw. I[lpu
MPHIOKEHUH DJICKTPUYECKOTO TIOJIS K OJTHOMY M3 JBYX MapaUIeIbHBIX 3JIEKTPOJIOB B IIEPBOM
ONTUYECKOM KaHaje MPOUCXOAUT HU3MEHEHHE KOdI(PPHUIMEHTa MPETOMICHHUS M BO3HUKAET
pasHuna (a3 OTHOCHUTEILHO ONTHYCCKOW BOJHBI, PACIPOCTPAHSIONMIEHCS BO BTOPOM KaHaJe,
KOTOpasi ONpeeNsieT MHTEHCUBHOCTD | (pa3y CUTHaJa Ha BBIXOJE MOAYIISITOPA.

B Hacrosiee BpeMsi akTHBHO HCITOJB3YIOTCS 3JICKTPOOTITHICCKHE MOIY/ISTOPBI KaK Ha OCHOBE
HuoOara ymutus LINDO3, Tak u Ha ocHoBe apceHuna raums GaAs u gochuma uaaus InP,
ONTUMU3UPOBaHHbIE U1 paboThl B JAuanazoHax UMH BoiaH 1,3—1,6 mxm. B ciyuae
UCTOJBb30BaHusl MoMIokeKk INP uMeeTcs BO3MOXHOCTH CO3/aHUS (DOTOHHBIX HHTETPATBHBIX
CXeM, BKJIIOYAIONMUX B Ce0S J1a3ephbl, MOIYJISATOPBI, MYJIBTHIDICKCOPHI MO JUTMHE BOJHBI,
BOJIHOBOJIBI W YIPABISIONIYI0 3JEKTPOHUKY. J[ns momydeHuss 3¢hGEeKTUBHOW MOIYISIUN B

51



O.I'. Mopo3os, I'1. Uneun, I''A. Mopo3os

KOMIIAKTHOM  MHTETPUPOBAHHOM MOJAYJIATOpE HEOOXOAMMO OOECIeyYuTh HauboJbllee
u3MeHeHne Kod(duimenTa npeaoMiIeHHsT B MOIYJISTOPHOW CEKIMH, NMPH HE3HAUYUTEIHHOM
YBEIMYEHUU €€ KOd(PPUIMEeHTa TOIJIOMEHUS] M TpU MPHIOKEHUH BO3MOXKHO MEHBILEro
HANpPSDKEHUS K MOAYIISATOPY.
OcuoBubiMu ~ Xapaktepuctukamu  LINDO3  MomynsitTopoB  SBASIOTCS — MOJIYBOJHOBOE
HanpspKeHue, padoyasi 1MoJioca YacTOT, BHOCHMBIE ONTHYECKHE MOTEpPH, CTAOMIBHOCTH IO
TEMIEpaType U TOJOXKEHUI0 padouell TOYKH, ONTHUYECKass UyBCTBUTEIBHOCTH 10
ko3P uuuenty npenomieHus. OCHOBHOE UX Ha3zHaueHHE — paboTa B mojioce yactoT 1o 40-
60 I'Tu. TexHosoruss MOAYJISATOPOB YKa3aHHOTO Kilacca HarboJsiee mprcrocodieHa K padore ¢
curHaiamu  cBepxBbicokodactotHoro (CBY) wu kpaiine BwicokoyactotHoro (KBY)
nuana3zoHoB. OJIHAKO CYIIECTBYET U Psi HEJAOCTAaTKOB, CBS3aHHBIX C MOSIBICHHEM (Pa30BBIX
UCKQKEHUH W HEPaBHOMEPHOCTH paloueil XapaKTEepUCTHKH OKOJO BEpXHEH TI'paHUIIbI
4acTOTHOrO auamna3ona. OcHoBHbIMEH ¢GupMamMu — mpousBoauteassMu LINDOs monynstopos
sisitoTest JDSU, Avanex, Sumitomo, Photline u EOSPACE.
Apcennn ramus GaAs u pochun nnaus INP B cuity CBOMX ONTHYECKUX CBOMCTB M BBICOKOTO
MOTEHIMAJA JIJIsl HHTETPallid B KOMITAKTHBIE MHOTO()YHKIIHOHAJIEHBIE YCTPOHCTBA, a TAKXKE B
CUJIy OTCYTCTBUS CHUMMETPUU B KPUCTAIMYECKOW CTPYKType, WUIPalOT BaXKHYIO pPOJb B
00TacTH pacuIMpeHusi YacTOTHOTO JHana3oHa o0padaTblBaéMbIX CHTHAJIOB W CO3IaHHUS
MEPCIEKTUBHBIX CUCTEM PATuO(POTOHUKHU. Y CIIOBHO UX YACTOTHBIN TUANa30H MOKHO OLIEHUTh
kak jo 100 I'Tu mrst GaAs u ceeire 100 I'T g INP. HecMoTpst Ha OTHOCHUTEIBHO Mayioe
3HAYCHHE dJIEKTpooInTHYecKoro kodddunuenta (rs=1,4 nm/B) u Bbicokui koddduimeHT
nperomienust (no 3.,4), obecneuenue 100%-ro mo oOBeMy KpuCTajula B3aUMOJCHCTBHUS
ONTUYECKOTO U DJIIEKTPUYECKOrO TOJII OOECIEeYUBAET BBICOKYIO 3JIEKTPOONTUYECKYIO
3 GeKTUBHOCTh TOAynpoBoaHKKOB GaAs u INP, cpaBuumoii ¢ moctuxumoit B LINDOa.
OnHaKo MoJTydYeHHast PH 5TOM XapaKTepUCTHKA «HanpspkeHue—mmHay (U, L ) cocrasiser B
cpennem 9 B-cMm, nipu npeanoniaraeMom 5,5 B-cM, 4TO MO3BOJISIET A€NIaTh 3JIEKTPOONTHUYECKUE
MOYJIATOPBI MEHbBILCH JUTHHBI U MEHBIIMX Pa3MepoB, YeM MOayssaTopbl Ha ocHOBe LiNDOs.
OCHOBHBIM MOCTaBIIMKOM 3JIEKTPOONTUYECKUX MOAYJIATOPOB Ha OCHOBE apCeHuaa rajuius
GaAs u pochuna unaus INP seiusercs pupma Bookham.
Ocoboe mMecTo B cucteMax paaAuo(OTOHUKH 3aHUMAET MOJISPU3ALMOHHBIN MOYIATOP PUPMBI
Versawave Technologies [42]. Tlonspu3anuOHHBI MOIYJISTOp TPEACTABISCT COOOM
crienManbHbIi  (a30BbIl MOAYNATOp, KOTOpbIM mnojaepxkuBaer ob6e moasl TM u TE,
oOecnieunBast MOIYIALUIO (a3bl B KAKIOW M3 HUX, HO C MPOTHUBOIOJIOKHBIM 3HaKoM. Takas
MOJTYJISIIMS IOCTUTAETCs TIPU HACTPOHKE KOHTPOJUIEPOM MOJSPU3ALUHN BEKTOPA MOJIIPU3aLUU
MCXOJHOIO M3JIy4Y€HHUsl TaKUM 00pa3oM, 4TOObI €ro MOJIOKEHUE COCTaBIsIo 45° ¢ oHON U3
NPUHIUIHAIBHBIX OCEH MOISIPU3AIMOHHOTO MOIYIISITOPA.
HopmupoBanHoe onTrueckoe 1oJjie Ha BbIXO/€ MOJISPU3ALMOHHOTO MOAYIISITOPa MOKET OBITh
OIHCAHO CIEAYIOIINM 00pa3oM:

E J2 | exp( joot+ jB, COSxet)

— o — , 9
E 2 | exp( joot— jB, COS g t) ®)

y

rae By — wHgexc (as3oBoi MOAYISIMH B IMOJSAPH3AMOHHOM MOJIYJIATOPE, KOTOPBIN
onpenensercss kak Sy =7wUp /U, 1pu COOTBETCTBYIOIIMX 3HAYEHHAX  AMILTATYIBI
Monynupytomero HamnpsbkeHuss Up u  momyBomHoBoro Hampspbkenus Ug. Kontpomnep
MOJISIPU3AIMU Ha BBIXOJIE MOJISPU3ANUOHHOTO MOIYJISITOPA TO3BOJISET MO0 OOBETMHUTH 00€
COCTaBIISOIIUE, TUOO BBIICTUTH KAXKIYIO 3 HUX.

[Tonsipr3anMOHHBI MOIYJIATOP M3TOTABIUBACTCS 1O TEXHOJIOTHH IMOYNMPOBOAHUKOB GaAs,
obnamaer ko3P pumeHTOM KOHTpacTHOCTU 20, BHOCUMBIMHU ONTHYECKUMH moTepsmu 3,5 1b
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Y TIOJYBOJIHOBBIM HampsbkeHuem a0 3,5 B B guamazone yactor ot 40 mo 80 I'Tu. Ilpm
MCIIOJIb30BAaHUU MOJYJIATOPA YKA3aHHOIO KJacca JOCTATOYHO MPOCTO PEATU3YIOTCSI BCE BUIBI
MOJYJISIIMH, BKIIFOYash aMIUIMTYIHO-()a30ByI0, MMONydeHHYI0 Hamu Ha kpuctamuiax LINDOs u
npejcTaBicHHyo0 B padoTax [10-13, 43].

6. 3akI0oueHue

O030pHbIE UCCIENOBaHMs, MPEICTABICHHbIE B HACTOAIIEH CTaThe, IMOKa3ald, YTO Pa3BUTHE
panuo(OTOHHBIX CHCTEM CAEPKHMBACTCS CIOXKHOCTHIO (DOPMUPOBAHHMS CTAOMIBHBIX IO
4acTOTE U CUHXPOHM3MPOBAHHBIX MO pa3e U3Iy4YeHUH HUCTOYHUKA 3OHIUPOBAHUS U
reTepofrHa C BO3MOXKHOCTBIO HX TIEPECTPOMKHM 10 YacToTe B O0OMEeM clydae IIo
MIPOU3BOJILHOMY 3aKOHY U C IMPOU3BOJILHOM CKOPOCTHIO, UTO ONPEAEIAeTCs HEOOX0AUMOCTHIO
npreMa CUTHAJIOB WM HM3MEpeHHid ¢ TpeOyeMoil YyBCTBUTEIBHOCTHIO M OTHOIICHHEM
CUTHAJI/IIIYM B IIMPOKOM JHana3oHe YacToT.

VYkazanHbele NMPOOJIIEMBI MOTYT OBITh PELICHBI MOCTPOSCHHEM pAJAMOPOTOHHBIX CHUCTEM Ha
OCHOBE OJHOYACTOTHBIX HENPEPBIBHBIX JIA3€pOB U  aMIUIMTYAHO-(A30BbIX 3JIEKTPO-
ONTUYECKUX MOAYJISTOPOB (BO3MOXKHO MCIOIb30BAaHUE MOJISIPU3ALIMOHHBIX MOAYJISITOPOB).

B ocHoBe perenusi MOCTaBICHHBIX 3a7a4 JIEKUT MCIOJb30BaHUE YHUKanbHOro merona [10-
13], xoTopslii moOMyuMs1 Ha3BaHHe MeToAa MibprHAa-MoOpo30Ba, MPEUIOKESHHOTO aBTOPaMHU B
1983 roay ¥ OCHOBAaHHOTO Ha MOJYJSIUU AMIUTMTYABI U MaHUMYISAUUU (Da3bl UCXOHOTO
OJIHOYACTOTHOTO  M3Jy4YEHWs s  CHUHTE€3a CHUMMETPUYHBIX  JIByXYacTOTHBIX U
MOJIMTAPMOHUYECKUX  M3JIy4deHHd. BbIXxogHOE MONMrapMOHMYECKOE U3ITy4YeHHE IpU
peanuzauuu npemiaraemMoro meroga MnbuHa-Mopo3oBa COAEPKUT B CBOEH CTPYKTYype
CUMMETPUYHBIE COCTABISIONINE PABHON aMIUIUTY/bI U ajJbTePHATUBHOU (a3bl ¢ Pa3HOCTHOMN
4acTOTOM. OTU COCTaBJISIONIME CHUMMETPUYHBI OTHOCUTENIBHO MCXOJHOW I0/1aBJI€HHOU
qyacToThl. [Ipu 3TOM pa3HOCTHas 4acTOTa paBHA YaCTOTE MOIYIUPYIOLIETO PaluOCUTHAIA UITU
e yJBOCHHOMY 3HAa4€HMIO, U XapaKTEPU3YyeTCs] BHICOKON CTENEHbIO CHEKTPATIbHOM YHMCTOTHI
P OTKJIOHEHUSIX MMapaMeTpoB MpeoOpa3oBaHMs OT ONTUMATbHBIX.

Pa3paborka Mmeroma Obula OCYIIECTBIEHa Ha OCHOBE JETaJbHOIO  MCCIEI0BaHUS
MOAYJISIMOHHBIX XapaKTEPUCTUK aMIUIMTYJHOTO 3JIEKTPOONTUYECKOIO0 MOJYJIATOpa IO
HANPSDKEHHOCTH 3JIEKTPUYECKOr0 MOJIS, B OTJIMYME OT UIMPOKO HCIOJIb30BABILErOCs B TO
BpeMsl aHajiM3a MOJYJSIUOHHBIX XapaKTEPUCTUK MO €ro MHTEHCUBHOCTU. bblIO mokazaHo,
YTO Tpu paboTe AaMIUIUTYIHOTO 3JIEKTPOONTUYECKOTO MOAYISITOpa B  «HYJIEBOH
(MHHUMAITLHOM )» TOYKE MOIYJISAIMOHHOW XapaKTEPUCTHKH BBIXOIAHOE H3JIyUYCHHE SIBIISCTCS
HE AaMIUTUTYJHO-MOAYJIMPOBAaHHBIM C OOKOBBIMH YacTOTaMHU Ha YABOEHHOM dYacToTe
MOAYJISIMU, a JBYXYAaCTOTHBIM C MOJABJICHHOW HECYIIEW YacTOTOW M COCTaBISAIOIIMMH,
pa3HECEHHBIMH Ha yJIBOCHHYIO 4acToTy monyssiiuu [13]. Haubonee mpocroit peanuzanueit
Ha YpOBHE COBPEMEHHBIX TEXHOJIOTMH SBJISETCA peajau3alus Ha OCHOBE JBYXIIOPTOBOTO
MoayisTopa Maxa-Llennepa.

B Hactosieil ctatbe ¢ UCMoNb30BaHnEeM paboT aBTopoB [44-53] u ux komter [54-56] Gbuin
MOKa3aHbl BO3MOKHOCTH F€HEpallii PaiiO4aCTOTHBIX CUTHAJIOB C HU3KUM YPOBHEM (Pa30BBIX
IIYMOB M F€HEpaly MOJIMTapPMOHMYECKUX M3IYyYEHUN C PaMo4aCTOTHBIMU KOMIIOHEHTAMH.
Kpome Toro, mccienoBaHbl BO3MOXXHOCTH NPUMEHEHHS] TEXHOJIOTMH Ha OCHOBE HuoOaTa
TUTHS, apceHuna ramwmus u Gochumga WHAMS UIS CO3AAHHS DJIEMEHTOB TMEpPCHEKTHBHBIX
MOJIYJIALIMOHHBIX CUCTEM PaiO(OTOHUKHU B PA3IUYHBIX PAJOYaCTOTHBIX JHaNa30Hax.

BaarogapHocTun

Pabora BeimonHeHa mpu (UHAHCOBOW MoOAnepkke MUHHCTepCTBA 00pa3oBaHUS U HAyKU
Poccuiickoit @enepanuu B paMKax TOCYJapCTBEHHOIO 3aJaHUs Ha OKa3aHWE YCIyT
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(BBITIOJTHEHUE Pa0OT) MO OpraHU3aIllMKi HAYYHBIX HCCIICIOBaHUI, BBIMOMHSAEMBbIX KazaHCKUM
HAI[MOHAJILHBIM ~ HCCJICIOBATEIIbCKUM  TEXHMYECKUM  YHHBEPCUTETOM Ha  Kadeapax
TEJICBUCHUS U MYJbTHMEIUIHBIX CHCTEM, PaIUOIICKTPOHHBIX U KBAHTOBBIX YCTPOWMCTB H B
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Cnucok a60peBuartyp

PJIC — paguonokanroHHas cTaHLIus ADOM — aMIIIUTYIHBINA 31EKTPOONTUYECKUI
DAITY — (a3oBas aBTONOACTPOIKA YaCTOTA  MOAYJISTOP
MMII — monynsatopa Maxa-1{ennepa RZ (return-to-zero) — ¢ BO3BpaToM K HYJIIO
JIJ] — ma3epHbIii 11O CSRZ (carrier-suppressed return-to-zero) — ¢
@/ — poromerekTop BO3BPaTOM K HYJIIO C IIOAABJIEHUEM
P® — pexxekTopHBIi GHIBTP MOCTOSTHHOM COCTaBJISIOIIEN
BPb — BonokoHHas pemerka bparra I'PY — renepaTop pa3HOCTHOM 4aCTOTHI
AMMII — ammmuTynHbl MoaynsTop Maxa- CBUY — cBepXBbICOKOYACTOTHBIN
Ilennepa KBY — kpaiiHe BEICOKOYAaCTOTHBIN
OMMII — da3zoBsiii MoaynsTop Maxa-
Hennepa
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Abstract. From the point of view on requirements, defining the parameters of external amplitude-phase
modulation, as key process for microwave frequency carrier’s generation in the optical range, the basic
structures, characteristics, element base and directions of development for microwave photonics
generators are presented. Microwave photonics methods, discussed in the article, may be classified as
follows: two optical carriers photo mixing as base method for generation of microwave frequency
ones; external amplitude or phase electro-optic modulation for generation of two optical subcarriers
with difference microwave frequency equal to two or four modulating ones; and external amplitude-
phase electro-optic modulation for generation of two optical subcarriers with difference frequency,
which is equal to microwave modulating one. Further, elements for realization of electro-optic
amplitude-phase modulation in the optical range for the purposes of microwave frequency carrier’s
generation are discussed.

Keywords: microwave photonics; optical photo mixing generation of microwave frequency
carriers; external electro-optic amplitude, phase and amplitude-phase modulation, element
base of microwave photonic generators.

1. Introduction

Modern methods and means of microwave signals processing in the optical range [1-6] are
applied in various radio and optical engineering systems for defense and civil purposes: radar
warnings, ground and airborne reconnaissance assets, radio electronic warfare, RoF and
UWBoF communications, amplitude and phase modulation for fiber optic communication
lines, etc. The generation [7-9] of microwave frequencies (MF) carriers, the frequencies of
local oscillators, the poly-harmonic radiations with difference microwave frequencies
between components, etc. are related to the basic functions of transmission, reception and
processing of information in microwave photonics systems.

A key element of microwave photonics systems is the subsystem of optical carrier modulation
[1-6]. Its provides the transfer of microwave signal into an optical range, for example, to
measure the instantaneous microwave frequencies, as well as the formation of poly-harmonic
optical signal with a difference frequency, lying within the microwave frequencies range, for
example, for microwave carrier generation with frequency equal to the difference one,
achieved after photo mixing. Thus, as a rule, a separate set of lasers, spaced to the frequency
of microwave signals, or lasers with internal modulation or modes synchronization, or lasers
with external modulation, based on electro-optical modulators with operating frequency range
up to 1-100 GHz of amplitude, phase, amplitude-phase, and polarization types are used for
design of microwave photonics generators (MPG).

Due to the natural symmetry of modulated signals and the highest achievable ratio of the
modulation conversions, amplitude-phase modulation with complete or partial suppression of the
optical single-frequency laser radiation (carrier) has found a particularly wide application in the
microwave photonics systems [10-13]. From the point of view on requirements, defining the
parameters of external amplitude-phase modulation and formation of poly-harmonic laser radiation
processes with a difference microwave band frequency, the basic structures, characteristics,
components and directions of microwave photonics generators development are discussed.
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From a general point of view, microwave photonics methods, shown in the article, may be
classified as follows: two optical carriers photo mixing as base method for generation of
microwave frequencies ones (section 2); external microwave amplitude or phase electro-optic
modulation for generation of two optical subcarriers with difference frequency equal to two or
four modulating ones (section 3); and external amplitude-phase electro-optic modulation for
generation of two optical subcarriers with difference frequency, which is equal to microwave
modulating one (section 4). Further, elements for realization of amplitude-phase modulation
in the optical range for the purposes of microwave frequencies carrier’s generation are
presented (section 5). In conclusion we summarize advantages of one single frequency cw
laser and one electro-optical dual-port modulator using for complex amplitude-phase
modulation of optical carrier in order to design of microwave photonics generators with low
phase noise.

2. Optical photo mixing as the basic procedure of microwave frequencies carrier
generation

Tunable generators of microwave frequencies carriers with low level of phase noise are
applied in various systems: radar, wireless communications, software defined radio,
information and measurement [3, 14-15]. Typically, microwave frequencies carriers are
generated by means of complex electronic circuits with multi-frequency multiplying to
achieve the desired values. In addition, in many cases the generated microwave frequencies
carrier must be distributed to remote devices. The distribution of such signals in the electronic
field, in practice, is difficult because of large losses in distribution lines, for example, in
coaxial cable. Thanks to the wide bandwidth and low loss of modern optical fibers, the
distribution of microwave frequencies carriers over optical fiber is the ideal solution that
greatly simplifies the requirements to the oscillators.

microwave frequencies carriers may be generated in the optical field with the use of optical
photo mixing procedures, when two optical waves with different wavelengths are mixed in
the photodetector (nonlinear quadrature element). At the photodetector output, a beat signal is
generated with a frequency corresponding to the interval between the lengths of two optical
waves. Suppose we have two optical waves:

Ey(t)= Eqcos(ot + 1), @)
Ex(t)=Excos(mpt +¢;), (2

where Ei, E> — its amplitude values, o1, ®2 — angle frequencies, and ¢1, ¢2 — phase values.
Taking into account a restricted photodetector’s bandpass its current may be descripted as
follows:

| () oc 2Acos| (0, —, )t +(d, —,) ], ()

where 4 — amplitude, defined by values E1, £> and the gain of the photodetector.

As follows from (3) an electrical signal is generated with a frequency equal to difference
frequency between o1 — w2 of two optical waves (1)-(2). The value of this frequency can
reach the terahertz range; the only restriction might be the photodetector bandwidth.
However, the use of two unsynchronized laser diodes leads to the fact that the resulting
radiofrequency signal will have a high level of phase noise since the phases of two wave’s @1
and @2 are not correlated.

Several proposed methods [16-24] allow generation of microwave frequencies carriers with
low phase noise level from two optical waves with synchronized phases. These methods
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include synchronization methods with frequency capture [16, 17], phase-locked loop (PLL)
[18, 19] and its combined version [20]. In a number of papers, generators based on dual-
frequency lasers are presented [21, 22]. Methods based on external amplitude phase
modulation of single-frequency laser radiation deserve special attention [23-24].

3. Microwave frequencies carrier generation by means of external amplitude
or phase modulation of optical carrier

microwave frequencies carriers can also be generated by an external modulation [10-15, 23-
26]. Here we present structural diagrams of generators while operating at "minimum” (fig.1,a)
and "maximum™ (fig.1,b) points of the modulation characteristics of Mach-Zehnder modulator
(MZM) [14, 15]. Microwave signal with the doubled 2 f, frequency was optically generated
with electrical bias Mach-Zehnder modulator Vg =0 in the "minimum" operating point [14].
The signal of millimeter range of 36 GHz was obtained at modulation frequency fn = 18 GHz.
For frequency generation that exceeds in four times the frequency modulating signal 4fm [15]
a Mach-Zehnder modulator shifted to a "maximum” point of its modulation characteristic
Ve= U Where U — is a Mach-Zehnder modulator half-wave voltage was used.

fm Ve=0 OF fn  Ve=Ux OF

Ao T ((O 2fm Ao T ((0 4fm
LD » MZM » PD |—» LD » MZMH NF » PD —»

L

—fm I +m | —2fm I +2fm
_|_. R s s KRN PYN i s RO
o Ao Ao Ao
a b
Fig. 1. Radiofrequency carrier generator with external modulation of the laser
diode and MZM shift into «minimal» (a) and «maximal» (b) operating points:
OF — optical fiber; LD — laser diode; PD — photodetector; NF — the notch filter

Optical carrier Ao, and harmonic components of the 1st and 3rd orders were suppressed by
means of adjusting the level of the modulating signal and notch filters. As notch filters, Mach-
Zehnder and Fabry-Perot tunable interferometers were used. The millimeter band signal at
60 GHz was achieved at a modulating frequency fm = 15 GHz. For wideband review radar
systems with a streamer signal or software-defined radio systems, it is necessary to use the
microwave frequencies signal with a frequency tuning. Two approaches have been
demonstrated in [23, 24] to generate frequency of tunable microwave frequencies signal,
using an optical filter fixed on wavelength: based on the amplitude [23] and phase modulators
[24]. The optical carrier suppression is carried out by the fiber Bragg gratings (FBG).

The main reasons for the presence of the higher components in the output spectrum of the
amplitude modulator are nonlinear characteristics, temperature instability, and deviation of
the transformation parameters from the optimal and the error of alignment of the polarizer’s
converter. They all cause the deviation of the operating point and the rapid growth of the
amplitudes of spurious spectral components. A key advantage of optical phase modulator
usage is that there is no need to switch on a constant shift, which eliminates the problem of
drift of the operating point [24]. Unlike Mach-Zehnder modulator, which can be controlled
for odd or even harmonic components selection, the optical phase modulator usage will
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generate their full range including the optical carrier. The beats left after fiber Bragg gratings
optical carrier filtering on side harmonic components at the photodetector output will allow
generating the microwave frequencies signal.

It should be noted that higher optical harmonics transmitted through single-mode fiber will be
subjected to chromatic dispersion, which will change the phase ratio in lateral components.
To maintain the ratio of the same phases, there is necessity of dispersion compensation. Under
conditions of compensation, it has been experimentally demonstrated that at modulating with
a frequency lying in the range of (18.8+25) GHz, locally and remotely were obtained two
bands of signals of millimeter range of (37.6+50) GHz and (75.2+100) GHz.

4. Microwave frequencies carrier generation with frequency equal to the modulating one
(amplitude-phase modulation)

Let’s consider the transition from amplitude-modulated signal with absolute modulation to the
beat signal. This transition can be achieved either by suppressing the carrier oscillation (first
option) or by switching the phase of the amplitude-modulated signal at the moment, when its
envelope achieves a zero value (second option).
The spectrum of the initial quasi-harmonic
oscillation with the amplitude-modulated signal
structure (a) and spectrums of transformed
oscillations with the beat signal structure
received on the first (b) and second (c) options |je-——-—- »
are presented in fig. 2.

In this case, the obtained spectra are
significantly different at difference frequencies
2Q (fig. 2,b) and Q (fig. 2,c) depending on the
conversion method. The first  option
implementation help us to get double sideband
with suppressed carrier (DSB-SC) signal, and
second double half sideband with suppressed 0
carrier (DHSB-SC). Therefore, we can get in
first option radiofrequency or microwave
carrier with frequency 2Q, and in second — with
frequency Q. It is the first time, when we show
radiofrequency  carrier  generation  with .
frequency equal to the modulating one. !
Let us consider the first option implementation.

v

The radiofrequency generator of the centimeter
range was built on the principles of amplitude- S D
phase modulation in a classical amplitude EP —p

electro-optic modulator (AEOM) on lithium Q2 !

metaniobate LiNbO3 crystal, the symmetry :
class 3m [10-13, 25-26].

Amplitude electro-optic modulator connection
with laser diode and photodetector was carried
out by means of fiber-optic pigtails. When Fig. 2. Amplitude modulated spectrum
operating the generator in a “zero” point of signal before (@) and after modulation
modulation characteristics output spectrum is transformation by first (b) and second (c)
described by the expression options
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EBrox = —J'Eoejmot[Z iJ 2k+1(2)sin( 2k +1)Qt} , (4)
k=0

where o is the angular frequency of optical carrier, and Q — of modulating radiofrequency
signal; index j in this expression indicates that the output radiation is orthogonal to the
polarization vector of the source radiation; Jox+1(z) is the Bessel function of the (2k+1) order.
At half-wave voltage Um = U, we get z=n/2, J1(2)=0,64, J3(z)=0,06. The input single
frequency and dual-frequency output spectra of the generator radiation, and the
radiofrequency signal at the photodetector output are shown in Fig. 3, a-c, respectively.

a

Fig. 3. Spectrum of input («) and output (b) AEOM radiation, the waveform of the
radiofrequency signal (c) at PD output (fig. 1, @)

A maximum coefficient of transformation (4) is 0.64. When the conversion coefficient is 0.58
the total harmonic distortion does not exceed 1%. There are two more important points worth
noting, it is the equality of amplitudes of spectral components and opposite phases, which is
important e.g. for the generation of solitons [39] and the construction of photonic filters of
radio-frequency signals [29, 40-41], regardless of the location of the working point, and ease
of frequency tuning, due to the use of a single modulating signal. The possibility of even-
numbered components in the spectrum of the output radiation, is shown in (5), can be useful
at generating RZ (return-to-zero) and CSRZ (carrier-suppressed return-to-zero) pulse
sequences [40]:

2 iJo (z)+2iJ2k(z)0052th +
e(t) =—j=elontx 0 “ : (5)
2 0
+2) T (2)sin(2k + 1)
k=0

The theoretical results of the spectrum analysis on the output of the proposed generator are
given in table 1, and are obtained under the assumption that the modulator is biased at zero
applied voltage I_ =0, and polarizers are either orthogonal a=—p=45° or parallel a=p=45°.

Output radiation is fed from amplitude electro-optic modulator to a polarizing beam splitter;
one of its principal axes is oriented at a 45° angle to amplitude electro-optic modulator. At
two outputs of the polarization beam splitter will receive two optical signals along two
principal axes, and one signal includes all of the optical frequencies of even order (first line of
table 1) and the other consists of all the optical frequencies of the odd one (first line of
table 1). This allows generating both return-to-zero and carrier-suppressed return-to-zero
pulse consequences respectively in the range of (0.3 + 1) GHz, determined by the amplitude
electro-optic modulator bandwidth*®. The whole system is equivalent to the pulse generator,
which consists of a phase modulator and the interacting pair of comb filters for sampling odd
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and even sidebands. The main advantage of the proposed method is that for the separation of
the sequences is not used physical interacting pair of comb filters, which makes much easier
the adjustment of the repetition frequency.

Table 1. AEOM output spectral characteristics

a,p, I AEOM output spectra
o=45°, B=—45°, T_=0 Eout = —jEej‘”O{Z §J2k+1(z)sin(2k +l)Qt}
k=0
a=45°, B=45°, I_=0 Eou (t) = Ee 10! {JO(Z) +22.Jok (Z)COSZKQ'E}-
k=1

Let us consider the second option implementation. The simplest oscillation, satisfying
modulation requirements is the oscillation of S (r)=S, cos(Q¢+n) type, where Sy is its

constant amplitude, and = is an initial phase. In this case, the phase of the carrier wave wo will
be switched to m when passing the minimum of modulating oscillation. In the case of
switched carrier amplitude modulation by Si(t) oscillation, the resulting spectrum has the
following form:

e (t) =EZ{F—E[L+LH[COS@O+nQ/2) t —cos(w, —nQ/ 2) t]} (6)
T 4G

n 2\n-2 n+2

where m is coefficient of amplitude modulation.

From the analysis of (6) we see that the first term in large square brackets defines the range of
coefficients of Fourier series for switched carrier, and the second and third describe the vast
influence on its components by modulating oscillation. The degree of suppression depends on
the modulation coefficient m. Taking Ez = 0, we get the optimum modulation index mept = 5/9,
practically with the resulting dual-frequency oscillation (E+;=0,76Eo), since the amplitude of
spectral components En < Eo/15 for n > 5. When you change the modulation index in the range
of (0,85 — 1,15) mgpt coefficient of nonlinear distortion of the output oscillation does not
exceed 1%. Complete suppression of the lateral components with n > 3 can be achieved using
modulation oscillation of Sx(t) = So | sin(Q/Z)t| type for amplitude modulation. Then the
resulting oscillation will have the following range

e(t) = 2By 1- b)Z%{cos(oao +nQ/2)t - cos(wg —nQ/2)t )+
T
n (7)

+ niob {cos(wg + Q7 2)t —cos(wg — Q/2)t},

where b is amplitude modulation coefficient.

The amplitude of the spectral components will be determined by the coefficients of Fourier
series for n=1 Ei=[2Eo/r][1-b]+[rEob/4], and for n>3 En =[2Eo/mn][1-b]. When bop=1
spectrum contains two useful components at wo+Q/2 and wo—C/2 frequencies, spurious
components are suppressed completely. When you change the modulation index in
(0,7 — 1)bopt range the coefficient of nonlinear distortion of output oscillation does not exceed 1%.
Dual-frequency radiation can be obtained by complete implementation of the I1’in-Morozov’s
method*%!3 by using the amplitude Mach-Zehnder modulator (AMZM), operating in a linear
range of the working characteristics, and phase Mach-Zehnder modulator (PMZM). At the
same time to control phase Mach-Zehnder modulator we used a conversion unit from two
radiofrequency generators (RFG A — RFG P) of a sinusoidal signal with a frequency Q in a
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meander with a frequency of /2 for the phase commutation with the corresponding
amplitudes of the operating voltages Ur2 and U , which is presented in fig. 4,a and was not
considered before. Fiber Bragg gratings is used to further suppression of the laser source
optical carrier. The spectrum for the two components at the modulator output in this case is
described by the expression:
Eaam () = 0,49Eq{sin(o + Q/2)t —sin(w— Q/2)t} + g
+0,007 Eg{sin( o+ 3Q/ 2)t —sin( @ — 3Q/ )t} + ... ®
As can be seen from (8) the difference frequency between the components of dual-frequency
radiation Q is equal to the frequency of the modulating signal and its view after photodetector
is shown on fig. 4,b.

RFG RFG

! v

Q, Unp2 /2, Ur

v v OF
LD AMZM PMZM I“ o, PD
‘O
m
T

Fig. 4. Generator of dual frequency symmetrical radiation and waveform
radiofrequency carrier on photodetector output (its frequency is two time less than
put on fig. 3,c)

Components of higher harmonics can be ignored because of the smallness of their amplitude.
We achieved a narrowing of the difference frequency in two times in comparison with
classical schemes of its doubling, used in the practice of known microwave photonics
systems, for example, while using a single amplitude Mach-Zehnder modulator applied to
suppress the carrier in a "zero™ point of the modulation characteristics, as indicated in (4) and
(6) and fig. 1,a, fig. 3,b,c and fig. 4,b.

5. Electro-optic modulators for microwave photonic generators

In microwave photonics applications dual channel electro-optic modulator based on Mach—
Zehnder interferometer are mainly used implementing amplitude, phase and amplitude-phase
modulation. When electric field is applied to one of two parallel electrodes there is a change
in the first optical channel of the refractive index and the phase difference occurs relatively to
the optical wave propagating in the second channel, which determines the intensity and phase
of signal at the output of the modulator.

Currently electro-optic modulator based on lithium niobate LiNbOs, as well as, on gallium
arsenide GaAs and indium phosphide InP, optimized for the wavelengths of 1.3—1.6 um, are
actively used. In case of using the InP substrate it is possible to create photonic integrated
circuits, including lasers, modulators, multiplexers in wavelength, waveguides and drive
electronics. For effective modulation in a compact integrated modulator, it is necessary to
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ensure the greatest change of refractive index in its modulatory section, with a slight increase
in its absorption coefficient and at the smallest possible voltage applied to the modulator.

The main characteristics of LiNbOs modulators are half-wave voltage, bandwidth, optical
insertion loss, temperature and working point stability, the optical sensitivity of the refractive
index. Their main purpose — operation in the frequency range up to 40-60 GHz. The
technology of the specified class modulators is best suited to work with signals of microwave
and millimeter ranges. However, there are several disadvantages associated with the presence
of phase distortions and non-uniformity of the working characteristics near the upper limit of
the frequency range. The main manufacturers of LiNbOs modulators are JDSU, Avanex,
Sumitomo, Photline and EOSPACE, etc.

Gallium arsenide GaAs and indium phosphide InP, due to their optical properties and high
integration potential into compact multi-function devices, and the lack of symmetry in the
crystal structure, play a significant role in expanding frequency range of the processed signals
and creation of advanced systems of microwave photonics. Conventionally, their frequency
response can be estimated as up to 100 GHz for GaAs and more than 100 GHz for InP. Despite
the relatively small value of the electro-optic coefficient (rs1=1,4 pm/V) and high refractive
index (up to 3.4), insuring of 100% by crystal’s volume of interaction of optical and electric
fields define the high electro-optical efficiency of GaAs and InP semiconductors, comparable to
that attainable in LiNbOs. However, the obtained "tension-length” (UL) setting is on average 9
V-cm, while estimated at 5,5 V-cm, which allows you to do electro-optic modulator of smaller
length and sizes than modulators based on LiNbO3. A major provider of electro-optic modulator
based on gallium arsenide GaAs and indium phosphide InP is Bookham.

A special place in microwave photonics systems takes Versawave Technologies polarization
modulator [42]. Polarization modulator (PolM) is a special phase modulator that supports both
modes TM and TE, providing the phase modulation in each of them, but with the opposite sign.
Such modulation is achieved by tuning the polarization vector of the source radiation by the
polarization controller so that its position equals to 45° with one of the principal axes of
polarization modulator. The normalized optical field at the polarization modulator output can be

described as follows:
E, | V2 [exp(jogt + jBycos opet)
—Z o , €)]

Ey 7 eXp(j(Dot — JB]_ Ccos O)RFt)

where B, is the index of phase modulation in polarization modulator, which is defined as
By :71:U|D/UTc with appropriate amplitude values of the modulating voltage U D and a half-

wave voltage U . The polarization controller at the polarization modulator output allows you

to combine both components or to highlight each of them.

Polarization modulator is fabricated on a GaAs technology, has a contrast ratio of 20, the optical
insertion loss of 3.5 dB and half-wave voltage up to 3.5 V in the frequency range from 40 to 80 GHz.
When using two cascaded modulators amplitude Mach-Zehnder modulator and phase Mach-
Zehnder modulator, realizing 1I’in-Morozov’s method [10-13], all the modulation types are simply
implemented, including amplitude-phase, obtained in LiNbOs crystals and presented in [43].

6. Conclusion

The review study presented in this article showed that the development of microwave
photonics systems is constrained by the difficulty of forming stable in frequency and
synchronized in radiation phase sources of probing or the local oscillations with the
possibility of frequency adjustment in the general case by the any law and any speed. This
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requirement is determined by the necessity of receiving signals or measurements with the
required sensitivity and signal-to-noise ratio in a wide frequency range.

These problems can be solved by building microwave photonic systems based on single
frequency cw lasers and the amplitude-phase electro-optical modulators (one can use the
polarization modulators). In the basis of the task solution is the use of a unique method [10-13],
which had been called I1’in-Morozov’s method, and was proposed by the authors in 1983 [43].
It is based on amplitude modulation and phase manipulation of the single-frequency optical
carrier for the synthesis of symmetrical dual-frequency and poly-harmonic radiations. The
structure of the output poly-harmonic radiation at the II’in-Morozov’s method realization
contains two symmetrical components relatively suppressed source, with equal amplitudes
and alternative phases and a difference frequency equal to the frequency of the modulating
radiofrequency signal or its double value. It is characterized by a high degree of spectral
purity when occur the deviations of the transformation parameters from optimal. Method
development was carried out based on a detailed study of the modulation characteristics of an
amplitude electro-optical modulator according to the electric field intensity, unlike widely
used at that time intensity analysis of modulation characteristics. It was shown that when the
amplitude electro-optic modulator operated in the «zero» (minimum) point of the modulation
characteristics the output radiation is not amplitude-modulated with side frequencies at a
double modulation frequency, but it is dual frequency with suppressed carrier and the
components separated by doubled modulation frequency.

In this article, we shown the possibility of microwave frequencies signals generation with low
phase noise level and generation of poly-harmonic radiation with radio frequency
components. Moreover, we studied the possibility of applying the technologies based on
lithium niobate, gallium arsenide and indium phosphide for creation of elements of the
advanced modulation microwave photonics systems in different radio frequency bands. The
applications of methods and means in different microwave photonic systems presented by us
in [44-53], as in joint works with our colleagues [54-56].
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ABTOMATH3HPOBAHHOE MPOEKTHPOBaHME IIHPOKOMOJIOCHOT O
JTHOTHOTO YABOMTEs YacTOThl B Auana3one (26+40) I'T'ny

B.B. bepesun', A.M. lllutos?, A.C. Heuaesn®

10AO «DHIIL <tHHUMPT, r. H. Hosropox
Poccus, 603950, Huxnuit Horopoa, yin. lllanomaukosa, 5

20A0 «PHIIL «HHUIIU «KBapi» um. A.IL. Topmikosay, r. H. Horopon

SHuskeropockuii rocy1apcTBEHHBIH TeXHUUecKnii yauBepcuTeT nM. P.E. Anekceena
r. H. Hosropon, Poccuiickas ®@enepanus, 603950, I'CII-41, yn. Mununa, 1. 24

Aunomayus. IlpeanmoxeHa MeToIUKa pacueTa M INPOEKTUPOBAHUS BOJHOBOAHOIO JHOAHOTO
yIBOUTENS 4YacToThl B juanazone (26+40) [Tu ©Ha ©6a3e mnporpaMM aBTOMATH3MPOBAHHOTO
npoektupoBanuss HFSS u Designer ¢upmbr ANSYS, koropas coderaer 3JIE€KTPOIHHAMHYCCKHUI
pacyeTr BOJHOBEAYIIUX CTPYKTYp C aHAJIM30M HEJIMHEHHBIX XapaKTepUCTHUK ycTpoiicTBa. [IpuBoaurcs
CpaBHEHHE PacUeTHBIX TApaMeTPOB YABOUTENS YACTOTHI C SKCIIEPUMEHTAILHBIMH JJAHHBIMU.

Knrwouesvie cnosa: YABOUTCIIb 4YaCTOThI, aBTOMATH3UPOBAHHOC IPOCKTHPOBAHUC, JTFOTHBIN
YMHOKHUTCIIb.

1. BBenenue

B [1] mpemnokeHa MeToauka pacueTa W IMPOEKTUPOBAHUS BOJHOBOJHOIO JIMOJHOTO
yTpouTens 4actoTsl B auana3one (75+110) [T, coueraromast 31eKTpOIMHAMUYECKUI pacyer
BOJIHOBEYUIMX CTPYKTYp C aHAJINW30M HEIMHEHHBIX XapaKTepUCTHK ycTpoicTBa. B [2] ¢
NPUMEHEHHEM JaHHOM METOJIWKH pACCYMTaH W ONTUMHU3UPOBAH YTPOUTEIh YaCTOTHI B
muanaszone  (110+170) ITu.  DkclepuMEHTadbHBICE JaHHBIC  H3MEPEHHS  [OTEpPh
npeoOpa30BaHuUs XOPOIIO COTIACYIOTCS C PACUETOM.

B Hacrosiieit paGote mpeanpuHsATa MONBITKA PaclpOCTPAHUTh METOAMKY Ul pacuera U
POEKTHUPOBAHUS BOJTHOBO/IHBIX IMOJIHBIX Y/IBOMTENEH KpaiiHe BHICOKOUYACTOTHOIO AMana3oHa
(KBY). CraBunack 3ajava TMOATBEPXKICHUS pabOTOCIIOCOOHOCTH METOJHMKH, a TaK XKe
onpesieieHne  MOTEHIMAJIbHBIX  BO3MOXKHOCTEH  COBEPIICHCTBOBAHHMS  TEXHHUYECKUX
XapakTepucTUK (B  mepByro  ouepenb dpdexTuBHOCTH  mpeoOpa3oBaHMs)  paHee
IKCIIEPUMEHTAIILHO Pa3padOTaHHO MOJIENN BOJIHOBOAHOTO YABOUTENSI YaCTOTHI [3-4].

2. CXCMHO-KOHCprKTI/IBHLIe 0COOEHHOCTH YABOUTEIA YaCTOTHI

Y ABOHTEIb YaCTOTHI BBIMOIHEH 10 CXEME JIBYXIIOIYIIEPUOTHOTO BHIIPAMHUTENS (PUCYHOK 1).
KOHCTpYKTUBHO YJBOWTENh YaCTOTHl BBHIMONHIETCS B BHAEC KOMOMHAIIMM JBYX JUHUI
nepenayu: BXOJHOM — KOIJIAHAPHOTO BOJIHOBOJA U BBIXOJHOM — IIEJIEBOM JIMHUU, UMEIOLIEH
TUTAaBHBIA MM CTYMEHYATHIN mepexod Ha BOMHOBOAHBIN TpakT WR-28 (pucyHok 2). Jlunuu
nepefayd M3TOTABIMBAIOTCA HA TOHKOM JUAJIEKTPUYECKON TMOMJIOKKE, pa3sMENICHHOW B
paspe3e IO LEHTPY MWHPOKOM CTEHKU BOJHOBOJQA; JHMOJABI pPAa3MEUIEHBl B IIJIOCKOCTH
COCMHEHMS JIMHUN. BXOAHON CUTHAN MOJaeTcsl 4yepe3 KOaKCHaJIbHO-TIOJIOCKOBBIM MEPEXO/I.
Co cTopoHBI BX0o/a “3eMIIsiHbIe” 00KIIa K KOTUTAHAPHOTO BOJTHOBOA 3aMKHYTHI IEPEMBIYKOMN
Ha PacCTOSHUHM | OT TUTOCKOCTH pa3MelIeHUsT THOJ0B, 00pa3ys OTPE30K JUHHWH Iepeaadn
YeTBEPTHBOJIHOBOM JIJIMHBI Ha CPEJIHEW 4YacTOTE BBIXOJAHOrO CUrHasia. KOpOTKO3aMKHYTHIN
OTpEe30K, Oyiaromapsi NIyHTHPYIOIIEMY ACHCTBHIO, YMEHBIIAET YPOBEHb 4-iI TapMOHUKH B
CIIEKTPE BBIXOJHOI'O CUTHAJIA, TAK KaK COCTABJISIECT Ui HEE MOJIOBUHY JIJIMHBI BOJIHBI.
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Puc. 1. DxBuBaJIeHTHAsE CXeMa YABOUTEIIS 4acTOThI AuanazoHa (26+40) [T

CornacytolLan
nAacTMHa I Pesuctop
/
Bxog, '_& Bbixog,
—_— —

//._
/T N\

Mepembluka [lvoa  KoHpgeHcatop

Puc. 2. Dcku3 ynBouTens yacToThl [iis quanaszona (26+40) I'To

OunbTpanys 1-i1 rapMOHUKHM OCYHIECTBIISETCA, NOMHMMO OajaHCa CXEMbl, BBIXOJHBIM
BOJIHOBOJIHBIM TPAaKTOM, TaK Kak JJI1 HEe BOJIHOBOJ SBISAETCS 3anpelenbHbiM. C Henbro
JOCTHKEHUSI MMHMMYyMa IOTEpb MpeoO0pa3oBaHMs B 33aJaHHOM JAMHAMMUYECKOM JlMala3oHe
BXOJHBIX CHUTHAJIOB MCIOJB3YIOT LEMM BHEIIHErO0 CMEUICHUSA WM  BHYTPEHHETO
camocMenieHus. Jlo CHX IOp B JIMTEpAType HET AETAIbHOIO TEOPETUYECKOTO aHaluu3a U
pacyera OCHOBHBIX XapaKTEPUCTUK YMHOKHUTEIS YaCTOTBHI.

Ha Pucynke 3 noka3aH BHEIIHUNA BUJ] YABOUTEIIS.

Puc. 3. BHenauii BU yIBOUTESI YaCTOTHI UIst quamasona (26+40) [Ty
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HaunOonee  NpUOPUTETHBIMH  TEXHUYECKMMH  XapaKTEPUCTHKAMM  IIMPOKOIOJIOCHBIX
YMHOXKUTEJIEH 4aCTOTHI ABISIOTCS: 3(pPeKTUBHOCTD (TIOTEpH) Mpeodpa3oBaHMsl, MAKCUMAIBHO
JOCTH)KHMAsi BBIXOJHAsi MOILHOCTb, HEPAaBHOMEPHOCTb BBIXOJHOW MOIIHOCTH B JMAaNa3oHe
4acTOT M YPOBEHb MaPa3sUTHBIX COCTABISIONIMX B CIIEKTPE BBIXOJHOTO curHaia. [loBbimenue
U ONTUMU3ALMS ITUX XaPAKTEPUCTUK YABOUTENS YacCTOTHI SBJSIOTCS OCHOBHBIMM 3a/a4aMu
JaHHOU paOOoTBHI.

3. MoaeaupoBaHue yIBOUTEJSA YACTOThI

[Ipu MonenupoBaHMHM  yABOWTENS HWCHOJB30BaJach CHCTEMa AaBTOMATHU3MPOBAHHOTO
npoekTrpoBanus kommanuu Ansys (HFSS u Designer). Ha mepBom sTare MoaeIupOBaHHUs
YIIBOUTEJS YaCTOTHI HCIONIb30Basachk cpena HFSS.

[Iponecc nmpoektupoBanus ¢ momoinbio HFSS Bkimtodaer B cebs psijg cTaHAapTHBIX 1IAroOB:

1. Co3ganue Moienu aHAIM3UPYEMOM CTPYKTYpPHI (PUCYHOK 4), B TOM YHUCTIE:

- CO3J]aHKe TPeXMEpPHOU rpaduyecKoil MOIETTH CTPYKTYPHI (CO3aHNEe YepTexKa);

- 3aJJaHMe TTapaMETPOB MATEPHATIOB, U3 KOTOPBIX COCTOUT CTPYKTYpa.

2. OmpeneneHue MEKTPOAMHAMUYECKUX TApaMETPOB CTPYKTYPHI, BKIIOUYAIOLIEe:

- 3aJIaHNe TPAaHUYHBIX YCIOBUH HA MMOBEPXHOCTIX, POPMHUPYIOIINX aHATU3UPYEMBIH O0BEKT;

- OTpe/eNieHre U KanuOpoBKa MOPTOB;

- 3a/1aHUE TTapaMeTPOB PEILICHUSI.

3. DAeKTpOAMHAMHYECKHUN aHAIHU3 UCCIEAYEMOr0o 00bEKTa, B TOM YHUCIIE:

- aHasIM3 00BEKTA B MOJIOCE YACTOT;

- IapaMeTpUIECKHil aHaIn3 00BEKTa;

- IapaMeTpuyecKasl ONTUMHU3aLus o0bEKTa.

4. [Tonyuenue S-nmapameTpos yCTPOWCTBA, BU3YaIH3aIus pacnpenenenus
AJIEKTPOMAarHUTHOTO I10JIS B IIPOJIOJbHOM CEYEHUH TPaKTa.

Puc. 4. Mopgens u3 nporpammsl HFSS

Ha BropoM »stame wucmonb3oBanach mnporpamma Designer. Ilporiecc NnpoeKTHpOBaHHS C
nomoripio Designer BkirovaeT B ce0st ciaeayroliee:

1. Co3ganue cxembl yMHOKUTEIS € TensaMu aBTocMenienus (Pucynok 5), B Tom uucoe:
- OKCIIOPT petieHust Mmoaenu u3 cpeasl HFSS;

- 3aJJaHUE TTAPaMETPOB JUOJIOB U AJIEMEHTOB IICTIH.

2. OnpeneneHue napaMeTpoB CTPYKTYPBI, BKIIOYAIOLIEE:

- OTIpeieNieHne U KaTnOpPOBKa MOPTOB;

- 3aJ1aHUe TTApaMEeTPOB PEIICHUSI.

3. AHanu3 HCCleTyeMoro 00beKTa, BKIIFOYACT:

- aHaM3 00BEKTA B MOJIOCE YaCTOT;

- MapaMeTPUIECKUN aHaJN3 00bEKTa;

- MapaMeTpuiecKasi ONTUMHU3aIUs 00BEKTA.

4. IlomydeHne ypoBHsI MOIIIHOCTH TAPMOHHUK W BU3yaJIU3aIlvs UX B TIOJIOCE YacTOT.
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—0
P+ Model | 1
R7 | c4
50ohm —— 10pF
Port1 D1
1:1 3:1
2:1 4:1 R21
1kOhm
Port2 D2
R6 | C5
S50ohm —— 10pF

Puc. 5. Mogens u3 nporpamMmer Designer

4. PesyabTaThl aHa/Im3a

AHanu3 pacyera yABOUTEISI IPOBEIEH IIPU CIEAYIOUINX YCIOBUSIX:

- IMara3oH 4acToT BxoaHoro curnana (13+20) I'T'w;

- ypoBeHb MolHOCTH BXoHOro curHaia 100 MBT (20 nbm);

- JMOAbl TPENNoNarajuch MWAGHTUYHBIMU, COOTBETCTBYIOLIMMHU  HCIIOJIB30BAHHBIM B
IKCIIEPUMEHTATBHBIX 00paszmax A92220-3 ¢ mapamerpamu Co=0,2 nd, Rs=3 Om (HITO «CamroT»
r. H. HoBropox), npu pacderax ucroib3oBaiack Mojaeas D LEVEL=7 u3 nporpammsr Designer;

- HOMHUHAQJIBI AJIEMEHTOB Iienell aBrocMmenieHus: (eMkocth W comportusienue). C= 10 nd,
R =50 Owm.

PesynbraToM aHanuza SBISETCS PACCUMTAHHBIA YPOBEHb MOIIHOCTH TapMOHUK BXOJHOTO
CHTHaJla Ha BBIXOJIC Y/ABOMTENS 4acTOThl. Ha pucyHke 6 moka3zaH ypoBEHb MOIIHOCTH BTOPOH
TAPMOHHKH TPH HAIMYAWA U TIPU OTCYTCTBHH PETYJIHPOBOUYHBIX IJIEMEHTOB (PEryJIMPOBOYHEIC
AIIEMEHTHI: IePEMBIUKA WM TUIACTHHA). Pa3zMephl 2IeMEHTOB M UX MECTOIOJIOKEHNE BHIOUPAIHChH
ONITHUMAJILHBIMH, C MCIIOIb30BaHIEM HECKOJIBKMX WUTEPAIMid VISl JOCTH)KEHNS MAKCUMAIIBHOTO U
PaBHOMEPHOTO YPOBHSI MOIIHOCTH B Auamna3oHe 4actot (26+40) [T,

14
12
10 ~
8 P
N —4—0e3 peryAMpoBKA
5]
.E / === epeEMbIUKI
=g
l =tir—C NAACTUHOA U NEPEMBIMKOA
2
l i I CMEPUMEHT
Oo+—4—7— 777777771
2 25 l 30 35 40 45
.14
MMy,

Puc. 6. YpoBeHb MOIIHOCTH 2-i TAPMOHUKH B 3aBUCHMOCTH OT YCTaHOBJICHHBIX
PEryJIMPOBOYHBIX JIEMEHTOB
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U3 rpadukoB cienyer, 4TO YCTaHOBKA PETYIUPOBOYHBIX IJIEMEHTOB MPU UX ONTHMAIBHOM
pPacoJIOKEHUU OTHOCHUTENIbHO JUOJIOB TMO3BOJIIET CHU3UTh HEPABHOMEPHOCTH YPOBHS
BBIXOJHOM MOIIHOCTH B PAacCMAaTPUBAEMOM [MANa30HE YacTOT, a TaKXe MOBBICUTH €ro
cpennuii ypoBenb Ha ~3 nb. Takke mokaszana (puc. 6) SKCIEpUMEHTalbHAs 3aBUCUMOCTH
YPOBHSL MOIIHOCTH, YCpeOHEHHass Mo JAecatu oOpaszuaM. CpaBHEHHE IOKa3bIBA€T, 4YTO
MOTEHIIMATHHO BBIXOHASI MOITHOCTh SKCIIEPUMEHTAIBHBIX 00pa3I[0B MOXKET OBITh OBBIIIICHA
Kak MUHUMYM Ha 2 1b.

Ha pucynke 7 nokaszaHn ypoBeHb 4-ii TApMOHMKH.

nbm 20

10

—@—7-1 rapMOHHKa_7 abm

=>é=2-1 rapMoHHKa_10 nbm
—ill—2-A rapmoHuKa_13 nbm

—t -0 TAPMOHHKA 17 nbMm

2-71 rapmoHnka 20 nbm

== 2-1 rapMCoHHKa_23 nbm

60 FFL{

Puc. 7. YpoBeHb 4-ii rapMOHUKH OTHOCUTENIBHO 2-0i

Ipu Psx. = 20 n1bMm oHa moaaBiaeHa oTHOCUTENBHO BTOpoii Ha (17+35) nb, uto coriacyercs ¢
SKCIIEPUMEHTaJIbHBIMU pe3ynbTaTamu. [Ipu ymenbmienunn Pex, 10 10 nbM nopasnenue 4-it
TFapMOHUKH CYIIIECTBEHHO BO3pacTaerT.

[Tpoananu3upyeM 3aBHCUMOCTh YPOBHSI BBIXOJHOW MOIIHOCTH YIBOHWTEISI YacTOTHI OT
BapHallii OCHOBHBIX NapaMeTPOB JIUOJIOB.

Ha pucynke 8 mpuBeneHbl pacdeTHbIE XapaKTEPUCTHKH YPOBHS BBIXOJHOW MOIIHOCTH IS
pasnnuHbIX 3HaueHuil Co auomoB mpu pukcupoBaHHOM Rs= 3 OM, a Ha pucyHke 9 — s
paznuusbiX Rs mpu Co= 0,2 n®.

nbm 14

12 1 p—

10

8 —4—Rs =3 Om, Co = 0,05 nd
—t=—Rs =3 Om, Co = 0,1 n®

&
\ ——Rs=30m, Co=0,2 n®

14
\\‘ —Rs=30m, Co=03 1@

2

LINN B s s s s B s B s e s S B B B B B B B A B S HE S B |

25 27 29 31 33 35 37 39 11 [T

Puc. 8. YpoBeHb BbIX01HOM MOITHOCTH TpU Ppx=100 MBT, Rs=3 OM 1 pazmuunsix Co
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nbm

13

12

=—®=Co=0,1n1d, Rs=10mMm

11 ?* ‘-‘__—&&*\/A —=K=Co=0,1 1®, Rs = 3 Om
=—ie=Co = 0,1 m®, Rs=5 Om

10

=—ge=Co = 0,1 n®, Rs = 10 Om
g ==Co = 0,1 n®d, Rs = 20 Om

8 LA L L B L L L R L S B O B B B B R B |

25 27 29 31 33

35

37

39 41 ITn

Puc.9. VYpoBeHb BBIXOJHOH MOIIHOCTH Tpu 3HaUYeHHUSIX Pix = 100 mMBT,

Co=0,1 n® u paznuasbIX Rs

OueBuaHO, YyTO OJHOBpeMeHHOe yMeHblleHne Co u Rs 11 moBblieHUs 3QQPEeKTUBHOCTU
peoOpa3oBaHrs YMHOXKUTEISI HEBO3MOXKHO 0€3 CHIKEHHUS JOIYCTUMOW MOIIHOCTH
paccesHust nuonoB. [losromy ontumanbHble 3HaueHuss Co M Rs A gaHHOro auanasoHa
4acTOT YJBOMTENS U MAKCUMAaJIbHOTO YpOBHS BX0aHOHN mouiHoctd 100 MBT BhIOMpatoTcs u3

kommpomucca: Co= 0,1 ndu Rs=3 Om.

IIpy WOEHTHYHBIX IIapamMeTpax JAHOJOB B YIBOUTEIE 4YacTOTHl HEYETHBIE T'apMOHUKH
BXOJIHOI'O CHUTHajla He reHepupyrorcs. OJHAKO Ha NMpakTHKE BCErja MMEET MecTo pa3dpoc
apaMeTpoB JAMOJOB, Ja)K€ IMOAOOPaHHBIX B Mapbl MO BOJbT-aMIIEPHON XapaKTEPUCTHKE
(BAX) u BombT-Gapannoit xapakrepuctuke (B®X). Ha pucynke 10 maHbl 3aBHCHMOCTH
YPOBHSI MOITHOCTH TPEThEW FraPMOHMKH ITPU PA3IIMYHON CTENIEHU HEUJEHTUYHOCTU JUOJIOB 110

CO n Rs.

abm 15

10 [0 t®

5

e 11 JCHTUYHBIC JTUOBI

0 T T T T T T T T T T
-5

g ARs = 10%, Co = 0,1 n®

el ARs = 20%, Co = 0,1 n®

.-10
-15

—o—Rs=70m, AC = 10%

——Rs =7 Om, AC = 20%
—— AR5 = 10%, AC = 10%
e ARs = 20%, AC = 20%

ITu

Puc. 10. ypOBCHB TpeTBeﬁ rapMOHHUKHU B 3aBUCHUMOCTU OT HCUACHTUYHOCTU

napameTpoB 11uoa0B 1mo Co u Rs
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AHanu3 pe3ylnbTaTOB IIOKA3bIBA€T, 4YTO IPH MHUHUMAIBHO JOCTHKUMOW Ha MPAKTHKE
HeuaeHTnyHocTH Co U Rs B 10% TpeThs rapMOHUKa OTHOCUTEIBLHO BTOPOM IO/1aBieHa Ha 25
nb. 3amerum, 4TO B IIMPOKOIMOJIOCHOM yABOUTENE 4acToThl 26-40 I'T'11 TpeThst rapMOHUKaA HE
MOYET OBbITh OT(GMIBTPOBAHA, TOCKOJIBKY HAXOJUTCS B pabodyeM Iuana3oHe 4acToT, O3TOMY
TpeOOBaHUS K HEMJCHTUYHOCTH MapaMeTpOB AUO0B BECbMa BBICOKH.

O¢ddexkTuBHOCT, TpeoOpa3oBaHUsl B 3HAYUTENBHON CTENEHM 3aBUCUT OT XapakTepa
M3MEHEHHUsl KPYTU3HBI BOJIbT-(hapanHoil xapaktepuctuku (BOX) yMHOXKUTEIBHBIX HOIOB.
PaccMoTpeHpl  Tpu  paziMYHBIX  BOJIBT-AaMIEPHON  XapaKTEPUCTHKU:  HOMHUHAJIbHAS,
COOTBETCTBYIOIIAs pealibHbIM AuonaM A92220-3; monoras u kpyras (Pucynok 11).

0,08 C, n®

0,07

0,06
0,05
/ 0,04 =4=—HOMUHAN
/ / I 0,03 == 1071073

/ e KDY TAA
0,02 Pyt
/PL 0,01
& ¥ v >4
Vo Y i L 0
U,B -b -5 -4 -3 -2 -1 0

Puc. 11. CemeiicTBO BobT-(hapaHbIX XapaKTEPUCTUK AUOOB

Ha Pucynke 12 npuBeneHbl XapaKTEpUCTUKU YPOBHS BBIXOJHOM MOIIHOCTH B 3aBHCHUMOCTH
oT KpyTu3Hsl BOX.

abm 13
12’5 J"-..\
'Y' )
11,5 - /\
11 == KpYyTan
10> \ // \ —— HOMWHa/IbHan
10 V \ —4—on10ran

9,5

9 LI N B B N SO B B B BN NN N R B I BN B N N N N BN S SO NN N B BN N N H B B N I B B B N |

25 27 29 31 33 35 37 39 41 ITn

Puc. 12. YpoBeHb BBIXOJJHON MOIIHOCTH B 3aBUCUMOCTH OT KpyTH3HBI BOX
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CpaBHeHUE pe3ylbTaTOB IIOKa3bIBAaeT, YTO Mpu Ooinee Kpyroil BosbT-(apanHon
XapakTepucTrke 3 (HeKTUBHOCT MPeoOpa3oBaHMs MOBBIIIAETCS MpUMepHO Ha 1,5 1b.
BaHpIM 3TanoM B NPOEKTHUPOBAHUU YIBOMTENS YaCTOThI SIBJIAETCS ONTUMAJIbHBIA BBIOOD
HOMMHAJIOB 3JIEMEHTOB Lienel aBTocMeunieHus auonoB R, C. Ha Pucynke 13 mpusenenbl
XapaKTEePUCTUKH BBIXOAHOTO YpoBHS MomHocTH yrpoutens npu C =10 n® u pa3nuuHbIX
HoMMHanax R.

nbm 5

12

11,5

/ —=R=25 Om

/ / == R=50 Om
10 L H —e—R=100 Om
9,5 / ——R=2000m
2 —8—R=500 Om
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Puc. 13. I'padyiku ypoBHSI BBIXOJHOW MOIIHOCTH MPH (DUKCUPOBAHHOW €MKOCTH
C=10 n® u pa3aU4HbIX HOMMHAJIAX CONPOTUBIEHUS R

OueBUIHO, ONTUMAJIBHBIM 3HAYCHUEM CONPOTUBJICHUS JUIS JOCTUKEHUS PABHOMEPHOM Ppyux
npu Py=100 MBT sBrsieTcst 50 Om.

Ha pucynke 14 npencraBieHbl 3aBUCUMOCTH YPOBHSI BBIXOJHON MoutHOCTH npu R = 50 Om u
pasnuuHbIX HoMuHaNax C.

abm 1,9
11,7
11,5
— =1 N
113 e C=5
11,1 —e—C=10n¢
10,9 —t— (=20 NP
= C=50 nd
10,7
10,5 +——m—m——rT—"—"—"—"T" """
25 27 29 31 33 35 37 39 A1 [T

Puc. 14. T'padpuku ypoBHS BBIXOAHOM MOIIHOCTH TpU (PUKCHPOBAHHOM
conpotusiieHuu R = 50 OM u paznuyHbix HOMUHaNax emkoctu C
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[Ipu Bapuanuu eMKOCTH B mIMPOKuX mpeaenax ot S nd qo 50 nd pe3ynapTat NpakTUUYECKH HE
Mensercs. OnruManbHBIM 3HaueHueM aBisgercs C = 20 nd.

OnHOM W3 BAXKHEHIIUX XapaKTEPUCTUK YMHOMXUTEJICH YacTOThI SBJISIETCA JUHAMUYECKHI
JIMara3oH BXOJHBIX curHainoB. Ha pucynke 15 naHbl 3aBUCHUMOCTH YPOBHSI MOIIHOCTH Ha
BBIXO/IC YIBOUTEJISI YACTOTHI OT YPOBHS MOIITHOCTH Ha BXO/IC.

nbMm 0
15
V= ey X —%=2015M
5 > —3=17nbMm
k A —A—13a6M
0 T T T T T T . s ._| — T T T T
25 27 29 31 33 35 37 39 41 10Abm
-5 .____‘__i.— - *—ﬁﬁf ——/abm
-10 IT

Puc. 15. MOoIITHOCTh BBIXOAHOT'O CHTHAajla B 3aBUCHMOCTU OT YPOBHA BXOOHOI'O
CHUIHalia

B nmanasoHe BXOIHBIX MOIIHOCTER Pyx=15-23 nbMm 3aBucuMoctb Prux OT Pge OJIM3Ka K
nuHeiHoi. C ymeHbllleHueM P, JMHEHas 3aBUCUMOCTb Hapymaetcs. CielyeT 3aMeTUTh,
yTO OONBIIONW NUHAMHYECKHi auamna3oH (He meHee 30 nb) m3MeHeHMs] YpOBHS BBIXOJIHOU
MOIIIHOCTA C OJHO3HAYHOM 3aBUCUMOCTBIO Ppyx OT Pyx TO3BOJISET OCYIIECTBIATH
PEryIMPOBKY YPOBHSI BBIXOJHOM MOIHOCTH W3MEHEHHEM BXOJHOH. DTO 0OCTOATENHCTBO
CYIIECTBEHHO YIPONIAET MPOCKTHPOBAHKUE IIMPOKOMOIOCHBIX HCTOYHHKOB CHTHAJIOB Ha
YMHOXHUTENAX YacCTOTHl C PEryIupyeMbIM U CTaOWIM3UPOBAHHBIM YPOBHEM BBIXOJHOMN
MOII[HOCTH.

5. 3akaouenue

Xopolee COBIMAJIECHUE PACUETHBIX U 3KCIEPUMEHTAIBHBIX PE3YyJIbTAaTOB 110 BCEM OCHOBHBIM
XapaKTEPUCTHKAM yJIBOUTEIS YaCTOTHI IO3BOJISET KOHCTATUPOBATh, YTO MPEAIOKEHHas B [1]
METOJIMKAa MOXET OBITh pacHpoCTpaHeHa JId pacdyeTa M IPOEKTUPOBAHHS BOJHOBOIHBIX
nuoanbix yasouteneit KBU-nuanazona.

MeTtonuka MO3BOJISIET MPOBOAUTH ONTUMU3ALMIO UTEPALMOHHBIM METOAOM JIFOOBIX CXEMHO-
KOHCTPYKTUBHBIX 3JIEMEHTOB YMHOKUTEJSl 4YacTOThl KaK BOJIHOBEAYUIMX TPAKTOB, TaK M
apaMeTpoB HETMHEHHBIX 3JIEMEHTOB (JMOJ0B), BKJIIOYask CTENIEHb M XapaKTep HEITUHEHHOCTH
10 BOJIBT-aMIIEPHOM U BOJIbT-(apajHON XapaKTEPUCTHKE, U TIO3BOJISIET AlIPUOPHO ONPEAEIATh
MOTEHLIMAIbHO BO3MOXHBIE XApAaKTEPUCTUKH HEIMHEHHOro YCTpOHCTBa 0€3 MpOBEICHHS
JIOPOTrOCTOSIUX U TPYIOEMKHUX dKCIIEPUMEHTAIBHBIX UCCIICIOBAHUMN.

Pesynbratel pabGoTsl nonoxkensl Ha |l poccuiicko-6enopycckoil HaydyHO-TEXHHUYECKOH
KOH(pepeHINU «DIeMeHTHas 0a3a OTEUeCTBEHHON paJiM0dJIeKTPOHUKH: HUMIOPTO3aMeIlleHIe U
npumenenue» uMm. O.B. JloceBa (Hwxuuit Hosropon, 17-19 wnosiops 2015 r.) u Ha 52-m
Hayuno-texnnueckom cemuHape-muHukoHdepeniun (Hwknuit Hosropon, 14-15 nexaGps
2015T1.)
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Computer-aided design of a broadband diode frequency doubler
in the range (26+40) GHz

V.V. Berezin!, A.M. Schitov?, A.S. Nechaev?

LISC «FSPC «NSRIR», Nizhny Novgorod
2JSC «FSPC«NSRIMI «Kvarts» n.a. A.P. Gorshkov», Nizhny Novgorod
3Nizhny Novgorod State Technical University n.a. R.E. Alexeev,

24 Minin Str., Nizhny Novgorod, 603950, Russia

Abstract. The calculation methods and design strategy of a wave diode 26-40 GHz frequency doubler
based on computer-aided design from ANSYS (HFSS and Designer) is proposed. This strategy combines
electrodynamic calculation of waveguide structures and analysis of nonlinear device characteristics. The
calculated parameters of a frequency doubler are compared with experimental data.

Key words: frequency doubler, computer-aided design, diode multiplier.

1. Introduction

The calculation and design strategy of a wave diode 75-110 GHz frequency tripler, combining
the electrodynamic calculation of waveguide structures and the analysis of nonlinear device
characteristics is proposed in [1]. In [2] the strategy is used to design and optimize a
frequency tripler ranging from 110 to 170 GHz. Experimental measurement data of
conversion loss are in good agreement with the calculation.

In the work the authors make an attempt to apply the calculation and design strategy of a
millimeter-wave diode doubler. The goal is to confirm the strategy performance as well as to
determine the potential for improving technical characteristics (first of all conversion efficiency)
of a previously developed experimental model of a waveguide frequency doubler [3-4].

2. Design features of a frequency doubler
A frequency doubler is designed on scheme (Figure 1)with a full-wave rectifier.

R
C
M~ [ |
f L~ I
———
O 2f
L —_—
C —
L1 [ |
N I
R

Fig. 1. Analogue circuit of a 26-40 GHz doubler
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In terms of design, a frequency doubler is performed as a combination of two transmission
lines: the input - a coplanar waveguide and the output — a slotline with a smooth or step
junction to the waveguide WR-28 (Figure 2). Lines are fabricated on a thin dielectric
substrate placed in a broad-wall section; diodes are placed where lines connect. An input
signal is given through a coaxial-to-stripline transition. From the entrance a grounded
coplanar waveguide is connected by a jumper link at the distance | from diodes switching. L is
quarter-wave length with the average frequency of the output signal. Having a shunting effect
| reduces the 4™ harmonic level in the output spectrum and equals a half wavelength.

i Resist
Matching plate [ esistor

\ /
& 4—”/
C Wiy |
Wil

/T \

Jumper link  Djode Capacitor

Output

Fig. 2. A 26-40 GHz frequency doubler rough drawing

The waveguide being below-cutoff, the 1% harmonic filtering is carried out by both a balance
circuit and an output waveguide. To achieve minimum conversion loss in a given dynamic
range of input signals external bias or internal self-bias circuits are used. So far there is no a
detailed theoretical analysis and frequency multiplier calculations in the scientific literature.
Physical form of a (26+40) GHz frequency doubler is shown in Figure 3.

Fig. 3. Physical form of a 26-40 GHz frequency doubler
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More important technical characteristics of broadband frequency multipliers are: conversion
efficiency (loss), the maximum attainable power output, power output imbalance within the
frequency range and the spurious components level in output spectrum. The goal of the article
Is improvement and optimization of these frequency doubler characteristics.

3. Frequency doubler simulation

Computer-aided design from Ansys (HFSS and Designer) was used for doubler simulation.
HFSS was used at the first stage of frequency doubler simulation.

HFSS simulation includes a number of standard steps:

1. Making the model of doubler (Figure 4), including:

- making a 3D model (drawing);

- setting material parameters.

2. ldentification the electrodynamic doubler parameters, comprising:
- setting boundary conditions on the surfaces forming the test subject;
- ports definition and calibration;

- setting decisions.

3. Electrodynamic analysis of the investigated doubler, including:
- analysis in a frequency band;

- parametric analysis of the doubler ;

- its parametric optimization.

4. Obtaining device S-parameters, electromagnetic field imaging in a longitudinal cross
section of a waveguide.

Fig. 4. The model from HFSS

Designer was used at the second stage. Designer simulation includes the following:
1. Making the multiplier model with autobias circuits (Figure 5), including:
- export the model from HFSS;

- setting the diodes and circuit elements parameters.

2. Identification the multiplier parameters, comprising:

- ports definition and calibration;

- setting decisions.

3. Analysis of the test multiplier includes:

- analysis in a frequency band;

- parametric analysis of the multiplier;

- its parametric optimization.

4. Obtaining the harmonics power level and their imaging in a frequency band.
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Fig. 5. The model from Designer

4. Experimental data

The analysis of frequency doubler was carries out in the following conditions:

- band input signal frequency range — (13+20) GHz;

- input signal power - 100 mW (20 dBm);

- identical diodes A92220-3 Co=0,2 pF, Rs=3 Ohm (R&D enterprise "Salut" N. Novgorod); D
LEVEL =7 was used from Designer;

- values of circuits autobias: C = 10 pF, R =50 Ohm.

The result is the calculated harmonics level of the input signal in frequency doubler output.
Figure 6 shows the second harmonic level with and without the adjusting elements. The
dimensions of the elements and their optimal location were fully satisfactory and chosen with
several iterations to achieve maximum and uniform power level in the frequency range of 26-
40 GHz.

dBm
12
10
8 . .
K == without adjustment
6
I == jumper link
4
I == with plate and jumper link
2
I == cxperiment
0 T T T ¥ T T T T T T T T T T T T T T T 1
2% I 30 35 40 45 GHz
4 _J

Fig. 6. The 2" harmonic level depending on fixed adjusting elements

According to the curves, installation of the adjusting elements when they have optimal
location relative to diodes allows to reduce an output power level imbalance in a frequency
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range as well as to improve its average level by ~3 dB. Also figure 6 shows the experimental
dependence of power level. This experimental dependence is ten-examples averaged. The
comparison shows that the potential output power of experimental examples can be increased
by at least 2 dB.

Figure 7 shows the 4™ harmonic level.

dBm 20

o punsates

et

S EEaN
0 T T T T T T T T T T T T T ¥ T T T T T T T ¥ 1 GHZ

W 45 5 65 J 85 _e@— the 2nd harmonic 7 dBm

J e the 2nd harmonic 10 dBm
20 == the 2nd harmonic 13 dBm

e the 2nd harmonic 17 dBm

-30 the 2nd harmonic 20 dBm
-40 =fi}= the¢ 2nd harmonic 23 dBm
V

-60

Fig. 7. The level of the 4™ harmonic in comparison with the level of the 2"
harmonic

When Pi,. = 20 dBm, the level of the 4™ harmonic is 17-35 dB less than the level of the 2"
harmonic. Experimental data show it. If Pin reduces up to 10 dBm, the 4™ harmonic
cancellation increases significantly.

Let us consider a doubler output power level versus variations of the main diodes parameters.
Figure 8 shows the characteristics lines of output power level for different values of Co diodes
when Rs= 3 Ohm, a in Figure 9 — for various Rs when Co= 0,2 pF.

dBm
12
10
8 == R = 3 Ohm, Co = 0,05pF

6 e Rs = 3 OhM, Co = 0,1pF

e Rs = 3 Ohm, Co = 0,2pF

4 ——R:=30hm, Co=0,3pF
2
0

25 27 29 31 33 35 37 39 41 GHz

Fig. 8. Output power level when Pin=100 mW, Rs=3 Ohm and various Co

84



Computer aided design of a broadband diode frequency doubler in the range (26+40) GHz

dBm

13

12
—4— Co=0,1pF, Rs=1 Ohm

11 | “*‘—w == Co=0,1pF, R = 3 Ohm
' == Co=0,1pF, Rs=5 Ohm
10 == Co =0,1pF, Rs =10 Ohm
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25 27 29 31 33 35 37 39 41 GHz

Fig. 9. Output power level when Pi, =100 mW, Co= 0,1 pF and various Rs

It is obvious the following: to decrease Co, Rsand enhance multiplier conversion efficiency at
the same time it is necessary to reduce power diode dissipation. Therefore, the optimal values
of Co and Rs for a given frequency range of a doubler and maximum input power (100 mW)
come out of: Co=0,1 pFand Rs=3 Ohm.

When diodes parameters in a frequency doubler are identical, odd harmonics of an input
signal are not generated. However, in practice there is a variability of diodes parameters, even
pair matched in terms of volt-ampere characteristic (VAC) and capacity-voltage characteristic
(CVC). Figure 10 shows the curves of the power levels of the third harmonic when there are
different degrees of diodes mismatch on Co and Rs.

dBm 15
10 [0t
—&— identical diodes
_: 25 35 as os GHy —&— ARs=10%, Co=0,1pF
—8— AR = 20%, Co = 0,1pF
10 —e— R:=7 0hm, AC = 10%
15 —— Rs=7 Ohm, AC = 20%
-20 st ARs = 10%, AC = 10%
25 —vem ARs = 20%, AC = 20%
-30
-35

Fig. 10. The level of the 3" harmonic versus diodes mismatch on Co and Rs

When mismatch of Co and Rs is 10% in practice, the 3" harmonic relative to the second one is
suppressed by 25 dB based on the results of the analysis performed. It is necessary to point
out that the 3 harmonic in a 26-40 GHz broadband frequency doubler cannot be filtered,
since it is located within the operating band, so diodes mismatch requirements is very high.
Conversion efficiency (loss) relies heavily on capacitance-voltage curve of multiplier diodes.
Three different volt-ampere characteristic are investigated: nominal conforming to real
A92220-3 diodes; flat and abrupt (Figure 11).
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Fig. 11. Capacitance-voltage curve of multiplier diodes

Figure 12 shows the characteristic lines of output power level, which depend on
capacitance-voltage curve.
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Fig. 12. Output power level depending on capacitance-voltage curve

Comparison of the results shows that more abrupt capacity-voltage characteristic allows to
increase conversion efficiency (loss) by about 1.5 dB.
Premier choice of specific autobias circuits of R, C diodes is an important step in frequency
doubler design. Figure 13 shows the curves of output power level for a tripler when C = 10 pF
and different values of R.

Obviously, the optimum resistance to achieve even Poyt when Pin=100 mW is 50 Ohm.
Figure 14 shows curves of output power level when R = 50 Ohm and different values of C.
If capacity variations are long-range (from 5 pF to 50 pF, the result scarcely change).
Optimum is when C = 20 pF.
Dynamic range of an input signal is an essential characteristic of frequency multiplier. Figure
15 shows a power level in output of a doubler versus power level in input.
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Fig. 13. Curves of output power level when C=10 pF and different values of R
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Fig. 14. Curves of output power level when R = 50 Ohm and different values of C
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Fig. 15. Output signal power versus an input signal level

If Pin=15-23 dBm, Poyt Versus Pin is near-linear. Pi, decreased, linear dependence is violated. It
should be noted that a large dynamic output power range (not less than 30 dB) with Py versus
Pin allows to adjust output power level by changing the input. This fact significantly
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simplifies the construction of broadband signal sources in frequency multipliers with an
adjustable and stabilized output power level.

5. Conclusion

The good agreement between the calculated and experimental results for all main
characteristics of a frequency doubler goes to show that the proposed strategy in [1] can be
used to calculate and design millimeter-wave diode doublers.

The iteration method of the strategy allows to realize optimization of any circuit-designed
components of multiplier both waveguides and the parameters of nonlinear diode elements
including the degree and phenomena of nonlinearity according to volt-ampere characteristic and
capacity-voltage characteristic. Also the strategy allows to determine the potential characteristics
of nonlinear devices without high-priced and time-consuming experiments of a priori.

The results of the work were presented at the Il Russian-Belarusian scientific-technical
conference "Hardware components of domestic radioelectronics: imports phase-out and use"
n.a. O.V. Losev (Nizhny Novgorod, from 17 to 19 November 2015) and at the 52nd
scientific-technical conference (Nizhny Novgorod, Russia, 14-15 December 2015)

Abbreviation list
VAC - volt-ampere characteristic CVC - capacity-voltage characteristic
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Poccus, Camapa, Mockosckoe mocce 77, 443090

Annomayus. TlpennoxeHa MoAauQUKAIMs METOAA PaCIISIUICHUS N0 (DU3MUECKUM MpoIeccaM Jyis
YUCJIICHHOTO PEIICHUs] CUCTEMBbl CBSI3aHHBIX HeNMHEWHbIX ypaBHeHuil [lpeaunrepa. IlpencraBieH
MpUMep  pPe3ylbTaTOB  MOJIEIMPOBAHWS  MaJOMOJOBOH Tepedadd B  KyCOYHO-PETYJISIPHOM
MHOT'OMOJOBOM BOJIOKOHHO-ONITHYCCKOM JTHHUH TATbHEH CBSA3H C TIOMOIIBIO 3TOT'0 METOA.

Kntoueswie cnosa: nenuuerinoe ypasuenue lllpeaunrepa, cBsi3aHHbIe HETMHEWHBIE YPABHEHUS
Hlpenunarepa, -dpOMEBBI  yCHIHMTENb, KYCOYHO-PETYIsIpHAsT MOJENb, MajloMOJOBas
BOJIOKOHHO-ONITUYECKAsl JIMHUS CBSI3U, TEOPHs CBS3U MOJ, ['ayccoBO mpHOIMKEHHE, METO]
paciuerieHust Mo (pU3MIECKUM MPOLIECCAM.

1. Beenenue

B coBpemeHHBIX cHUCTeMax CBSI3U [Jisi BBICOKOCKOPOCTHBIX ONTHYECKHX KaHAJOB CO
ckopocTthio mepenaun 100 I'6ut/c mpoOnembl TUCHEPCUOHHBIX HCKAKEHUN MPAKTUYECKU
MOJIHOCTBIO PEIIAIOTCS METOAaMU 3JIEKTPOHHON KOMIIEHCAIIMM B COYETAHUU C MPUMEHEHHEM
YCTOMYMBBIX K Jucnepcud  (GopMaToB  MOAYJALMH, ONTUMHU3ALUU  KOJUPOBAHUSA,
JIEMOIYJISAIMA W KOPPEKIUU omuboK. B 3TOM ciiydae OCHOBHBIM (DaKTOpOM OIIHOOK
B ONTHYECKOM KaHalle CTAHOBUTCA HeIMHEHHOCTh [1-7]. VYcTpaHeHwe HETMHEHHBIX
WMCKOKEHUM ONTHUYECKOr0 KaHaja I ONTUYECKHX OJHOMOJIOBBIX BOJIOKOH SIBIISETCS
Ype3BbIYAMHO CII0KHOW 3amaudeid [5-11]. M3BecTHO, YTO OJHUM M3 KapJHWHAJIBHBIX CIIOCOOOB
CHWDKEHUS BIIUSIHHUS HEJIMHEWHBIX 3((EKTOB SBISETCS YBEIMYCHHE TUIOMIAJM TOMEPEYHOTO
CEUYEHHs] CepJICYHMKA ONTHUYECKOTO BOJIOKHA. B yacTHOCTH, i 3TOM Lienu mpenjiaraercs
WCIIOJIb30BaTh TaK Ha3bIBa€MBIC MaJOMOJIOBBIC omTHYeckue BoyiokHa [8, 12-15]. C sroit
TOUYKM 3pPEHHUs], TaKXKe NPEICTAaBIAIOT HHTEPEC MHOTOMOJIOBBIE ONTHYECKHME BOJIOKHA,
(GYHKIMOHUPYIOIIME B MaJIOMOJOBOM pexuMe. B 3ToMm ciyyae miomaas MONEepEeYHOro
ceueHus OOMbIIEe U, COOTBETCTBEHHO, — OOJbIE CTETNEHb CHUXECHHS NEHCTBUS (HaKTOPOB
HenuHenHocTH [8, 6-18].

PacnipocTpaneHnre oNTHYECKUX UMITYIBCOB B BOJOKOHHBIX CBETOBOJIaX OOBIUHO OMHCHIBAETCS
¢ momomiblo HenuHeWHoro ypaBHeHnus [pemxwnrepa [19, 20]. Jlns mamoMomoBoro u
MHOTOMOJIOBBIX ONTHYECKUX BOJIOKOH, 3TOT MPOLECC OMHCHIBAETCS CUCTEMOM CBA3aHHBIX
HenuHenHbIX ypaBHeHui [lpenunrepa (CNLS) [19-25]. Paznuynbie (GopMBI 3aITUCH CHCTEMBI
pa3ianyalTCs B OCHOBHOM CIOCOOaMHU OMpeNeeHHs JTMHEWHON U HeIMHEWHOM CBs3ei MOoJ.
B o06meit nocraHoBke 3a1aun cucteMa M - cBsI3aHHBIX HeNMHEWHbIX ypaBHeHu# [llpennnrepa
pelaeTcss YUCIEHHO — METOJOM paclleruieHus nmo ¢usudeckuM mporeccam [19-25]. Tlpu
WCIIOJIb30BaHUU TPAJUIIMOHHOTO METO/a paculeruieHuss Mo (U3MYECKUM Ipoueccam JUist
pemieHuss HenuHelHoro ypaBHeHust Lllpeaunrepa mnpenmonaraercs, YTO MapamMeTpbl
OTNITHYECKOTO BOJIOKHA HE 3aBUCAT OT MapaMeTpoB nepenaBaemoro curHaia [19, 20]. Tem ue
MEHEe OYE€BUIHO, YTO MpPH PACHPOCTPAHEHUH HECKOJBKHX MOJ| B pEe3yibTaTe BIIMUSHUS
HEJTMHEHHOCTH TIPOMCXOJMUT TEepPepaclpeieICHHe MOITHOCTH MO0 CEYCHUI0 M HW3MEHEHHUE
MOKa3aTeNsi MpeJoMIICHHsI TPOGUIsT ONTUYECKOTO BOJOKHA. DTO MPUBOAUT K H3MEHEHHSIM
nmapamMeTpoB MOJ W TapaMeTPOB MOJOBOW CBS3M B ONTHYECKOM BOJIOKHE MO/ JCHCTBHUEM
ONTHUYECKOTO UMITYJIbCA.
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B paGote mpemnaraercs MoauduUKaius MeToAa PACIICIVICHUS MO (U3HYECKUM IpoIeccam
Uil peuieHusi cucteMbl M - ypaBHEHUH, ONUCHIBAIOIIMX HEIMHEHHOE paclpOoCTpaHEHUE
HECKOJIBKMX MOJI B ONITHYECKUX BOJIOKHaX. B kauecTBe mpuMepa MpecTaBieHbl pe3yJibTaThbl
MOJICTTMPOBAHUSI HAa OCHOBE MPEIJIOKEHHOW MOAUPUKALNNU ISl BOJOKOHHO-ONTHYECKON
JUHAW C MHOTOMOJIOBBIM ONTHYECKHM BOJIOKHOM, (YHKIHOHHUPYIOIIMM B MajlOMOJIOBOM
pexume. [l cpaBHEHHS TaK)Ke MPHUBEJICHBI PE3YJbTaThl MOJACIUPOBAHUSA C MPUMEHEHUEM
JaHHON MOJAU(HUKAIIMKA METOA JIJIsl TUHUHU CBS3U C OJJHOMOJIOBBIM ONITHYECKUM BOJIOKHOM.

2. CucreMa cBSAI3aHHBIX HeJIMHeHHBbIX ypaBHeHuil [lIpennnrepa
U MEeTOJ paciuenieHus no Gusn4ecKuM npoueccam

[Ipouecc MaloMOJIOBOTO PacHpOCTPAHEHUS ONTHUYECKUX HUMIYJIbCOB B JIMHUU OOBIYHO
ONKMCHIBAKOT C MOMOLIBIO CHCTEMBI YPAaBHEHHI THUNA HENUHEWHBIX ypaBHeHuil IlIpeaunrepa
[19-25]. DOta cucrema MoxeT ObITh 3anucana B Buze [21-22]:

851’ + 1Bim Y’|m+ﬂ2Im5;‘i’ +Ja|m5”|m+zkumpq’5” ‘l‘ylm , (1)
77=é; r=—( _'I%O/VO);
=l ,Bmm:LT&;Vj] ; ﬂu,m:_IF—z ﬁ—% ;
Kimipg = Kim(Eo)  Bimip.q 1 ,Ym:% ,

3gech ¥ — HOPMHpPOBaHHAs KOMILIEKCHas orubarommas |, m — Mozl

& — K0>QHUIHMEHT 3aTyXaHuUs] I, m — Mmonpr;

V| — TPYHIIOBask CKOPOCTh pacipocTpanenus |, m — Mozsr;

B, » — TocTOsIHHAsA pacrpocTpaHenus |, m — mospl;

n,n, — HEBO3MYLICHHOE 3HAYEHHUE MOKA3ATENs IIPEIOMIIEHHS U €0 KOY()OHUIIMEHT HETMHEHHOCTH;
B miBam — HOPMUPOBAHHBIE OOpATHBIE 3HAYEHMS TIPYNIIOBOM CKOPOCTH M IapaMeTpa

nucrepcus |, m — Mobr;

Bipq — KO3puiment cazu |, mand p, g — mox;

I, m-— aSHMYTaHBHLIﬁ n pa,unaanLIﬁ MopAd0K MOAbI, COOTBETCTBCHHO.

CornacHo Merony pacuierieHuss mo ¢usudeckum mporeccaM (SSFM) ypaBuenue (1)
(dbopMaTbHO MOXKHO TPEJCTABUTH B BHJIC:

— M= (D +N)¥, . )

rie D - guddepeHunanbHbId onepaTtop, KOTOPBIH YYUTHIBAE€T TUCHEPCHUI0O U TOTEPU B

JUHENHON cpene, a N - HenuHeiHbI Orneparop, KOTOPBIM YUYWTHIBAET BIIUSHHE
HEJTMHEWHOCTEH BOJIOKHA Ha pPAcIpOCTpaHEHUE WMIyJIbca. BoolOmie aucrepcus u
HEJIMHEWHOCTh JEMCTBYIOT Ha JJIMHE BOJOKHA COBMECTHO. OJHAKo IpH HCIOJIb30BAaHUU
MeToJla pacuieryieHuss 1o  (U3MYecKUM IpoleccaMm  Mpearojaraercs, uTo IpHU
pacnpoCTpaHEHUU ONTUYECKOTO MMITyJIbca Ha HEOONMBbIIOM paccTOSHUU h nucrnepcuoHHBIE U
HenmHenHbIe d()PEKTh TEeHCTBYIOT HE3aBUCHUMO JIpYT OT jApyra. [Ipm sTom MoaenupoBaHme
pacnpocTpaHeHusi OT TOYKH Z 1O TOYkW Z+h BhImosHseTcs B J1Ba dTama. Ha mepBom sTame
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YUUTHIBAIOT TONBKO HenuHedHocth W D=0. Ha BropoM srame yd4uTBIBAIOT TOJBKO

mucriepcuto 1 N=0. Onepatop D MoXeT ObITh BBIIOJHEH B YaCTOTHOW OOJACTH.
Hcnonb3oBanue A 3Toro anroputma OwsicTporo mpeoodpazoanuss ®ypee (FFT) mo3Bomnser

T0JTy4aTh YHCIICHHBIC OLEHKM C TOMOIIBIO OnepaTopa D OTHOCHTEIBHO ObICTPO. M3BECTHO
JIBE CXEMbl METOJA pacIleIUICHUs] MO0 (U3NYECKUM TMpoIreccaM — HECHMMETPUYHAS |
cummerpryHast. OOBIYHO CHMMETPHYHAS CXeMa METO/Ia JaeT 00JIee TOYHBIC PE3yIbTAThI.
[IpuMeHEeHHe ONMHMCAHHOTO BBIINIE TPATUIMOHHOTO BapWaHTa METOJAa PaCHICTUICHUS
IpeJoiaraeT, YTo mapamMeTpbl MOJ U MapaMeTphl CBs3€l MOJ| HE 3aBUCSIT OT IapamMeTpoOB
nepeaaBaeMoro curraiga. OYeBHIHO, YTO 3TO HE TaK, M MpPH aHaJIu3€e IPOLECCOB
pacrpoCTpaHeHHsT B MHOTOMOJIOBBIX M MaJIOMOJIOBBIX BOJIOKHAX 3Ta 3aBUCUMOCTH JIOJKHA
OBITh y4YTEHA. 3/1eCh TPEUIOKeHa MOMUPUKAINUS METOJa PACIICIUICHUS 1O (PU3NISCKUM
nporieccam, B KOTOPOH 3TOT HEJIOCTATOK YaCTHYHO YCTPaHEH.

3. MoaudunupoBaHHblii MeTO/ paciuensjieHus no GusnyecKuM npoueccam

HpeI[HOJ'IO)KI/IM, YTO BOJIOKOHHO-OIITHYCCKAA JIMHUA IICpCaadnr MOKET OBITH OIIMCAaHa C IIOMOIIBIO
KyCOYHO-PETYJISIPHOM MOJENM M, TAKUM 00pa3oM, B paMKaX OTACIHLHOTO PEryJISPHOTO y4acTKa
JIMHUY TIepe/lavd MapaMeTpbl ONTHYECKOTO BOJIOKHA M IapaMeTphbl PacIpOCTPAHSIONIMXCS MOJT
SIBJISIIOTCS TIOCTOSIHHBIMU. [Ipe/nonokum, uTo napameTpbl MO MOXKHO BBIYHCIIHTH C TIOMOIIBIO
MouduimpoBanHoro npubmkenus ['aycca [26]. Toraa B cirydae TMHEHHOTO pacpOCTPaHECHUS
MOJIBI JIJIsl IPOU3BOJIBHOTO MPOMUIIS TIOKA3aTeNs MPEIOMIICHHST ONITUYECKOTO BOJIOKHA YpaBHEHHE
JUIS SKBUBAIIEHTHOTO Pajidyca MATHA MOJbI R, | MMEET B

N
> A [FO(x )f t-c =0, 3)
i=1
U ITIOCTOAHHAA paCHpOCTpaHCHI/Iﬂ MOJIbI OITUCBIBACTCSA COOTHOIIICHUEM.
2 2.2 m! 2 A28 M c
pi =i - St )} St @
0n+|—1ﬁ (m44 m— |+I—
C=mio L |\ 2k
"oy DT Z .

31ech

2n g+l |
(ng) (X) = exp(—x)- Z 9y X4+ ZM X+ ’

_ \ . oot = (I+m)!
gq—zbj b 5 b, q!(m-q)!(1+q)!

2 . .

s =n-nj;, x=R*/R’,;R=r/a
rae LY)(x)—mnomanomsr Jlareppa;

a— pamuyc cepIleBHHBI;

I — panguanbHas KOOPAMHATA.

Ussectho, uto Ne (R)=n(R)+n, ‘ E( R)‘2 . MBI nipeAnionaraeM, 4To n2|E(RX2 << n(R).

2
Torga né (R) R nz(R)+ 2. n(R)- n2| E(R] . Orcroma nns HEIMHEWHOrO paclpOCTPaHEHHS
II0JIy4aeM CUCTEMY YPaBHEHUH U1 PaJUyCOB IISITHA MOJ:

91



B.A. Bypnun, A.B. Bypaun

> ke [E0 (x)] f+

=1

N , P 0 RZ 2 (5)
Y EmE Mg [FP(x)] 2D By, | 7| S22, || (=C =0
i=1 p.q

®opmyna 11 TOCTOSHHOM PacPOCTPAHEHHUS IPUHUMAET CACAYIOIIMI BH/L:
B, =k’n; —
m! TR 0] SIE Shy C (6)
_—(l+m—l)! Zk A’ @ (x,) |+ ;k anOAn[ZZB,,m;p’q -G(x,) +—a2-R2

i=1 1,m

2m-2 | 2g-2 R2 1+ p+ky +ky (|+ p+k, +k )| y(l+p+k1+kz—k3)
Gly)= exp| -y [ 1+ =" |- 17 ) |
v) klz_;, kzz_%gR Y R, &+ prko+k,—k ! (14 RZn/Roq Jer

Og = g(l,m, R|,m’ P.d. Rp,q)'

[lpn OTCYTCTBHM OKCHEHTPHUCHUTETa KOI(PQOHUUMEHTHI CBSI3M MOJ OJHOTO U TOTO JKE
a3UMYTaJILHOTO MOPsi/IKa pacCUnThIBatOTCs 1o dpopmyiie [27]:

m+q-2
r(m)T(q) ez | (P=p,)""
B . = (2 g Tel
s = (e my (i +q) PP olrpl |
2 ! )

min(m—l) k
q-1

TC(m+q+1+k-1) (p2+p]
1D S e Bl M e
= C(m—k)(q—k)k! | p,,—p;

B otiinune ot 00bIYHOrO MeTO/1a pacuieNieHUs 0 (pU3MUECKUM IpolieccaM JUisk HEKOTOPOTo
I-TO yyacTKa JIMHUU BBIYMCIICHHE MOAU(GHUIIMPOBAHHBIM METOJOM OCYILECTBIISICTCSI B YETHIPE
m1ara. [lepBeIM m1arom sBiII€TCS pacdeT NapaMeTpoB MOJ IIPU JIMHEWHOM paclpOCTPAaHEHUH.
Omnpenensitorcss KOAPGUIUEHTH CBA3M MOJI U 3HAYEHMsI MOLUTHOCTU Ka)KJOW MOJBI Ha BXOJE
yuactka. Ha BTOpoM mmare BhmonHsercs omepatop N . Ha TpeThem dTame, BBIIOMHSETCS
pacueT mapaMeTpoB MOJ IIPU HEIMHEWHOM pacCHpOCTPAHEHUU C YYETOM aMIUIUTYZABI KaXI01
Mojibl. Ha 4eTBEpTOM IIare BBINOJHSETCS ONepartop D ¢ mapameTpamu MoJl, PACCYMTaHHBIMU
JUIsl HEJTMHEMHOT O PeKUMa paclipOCTPaHEHUSI.

3atem BbIuKciIeHUs IOBTOpsitoTest st (1 + 1) -ro yuactka muaun. KoaddummeHTs cBs3u Mo
Ha Bxone (i+l) -ro ydvacTka, BBIYHMCISIOTCS /IS DKBHBAJICHTHOTO pajuyca IMSATHA MOIbI,
PACCUUTAHHOTO JIJIsl HEIMHEHHOTO PacHpOCTPaHCHUs Ha I-TOM y4acTKe M JKBHUBAJICHTHOTO
pagmyca msaTHa Monbl Ha (I + 1) —M y4acTke AJsl JIMHEWHOTO pacmpocTpaHeHus. B atom
Cllydae cXeMa pacyera He SBISETCS CUMMETPHYHOM.

4. MoaenupoBaHue paclpoCTPAaHEHHUs] CUTHAJIA B MAJIOMO/I0BOM peKUMe nepeiadn
MHOIOMO/10BOH BOJIOKOHHO-ONTHYECKOW JIJMHUHU CBA3H

B nannoif pabGore OBLIM MOSYy4YEHBI PE3yJIbTATHI MOJEIHUPOBAHUS TMPOTSHKEHHBIX JIMHUH C
paccMaTpuBaeMbIMU ONTHYECKHUMH BOJIOKHAMU MPU Mepeaaye B OAHOM ONTHYECKOM KaHaje
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co ckopocthio 100 I'6ut/c. MoaenupoBanue ObUIO BBITOJHEHO Il OOIIEH JJIMHBI JIMHUH
2000 kM. IIpenmonaranoch, YTO UCHOIB3YIOTCS onTuyeckue 3pouessie yeunutenu (EDFA).
PaccTosHust Mexny yCHIMTENSIMU OAMHAKOBBI. J[MHA yCHIMTENBHOTO ydacTKa COCTaBisijia
100 kM. Mozenb ONTHYECKOTO 3pOMEBOTO YCHIIMTENS YYUTHIBAJIA JIMIIb YCUICHUE W UIYyMBI
yeunureias (ASE). Pabouas mauHa BOJHBI onTHYeckoro kaHaima 1550 mwM. J[nuTenbHOCTH
UMIyJabca ObUTa MpUHSATA paBHOW 25 mc. MoaenupoBanu cucreMy mepenadud ¢ (Gopmarom
moayisiuu DQPSK.

[Ipeamonaranock, 4to GMIBTP HKBajaii3epa ObUT HACTPOEH NPU HWHCTAUISIUH JUHUA
nepenaud. COOTBETCTBEHHO, MOJEIMPOBAHHE JUIsl Ka)KJOTO0 BapHaHTa MPOBOJWUIN B JBa
srara. Ha mepBoM 3rame omnpenesnsiiv XapakTepUCTUKHM 3KBanaiizepa. Ha Bropom srtame
OLICHMBAJIM YaCTOTY MHosABJIeHus omrbounbix 6utoB (BER) mist sxBanaiizepa ¢ mapamerpamu,
HalJICHHBIMU Ha [IEPBOM 3Tarle.

[Ipy MopenupoBaHUU JUHUA C MHOTOMOJOBBIMU ONTHYECKUMHU BOJIOKHAMH, (PYHKIIMOHU-
PYIOLIMMHU B MAJIOMOJOBOM PEXKUME, I0Jarajid, YTO BBOJ U BBIBOJI ONTHYECKOTO U3IIYyYCHHS B
MHOTOMOJIOBO€ BOJIOKHO JIMHMHM OCYIIECTBISIETCS 4epe3 CTaHIapTHbIE CTyIleHYaThie
OJTHOMOJIOBBIE onTHueckue BosiokHa SMF28e. Jluneiinsie ontudeckue 3pOueBbie yCHITUTENN
TaKk)Ke BKJIIOYEHBI Yepe3 CTaHJapTHhIE CTYIEHYaTble OJHOMOJO0BBIe BojokHa SMF28e kak
KOMIIOHEHT MEX/y JIMHEHHBIMU BOJIOKHAMM COCEHUX ydacTKoB. IIporecc pacnpoctpaHeHus
ONTUYECKUX HUMITYJILCOB B JMHUSAX C OJHOMOJOBBIMH BOJIOKHAMU B OJHOMOJOBOM PEXHME
ObL11 onrcaH aHanoruyHo (1) ¢ momompto ypaBHenus llpenunrepa, HO TOJNBKO /1711 OCHOBHOM
MO/IBI.

B ciydae mpuMeHEHHsT OJHOMOJIOBOTO BOJIOKHA MOJICIMPOBAaHUE OBLJIO MPOBENEHO ISt
XOpOILIO M3BECTHOTO omTtuyeckoro BosokHa SMF28e. Ilpodunbs mokaszarens mpenomiieHus
TaKUX ONTHYCCKHX BOJIOKOH TpUBEIEH Ha pucyHke 1. TexHHUYecKkne NaHHBIC IS ITHUX
BOJIOKOH ObITM B3ATHl W3 Texmacmopra [28]. MogenupoBaHue JIHHUHM TEpeNayd C
MHOTOMOJIOBBIM ONTUYECKHUM BOJOKHOM TPOBOJAMIOCH MJisi BOJIOKOH OM3, mpoduib
MOKa3aTeNsl MPEeNIOMIICHUST KOTOPBIX OBLI TMOJY4YeH B pe3ylbTare H3MEPEeHH THUIIHYHOTO
obOpasma BojokHa Takoro pona [29]. Ilpodunp wuccienyeMoro OmMTHYECKOro BOJIOKHA
npuBeleH Ha pucyHke 2. Ha pucyHke 3 mpencTaBieH TUIWYHBIA MPUMEP TMOTYYEHHBIX
Pe3yJIbTaTOB MOJEIUPOBAHHUS.

%l . %,
1.
0,3
0,8:
0.2 06
{
01! | 0,4}
0,2
Ot
0
01 i ] ] _0,2‘. L i A I L J
-10 -5 0 5 10 0 40 -20 0 20 40 60
radius, mcm radius, mcm

Puc. 1. IIpodpuns nokazatens nperomienuss Puc. 2. IIpoduns mokazarens npenomiIeHUs
OJIHOMOJIOBOTO CTYINEHYATOro ONTHYECKOTO MHOTOMOJOBOTO ONTHYECKOTO BOJOKHA
BOJIOKHA
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BER 10° :
w——— MHOTOMOJO0BOC
" - = OJIHOMOJOBOE
10-10 |
10-20 L
1 0-30 L L 1 !
10 15 20 25 30 35

SNR, n1bm

Puc. 3. Ilpumep pe3ynbTaToB MOJICITUPOBAHUS

5. 3akiaouenue

OmnmcaHo peICHUC CHUCTCMBbI HEeJIMHEHHBIX ypaBHeHI/Iﬁ Hlpez[I/IHrepa C IIOMOIIBRO
MOI[I/I(i)I/IIII/IpOBaHHOI‘O MCTO/Jla PACHICIUICHUSA 10 (1)I/IBI/ILIeCKI/IM mnmponeccamMm ajisi MaJiIoMOJ0OBOTIO
peKruMa I1epcaadu. HpI/IBeI[eH NpuMEp MHNPUMCHCHHUA IPCAJIOKCHHOI0O MCTOHAa AJIA
MOZACIIMPOBAHUA IIEpEaavu I10 OINITUYECKON JIMHUM CBS3H C OJHOMOJIOBBIM BOJIOKHOM H
MHOI'OMOJOBBIM BOJIOKHOM, (bYHKLII/IOHPIpy}OH_IeM B MaJIOMOJOBOM PECIKHUMCE.

BaaropapHocTun

HccnenoBanust BBINOAHEHBI Npu (puHAHCOBOM mnojnepxkke PODU B pamkax HaydHOro
npoekTa Ne 16-37-6001515 mon_a_ax.

Cnucox cokpameHui

CNLS — cuctema CBA3aHHBIX HETUHEHHBIX FFT — 6sicTpoe mpeodpazoBanus Oypoe (fast
ypasuenuit [llpexunrepa (coupled nonlinear ~ Fourier transform)

Schrodinger equations) EDFA — ontuueckuii 5pOMEBbIN yCUITUTEH
SSFM — merton pacuieruieHus o (Erbium optical amplifier)

dusmueckum mporeccam (split-step Fourier BER — omm6ounsie OutsI (it error rate)
method)
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Baagumup AnekcanapoBuyd BypauH, T0KTOp TeXHHUYECKHX Hayk, mpodeccop (IpopeKTop
10 HayKe U MHHOBauuAM, [10BOJDKCKNI rOCYAapCTBEHHBIM YHUBEPCUTET TEIEKOMM YHUKALIUI
u nHpopmatuku). HayuHble MHTEpECH: BOJOKOHHAS ONTHKA B TEICKOMMYHUKAIUSIX, HOBBIC
TEXHOJIOTUH NPOEKTUPOBaHMS, CTPOUTENBCTBA U AKCIUTyaTalluM ONTHYECKUX JINHUN, aHalIu3
U CUHTE3 BOJIOKOHHBIX CBETOBOJIOB, YIIpaBJISIEMblE JMCIIEPCUEN COJMUTOHBI B ONTHYECKUX
BOJIOKHAX TEJIEKOMMYHHUKAI[MOHHBIX JIMHUM, TECTUpPOBaHME ONTHYECKUX Kaleneil, MpOrHo3
CpOKa CIyXObl ONTHYECKUX KaOenei, u3MepeHus B BOJOKOHHON ontuke. OH — aBTOp U
coaBTop Ooznee 500 myOnukaumii, Bkimtouas 134 omyOJIMKOBAHHBIX CTaTbU B TEXHMUYECKHX
KypHallax U cOopHHKax, 1 MoHOorpaduro, 3 yueOHuka, S0 maTenTos; Senior member obmiects
OSA u SPIE.

AnToH Biagumuposuy BypauH, T0KTOp TexHHUecKuX Hayk (mpodeccop kadeapsl JTHHHI
CBSA3M M HU3MEPEHHMA B TEXHHUKE CB3H, [IOBOJDKCKMI TOCYJapCTBEHHBIM YHHBEPCUTET
TEJIEKOMMYHHUKAIM{ ¥ HMH(OpPMATHKH), MOMOIIHUK peKTopa NO HHHoBauusM. HaydHble
UHTEPECH: MHOTOMOJOBBIE ¥  MajoMoJoBble d3((EeKThl B ONTHYECKHX BOJOKHAX,
BBICOKOCKOPDOCTHAsl ~ Mepefiaya CHUTHAJOB  JIa3€pOB IO  HEPEeryaspHbIM  JIMHUSIM  C
MHOTOMOJIOBBIMH 1 MaJIOMOJIOBBIMHU BOJIOKHAMH, yripaBiieHHe AudQepeHnrarbHoil MOTOBOM
3anepxkoil. OH — aBTOp M coaBTop Oonee 100 myOnukanuii B pedepupyeMbIX HaydHBIX
KypHaiax, 25 mareHToB, 2 MoHorpaduu; wieH MmexayHapoaHsix obmects OSA u SPIE;
HaYYHBII pyKOBOIUTENb cTyneHueckoi sueiiku SPIE B III'Y TU.
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Abstract. Modified split-step Fourier method for the numerical simulation of the coupled nonlinear
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1. Introduction

In modern communication systems in the optical 100G channel the problem of dispersion
distortion compensation is almost completely solved by methods of electronic compensation
in combination with modulation formats application of steady against dispersion, optimization
of coding, demodulation and detection. At this case the nonlinearity becomes a major factor
of errors in the optical channel [1-7]. The reducing of the nonlinear distortions of the optical
channel in the single-mode optical fibers is a extremely difficult task [5-11]. It is known that
one of cardinal ways of decrease in influence of nonlinear effects is the increase of the cross
section area of an optical fiber core. In particular, for this purpose it is proposed to use so-
called few-mode optical fibers [8, 12-15]. From this point of view also of interest multimode
optical fibers in few-mode regime. In this case the cross-sectional area is more increased and
degree of nonlinearity factors decrease is larger [8, 6-18].

Propagation of optical pulses in optical fibers is usually described by nonlinear Schrodinger
equation (NLS) [19, 20]. For few-mode and multimode optical fibers, this process is
described by a system of coupled nonlinear Schrédinger equations (CNLS) [19-25]. Various
forms of the system recording differ mainly in the definition methods of linear and non-linear
mode coupling. In general formulation of the problem the system of M - coupled nonlinear
Schrodinger equations is solved numerically by the split-step Fourier method [19-25]. When
using the classical split-step Fourier method for the solution of the nonlinear Schrodinger
equation it is assumed that the parameters of the optical fiber does not depend on the
parameters of the transmitted signal [19, 20]. However, it is obvious that when the few-mode
propagation as result of the non-linearity action takes place of the power redistribution over
the cross section and the changes of the refractive index profile of optical fiber. This leads to
changes of the modes parameters and the parameters of mode coupling in an optical fiber
under action of the optical pulse.

In this paper, we propose a modification of the split-step method for solving the system of M -
equations describing the nonlinear propagation of few modes in optical fibers. As an example, the
results of simulation on the basis of the proposed modification for the optical fiber link with
multimode optical fiber in a few-mode regime are presented. For comparison, the results of simulation
by this modification for the optical link with a single-mode optical fiber are presented too.

2. Coupled nonlinear Schrodinger equations and split-step Fourier method

Process of propagation of optical impulses in the few-mode mode in the line was described by means
of the system of the equations of Schrodinger type[19-25]. This system may be written as [21-22]:
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where
¥, » — is the normalized complex envelope of the I, m — mode;

—is the attenuation coefficient of the I, m — mode;

Vi m = group speed of the I, m — mode;

B, » — propagation constant of the I, m — mode,

n,n, — nonperturbed value of refractive index and coefficient in his nonlinear term;

Py miPam —is the normalized inverse group speed and dispersion parameter of the I, m —mode;
Bimpq — 1S the coupling mode coefficient for the I, m and p, g -mode;

I, m —are the azimuthal and the radial order of mode, respectively.
According to the split-step Fourier method (SSFM) the equation (1) can be formally
represented as a:

oY

"= (D+N)?, ., )

Where D is a differential operator that accounts for dispersion and absorption in a linear medium

and N is a nonlinear operator that governs the effect of fiber nonlinearities on pulse propagation.

In general, dispersion and nonlinearity act together along the length of the fiber. The split-step
Fourier method obtains an approximate solution by assuming that in propagating the optical
field over a small distance h, the dispersive and nonlinear effects can be pretended to act
independently. More specifically, propagation from z to z+h is carried out in two steps. In the

first step, the nonlinearity acts alone, and D =0. In the second step, dispersion acts alone, and

N =0. The operator D can be evaluated in the Fourier domain. The use of the fast Fourier
transform (FFT) algorithm makes numerical evaluation by operator D relatively fast. It is
known two schemes of split-step Fourier method. There are known as non-symmetrized and
symmetrized or Usually symmetrized split-step Fourier method is more accurate.

Application of the above-described usual split-step Fourier method assumes that the
parameters of modes and hence the parameters of mode coupling do not depend on the
parameters of the transmitted signal. Obviously, this is not true and at the analysis of
processes of propagation in multimode and few-mode fibers this dependence must be
considered. Here we introduce the modificated split-step Fourier method, in which this
disadvantage is partially eliminated.

3. Modified split-step Fourier method

We assume that the fiber-optic line can be described by a piecewise regular model and thus
within a separate regular span of a line parameters of the optical fiber and parameters
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propagating modes are constant. Let us assume that the parameters of guided modes can be
calculated by a modified Gaussian approximation [26]. Then, in the case of linear propagation
for an arbitrary refractive index profile of optical fiber the equation for the equivalent radius

of mode spot R, has the form:

{ka ?[FO(x )T}—czo, 3)

and the mode propagation constant is descrlbed by the formula:

:m(r?n::)!)_-+(m+|_1)(r?;' . :”02'“—

Here
[an) (X)T _y [L(nl‘.)—l (x)}2 exp(—x) :
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where L%)(x)-Laguerre polynomials;

a— core radius;
I — radial coordinate.

Itis known that ng(R)=n(R)+n,|E(R)". We believe that n,|E(R) << n(R).
Then nZ(R)~n?(R)+2-n(R)-n,|E(R)". For nonlinear propagation we obtain a system of

equations for the equivalent radius of mode spot for a set of modes:

{zm (10 ()T }+
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The formula for the propagation constant takes the following form:
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In the absence of eccentricity the coefficients of mode coupling for mode of the same
azimuthal order is calculated according to the formula [27]:

o T2
r(m)T(q) e | (pn=p,)"""
B .= '(2 m ) ’ 2 2 X
T (I+m)T(1+q) 1 . P,
) : (7)

k
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2 ) Flmnr(g—mk | p2—p2

In contrast to the conventional split-step Fourier method for the i-th certain span of line the
calculation by modified method carried out in four steps. The first step is the calculation of
the mode parameters at the linear propagation. Coefficients of mode coupling and power of

mode at the span input calculated. The second step is performed operator N . In the third step,
the calculation modes parameters in the nonlinear propagation with regard to their amplitude.

The fourth step is the implementation of operator D with parameters of mode calculated for
the nonlinear propagation.

Then calculations are repeated for (i+1)-th span. Coefficients of mode coupling at the input
(i+1)-th span calculated for equivalent radius of mode spot calculated for the nonlinear
propagation at the i-th span and the equivalent radius of mode spot at the (i+1)-th span
calculated for the linear propagation. In this case, the scheme of calculation is non symmetrical.

4. Simulation of signal propagation in multimode fiber optic link at few-mode regime

In this work results of modeling of long-haul lines with considered optical fibers by
transmission in the optical 100G channel are presented. At modeling the total link length makes
2000 km. Erbium optical amplifiers (EDFA) are used. Distances between amplifiers are
identical. Length of the amplifying section (AS) made 100 km. The erbium optical amplifier
model considered only a amplification gain and optical amplifier noise (ASE). Researches
carried out on the operating wavelength of the optical channel A =1550 nm. Pulse duration was
accepted equal 25 ps. Transmission system with a modulation format DQPSK was modeled.

It is assumed that the equalizer filter is tuned at installation of a transmission line.
Respectively, modeling for each variation was carried out in two stages. At the first stage
characteristics of the equalizer filter is defined. At the second stage bit error rate (BER) is
estimated for the equalizer filter with the parameters found at the first stage.

At modeling of lines with the multimode optical fibers operating in the few-mode-regime
believed that input and output of optical emission in link fiber is carried out through standard
step single-mode fiber SMF28e. Linear optical erbium amplifiers turn on also through
standard step single-mode fiber SMF28e as a component between line fibers of adjoined
spans. Propagation process for optical impulses of links with single-mode fibers in the single-
mode regime was described similarly to (1) by means of the Schrodinger equation, but only
for the fundamental mode.

In the case of single-mode fiber simulation was carried out for the well known optical fiber
SMF28e. The refractive index profile of such optical fibers is given on figure 1. Technical
data for these fibers took according to the data sheet [28]. Modeling of a transmission line
with multimode optical fiber was carried out for OM3 fibers which refractive index profile
was received as a result of measurements of a typical fiber sample of this kind [29]. The
profile of the researched optical fiber is given on figure 2. On figure 3 the typical example of
simulations results is presented.
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Fig. 3. Results of simulations

5. Conclusions

Solution of CNLS equations set by using the modified for few-mode transmission split-step
Fourier method is presented. Examples of proposed method application on optical fiber link
with single-mode fiber and multimode fiber under few-mode regime are represented.
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SSFM - split-step Fourier method BER — bit error rate
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Annomayus: TemaTnka paGOTHI cBA3aHa C UCCIECAOBAHUSIMHU BapHAlMOHHBIX 3a]a4 M, B YaCTHOCTH, C
METOIaMH MAaTEeMaTUYeCKOW TEOpHUH ONTHMAIbHBIX mpoueccoB. C HCHOIB30BaHHMEM MNPUHIIMIIA
makcumyma JI.C. [loHTpsiruHa AeTanbHO M3y4YeHBI YCIOBHS TPAaHCBEPCAJIBHOCTH, UX POJb, MECTO U
3HaUCHHWE B OOMIEH NpoIleaype pemeHus 3agad IMONCKa ONTUMANBHBIX (yHKImH. [IpencraBneHHas
paboTa TO3BONISET YCTPAHUTH HMEIOUIMHACS METOAWYECKHH MpoOes, CBS3aHHBIA C HEMOIHBIM
WCIIOJIb30BaHUEM YCIIOBHH TpaHCBEpCalbHOCTH. Ha KOHKPETHBIX TMpuUMepax BapHallMOHHBIX 3amad
WUTIOCTPUPYETCS, UYTO YCIOBUS TPAHCBEPCATHHOCTH (KaK OJHO W3 HEOOXOAMMBIX YCIOBHH
ONTAMATBHOCTH B (OpME NpPUHIUIA MaKCUMyMa) SBISIOTCS S(O()EKTHBHBIM MaTeMaTHYECKHM
MHCTPYMEHTOM (a B psAle ClydyaeB — €IWHCTBEHHBIM) NpU ONpEAETICHHH XapaKTepHBIX CBOWCTB,
3aKOHOMEPHOCTEH M KIIOYEBBIX XapaKTEPHCTHK (TMapaMeTpoB, KOHCTAHT, WHTETPAJTIOB JBHIKCHHS)
ONTHMATBHOTO PEIIeHUSI CUCTEM OOBIKHOBEHHBIX AW(QPepeHINATBHBIX ypaBHEHUH (IMHAMIYECKUX
CHCTEM).

Knwoueevle  cnoea:  KpUTepud  ONTUMAJIBHOCTH, NPUHIMI  MAaKCUMyMa,  YCJIOBHSA
TPaHCBEPCANbHOCTH, GYHKIHUS ['aMUIIBTOHA, YCIIOBUS ONTUMAIbHOCTH, KpaeBas 3a/1a4ya

1. AKTyanbHOCTB NPOOJIeMbI

B Hactosmiee Bpemsi Mpu pelICHHMH MHOTHUX ONTHUMM3AIMOHHBIX 33/a4 BapUallMOHHBIMU
MeToJaMHu (Hampumep, ¢ nomoiubto npuHouna makcumyma JI.C. IloHTpsirnHa) 3HaueHue
YCIOBUM  TPaHCBEPCAIBHOCTH  SIBHO  HejooleHuBaercd. Kak  npasBuio,  ycioBus
TPaHCBEPCAIBHOCTH HE UCIOJB3YIOTCS JOLKHBIM 00pa3oM M HE y4acTBYIOT B ONPEIEIICHUU
KOJINYECTBEHHBIX XapaKTEPUCTHK ONTHMAJIBHOTO Ipoliecca (apaMeTpoB, KOHCTAHT, MEPBIX
MHTETPAJIOB U IIp.), U OHU HE MPUBJIEKAIOTCA JUIsl pacdeTa onTUMalbHbIX QyHKUuH. [Ipu aToM
0 MOJIHOTE TAKOTO MOJIYY€HHOTO pelIeHHs (HalJEHHOrO B pe3yJbTaTe MPUMEHEHHUS IPUHIUIIA
MakcuMyMma 0e3 YCIOBUH TpaHCBEPCAJIbHOCTH) CYAMTh, BUAMMO, IpobOiemaruuHo. Llens
JaHHOW paboThl — 00eCTeYnTh TOHMMAHUE TOTO, YTO YCJIOBUS TPAHCBEPCAJIbHOCTU — 3TO HE
npoctas (OpMaNbHOCTb, YYaCTBYIOIIAs B MIPOLEType HAXOXKACHUS ONTUMAIIBHBIX BPEMEHHBIX
byHKIMA  (OPUCYTCTBYIONIAE B CHUCTEME HEOOXOJMMBIX YCJIOBHH  ONTUMAaIbHOCTH,
3alMCaHHbIX B COOTBETCTBMU C MPHHLUIIOM Makcumyma). 910 — 3¢ddexTuBHOE cpencTBo (B
psne ciay4yaeB — €MHCTBEHHOE) JUIsl ONPENeeHHs] XapaKTEepPUCTHK U CBOWMCTB ONTHMAaJIbHOTO
Iporuecca, JUisl BBIYMCIEHUS €r0 KIYEBbIX IapaMETPOB.

MHorue aBTOpbl U HCcCeA0BaTeN! (KaK MPaBuiIo, B MPUKIAIHBIX 00IacTsIX) OrPaHUYMBAIOTCS
JMIIB TEM, YTO MPOBEPSIOT BBHIOJHEHHE YCIOBUI TPaHCBEPCATBHOCTH (KaK HEOOXOIUMBIX
YCIIOBUM ONTHMAJIbHOCTH) TOJBKO B KOHIE PEHICHUS 3a/Jad IOCTPOEHHUS ONTUMAIIbHBIX
IPOIIECCOB, T.€. — MOCJI€ TOT0, KaK caMo peIIeHUE MOIy4eHO, GOpMaTU30BaHO KOHKPETHBIMU
MaTeMaTUYeCKUMU COOTHoLIeHUsIMU. [IpoBepky aenaroT myTeM IMOACTaHOBKH HaWJAEHHOTO
ONTUMAJILHOTO PpEIIEHUs] MCXOJHOM CHCTEMBl YpaBHEHMM M CONPSKEHHBIX (QYHKIUH B
YpaBHEHHUS, COOTBETCTBYIOIIME YCIOBHUSIM TpPaHCBEPCATbHOCTH. MexXay TeM YCIIOBUS
TPAHCBEPCANIBHOCTU SIBISIIOTCSI TAaKUMHU JK€ PABHONPABHBIMH HEOOXOIUMBIMH 3JIEMEHTaMH
ONTUMAJIFHOCTH, KaK M OOUIeNpU3HAHHBIE. YCIOBHE MakcuMyMma ¢QyHKIuU [‘amuibroHa U
CoOlpsbKeHHast cucreMa auddepeHInalbHBIX YpaBHEHHH. YCIIOBHS TpaHCBEPCAIbHOCTU
HEO0OXOUMO BKJIIOYATh B CUCTEMY HEOOXOJAUMBIX YCIOBHM ONTHMAaIbHOCTH C CaMOT0 Hadaja
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(HapaBHE C CONpPSDKEHHON CHCTEMOM YypaBHEHUH M YCIOBHEM MakCUMyma (YHKIHH
['amMunbTOHA), Cpa3y TOCIEe BBEACHHUS CONPSDKEHHBIX TEPEMEHHBIX, 3alMuch  (YHKIIUU
['amMmunbTOHa ¥ CONPSHKEHHOW CHCTEMbl ypaBHEHMH. Takoll MOpsIOK ACHCTBUH U
JanbHEUIIEro MPUMEHEHUs] NpOUEeAypbl NpPHUHIMIA MaKCUMyMma sBIsieTcs HauboJsiee
MPaBWIBHBIM U 1LieJecooOpa3HbiM. Kak moka3bIiBaeT mpakTHUecKoe MpuMeHeHne hopMaaniMa
NPUHIMIIA MAKCMMyMa, BO MHOTHX CIy4yasX BKJIOUYEHHE YCJIOBUH TPaHCBEPCAIHLHOCTH B
o0LIyl0 CHUCTEMY HEOOXOJUMBIX YCIOBUH ONTUMAIBHOCTH euie 10 GdopMaiu3anuu
3aKOHOMEPHOCTEN ONTHUMAJIbHOIO JBH)KEHUS JUHAMUYECKOW CHUCTEMBI, OIMCHIBAEMOM
UCXOJMHON cucTteMol auddepeHnnanbHbIX ypaBHEHUN (3a1aBaeMoi  (OPMYITHPOBKOM
ONTUMHU3ALMOHHOM 3a/1a4u), IBJSETCS €IMHCTBEHHO BEPHBIM. DTO MO3BOJISIET HAUTU PEIICHUE
CIOXKHEeWIMX 3amad. PemieHue kpaeBod 3aJauyu TNpUHIMIA MaKCHUMyMma Takxke Oyner
VUUTBHIBATh YCJIOBUS TPAHCBEPCATHHOCTH, YTO OOECIEYUT TOJTHOTY M JOCTOBEPHOCTH
pe3yNbTaTOB PELICHUs] HMCXOJHOM 3aJayd ONTUMHU3ALMHM, TAapaHTUPYET 3aKOHYEHHOCTh
MOJIYYEHHOTO PEIICHUSI.

2. ITocTanoBKka 3a1aun
[Tycth quHamMuyeckuii mpouecc 3afad quddepeHantbHbBIM YpaBHEHHEM BHIA
x=f(x,y,t) (1)

rae X — BEKTOp COCTOSIHUS (€ro KOMIIOHEHTHI Xi — (pa30BbIE€ IEPEMEHHBIC, OTpaXkaroliue
TEKYIIEe COCTOSIHUE TUHAMHYCECKOU CHCTEMBI, | = ﬁ), Y — BEKTOp YIPaBIICHUSI, Y KOTOPOTO
KOMIIOHEHTBI )j — HWCKOMBbIE (YHKIMHU BpEMEHH, KOTOpble HEOOXOAUMO BHIOpaTh
ONTUMAJBHBIMU (] = ]j ). ®u3nyeckoe copepKaHUE KOHKPETHON ONTHMHU3ALIMOHHOW 3a/1a4u
onpenesnsiercss BuaoMm ypaBHenmin X, = f. (X,y,t). IlycTp auHaMuyeckuii mporecc
OTIHMCHIBAETCS CIEAYIOLIEH CHCTEMOI YpaBHEHHIA

X0 =YXy = YaXg s X, =VYaXs =Y, Xg s X3 =YaXs = YoXo

X4 =Y X; =YX, Xs =YiXg —¥Y3X; XG =Y Xg — Y3Xg (2)

X7 =YXy = YiXy o Xg =YXy = YiXs , Xg = YoXs — Vi Xg
Cucrema (2) onpenenser u3menenne GyHkuuit xi (t) mpu usBectHbix GyHkumsx yj(t) (i = ]5,
j = 1,3). ®ynkuus x(t) ompenenser pemenue aupdepenuuansaoro ypapsenus (1). s
KOHKpETH3allui Ha pemeHus ypaBHeHus (1) HeoOXOAMMO HAJOXHUTh HEKOTOpPHIE
OTpaHUYEHUS, B YACTHOCTH, 33/1aTh yCJIOBUS B HadanbHbIM t = 0 U KOHeuHbIN t = 7 MOMEHTHI

BpeMeHH. PaccMOTpUM HMIMPOKO pacHpOCTpaHEHHBIM KJacc 3aJad, KOTrJa KpaeBble YCIOBHS
111 TpaekTopuu ABmxkeHus X(t) popManu3yroTcsi paBeHCTBaMU
x(0) = xo ©)
x(T) =xr (@)
rae Xo, X7 — (PUKCUPOBAHHBIE BEKTOPHI, 33JAIOIINE COCTOSIHUE AMHAMHUYECKON CHCTEMBI B
HaYyaJIbHbIA U KOHEYHBIII MOMEHTBI BPEMEHHU.
3aMeTHM, 4TO B OOJBIIMHCTBE cllyyaeB ypaBHeHUeE (1) umeer He OHO, a OECKOHEUHO MHOTO
pelieHui, yIOBIETBOPAIOMNX 3aJaHHBIM ycaoBusM (3), (4). 13 Bcero MHOXKeCTBa pelIeHUN
cucreMbl ypaBuenuii (1), (3), (4) “HTEPECHBI TOJIBKO T€, KOTOPHIE SIBISIOTCS ONMTHUMAIbLHBIMHU
(HAUTYy4YIIMMH) B TOM WJIM UHOM cMbiciie. OOBIUHO KPUTEPUN ONTUMAIBHOCTH BBIPAXKAETCS
(GyHKIIMOHAJIOM KayecTBa

G= I g(x,y,t)dt (5)
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rne g(X,y,t) — HeorpuuarenbHas QyHKIMS; T — BpeMss OKOHYAHHS ONTHMH3AI[HH
M3Yy4aeMoro mpolecca.

B camom o6mem ciyyae 3ahada ONTUMHU3ALMHM (DOPMYIHpPYETCS CIEAYIOIUM OOpa3oM:
TpeOyeTcs IepeBeCTH JUHAMMUYECKYK) CHCTEMY, OIMCBbIBaeMyr YypaBHeHueMm (1), wu3
coctostHuA (3) B cocTosiHKe (4) Tak, 9TOOBI HHTErpat (5) ObLIT MUHUMAJILHBIM.

3. [Ipouenypa peuieHus 3a1a4u

[Tpenmonoxum GyHKINY Yj B ypaBHEHUH (2) KyCOYHO-HENPEPHIBHBIMU (YHKITHSIMU BPEMEHHU.
Ucnonp3yem npunmun makcumyMma JI.C. [Tontpsiruna [1]. B cooTBeTCTBMU C 3TUM BBEAEM
CONPSKEHHBIEC TIEPEMEHHBIE (i, COOTBETCTBYIOIINE KOMIIOHEHTAaM Xj BEKTOpPA COCTOSIHUS X, U
3anueM QyHKIHo ['aMuibToHa.

H=¢og+q1(YsX, = Y,X;) +02(Y3Xs — Y, Xg) + U3 (Y3Xs — Yo Xg) +
+ 04 (YiX7 = YaX) T 05 (YiXg = YaXp) + U6 (Y1 Xg — YaXg) +
07 (Yo X0 = YiX) + 08 (Y2 Xo = YiXs) + Qo (Vo Xs — YiXs)
rae @o = const <0 (qo = 0).

YpaBHEeHUS )i CONPSDKEHHBIX MEPEMEHHBIX (i, COTJIACHO NPUHLIMITY MakcuMmyMa [ 1], umeror
BHL:

G, =—0H/ox; (=19 j=13) (6)
COprDKeHHBIe HepeMeHHbIe qi JOJIDKHBI YIIOBJIGTBOPFITI) YCJIOBI/ISIM TpaHCBepCZUH)HOCTI/I
& OF,(x(0 P 0D, (X
4 (0)=>w, é()) ; qiq)=2zkﬂ )
h=1 X t=0 k=1 6’Xi t=T

rae Fn(x(0)) — dyHkuuu, 3amaromme KpaeBoe yCIOBHE Ha JIEBOM KOHIle Tpaekrtopuu x(t) B

dopme Fn (x(0)) = 0, mpuuem h=1,m (m <n); wy — uncna e Bce paBubie Hyr0; Dk (x(7')) —
(GyHKUIMH, 3aalolIMe KpaeBoe YCIOBHE sl MpaBoro KoHma Ttpaekropuu x(t) B (dopme

@k (x(T)) =0, npuaem k=1, p (p<n); zx — uncna He BCe paBHBIE HYJK; UM 3a1a4d B
noctaHoBKe (2)—(5) uncno Gpa3zoBIX MepeMeHHBIX N = 9.

Eciim Bpemsi T OKOHYAHHS ONTHMAIBLHOTO TIporiecca He (DUKCHPOBAHO, TO ONTHMAbHBIC
conpspkerHbie GyHkuu (i (t) T0MKHBI YIOBIETBOPSTD €Ille OAHOMY HEOOXOMMOMY YCIOBHIO
ONTUMATFHOCTH, BRIPAYKEHHOMY YCIIOBUEM TPAHCBEPCATHLHOCTH

(X(T).T)

b, 0D
H(T) (M, A7), T) == v~ (8)
a T
rae d={01, g2, ... Qo } — BekTOp compspkeHHBIX mepeMeHHbx; Dk (x(7'), T') — byHKIwH,

3ajIal0Ilie KpaeBoe yCJIOBHE Ha mpaBoM KoHie Tpaektopud X(t) B dopme D (x(7'), T) =0,

npuueM K= 1, P (p<n); vk — uncna He Bee paBHBIE HYIHO (HATIOMHUM, 4TO JUIs 3a1a4n (2)—
B)n=9,al=23).

U3 ctpykrypsl yHkiuu ['aMuibToHa, ypaBHeHHi (6) 1 yciaoBuil TpancsepcanbHoctu (7), (8)
CIIE/IyeT, YTO ONTHMaIbHbIE (GYHKIMH (i PONOPHHUOHAIBHBI OTPUIATEIEHON KOHCTAHTE (O .
[ToaTOMY CITpaBeIMBO MPHUHSATH (o = —1.

Tak kak paccmarpuBaemas 3ama4a (2)—(5) — 3To 3a1a4a ¢ 3aKpEIUICHHBIMU JIEBBIM U MTPaBBIM
KoHIamu Tpaektopun X(t), TO ycinoBue TpaHcBepcanbHOCTH (7) IS CONPSKEHHBIX

nepeMeHHbIX (i Ha MoMeHT Bpemenu t = 0 umeet Bux [2]: ¢i(0) =wi (i=219), rme wi, Wz, ...
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Wg — HEKOTOpPBIE YHCIIa, OJTHOBPEMEHHO HE paBHbIC HYMO. [l CONPsKEHHBIX MEPEMEHHBIX (i
Ha MOMEHT BpeMeHM t =T ycioBue TpaHCBepcadbHOCTU (7) MMEET aHAJOTMYHbIA Buj [2]:

Qi(T)=1z (i=19), rme x0T ObI OJHO W3 YKCEN Z1, Z2, ... Z9 OTJIMYHO OT HYJIS, & YCIOBUE
TpaHCBepcaNbHOCTH (8) mpuHUMAET hopMy
H(T)=0 )
ITepBbie 1Ba YCIOBHS TPAHCBEPCAILHOCTH SKBUBAJICHTHBI HEPAaBEHCTBAM
9 9
2.9°(0)>0 u > g’(T)>0 (10)
i=1 i=1

U CTAHOBSITCSI OYEBHIHBIMH, €CIIH KpaeBble yciioBus (3), (4) nepenucars B popMe paBEeHCTB
xi(0)—xio=0 wu xi(T)—xir=0
Il Xio— 3JEMEHThl BEKTOpa Xo; Xir — 3JEMEHThl Bekropa Xr; oTctoga Fkx =xi(0) — xio;
Dy =xi () — xir; OF/oxi = 0D« /oxi =1 ma K =1 u oFk/oxi = 0®x/oxi =0, ecmu K # 1.
[locnennee ycnoBue TpaHCBepcaibHOCTH (TpeOoBaHue (9)) mosydaeTcsi, €ciu TpaHUYHOE
ycrnoBue (4) aAns MpaBOro KOHIIA TpaeKkTopuu TmpeactaButb B Buae DOk =0, rae
@ =xi (T) — xir; OTKyZa CTAHOBUTCS OYEBHIHBIM yTBEpiKaAeHHE, uT0 0Dk /0T = 0 ms Beex K,
a 3HauuT, ycnoBus (8) u (9) ABIAIOTCS SKBUBAJICHTHBIMH.
3agaya HaXOXKAeHHs onTUMaibHOW (yHKkiuK y(t) 1 onTuManbHOrO ABIOKeHHS X(t) CHCTEMBI
(2) cBomuTes K perieHuo ypaBHeHui (2), (6) (¢ 0AHOBpEMEHHONH MaKCHMHU3AIMEH B KaXKIbIi
MOMEHT BpeMmeHun t  ¢yHkumu  [aMHIbTOHA),  YAOBJIETBOPSIONIETO  YCIOBHAM
tparcBepcabHOCTH (10) (ecim Bpemss T ¢ukcupoBano) wim (9), (10) (ecmu Bpemst T He
(UKCUPOBAHO).
KpaeBas 3amaua nmpuHIMIIA MAaKCUMyMa 3aKJIIOYaeTCs B OIPEAEICHUM TaKUX HaydajdbHBIX
sHaueHuid (i (0) 11 cOmpspKeHHBIX (GYHKIMMA, npu KoTopsix perreHue X(t), g(t) cucremsl
ypaBHeHUH (2), (6) ¢ HauaIbHBIMU YCIOBUSIMHU (3), YAOBIETBOPSAIOLIEE YCIOBUIO MaKCUMyMa
¢ynkunn [amMwibTOHa B KaXIbli TeKymIMd MOMEHT BpeMeHM { U ycIOBHAM
tpancBepcanbHocTH (10) (wimm (9), (10) st 3amad ¢ HepUKCUpPOBAHHBIM BpemeHeM 7) B
HaYaJbHBII U KOHEYHBIH MOMEHTBI BPEMEHH, YIOBJICTBOPSLIIO Obl FPAHUYHOMY YCIOBHIO (4).
[Ipeanonoxkum, uto ¢GyHKIHOHAN (5) HE COACPKUT IMEPEMEHHBIX COCTOSHHUS Xi. B 3TOM
cillyyae CONpsDKeHHas cucteMa aud@epeHuuanbHbIX ypaBHEHMH i (i 3amMiuercs B
cienytromen Gopme:

O; = Y30, — Y207, G, = Y505 — Yo0s » G5 = YsUs — Y2 0o
A, = Y107 = Y30, G5 =Y:0s — Y50, , O = Y10 — Y405 (11)
q7 =Y,0 — ¥.4, , qs =Y,49, — Y105, QQ =Y,0; — Y10

Herpynno moxkaszaTh, 4TO B TOM YaCTHOM BapUaHTE IMOCTAaHOBKH 3amaun (2)—(5) (xorma
¢ynkunonan (5) He 3aBUCHT SIBHBIM 00pa3oM OT (a30BbIX IEPEMEHHBIX Xi) YCIOBUSA
tpancBepcanbHocTd ((0) 20 u Q(T) #0 BBIMOMHAIOTCS aBTOMATHYECKH, €CJIA CUYHUTATh
dynkimo g(t) He TOXKISCTBEHHO PaBHOW HYJIIO (( — BEKTOP COMPSHKEHHBIX MEPEMEHHBIX ().
YroObl yOAUTHCS B 3TOM, JOCTATOYHO MPOAHATU3UPOBATH CYMMY

PILHG (12

B3sB mpousBoaHyt0 1o BpeMeHH OT cyMMbI (12) ¥ 3aMEHUB B MOJYYMBIIEMCS BBIPAKEHUH
BEJMYMHBI (| TPaBbIMU YacTAMHU ypaBHeHuii (11), MOIydnM TOXKIECTBO

9
Z 4,6 =0
i-1
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O3Hauarolee, 4ro cymma (12) ectp BenuumHa noctosiHHas. IlosToMy, ecnu I0mycTUTh, 4TO
x0T4 Obl 01HO U3 ycnoBuil (10) He BBINONHSIETCS, TO BEKTOP ( CONPSKEHHBIX NEPEMEHHBIX
OKa)KeTCs TOXKAECTBEHHO paBHBIM Hyi0 (Q=0), a Takue compsbkeHHble (QyHKuuU (i (t),
OUEBUJHO, HE MOTYT OBITh onTuManbHbBIMU. ClrefoBarenabHO, IH0Ooe pemenne ( # 0,
ynosierBopsitomee  cucreme  (11), HemsOexxHo OyAer  yaOBIETBOPSATH  YCIOBHSIM
TpaHcBepcanbHOCTH (7).

Cuctemsl ypaBHeHuil (2) um (11) OOHOTHUIHBI OTHOCHTENBHO KO3((UIUMEHTOB Y1, Y2, V3.
Pemenus ypaBHenuwit (2) musa nepeMeHHBIX Xi W ypaBHeHHH (11) s mepeMeHHBIX
Qi OTJIMYAIOTCS] HAYAJIbHBIMU YCIOBUSIMH.

B ¢ynkuuun H crpynnupyemM MHOXHUTEIHN AJ Y1, Y2, Y3, coaepkaiune (a3oBble epeMeHHbIe
Xi, ¥ 0003HAaYUM WX 1, I2, 3. BeIgenuB B sIBHOM BUZE MHOXHUTENIU [j TIpH Yj, IPEICTaBUM
¢ynkuuio 'ammibroHa H B ciaeyromeM BUE:

H=—g+yirn+yr2+ysrs

roe i =04X7 + Qs Xs+ (s X9 — (7 X4 — Qs Xs — Qo Xe, F'2 = 7 X1 + Qs X2 + o X3 — (1 X7 — (2 X8 — 3 Xo,
IR=01Xs+t02Xs+(3Xe —CaX1—05X2 — (6 X3.
Jl1s mepeMeHHBIX I cripaBeAsiuBhI U epeHuanbHbe YpaBHEHHUS:

r;1 =Yslh =Y., r.2 =Y.l —Ysh ';3 =Y.h =Y (13)

Juddepenumpys mo BpeMeHH paBeHCTBa st I (J = 1,3) U MOACTABIISISI B HUX BBIPKCHUS IS
X; u (;, BeruucieHHsie o ypaBHeHUsM (2) u (11) COOTBETCTBEHHO, MOJTYyYUM HEOOXOAUMbIE
miuddepenimanbabie ypaBHeHHs A1 QyHKIH I (t).
1= 04X, + 0y X7+ 05 Xg + 05 Xa + G X + Ug Xo —q7 X, — 07 Xa —Gg X5 — Ug X5 —
—09 Xp3 — O33X6 = Y2 (QaX1 + O5X2 + Q6 X3 — X4 Q1 — X502 — X6 J3) +
+Y3(Q7X1+ QgX2 + JoaXs — X701 —Xg Q2 —XoQ3) = Yyar2—yars
(U1 TIepeMeHHBIX 2, I3 TIOIydaeM aHaJOTHYHBIC BBIpaXKEHUs). VI3MeHeHue BeKTopa
r ={r1, r2, r3} onpexensercs perieHrueM ypaBuenus =rxy,raey = {y1, 2, 3}
VpaHenus (13) 11 KOMIIOHEHT [j BEKTOpa I 3aMEHSIOT CONPSKEHHYI0 CUCTEMY YpaBHEHUM
(11). Kak nHetpynno Bunets u3 (13), 11t BeKTOpa I' ClipaBeIMBO CBOMCTBO |r|=const. Jins
CYILIECTBOBAHUSI HETPHBUAIIBHOTO PELICHUs] HeoOXoauMo, uToObl mpu sroboMm te [0, T] He
BBITIOJIHSUTMCH PaBEHCTBA Xi = % (i, MOTOMY YTO MNpPH WX BBINOJHEHHH F1=12=r3=0 u
JanpHeHIee pemeHne 3a1aun TepseT CMBIC. [103ToMy, IpH IOMCKE ONTUMAIIEHOTO PEIICHHS
BEKTOPBI X U (] CYUTAIOTCS TAKUMHU, UYTO X # ¥ (, TJ€ ¥ — CKaIsIpHas BeIWYHHA (B IPOTUBHOM
ciyqae r=0), u paccMmarpuBaeTcsi TOJbKO BapuaHT I#( (T.e. Korga QyHKuUMHM (i He
HPOMOPIMOHATIBHBI TIepeMeHHbIM Xi). [loHATHO, uto ecam r # 0, To q(t) #0, U ycinoBus
TpaHcBepcanbHOCTH (7) yIOBIETBOPSIOTCS.
3agaya HaXOXKAeHHs onTUMaibHOW (yHKIuK y(f) 1 onTuManbHOrO NBIOKeHUs X(t) cuCTEMbI
(2) cBenack k pemieHuto ypaBHenuit (2), (13) ¢ oAHOBpeMEHHONW MaKCHMU3AIMENH B KaXIbIi
MOMEHT BpeMeHH t pyHknnu ['aMHIbTOHA U YIOBIETBOPEHUEM YCIOBHUS TPAHCBEPCATBHOCTH
(9), ecnu Bpems T He pukcupoBaHo. KpaeBast 3a/1aua MpUHIMIIA MAaKCUMyMa 3aKJIIOYaeTCs B
ompesencHuu Takoro 3HaudeHusi Bektopa r(0)#0, mpu kotopom pemienue X(f) cuctembl
ypaBHeHu# (2), (13) ¢ HadabHBIME YCIOBUSAMH (3), YIOBIETBOPSIONIEE YCIOBHUIO MAKCUMYyMa

¢ynkunu 'aMHIIbTOHA B KXl MOMEHT BpeMEHH U yCIOBHUIO TpaHCBepcanbHOCTH (9) (s
3aja4 ¢ He(UKCUPOBAHHBIM BpeMeHeM 1), YZIOBIETBOPSET ITPAaHUYHOMY YCIOBHUIO (4).
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4, HpI/IMepr 3ajla4, Korjaa ycJiIoBud TPaHCBEPCAJTBbHOCTH ONIPEACIAIOT KIKYEBLIC
XAPaKTEPUCTUKHU ONITUMAJTBHOI'0 ITpoIecca

Hns npumepa mnpuBeneM pemeHue 3amaur (2)—(5), B KOTOPOM MHUHHUMH3HUPYEMBIH
¢ynkunonan (5) UMeeT BU:

)
G = [ JlkyyZ +k,y2 +ky2dt (14)
0

rae k1 >0, ko > 0, ks > 0 — moCcTOSIHHBIE [TOJIOKUTEIBHBIC KOI(D(DUIIMEHTHI.

Oco0eHHOCThI0 MUHUMH3UpYeMoro (yHKimoHana (14) sBiseTcs TO, 4TO €ro 3HA4YCHHUE HE
3aBUCUT OT JUIMTENBHOCTH 1 ONTUMAIBHOIO Tmpolecca; 3HadeHue G ompexpensercs
UCKITIOYHUTENILHO KPAaeBbIMH YCIOBUSMHU (BEeKTOpaMu Xo M Xr) u Kodddurmentamu Ki, k2, k3
(maHHOE yTBEpKJIECHUE OYyIeT JOKA3aHO HUKE).

[Mpumem, YTO )j — KYCOYHO-HENpPEphIBHbIC (YHKIMK BpPEMEHH. 3amuineM (QYHKIUIO
I'amunbrona s 3amxaun (2)—(4), (14)

H=— Ky} +koyi +Koyi 40y, +1,Y, +1Y,
Jnst moctpoenus uckomoit Gynkuuu y(t) u HaxoxneHus ontuManbHol GyHkiwn I(t) cnemaem
3aMEHy ICPEMCHHBIX U; = yj\/ki.; ;=T /\/E ¥ BBeleM BekTopbl U ={U1, Uz, U3} u
w={a, to, 18}. Oyakuuto ['aMUIBTOHA IEPEITUILIEM B BUJIE:
H = U-p—|u = |ul(|u cos y— 1)
I7ie Y — yroia Mexay Bekropamu U u p. @ynkuus amunsrona H makcumanbHa, eciu ¥ =0

(KOI‘I[a BEKTOpPHI UM U UMEHOT OJUHAKOBOEC HaHpaBHCHI/Ie). OnTuManbLHbIE (I)YHKI_[I/II/I Yj uIj
YAOBJICTBOPAIOT paBCHCTBaAM

vi=arjlk; (15)
rae a >0 — ckamsipHas BenuurHa, kpome a =0.
Jns Becex t u3 mpomexyrtka te [0, T] Moaynb ONTHMAIbHOTO BEKTOpa K OCTaeTCs
NOCTOSTHHBIM ~ [u| = const.  OntumasnbHble  (QYHKIHH Fj  YAOBIETBOPSIOT  YCJIOBHIO:
r? /k, +r7 /k, +r? [k, =const (16)
Yo6enumcsa B 3ToM, mpoauddepeHIpoBaB Mo BpeMEHH JIEBYIO 4YacTh paBeHCTBa (16) u
3ameHuB 1o popmynam (13) mpou3BoaHBIE KOMIIOHEHT Ij BEKTOpa I, a 3aTeM B IMOJy4YEHHOM
BBIPAKCHUU KOMIIOHEHTHI yi BEKTOpa Y 3aMEHSIOTCS ¢ UCIOJIb30BaHHEeM cooTHomeHui (15),
CBSI3BIBAIOIINM [j U yj. B pe3ynbrare momyuaem
Lo K 4100 K, + 1 1K, =

=y I’3/k3—y1 rara/ks +yi12 I’3/k2—y2 r I’3/k3+y2 r I’3/k3—y1 rar3/ks=0
[Tomyumnum KiIr04€BOE CBOMCTBO ONTHUMAJILHOTO 10 Kputeputo (14) mporiecca.
B 3amaue (2)—(4), (14) Besmunna T He duxcupoBana. [103ToMy onTHMasbHbIC BEKTOPSI U U |
JIOJDKHBI  YJIOBJIETBOPSATh YCIOBUIO TpaHcBepcanmbHocTH (9). Utobbl Obuio H(T) =0, nHamo
BBITIONHATE XOTSL OBI OXHO W3 YCIOBHH | p(T)| =1 wm |u(T)\ =0. Oyskuus H sBusiercs

JIMHeiiHOI 110 aprymerty |u|. Eci | n(T) > 1, To npu orrruManbHOM perterw | u(T) | - oo , Kak

TOro TpedyeT ycioBue MakcuMmyma ¢yHkuuu ['amunbsrona. Ho torma H — oo, .e. H(T)#0, u
ycnoBue TpaHcBepcanbHocTH (9) Oyner HapymieHo. Ecmu | p(T) < 1, to B cuny (16) ycrnoBue
MakciMyMa (yHKIH H B KaxIbli TeKyIiii MOMEHT BpeMerH t Tpebyer, uroost | y(t) |=0;no B
9TOM ciy4dae Oyner HapymieHo KpaeBoe ycioBue (4). EQuHCTBEHHBIM JTOMYCTHMBIM IS
OINTHMATIBHBIX (DYHKIIHH [} BAPHAHTOM SIBISICTCS | L | = 1. VaursiBas cBoiictso (16), mpuxoaum K
BBIBOJTY, UTO oNTUMasbHOE 3HaueHue I'(0) 00s13aHO YAOBIETBOPSTh YCIOBHIO
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t’(0) /k, +1,(0)/k, + 1. (0) ks =1 (17)
M3 cBOICTB ONTUMANIBHBIX (YHKIHIA [jClIEAyeT, YTO MpH ONTHMAIbHOM pemeHun y(t)
MakcuMyM (QyHKIuM ['amunbroHa H He 3aBUCHUT OT MOJYJS |y| (a 3aBUCHT TOJBKO OT
HalpaBJICHUs MCKOMOTO BeKTopa y), U paBeHCTBO H =0 mmeer mMecro Ha BCeM OTpe3Ke
Bpemenu [0, 7']. Benuuuna |y‘ HE BJIMSICT HA BBINIOJIHCHUE HEOOXOJMMBIX YCIOBHM
ONTUMAJIFHOCTH, a 3HAYUT, 3HaUeHUEe (QyHKUIMOHANa KayecTBa (14) He 3aBUCUT OT 3HAYCHUS
¢Gynkimn a(t) B KOHKpETHBIA MOMEHT BpeMeHH .
Moskem yTBepknarb, uto Jtoboe pemenue cucremsl (2), (13), (15), yaopnerBopstoiiee
KpaeBbIM yciaoBusM (3), (4) u paBeHCTBY (17), sIBiIs€TCS ONTUMAJIBHBIM B CMBICIIE MUHUMYyMa
unrerpana (14). Ycnoue (17) omnpenenser 3HaYCHUE KIFOYEBOM XapaKTEPUCTUKH
ro=| r\ =| r(0)| Ui ontUManbHbIX (QyHkiwmid [j(t). JluHus, coeauHstomas TOYKU Xo U XT,
ocTaercs B KOH(UI'YPallMOHHOM THIeprpocTpaHcTBe R° omHOi 1 Toil ke He3aBHCHMO OT
BUjia Macmradbupyromeil ¢pynakiun a(t), onpenensomeil TeMn NpUOIMKCHUS K KOHEYHON
Touke X7. JlMMHA ONTUMANbHOW KPUBOM M3 TOYKHM Xo B TOUKY X7, BBIYHCICHHAs B
cooTBeTcTBUU ¢ (14), ompexaensercs B MPOIECCE PEIICHUS KpaeBOW 3ajauyd MPHUHIIUIA
MaKCHUMyMa OJJHOBPEMEHHO ¢ onTUMalibHbIM 3HaueHueM F(0). OHa 3aBHCHUT TOJIBKO OT Xo, XT
u kodpduimentos ki, k2, ks.
3amaya MUHUMU3alUKMK HHTErpana (14) cBenmach K pemIeHHIO cucTeMbl ypaBHeHHH (2), (13),
(15) ¢ omHOBpeMEHHBIM BHIMONIHEHHEM KpaeBbiX ycioBui (3), (4) um tpebomanus (17).
CoopmynupoBannas 3amada (2)—(4), (14) pemaercssi ¢ TOYHOCTBIO 10 HEOTPHUIATEIBbHON
bynkmn a(t).
IlpousBon B BBIOOpe (yHKIMU a(t) TO3BONMAET chaenaTh Tak, YTOObI MMOCTPOCHHAS
ontuManbHas GyHkuus y(t) Moria yoBiIeTBOPSATh KAKUM-TO JOMOJIHUTEIBHBIM YCIOBHSIM (HE
OroBOpEeHHBIM B paMkax 3amaun (2)—(4), (14)), 4To MOKET 0Ka3aThCsi BECbMa MOJIE3HBIM IIPH
pelIeHNH MPUKIAIHBIX 337a4, CBI3aHHBIX C ONMTUMHU3anuen (usnyecknx npormeccos. Kpome
tpeboBanus a(t) >0 ¢ynkums a(t), npucyrctByromas B ypaBHeHusix (15), Oyxmer
ONTUMAJILHOW TOI'/1a ¥ TOJIBKO TOT/a, KOTJja OHA yJIOBJIETBOPSIET PABEHCTBY

j a(t)dt= Gop (18)

rne Gopt — onTuMmanbHOE 3HaueHue uHTerpana (14), paccuMTaHHOE B pe3ysbTaTe pelieHUs
KpaeBoi 3a/lau MPUHIIMIIA MAaKCUMyMa (HarmoMHUM, 4To a(t) He MOXKeT OBbITh TOXKIECTBEHHO
paBHOM HYIIO).

CBolicTBO HMHBapMaHTHOCTH HHTerpana (14) mo OTHOWIEHUIO K XapakTepy IMOBEICHUS
ckasipHoit (yHKIMHU a(t) — HECOMHEHHOE MPEHMYIIECTBO ONTHMHU3AIUH 10 Kputepuio (14).
Kpome Toro, mpousBosibHOCTh QyHKIMHK a(t) M He3aBUCHMOCTh 3Ha4eHUs (14) OT BETUUUHBI
a(t) ympomiaer pelieHHe KpaeBOM 3aqayd  MPUHIMIA MakCUMyMa (HaXOXKICHHE
ontumanbHoro 3HaueHus r(0)) m onpenenenue xapakrepuctuku (14) Uis ONTHMATBHOTO
nporecca. [Tonb3ysach yka3aHHbIM CBOWCTBOM HE3aBUCHMOCTH ONTHUMANbHBIX 3HaueHui I(0) u
(14) ot dynkumu a(t), npu pelreHUHd KpaeBOW 3ajaydl MPHHIMIIA MaKCUMyMa MbI MOYKEM
npuHiaTh a(t) =const=ao. Torma G =aol, rne BenmumHa 7' 3agaeT KOHEYHBIA MOMEHT
Bpemenu uig pemeHust x(t) cucremst (2). Ilpu sTom GyHKIUU y1, )2, Y3 BBIUMCISIOTCS I10
BeIpaxkeHusM (15) ¢ yaerom (13), (17) u ycnoBust a = ao. Ecim ap =1, To G=T. Orcrona
CJIETyeT, YTO Mbl MOKEM HMHTEPIIPETUPOBATh XapaKTepucTUKy (14) onTuManbHOro mporecca
(t.e. G) Tak: A7 OoNTUMANILHOTO 3aKoHa U3MeHeHus: pyHkimu y(t) o6oOmennsie 3aTpatbl Gopt
YHUCJIEHHO PaBHbI BEJIMUKMHE HHTEpBaJla BpEMEHHU, HE0OXOJUMOr0 JIJIsl JOCTUKEHHS] paBEHCTBA
x(t) = x7 s pemenust cuctembl ypaBuenuit (2), (13), (17), (15), rne a =1 (HayampHOE
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coctrosiare X(0) 3aduxcupoBaHo ycinoBueM (3)). Ilpu mpou3BosbHOM TOBEAEHUU (DYHKITMH
a(t) ycosue (18) onpenessier Ipoa0JKUTEIbHOCTh ONTUMAIBHOTO Tporiecca 7.

JlaHHbIi TprMep HArJISAIHO UJUTIOCTPUPYET, KaK YCIOBUS TPAHCBEPCAIbHOCTHU (M TOJIBKO OHHU)
JTAIOT BO3MOXKHOCTH BBISIBUTH KJIFOUEBBIE CBOMCTBA ONTHUMAlIbHOTO Tpouecca. s ciaydas
MUHUMU3aUMKM uHTerpana (14) TakUMH OTJIMYUTENBHBIMU CBOMCTBAMU ONTHUMAbHOTO
pelieHus ABIAOTCs paBeHCTBO (17) u He3aBUCMMOCTH 3HaueHud (14) oT HEOTpULATENBHOM,
TOX/IECTBEHHO HE paBHOW Hym0, (GyHkuuu a(t), ¥, KaK CIEACTBUE, OT MOIYJIs |y‘ B
KOHKpETHbI MOMEHT BpeMenu t. Ha mpumepe 3amauu (2)—(4), (14) BuaHo, uto 0e3 yclioBus
TpaHcBepcalbHOCTH (9) OHO3HAYHO OMNpENENUTh ONTHMajibHOE 3HaueHue BekTopa r(0) u
PEIINTh KPAeBYIO 3aa4y MPUHITUIIA MAKCHMYyMa ObLIIO Obl HEBO3MOKHO.

Eme ogHuM npuMepoM sIBIISIETCS 3a/aya ONTUMAJIbHOTO MEepeBOAa NUHAMUYECKOW CHCTEMBbI
(2) u3 coctostHus (3) B cocTosiHKE (4) ¢ MUHMMAJIBHBIM 3HAYeHHEM (DYHKIIMOHAJIA BUIA

T
S= I(ko + k1y12 + k2y22 + k3y§)dt (19)
0

rae ko >0, k1 >0, ko > 0, k3 > 0 — mocTosIHHBIE [TOJIOKUTEIbHBIE KOI(D(DUIIHEHTBI.

[Tpunsteiii Hamu QyHKIMoHaN (19) cooTBETCTBYET KBaJApaTUYHOMY KPUTEPHIO KayecTBa C
n00aBJICHHEM 3aTPAaueHHOTO BpPEMEHH, YMHOXXEHHOIO Ha IOCTOSHHBIA MOJOKUTEIbHBIN
k03 durment (ko #0). dakTop BpeMeHH, NMPUCYTCTBYIOMINNA B KPUTCPHU ONTUMAIbHOCTH
(19), orpaHuuMBaeT AIUTEIBLHOCTH [ ONTUMAIBHOTO TMIPOILIECCa HEKOTOPHIM KOHEYHBIM
3HaYeHueM 7 opt .

Kak u B mpenmpiaymieit 3amade, ontuManbHoe pemieHue y() wiem B Kiacce KyCOYHO-
HenpepbIBHBIX QyHkumid. s 3agaun (2)—(4), (19) pynkuus ['amunbrona numeer BUA:

_ 2 2 2
I'= Ny +hY, +1:Y; _ko _k1Y1 _kzyz _k3Y3-

[Tockonbky I'— KBagpaTuyHas GyHKIMS KICKOMOTO BEKTOpa Y, TO €€ MaKCUMalbHOE 3HAUCHUE

JIOCTUTAETCs B TOYKE JIOKAJIBHOIO 3KCTpeMyMma. M3 HeoOXOOuMBIX YCIOBUH SKCTpeMyMa

ol / oy i = 0 maxommm, uro ¢ynxums I Makcumansha, ecimu Fj— 2kjyj = 0. OnTuMagbHEIE
(GYHKIIMH j CBSI3aHBI C I COOTHOLICHUSIMHU

i =1l 2k, (20)

CpaBuuB ycnoBus ontumanbHocTH (20) ¢ paBeHctBamu (15), 3akmrouaem, 4TO JUIs

onTUMabHOro 1o Kputeputo (19) pemenus cnpaseubo cBoicTBO (16). [Toaromy QyHkuMs

['amunbrona I siBisercst noctosHHOW. M3 ycnoBus TpaHcBepcaabHOCTH (9), KOTOpoe UMeeT
Bua /(T) = 0, HaxoauM HEOOXOAMMOE YCIOBUE OMITUMAIIBHOCTH JJIsl QyHKIH I (t).

2 2 2
(r2 k + 12k, +r7 k)1 4-k, =0
CrnenoBarenbHo, onTUManbHoe 3HaYeHue I (0) 00s13aHO y10BIETBOPATH COOTHOLICHHIO
2 2 2
r?(0)/k, + 7 (0) /k, +r}(0) /k, = 4k,
Onrtumanbhbie QyHKIUH Yj () yIOBISTBOPSIOT COOTHOIICHHIO
2 2 2
Kiyr +K, Y5 +ksy; =K, (21)
M3 momyyeHHOro CBOWCTBa ONTHMANbHBIX (yHKIWi yj(t) Haxogwm, YTO 3HAa4YeHUE S
¢yukuonana (19) cBsizaHO € ATUTENBHOCTHIO ONTHUMAIBHOIO IMpOIecca COOTHOLIEHUEM

S=2koT. YuureiBas, uro paBeHctBa (20) — dyacTHBIA cimy4aid ycimoBuid (15), onpenenum
BEJIMYMHY ONTHMAIBHON JUIMTENFHOCTH Topt Yepe3 H3BECTHYIO XapakTepuCTHKy Gopt,

paccunTaHHyr0 npu peurennu 3agaunm (2)—(4), (14): T, =GOpt / \/K (pynkium  yj (t),
ONTUMaJIbHBIE B CMbICe MHUHUMYMa (19), SBIAIOTCS ONTHMAaNbHBIMU 10 Kputepuio (14)).
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CooTtBeTcTBEHHO 3HaueHue mnokaszatend (19) mpu onTUMalbHOM MOBEACHUM (PYHKIMM Y1, Y2,

ys pasro S, =2. /K, G, . 3nauenns xordduimentos Ki, k2, ks BIusI0T TONBKO Ha 3HAUEHHE

Gopt ¥ OIPEIEINSAIOT €ro COBMECTHO C 3a/laHHBIMU HAYaJIbHOW Xo M KOHEYHOW X7 TOYKAMHU
tpaektopuu X(t).

Takum 00pa3oM, pacCMOTPEHHBIE TPUMEPHI IEMOHCTPHPYIOT, YTO YCIOBHUS TPAHCBEPCAIBHOCTH
— UCKITFOUUTENILHO 3(P(PEKTHUBHBIA WHCTPYMEHT B ONpECICHHH OnTUMaIbHbIX (yHKiwmid y(t),
r(t). B psjge ciydaeB OHU SIBIASIOTCS HE3aMCHHUMBIM (@ MOPOW M CIUHCTBEHHBIM) CPEICTBOM,
9YTOOBI BBISIBUTH KJIFOUEBBIC CBOMCTBA ONTUMAIILHOTO MPOIIECCa.

3aMeTuM, 4TO eciau 1oJ (Ha30BBIMU MEPEMEHHBIMHU Xj MIOHHUMATh HANPABISIOMINE KOCHHYCHI
MEXJy CBSI3aHHOH CHCTEMOW KOOPIWUHAT TBEPAOTO Tella W WHEPIHAIBHON CHCTEMOU
KOOPJMHAT, TO BEKTOp y OYyAET COOTBETCTBOBATH YIJIOBOH CKOPOCTH BpAIllCHHs CBA3aHHOU
CHCTEMBI KOOPAHMHAT OTHOCHUTEIILHO MHEPIUAIBHOW CHCTEMBI KOOPIWHAT, a YIPAaBISIOIIAEC
(GYHKIMM Yj UHTEPOPETUPYIOTCA KaK MPOEKLIUU BEKTOpa aOCOIIOTHOW YIJIOBOM CKOpPOCTH
TBEPJIOTO TeJla HAa OCH CBS3aHHOW CHCTEMBI KOOpIMHAT. B ATOM ciydae paccMOTpEHHBIC
BBIIIIE 337[a4¥ ONTHMHU3AIUN NPUOOPETAIOT BIIOJHE KOHKPETHBIH (pr3mueckuii cmpici. Ecnm
npu 3toM Koddduimentsr Ki, K2, k3 B 3amaue (2)—(4), (19) nponopunoHaIbHbI 3HAYCHHUSIM

2
Jf, J22, J;, tme Ji, J2, J3 — MOMEHTHI MHEpIMH TBEPAOrO Tela, TO YCIOBHE

tpancBepcanbHocti [ (T) =0 ompemenser MOAyJdb KHHETHYECKOrO MOMEHTAa BO BpeMs
ONTUMAJILHOTO 1O Kputepuio (19) aBmkeHus TBepAoro Tena u3 nojoxeHus (3) B HojgoKeHue
(4) (ypaBuenue (21) HarIsAHO TOATBEpXkIacT ckazaHHoe). M3 ypaBuenus (21) ciemyer
3aKOHOMEPHOCTB: JIJISI ONTHMAJILHOTO JBMKEHUS CUCTEMBI (2) ¢ MUHUMAJIBHBIM 3HAUYCHUEM
(19) nmurenpHOCTH T TIEpexoaa u3 cocTossHuA (3) B cocTosiHue (4) u 3HaueHue uHTerpaia (19)
CBSI3aHBI IPSIMO-TIPOITOPIIHOHAIILHOM 3aBUCUMOCTBIO Sopt = 2 Ko Topt -

5. 3akiaouenue

PaccmaTtpuBaeMble B CTaTbe BOIPOCHI OTHOCSTCS K MaTeéMaTUYECKOW TEOPHH ONTHUMAJIbHBIX
MPOLECCOB M €€ MeTojaM. B wyacTHOCTH, 0OCyXJaroTcsi KpalHE aKTyalbHbIE aCIEKThI
METOAOJIOTUN MPUHLUIA MaKCHMyMa M OCOOCHHOCTH MpPOLEAYphl €ro IMpakTHYECKOro
npuMeHeHus. [IpoBeeHHOe HccaeoBaHUE YCTpaHAET MMEIOIIMNCS METOIUYECKU mpober,
CBSI3aHHBIN C HETIOJIHBIM HMCIIOJIb30BAHUEM YCIOBUIM TPAHCBEPCAIBLHOCTH.

OTMeueHHbIT METOJ0JOTMYECKUT HEIOCTaTOK, MPUCYTCTBYIOIIUM B PacCyXIEHUSAX NpU
pELIeHUH BapHAllMOHHBIX 3a37a4, HaONIOJaeTcsl y MHOTMX aBTOpOB. B mojapisromem
OOJIBIIMHCTBE CIIy4aeB CUUTAETCS, YTO YCJIOBHUS TPAHCBEPCATBHOCTH YCIOXKHSIOT peIIeHue
3aJayd TMOMCKAa ONTHMAIBHBIX (YHKIMH, a HE yNpoIlalT ero. Takoe MHEHHE CIO0XHIIOCH,
BUJIUMO, U3-32 OOIIEN3BECTHOM MPOOIEMBbI Pa3MEPHOCTH, MPEATIOIATAIOIIEH, YTO YeM OOJbIIe
ycinoBuid  (YpaBHEHUH, OrpaHWYeHH), TeM TpyAHEH pelMTh UCXOAHYI0 3amady (¢
MaTeMaTU4ecKON MIIM BBIYMCIUTEIBHON TOUEK 3peHus). Briie 6bu10 MoKa3aHo, 4TO 3TO JaJIeKO
HE TaK U SIBJIIETCS] OOLIETIPUHSATHIM 3201y K/IEHUEM, CTaBIIUM YK€ UyTh JIM HE TPaJUIIUOHHBIM.
[TockonbKy ¢ yBeIMYEHHUEM YMCIIa YpaBHEHUH, (OpPMAaIU3YIOUINX YCIOBHS ONTHMAJIbHOCTH,
pelleHre 3aJa4d ONTUMHU3ALUU 3aTPYIHSAETCS, TO Pa3MEPHOCTh KpaeBOW 3ajjaud MpPUHIIMUIIA
MakCUMyMa CTapalTcsi ClAelaTb MHUHUMA@JIBHO BO3MOXHOH, H3-3a 4YEro YyCJIOBHS
TPaHCBEPCAIBHOCTH BKJIIOYAIOT B CUCTEMY HEOOXOIUMBIX YCIOBUI ONTUMAaIbHOCTU TOJIBKO B
KpaliHUX cllyyasiX. A OOBIYHO OrPAaHUYMBAIOTCS JIMIIL HPOBEPKOH TOTOBOrO pELICHUS,
HallJIeHHOTo 6€3 y4eTa yCJIOBUI TpaHCBEPCAIbHOCTH, HA MPEMET YAOBIETBOPEHUS YCIOBUIM
TPaHCBEPCATBHOCTH (eclii TOro TpeOyeT KOHKpETHas IOCTAaHOBKA ONTHMH3AIMOHHON
3amgaun). [lo cyiecTBy, Takoi TMOAXOJ AHAJIOTMYEH JCKOMITO3UIMU, KOTOPYIO YCIEIIHO
OPUMEHSIOT B TEOPUU CHCTEM alredOpanyecKuxX ypaBHEHUH, B TEOPUU OOJIBIIMX CUCTEM (Kak
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06 YCJIOBUSAX TPAHCBEPCAJIbHOCTU B PCIICHUN BAPUALITMOHHBIX 3a1a4

OAHOTO W3 pa3naenoB  uenoro  Hampabienusi, wuMenyemoro «MCCJIEJJOBAHUE
OIIEPALIMI») u apyrux maucuuruinHax. OIHAKO TTOBTOPHM, YTO TOPA3/Io0 LenecoobpasHee 1
rpaMoTHee (C YMCTO MaTeMaTHYEeCKOW TOYKM 3peHUs) M3HAuaibHO C(HOPMHUPOBATH IMOJIHYIO
CUCTEMY YPAaBHEHMM, 3allMCaHHBIX B COOTBETCTBUM C IPUHLUIOM MaKCUMyMa, BKJIOYas
YCIIOBUSL TPAHCBEPCAIBHOCTH (KaK HEOOXOIMMBbIE YCJIOBHUS ONTHUMAJIBHOCTH HapaBHE C
ycloBueM MakcumyMa ¢QyHKmuu [amuinbToHa M qudepeHIUaTbHBIMI YPaBHCHUSIMA IS
COTPSKEHHBIX TEPEMEHHbIX), a 3aTeM YK€ BHYTPU MOJYyYECHHOW CHCTEMbl YypaBHEHUIl
IPOU3BOIUTH JEKOMIIO3MIIMIO, B TOM 4YHCIIE, BBIACIUB B OTAEIbHYIO HE3aBUCHMYIO
MOJICCTEMY YCIIOBHSI TPAHCBEPCATIBHOCTH (€CIIU 3TO CTAHOBUTCSI BO3MOXHBIM H JIOITYCTUMBIM).
Bonpoc o Beiroge paszeneHus ycIoBHM ONTUMAIbHOCTH Ha OTJEJIbHBIE TPYIIBI PEIIAETCS B
KKIOM KOHKPETHOM CIIy4ae CaMOCTOSITENbHO, MCXOJS W3 CTPYKTYpbl HMCXOJIHOH IOJTHOM
CUCTEMBbl YpaBHEHUI (BKJIIOUYas yCJIOBUS TPAHCBEPCAIBHOCTH), ONPEAEIIAIOIEH ONTUMAIbHbIE
¢byukuuu. CrpaBeUIMBOCTH pagd 3aMETUM, YTO OOJBIIOE YHUCIO TNPUKIAIHBIX 33734
ONTUMU3AIMK  JONYCKAaeT OrFOBOPEHHYIO  JEKOMIIO3UIMI0 U  BBIIACICHHUE  YCIOBUI
TPaHCBEPCATBHOCTU B OTIENbHYIO MOJACUCTEMY. TeM He MeHee BaXXHO NOJYEPKHYThb, 4TO
U3BECTHbl HEPEJKHUE IMpUMEpPhl NPAKTUYECKUX 3anady (B TOM 4YMCIE, HEKOTOpbIE 3a7auu
ONTUMAIILHOTO  yNPaBJICHUS), M KOTOPBIX YCIOBUS TPAHCBEPCAIBHOCTH  SBISIOTCS
HE3aMEHUMbIM MaTEMAaTUYECKUM CpPEJCTBOM B ONPEAEICHUM HE TOJBKO KOJIMYECTBEHHBIX
XapaKTEPUCTHK ONTUMAIBHBIX (YHKUUH (OTAENBHBIX MapaMeTpOB, KOHCTAHT, K03(duiineHToB
U T.J1.), HO U KJIFOUEBbIX CBOMCTB U YPaBHEHHUI ONTUMAJILHOTO IIpoIiecca.

B pabore yOenurenbHO MPOAEMOHCTPUPOBAHO, YTO JUISI MAKCUMAIbHO KOPPEKTHOTO U
MIOJIHOTO PEUIEHMsI 3a/1a4 ONTUMAIbHOIO YIPABICHUS YCIOBUS TPAHCBEPCAJIbHOCTH, SIBISSACH
HEOOXOJUMBIMU YCIOBUSMU ONTHUMAIBHOCTH HAapaBHE C YCIOBHEM MakcuMyma (GYHKIIUU
['aMunbTOoHa W CONpPSDKEHHOH cucteMoil nuddepeHIranbHbIX YpaBHEHHH, JIOJDKHBI
YUUTHIBaThCSl ¢ camMoro Havana. OHU JOMKHBI OBITh BKIIOYEHBI B CHUCTEMY YpaBHEHUH,
(dopManu3yoIKX TPUHLIKAII MAKCUMYMa, Cpa3y M0CJe BBEACHUS CONPSHKEHHBIX EPEMEHHBIX,
3amrcu (QYHKIUU [aMUIBbTOHA M COMPSDHKEHHOW CUCTEMBl ypaBHEHH, HEMOCPEICTBEHHO
OTpeJieNIsisi CBOMCTBA ONMTUMAIBHBIX COMPSKEHHBIX (DYHKIMI M YIPaBISIOMIUX TEPEMEHHBIX.
PaccMoTpeHHBIE B CTaThe KOHKPETHBIE MPHUMEPHI YKA3bIBAIOT HA HCKIIOYUTENIBHO BaXKHYIO
posib (HEpPEAKO KIIYEBYI0 pOJib) YCIOBHM TPaHCBEPCATHHOCTH B OOIIEM alrOpUTME
MpoLeypbl TPUMEHEHUS TPUHIUIIA MAKCUMYMA.
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Abstract. The article concerns variational problems and methods of the mathematical theory of optimal
processes. The role, place and significance of transversality conditions in the general procedure of
finding the optimal functions are studied in details taking Pontryagin’s maximum principle as an
example. This work eliminates the existing methodical defect associated with incomplete use of the
transversality conditions. Using specific examples, the transversality conditions (as one of the
necessary conditions of optimality in the form of the maximum principle) have been shown to be an
extremely efficient mathematical tool (and even the only one in some cases) for determining the
characteristic properties, laws and key characteristics (parameters, constants, integrals of motion) of
optimal solution to the systems of ordinary differential equations (of dynamic systems).

Key words: optimality criterion, maximum principle, transversality conditions, Hamiltonian,
conditions of optimality, boundary value problem

1. Relevance of the problem

When solving many optimization problems by the variational methods (e.g., using
Pontryagin’s maximum principle), significance of transversality conditions has been clearly
underestimated so far. As a rule, the transversality conditions are not used properly and do not
participate in determination of quantitative characteristics of optimal process (parameters,
constants, first integrals, etc.), they are not involved in computation of optimal functions.
Therefore it is difficult to estimate completeness of such solution derived using the procedure of
the maximum principle without transversality conditions. The aim of this work is to provide
understanding that transversality conditions are not a mere formality participating in procedure
of finding the optimal time functions (which are present in the system of necessary optimality
conditions formulated according to the maximum principle), but they are an efficient tool (but
in some cases the only and irreplaceable one) for determination of characteristics and properties
of optimal process, for calculation of its key parameters (constants).

When constructing an optimal process, many authors and researchers (mainly in applied
areas) only check transversality conditions (as the necessary conditions for optimality) at the
end of solution procedure after the solution has been already obtained and formalized with
certain mathematical relations. Such a test is made by substitution of the obtained optimal
solution to the initial system of equations and the conjugate functions into equations
corresponding to transversality conditions. Meanwhile, the transversality conditions along
with the condition of Hamiltonian maximum and the conjugate system of differential
equations are necessary conditions of optimality, and they must be included in the system of
necessary conditions of optimality since the very beginning (together with the conjugate
system of equations and the condition of Hamiltonian maximum), after defining the conjugate
variables, the Hamiltonian and the conjugate system of equations. Such an algorithm and
further application of the procedure of maximum principle is the most correct and expedient.
As the formalism of maximum principle application demonstrates, in many cases the
inclusion of transversality conditions into the general system of necessary conditions of
optimality before formalization of laws of dynamic system optimal motion described by the
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initial system of differential equations (given by statement of optimization problem) is the
only correct one and it allows finding the solution to the most complicated problems. In this
case, solution to the boundary value problem of the maximum principle will take into account
the transversality conditions, it will provide reliability of the stated optimization problem
solution results and guarantee the completeness of the obtained solution.

2. Problem statement
Usually, the dynamical process is determined by a differential equation

x=f(x,y,1) 1)
where X is the state vector (its components x; are the phase variables, which reflect the current
state of the dynamic system, i =1,n); y is the control vector with components y;, which are

the sought functions of time (we should choose their optimum, j = ]j). Physical sense of the

specific optimization problem is determined by the form of equations X; = f,(X,y,t) . Let
the dynamical process be described by the following system of equations

).(1 =YX, — Yo X, Xz =Y Xs =Y, Xg X3 =Y3Xs — Y2 Xg
X4 =Y. X; =YX, 5(5 =Y. Xg = Y3Xy , Xg = Y1 Xg — Y3 X5 (2

Xp =YX —YiXy , Xg = Yo Xo = ViXs , Xg =Y, X5 — Vi Xg
The system (2) determines variation of the time functions x; (t) under known variation of the

functions y; (t) (i = 19, j = 1,3). The motion x(t) is the solution to the differential equation
(1). To make the problem more specific, it is necessary to make some restrictions concerning
the solution to the equation (1), in particular, to set boundary conditions at initial time t =0
and final time t=T7. Let us consider a widespread class of problems when the boundary
conditions for the trajectory of motion x(t) are formalized by the equalities

x(0) = xo @)

x(T) = xr (4)
where xo, xr are the fixed vectors, which specify the state of a dynamic system at initial and
final time.
Note that in most cases the equation (1) has infinitely many solutions satisfying conditions (3)
and (4). From all the solutions to the system of equations (1), (3), (4), we are interested only
in the solutions that are optimal (or best) in some sense. Usually, the criterion of optimality is
expressed by the functional of quality

G= j g(x,y,t)dt (5)

where g (X, y, t) is the non-negative function; T is the termination time of the optimal process.
In the most general case, the optimization problem is formulated as follows: it is necessary to
transfer the dynamic system described by the equation (1) from the state (3) into the state (4)
so as to minimize the functional (5).

3. Procedure of solving

If we suppose that functions y; in the right-hand parts of equations (2) are piecewise
continuous functions of time, then we can use Pontryagin’s maximum principle [1].
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According to this method, we define the conjugate variables qi corresponding to the
components x; of the state vector x and write a Hamilton function (Hamiltonian).

H=0og+d1(YsX, = Yy%;) +02(YaXs = Yy Xg) + U3 (Y3Xs — Yo Xg) +
+0a (YiX; = ¥3X) + 05 (YiXg — Y3Xp) + U6 (Y1 Xg — Y3Xg) +
+07(Y2Xy — ¥Y1X4) + 08 (Y2 X, = Y1Xs) + 0o (Yo X5 = Y1 Xs)
where @o = const <0 (o = 0).

According to the maximum principle [1], the equations for conjugate functions gi have the
form

g, =—0H/ex; (i=19j=13) (6)
The conjugate functions gi must satisfy the transversality conditions
. OF,(x(0 P, oD, (X(T
q©)=>w, POy S, 0T )
h=1 axi t= 0 k=1 OX; t=T

where Fn (x(0)) are the functions specifying the boundary condition at the left endpoint of the

trajectory x(t) in the form Fn(x(0)) =0, and h=1,m (m<n); wy are certain numbers that do
not vanish simultaneously; @k (x(7')) are the functions specifying the boundary condition for

the right endpoint of the trajectory x(t) in the form @« (x(7)) =0,and k=1 p (p<n); z are
certain numbers that do not vanish simultaneously; for the problem stated as (2)—(5), the
number of phase variablesisn =9.
If the ending time T of the optimal process is not fixed, then the optimal conjugate functions
Qi (t) must satisfy yet another necessary condition expressed as the transversality condition
o 0D (X(T),T)
HX(T),y(T),a(T), T) == v, —* (8)
P or
where  ={q1, gz, ... qo } is the vector of conjugate variables; @k (x(7"), ') are the functions
specifying the boundary condition for the right endpoint of the trajectory x(t) in the form

O (x(7), T)=0, and k=1 p (p<n); v are certain numbers that do not vanish
simultaneously (n = 9, and | = 3 for the problem (2)—(5)).

From the structure of the Hamiltonian, equations (6) and transversality conditions (7), (8) we
conclude that optimal functions q; are proportional to the negative constant ¢o . Hence, we can
assume ¢o = —1.

Since the considered problem (2)—(5) is a problem with fixed left and right endpoints of the
trajectory x(t), the transversality conditions (7) for the conjugate variables g; at t = 0 have the
form (see [2]): qi(0) =wi (i=19), where w1, Wz, ... Wg are certain numbers that do not
vanish simultaneously. For the conjugate variables g; at the time t=T7, the transversality

conditions (7) have similar form (see [2]): qi(T) =z (i = ]5), where at least one number z1,
Z2, ... Z9 IS non-zero; and the transversality condition (8) has the form

H(T)=0 9)
First two conditions are equivalent to the inequalities
9 9
2.60)>0 u > g¥(T)>0 (10)
i=1 i=1
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and they are obvious if we rewrite boundary conditions (3), (4) as equalities

xi(0) —xio=0,and xi(7T)—xir=0
where xio are elements of the vector xo; xir are elements of the vector xr; whence
Fk =xi (0) — xio; @k =xi(T) — xit; OFk/oxi = 0Dk /oxi =1 for k =1, and oF/oxi = 0Dk /oxi =0
ifk=i.
The last transversality condition (requirement (9)) is obtained if we represent the boundary
condition (4) for the trajectory right endpoint in the form ®x =0, where ®x = xi(7T) — xir;
whence we have o®x/oT=0 for all k, it is obvious, therefore conditions (8) and (9) are
equivalent.
The problem of finding the optimal function y(t) and optimal motion x(t) of the system (2) is
reduced to solving equations (2), (6) with the simultaneous maximization of the Hamiltonian
H at each moment of time t and with satisfaction of transversality conditions (10) (if the time
T'is fixed) or (9), (10) (if the time T'is not fixed).
The boundary value problem of the maximum principle is to find such initial values q; (0) for
conjugate functions at which the boundary condition (4) is satisfied for the solution to the
system of differential equations (2), (6) x(t), q(t) (with initial condition (3)) that satisfies the
condition of the Hamiltonian maximum at each moment of time t and transversality
conditions (10) at initial and final moments of time (or (9), (10) when the time T is not fixed).
Let us suppose that the functional (5) does not include state variables xi. In this case, the
conjugate system of differential equations for g is written as

G =Ys0s = Y207 . Gy = YsUs = YoUs » O3 = Y50 — V2o
th =Y¥.0; — Y30, , Q5 =Y.l — Y54, qe = Y10 — Y303 (11)

q7 =Y,0; — Y., qs =Y¥,0; = ¥.0s, QQ =Y,0; — ¥:0s
It is easy to show that in this particular version of problem statement (2)—(5) (when functional
(5) does not explicitly depend on phase variables xi), the transversality conditions ¢(0) # 0 u

q(T) = 0 are satisfied automatically if the function q(t) is not identically equal to zero (q is the
vector of conjugate variables gi). To check this, it is sufficient to analyse the sum

Zq? (t) (12)

Taking the time derivative of the sum (12) and replacing quantities g by right parts of
equations (11) in the obtained expression, we obtain the equality

9
Zqui =0
i=1

Hence, we conclude that the sum (12) is constant. Therefore, if it is assumed that at least one
condition (10) is not satisfied, then the vector g of conjugate variables will be identically
equal to zero q=0; but such conjugate functions g;(t) can not be optimum, it is obvious.
Thus, any solution q = 0 satisfying the system (11) will satisfy transversality conditions (7).
The systems of equations (2) and (11) are identical in terms of coefficients y1, y2, and y3. The
solutions to equations (2) for variables xi and to equations (11) for variables g differ in initial
conditions.

We group multipliers for y1, y2, y3 in the function H so that they contain state variables x;, and
we denote such multipliers as r1, r2, and rz. Taking multipliers rj for y; in an explicit form,
we rewrite the Hamiltonian H as follows:

H=-g+yiri+ysr2+ysrs
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where r1=(gsX7 + Qs Xg + Js Xo — 7 X4 — Q8 X5 — (o X6 ;
N=07X1+0sX2+QoXa— Q1 X7 —02Xs — (3 Xo,
N=01X4+t2Xs+03Xe—QaX1 —QOsX2— (6 X3.
For variables ri, we have the following differential equations:

';1:YBr2_Y2r3 ) r.z =Yl —Ysh ';3 =Y,h —Yil, (13)
Taking the time derivative of equalities for rj (j = 1,3) and substituting expressions for x; and

(; calculated by (2) and (11), respectively, we obtain necessary differential equations for time
functions rj (t).

|;1:q4x7+q4x7+q5).(8+q5X8+q6XQ+q6X9_q7X4_q7x4_q8xs_q8x5_
~Qo Xp3 — Us3Xe = Y2 (GaX1 + Qs X2 + Q6 X3 — Xa G1 — Xs G2 — X6 O3 ) +

+Y3(Q7X1+ QX2+ JoaXs— X701 —Xs Q2 —XoQ3) = Yyar2—yar3
(we have similar expressions for variables r. and r3). Variation of the vector r = {ry, r2, r3} is
determined by the solution to the equation r=rxy, wherey = {y1, y2, y3}.
The equations (13) for components r; of the vector r replace the conjugate system of
equations (11). We see from (13) that the vector r has the property | r | = const. For existence
of non-trivial solution, it is necessary that equalities Xi = y Qi do not hold at any time t € [0, T]
since in this case ri=r2=r3=0, and solving the problem becomes meaningless. Therefore,
searching for the optimal solution, we assume vectors x and q such that x =y g, where y is a
scalar (otherwise r =0), and only the case r = 0 is considered (i.e., when functions gi are not
proportional to variables x;i). It is obvious, that q(t) = 0 if r = 0, and transversality conditions
(7) are met.
The problem of finding the optimal function y(t) and the optimal motion x(t) of the system (2)
is reduced to solving equations (2), (13) with the simultaneous maximization of the
Hamiltonian A at each moment of time t and with satisfaction of the transversality condition
(9) if the time T is not fixed. The boundary value problem of the maximum principle is to find
such a vector r(0) = 0 at which the solution to the system of equations (2), (13), x(t) (with
initial condition (3)) that meets the condition of the Hamiltonian maximum at each moment of
time t and the transversality condition (9) (for the problems with not fixed time 7) satisfies the
boundary condition (4).

4. Examples of problems when transversality conditions determine key characteristics
of an optimal process

As an example, we give solution to the problem (2)—(5), in which the minimized functional
(5) has the form:

:
G =[[kuy? +k,y3 +koyidt (14)
0

where k1 > 0, k2 > 0, and ks > 0 are constant positive coefficients.

A feature of the minimized functional (14) is that its value is independent of optimal process
duration T; the value G is determined only by boundary conditions (by vectors xo and xr) and
by coefficients k1, ka2, and ks (this conclusion will be proved further).

We assume that yj are piecewise continuous functions of time. For the problem (2)—(4), (14),
the Hamiltonian takes the form
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H=— k! +koY2 +Koys + 0y, + LY, + 1Y
In order to construct a sought-for function y(t) and find an optimal function r(t), we replace
variables u; = yM/ki.; iy :rj/\/F, and introduce vectors u={ur,uz, us} and

w={u, o, 13}. We can rewrite the Hamiltonian in the following form
H=u-p—|uf = [ul(p| cos y - 1)

where vy is the angle between vectors u and p. The Hamiltonian H takes the maximum value
aty = 0 (i.e. when vectors u and pu have the same direction). Optimal functions yj and r; satisfy
the equalities

yvj = arjlk; (15)
where @ >0 is a scalar, but it should not be a =0.
At any moment of time t € [0, T], the absolute value of the optimal vector p is constant
|u| = const. The optimal functions r; satisfy the condition

r? /k, +r7 /k, +r? /ky =const (16)
To prove the validity of this property, we take the time derivative of the left-hand side of the
equality (16) and substitute formulas (13) for the derivatives of components r; of the vector r;

next, in the resulting expression we replace components yi of the vector y with their
expressions given by (15), which give relation between rj and yj. This yields

Lo LK 406 1K, + 1 1K, =

=y r3/k3—y1 r2 I’3/k2+y1 ro I’3/k2—y2 r I’3/k3+y2 r I’3/k3—y1 rar3/ks=0
As a result, we derive a key property of an optimal process in terms of the criterion (14).
In the problem (2)—(4), (14), the process end time T is not fixed. Therefore, optimal vectors u
and p must satisfy the transversality condition (9). To meet the equality H(T) =0, it is
necessary to satisfy at least one of conditions | p (T) | =1or] u(T) | = 0. The Hamiltonian H is

a linear function of argument |u|. If | p(T)|> 1, then for the optimal solution we have

lu(T) | > o (since the Hamiltonian must be maximum), but under such vector u we have
H— o, ie. H(T) =0, and the transversality condition (9) is violated. If | p(T) |< 1, then,
due to the property (16), the condition of the Hamiltonian maximum H at each moment of
time t requires the equality | y(t) |=0, which implies that the boundary condition (4) can never
be satisfied. For optimal functions rj, the only feasible option is then |!~l| = 1. Taking into
account (16), we conclude that the optimal value r(0) must satisfy the condition

t’(0) /k, + 1, (0)/k, + 1. (0) ks =1 (17)
The properties of optimal functions r; imply that, in the case of the optimal solution y(t), the
maximum of the Hamiltonian A is independent of the absolute value |y\ (it depends only on
the direction of the sought-for vector y), and the equality H = 0 holds for the entire interval of
time [0, T]. The magnitude |y| does not affect the validity of necessary optimality
conditions; therefore, the value of functional (14) is independent of the value of the function
a(t) (at the given time t).
We claim that any solution to the system (2), (13), (15) satisfying boundary conditions (3), (4)
and the equality (17) is optimal in the sense of minimum of the integral (14). The condition
(17) determines value of key characteristic ro = | rl=| r(O)\ for optimal functions r;j(t). The
line, which connects points xo and xr, remains invariable in configuration hyperspace R°
irrespective of the form of the scaling function, a(t), which determines the speed of approach
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to the final point x7. The length of an optimum curve from the point xo to the endpoint xr
calculated according to (14), is determined in the course of solving the boundary value
problem of the maximum principle simultaneously with the optimum value r(0) and depends
only on the boundary values xo, x7, and coefficients ki, k2, and ks.

The problem of minimization of the integral (14) is reduced to solving the system of
equations (2), (13), (15) with the simultaneous satisfaction of boundary conditions (3), (4) and
the requirement (17). The formulated problem (2)—(4), (14) is solved up to the nonnegative
function a(t).

The arbitrariness in the choice of the function a(t) makes it possible to ensure that the
designed function y(t) satisfies additional conditions (which were not mentioned in the
statement of the problem (2)—(4), (14)), it can be rather useful for the solution to applied
problems associated with optimization of physical processes. Except for the constraint
a(t) >0, the function a(t), which appears in equations (15), is optimal if and only if it satisfies
the equality

j a(t)dt= Gop (18)

where Gopt is the optimal value of the integral (14), which is calculated in the course of
solving the boundary value problem of the maximum principle (remember that «(t) cannot be
identically equal to zero).

The property that the integral (14) is invariant relative to the behavior of the scalar function
a(t), is a doubtless benefit of optimization by the criterion (14). Furthermore, arbitrariness of
the function a(t) and independence of the value (14) of quantity a(t) simplifies solution to the
boundary value problem of the maximum principle (finding the optimal value r(0)) and
determination of the characteristic (14) for the optimal process. Using this specified property
of independence of optimal values r(0) and (14) of the function a(t), when solving the
boundary value problem of the maximum principle, we can assume a(t) = const = ao. Then
G = aoT, where T is the time of satisfying the condition (4) for the solution x(t) to the system
(2), at which functions y1, y2, and ys are calculated by (15) taking into account (13), (17) and
condition @ = ag. If ao =1, then G = T. Therefore, we can interpret the characteristic (14) of
optimal process as follows: for the optimal law of the function y(t) variation, generalized
expenditures Gopt are numerically equal to the time of satisfying the equality x(t) = xr for
solution to the system of equations (2), (13), (17), (15) in which a =1 (the initial state x(0) is
fixed by the condition (3)). For the arbitrary behavior of the function a(t), condition (18)
determines the duration of optimal process 7.

The example presented above illustrates the fact that transversality conditions (and only them)
make it possible to specify key properties of optimal process. For the case when the integral
(14) is minimized, such unique properties of optimal solution are the equality (17) and
independence of value (14) of the nonnegative function a(t), which is not identically equal to
zero, and as a consequence, of the absolute value |y| at specific moment of time t. Using the
problem (2)-(4), (14) as an example, we demonstrate the following conclusion: it would be
impossible to unequivocally specify the optimal value of the vector r(0) and to solve the
boundary value problem of the maximum principle without the transversality condition (9).
Another example is the problem of optimal transfer of the dynamic system (2) from the state
(3) to the state (4) with minimal value of the functional

:
S = [(ko +k, Y7 +k, 2 +kyy2)dt (19)
0
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where ko > 0, ki > 0, k2 > 0, and ks > 0 are constant positive coefficients.

The functional (19), which we have assumed, corresponds to the quadratic criterion of quality
with addition of transfer time multiplied by the constant positive coefficient (ko = 0). Time
factor, which is present in the criterion of optimality (19), limits duration T of optimal process
to a certain value Topt.

Like in the previous problem, we search for the optimal solution y(t) in the class of piecewise
continuous functions. For the problem (2) - (4), (19), the Hamiltonian is

=0y, +6Y, +1Y, _ko _k1y12 _kZY22 —k3y§.
Since 7" is a quadratic function of the vector y, its maximum value is attained at the local
extremum point. Using necessary conditions of extremum 0//0y; =0, we find that the
function 7" has a maximum if rj — 2k;y; = 0. Hence, optimal functions yj; correlate with rj by
expressions
vi = rjl 2k;, (20)
Having compared conditions of optimality (20) with equalities (15), we conclude that the
property (16) is true for optimal solution in terms of the criterion (19). Therefore the
Hamiltonian /" is constant. From the transversality condition (9), which has the form 7(T) =0,
we find the necessary condition of optimality for functions r;j (t).
(rlz/kl +r22/k2 +I’32/k3)/4—k0 =0
Hence, the optimal value r (0) must satisfy the equation
r12 (0)/k1 + r22 (O)/kz + |’32 (0)/k3 = 4k0
The optimal functions yj; (t) satisfy the relation
k13/12 + kz y; + k3 y32 = ko (21)

From the obtained property of optimal functions y;j(t), we find that the value S of the
functional (19) correlates with duration of optimal process by the formula S =2ko7. Taking
into account that equalities (20) are a particular case of conditions (15), we determine the
optimal time Topt using known characteristic Gopt, Which is calculated in the course of solving

the problem (2)—(4), (14): Ty, =Gy / \/E (functions yj (t), which are optimal in the sense of
minimum (19), are optimum for the criterion (14)). Accordingly, value of the index (19)
under optimal variation of functions y1, y2, and ys is equal S, = ZMGON. The values of

coefficients ki, ko, and ks influence only the value Gopt and determine it together with the
given initial xo and final x7 endpoints of the trajectory x(t).

Thus, the considered examples demonstrate that transversality conditions are very efficient for
determining optimal functions y(t), r(t), and in some cases, they are irreplaceable (sometimes,
it is the only one tool) to find key properties of an optimal process.

Note that, if phase variables x;j are considered as directing cosines between the coordinate
system of a solid body and the inertial coordinate system, then the vector y will correspond to
the angular velocity of the body's coordinate system rotating relative to the inertial coordinate
system, and control functions y; are considered as projections of the vector of absolute angular
velocity on the axes of the body coordinate system. In this case, the optimization problem
considered above acquires specific physical sense. Moreover, if coefficients ki, ko, and ks in

the problem (2)—(4), (19) are proportional to values J2, J2, and J7, where Ji, Jz, and Js are
moments of inertia of the solid body, then the transversality condition /(T) = 0 determines the
absolute value of angular momentum during optimal rotation of the solid body from the
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position (3) into the position (4), in terms of criterion (19) (the equation (21) directly confirms
the derived conclusion). From the equation (21), we have the following regularity: for optimal
motion of the system (2) with minimal value of (19), duration of transfer from the state (3) to
the state (4) and value of the integral (19) are related by direct-proportional dependence
Sopt =2 kOTopt .

5. Conclusions

Aspects considered in the article concern the mathematical theory of optimal processes and its
methods. In particular, extremely topical aspects of methodology of the maximum principle
and issues of its practical application are discussed. The presented work eliminates the
existing methodical defect associated with incomplete use of transversality conditions.

The above methodological defect, which is present in solution to variational problems, is
observed in many papers. In overwhelming majority of cases, transversality conditions are
assumed to complicate the search for optimum functions instead of simplification. Such an
opinion is probably due to a well-known problem of dimension, which assumes that the more
conditions there are (equations, constraints), the more difficult it is to solve the initial problem
(in the mathematical or computational sense). Above we have shown that this is far from it,
and it is a widespread misperception, which has already become almost traditional.

Since the increase of number of equations formalizing the conditions of optimality leads to
complication of the optimization problem solution, researchers try to make the dimension of
the boundary value problem of the maximum principle as low as possible, hence
transversality conditions are included into the system of necessary conditions of optimality
only in extreme cases. As a rule, the final solution found without transversality conditions is
only checked for meeting transversality conditions (if that is required by specific statement of
optimization problem). Essentially, such an approach is similar to decomposition which is
successfully applied in the theory of systems of algebraic equations, in the theory of
complicated systems (as a section of OPERATIONAL RESEARCH) and other disciplines.
However, it 1s much more expedient and competent (from mathematical point of view) to
initially build a full system of equations formulated according to the maximum principle,
including transversality conditions (as necessary conditions of optimality as well as the
condition of the Hamiltonian maximum and differential equations for conjugate variables),
and then to make decomposition within the obtained system of equations, for example, to
separate independent subsystem of transversality conditions (if it becomes possible and
admissible). In each particular case, the question about benefit of separating the transversality
conditions into separate groups is solved individually depending on the structure of initial full
system of equations (including the transversality conditions), which determines optimal
functions. To be fair, we note that many applied optimization problems permit the mentioned
decomposition and localization of transversality conditions in a separate subsystem.
Nevertheless, it is important to stress that there are some applied practical problems
(including some problems of optimal control) for which the transversality conditions are
irreplaceable mathematical means of determination of not only numerical characteristics of
optimal functions (certain parametres, constants, coefficients, and others) but also of key
properties and equations of optimal process.

In the present article, we have convincingly proved the following conclusion: for the most
correct and complete solution to optimal control problems, the transversality conditions, being
the necessary conditions of optimality similarly to the condition of the Hamiltonian maximum
and the conjugate system of differential equations, should be taken into account since the very
beginning and included into the system of equations that formalize the maximum principle
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directly after defining the conjugate variables, the Hamiltonian and the conjugate system of
equations, when determining the properties of optimal conjugate functions and control
variables. Specific examples considered in the article confirm the crucial role of transversality
conditions in general algorithm of the maximum principle application.
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CpaBHeHMe Pa3JIMYHBIX JBUTATEJIeH
U MeTO/bI NoBbIIeHus Tepmuueckoro KII/1

B.J. Ilanuyenko, JIu L3b1BaHb

Ka3aHcKkuil HallMOHAJIBHBIN UCCIIE10BATEIbCKUM TEXHUYECKUM YHUBEPCUTET
uMm. A.H.Tynonesa (KHUTY-KAN),
Poccus, 420111, Kazans, K. Mapkca, 10

Annomayus. PaccMOTpeHBl TEPMHUYECKUH KOA(QQHUIMEHT MOJE3HOro ACHCTBUS W IMKIBI YETHIPEX
Pa3HBIX THIIOB TEIUIOBBIX ABUrateineil. CuenaH BBIBOJ, YTO JaXKe Y CAMOTO COBPEMEHHOTO TEIUIOBOTO
JIBUTATEIS TEPMUUIESCKUH KOA(P(UIIMEHT TOIe3HOTO IeHCTBHS HEBBICOK, U €CTh MHOTO BO3MOKHOCTEH
JUIs ero yBenudeHusi. M3 paccMOTpeHrs: TEPMOIMHAMUYECKUX IIUKIIOB CIEAYET, YTO IS YBEIUICHUS
TEPMUYECKOT0 Kod(pHIIMEHTa TONE3HOro JCHCTBUS MOXKHO JHOO TOBBICHTH TeMmmeparypy (u
COOTBETCTBEHHO, JIaBJICHHE) BHICOKOTEMIIEPATYPHOTO HCTOYHHKA TeIUTa (TEIUIOBOW SHEPTHH), JHOO
CHHM3WUTh TEMIIepaTypy (/JaBlcHHE) HU3KOTEMIIEPAaTYypPHOTO MCTOYHHMKA Teria. Y COBPEMEHHBIX
TEIUIOBBIX JABHTaTeNei OOBIYHO MPUMEHSETCS MepBbIid crocob. Ho aToT MeTox TpebyeT mpuMeHeHus
HOBBIX JIOPOTHX MaTEpPHAIOB, HOBBIX TEXHOJIOTHH OXJIaXIeHUS. B craTthe paccMOTpeHo apyroe
HaIpaBJIeHHE YBEIHMYCHUS TEPMUYECKOro KO3((HUIMEHTA TMOJIC3HOTO ACHCTBHUS JBHTATENs: CHU3UTDH
Temreparypy (OaBiieHHE) HHU3KOTEMIepaTypHOTO MCTOYHHMKA Teruia. B craThe paccMOTpEHBI
KOHKpPETHBIE CIOCOOBI YBEIMYCHUS TEPMUUECKOTO KOA((UIMEHTa MOJIE3HOTO JEHCTBUS BO3AYIIHO-
PEaKTHBHBIX JABHUTATEJICH, HAIIPUMED, C TIOMOIIBIO MKEKTOpa.

Kntouesvie cnosa:. TEMNOBOW JIBUraTeilb, BO3MYIIHO-PEAKTUBHBIA JBUTaTeNb, TEPMHUYESCKHIA
kod(drment noesnoro aerctust (KI11), pecype, CHIDKEHUE TeMIIepaTyphl (IaBJICHHS), RKEKTOP

1. Beenenue

TenoBble ABUraTelld HE3aMEHUMBI [UIsi COBPEMEHHOIO IIPOM3BOACTBA M HHIKEHEPHO-
TEXHUYECKUX NpuMeHeHud. OHM IIUPOKO HCMONb3YIOTCS B aBUAIMOHHOM, MOPCKOM,
Ha3€MHOM TpaHCIOPTE MW JPYrMX Cciydasx. TemaoBble IBHUraTeid HMMEKT pa3IudyHOE
YCTPOMCTBO, Y KaXXJIOro THIIA JIBUraTelsl — CBOM IPEMMYIIECTBA M Henoctatku. lIpemmer
aHanu3a — pabouyue LUKIBI, TepMUueckue Koddduimentsl monesnoro aeictsust (KITJT),
MPEMYIIECTBA, HEJAOCTaTKU M c(epbl NMPUMEHEHUs YETHIPEX DPA3JIMYHBIX THUIIOB TEIIOBBIX
nsurateneil. O6cy)xaaoTcs Coco0bl YBEIUYEHNU TEPMUUECKUX KO3()(PUIIMEHTOB 1M0JIE3HOTO0
neiictBus. OTMETHM, YTO C TOYKHM 3pEHHUS MOJEIUPOBAHUS TEIJIOBBIE JBUTATENU — 3TO
CJIO)KHBIE CHUCTEMbl MHOTOJMCLUIUIMHAPHOTO XapakTepa. 3/1eCh HEOO0XOAWMBI BBICOKHMH
npodeccuoHanu3M U IOHMMaHue, OCHOBaHHbIE HAa 3HAHUSIX U3 Pa3IMUHbIX 001acTell HaAyKH.

2. AHaam3 HEKOTOPLIX THIIOB TEMJIOBbIX JABHUTaTejen

2.1.Bo3aylIHO-peaKTHBHBIN ABUTaTeJIb

Cxema W UMK BO3IylIHO-peakTuBHOro asurarenss (BPJ) B aumarpammax p-v u T-S
IIPEJICTaBJIEH HAa PUCYHKE 1.

Ha cxeme moka3aHbl OCHOBHBIE Y3JIbI BO3AYIIHO-PEAKTHUBHOTO JIBUTATelIsl: BO3TyX03a00PHUK
— 1, koMmpeccop — 2, kamepa cropanus — 3, TypouHa — 4, peakTuBHOE coIuio — 5. CeueHus Ha
BXOJI€ U BBIX0JI€ KOKJIOTO y371a 0003HAYEHBI CIAEAYIOIIMM 00pa3oMm:

H — ceueHne HEBO3MYIIIEHHOTO IOTOKA MEPE] IBUraTEIIEM;

B — na BBIXO/I€ M3 BO3/1yX03a00pHUKA (HA BXOJ/I€ B KOMIIPECCOD);

K — Ha BBIXOZIe U3 KOMIIpeccopa (Ha BXOJE B KaMepy CropaHusi);
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" — Ha BBIXOJIC U3 KaMepbl CropaHus (Ha BXOJE B TypOUHY);

T — Ha BbIX0Ji¢ U3 TYpOMHBI (Ha BX0JIC B COILIO);

C — Ha BBIXOJIC U3 COILJIA.

[TapameTpsl COCTOSIHHSI pPa0OUYEro Tea B TUX CEUYCHHUAX B TEPMOJUHAMUYCCKUX JHUArpaMMax
P-V u T-S COOTBETCTBYIOT TOYKaM Ha CXeMe, 0003HAYCHHBIM YTUMHU ke OykBaMu (P-IaBicHuUE,
V-yIeNbHBIH 00BheM, T-a0COTIOTHAS TeMIlepaTypa, S-yaeabHas SJHTpoIus pabodero Tena).
31ech TePMUYECKUN KOAPPUIIMEHT MOJIE3HOTO JIEHCTBHS BO3AYIIHO-PEAKTUBHOTO JIBUTATEII,
KaK ¥ JIPYrHX TEIUIOBBIX JIBUTATENICH, 3TO — OTHOIICHHUE YIEIHHOTO KOJMYECTBA TEIUIOTHI,
NPEBPAIICHHOTO B YACIbHYIO MEXaHUYECKYIO SHEPTHUIO, K YICIbHOMY KOJIUYECTBY TETUIOTHI,
HOJIBEICHHOMY K pabouemy teny [4]:

=
N =1-g =1- ;; =1-1/m

K

rzae: (1 ¥ g2 — yaelbHas TeIIoTa, MoABeICHHAs K pabodemy Teiy (BO3AyXy) U OTBEICHHAsS OT
Hero; T¢ T, T. T« — temmeparypsl padouero tena B ceuenusix C, I, H, K; my= p;ap —
H

CyMMapHasi CTEIICHb IOBBIILIECHNS JABICHHS B LIUKIIE; Py — IOJHOE JaBlcHuE B ceueHuu K; py
— CTaTHYECKOe AaBlicHHE B ceueHnr H; K — OTHOIIEHME TEmI0eMKOCTEH MPHU MMOCTOSHHOM
ABJICHUU U IIOCTOSIHHOM OOBEME.

W13 npuBeneHHOM (HOpMyIBI BHIHO, YTO 4eM OOJbIIE CTENCHb NMOBBIICHUS JaBICHHSA ( 7Ty ),

TeM OoJblle M TepMUYECKUN Kod(UIMEeHT mose3Horo aeicTBus. CTeneHb MOBBIIMICHUS
JIABJICHUS COBPEMEHHOTO BO3AYIIHO-PEAKTHUBHOTO jBHraresnsi gocturaet 80, uacalbHBIN
TepMudeckuii KoddduuueHt moaesHoro aedcteus paBen 0.714 [5]. Hukn Bo3mymIHO-
PEaKTUBHOTO JBUTATEelsl B AuMarpaMmax pP-V u T-S mokaszad Ha pucyHke 1. Ho, go cux mop,
peaNbHBIA TEPMUYECKUM KOIPDHUIIUEHT MOJIE3HOTO AeicTBUS MeHbIe (.5.

12 34 5y

|
|
\?____, | 3 :] R
T
|
I

~ iy et |-

L
H B K r 7T C

Puc. 1. luxn BP/] B nuarpammax p-v u T-S

2.2. JIBurarteiib BHyTPEHHEro cropaHus

2.2.1.5eH3UHOBLIH ABUIaTe/Ib

[{ukn GeH3MHOBOrO ABUTATENs B [uarpamMmax P-V u T-S nmokaszaH Ha puc. 2. Touku 1,2,3,4 Ha
3TUX JUarpaMMax COOTBETCTBYIOT IapaMeTpaM COCTOSHHsS pabouero Tteia: HadalbHOMY
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coctosiHUIO (Touka 1), B KOHIle mporiecca cxaTus (Touka 2), B KOHLE Ipoliecca MoJIBOAA
TEII0THI 1 (Touka 3), B KOHIIE Ipoliecca paciupenus (touka 4). Koniry Temionoasoaa g u
BO3BpaIlIeHUIO paboyero Teja B IepBOHAYAIbHOE COCTOSIHUE COOTBETCTBYET TOUKA 1.
Tepmuueckuii K03((HUIMEHT TOJAE3HOTO ACHCTBHS IE OCH3MHOBOTO JABUraTens [4]:
k-1

S N LVl Y 8 R Y
0, T,-T, v,
re € — CTeIeHb CKats, E=vi/vo, (V1, V2 — yaenbHbIe 00beMbI pabodero Teiia B COCTOSHUSX |
1 2) T.€. YeM BBIIIC CTEMEHb CXKATHs, TeM OOJIbIIE TEPMHUYCCKUN KOA(D(OUIIMEHT MOJIE3HOTO
neiictBusi. CTemeHb CKaTHs COBPEMEHHOro OEH3MHOBOTO JBHMrareis jocturaer 18,
TepMudecKuii kKodpduiment monesHoro aeiictBus paseH ~0.685. Ho wu3-3a morteph
dakTUYeCKUN TepMHUECKUN KOI(DPHUIMEHT IMONE3HOTO JCWCTBUS OCH3MHOBOTO IBUTATEIS
okoJ10 0.4. Llyukn GeH3MHOBOTO ABUraTelNs B TuarpaMMax P-V u T-S moka3aH Ha pucyHKe 2.

p 3 T

V2 V1

v S
Puc. 2. [{ukn 6EH3MHOBOTO JBHTATEIIS B qUarpammax pP-v u T-S
[IpeumymiectBaMu OEH3MHOBOTO JBUTATENS SABISAIOTCA: OONBIINN pecypc, HEOOIbIION
006peM, Bec U Maubli myMm. OHM HIMPOKO MPHUMEHSIIOTCS KaK CTallMOHApHBIE,
aBTOTPAKTOPHBIE, CYIOBBIE, TEIUIOBO3HBIE, aBUALIMOHHBIE U JIP.
2.2.2. In3eJIbHBIH IBUTATEND

Tepmudeckuit KO3QPUITUEHT MOIE3HOTO AeicTBus [4]:
1 Gy ST
L N Y R\ Ea

e p=Vy/Vy/,&=V,/V,,(p—Crenens NpeaBapuTeIbHOr0 paciiupeHns pabodero Tena).

CrerneHb TOBBIINICHUST JIABJICHHUS COBPEMEHHOTO JU3€JIbHOTO JBHUraTels AOCTHT 25, a
dakTryeckuit TepMudeckuii kodddunment monesHoro aevictBus — 0.55. Tak, AW3eNbHBII
nsurarenb B&W kommannu SBOME-C7 tparut Tonbko 155 r Ha kB1*4 [6].

[{uks TU3ENTbHOTO ABHTATEIIS B qUarpaMmax P—V u T—S mokas3aH Ha pUCYHKE 3.

Pl 23 T
3
4
2
4
yl 1
V2 V3 Vi oy S

Puc. 3. [Iuki qu3enbHOTO ABUraTels
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[IpeumymiecTBaMu u3eNbHOTO ABUTaTENs sBIAOTCS: BbICOKM KIIJI, BhICOKMIT KpyTsauui
MOMEHT. Ju3enbHble ABUTaTed OOBIYHO MPUMEHSFOTCS JIUIsl IPUBO/IA CTAIIMOHAPHBIX CHIIOBBIX
YCTaHOBOK, Ha PpENIbCOBBIX (TEIIOBO3bI, JU3EIE€BO3bI, JU3ENb-TIOE3/]a, AaBTOJPE3UHbI) U
0e3peIbCOBBIX (ABTOMOOMIIM, aBTOOYCHI, TPY30BHKH) TPAHCIIOPTHBIX CPEJCTBAX, CAMOXOIHBIX
MallliHaX W MeXaHu3Max (TpakTophl, KOMOaiiHbl, achaabTOBbIE KAaTKH, CKpenepbl U T.1.), a
TaK>Ke B CyJJOCTPOCHUHU B KAUECTBE IJIaBHBIX M BCIIOMOTaTEJIbHBIX JIBUTATEIICH.

2.3. IBurareap CTUpJMHIa

JBurarens Ctupnunra (pucyHok 4) ucnoib3yet uuki CtupiuHra (pUCyHOK 5), KOTOPBIA MO
TEPMOJMHAMHYECKON 3(PGEeKTUBHOCTH He ycrymaeT uukiy KapHo u  pgaxe oOmagaer
npeumymiecTBoM. Jleno B Tom, uro 1uki KapHO COCTOMT M3 Majo OTIMYAIOUIMXCS MEXIY
coboii m3orepMm U aauabar. IIpakTuyeckoe BOIUIOIMIEHHE 3TOTO HUKJIA MAaJIONEPCHEKTHBHO.
Huxn CtupivHra mo3BOJIKI MOJIYYUTh paOOTAIONIMK HA TPAKTUKE JBUTATEIh C MPUEMIIEMBIMU
pasmepamiu. Tepmudeckuit k03 duiineHT noneznoro AeWcTBUs nurarens CTupauHra:

d, T,
22 122
o T,

DaKTHYECKUI TePMUYECKHI KOA(PPHUIMEHT IMOJIE3HOTO JIEHCTBUS COBPEMEHHOTO JBUTATEIIS
Crupnunra pocturaet 0.47 [7]

Tlt =1-

JUSRG)

Copyfight 2600, Keverenr.com

Puc. 4. JIpurarens CtupiauHra

DT T

0 v 0 S
Puc.5. Hukn Ctupnunra

[IpeumymectBamu nBuratens CTHpPIUHTA SIBISIOTCSA: «BCESAHOCTh» JBHratens (JIrodoe
TOTUTMBO), TIPOCTOTa KOHCTPYKIINH, Y BEJIMUCHHBIN PeCcypc, SJKOHOMUYHOCTH, SKOJOTHYHOCTb.
JBurarenu  CtupnwHra OOBIYHO  TPUMEHSIOTCA  Ha  CyOMapwHax,  COJIHEYHBIX
AJIEKTPOCTAHITUSAX U KOCMHYECKUX KOPAOIIX.
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2.4.I1apoBasi mammuna Ilos3yHoBa

[TapoBass mammna Ilon3yHoBa (pucyHOK 6) sIBIISIETCSI TIEPBBIM B MHUpPE JBYXIWJIMHAPOBBIM
napoBbIM JBurateneM. [IpuHiun pa®oThl: MOPIIHM B UWIMHApPAX MapoOBOM MAallIUHBI
[Tom3yHoBa paboranu B npotuBodasze. Korga B 0lMH M3 HUIMHIAPOB HAIOJHCHHBIX ITAPOM,
BIIPHICKMBAJIA BOAY, Iap KOHACHCHUPOBAJICS B HEM, U B LIMJIMHJPE CO3/1aBaJOCh pa3pe:KeHUE.
[Ton neficTBueM aTMOC(EpPHOTO NaBJICHHS TOPIICHb ‘TAUWHA. ¢ OMYCKaThCS BHHM3. B 3TOT
MOMEHT, B JIPYrod LMIUHAP, HAXOAMBIIUWCA B HIDK.!LM IOJIOKEHMH, HAYMHAJ TOCTYIATh
nap, 1 OH HaUMHAaJI JIBUTATHCS BBEPX.
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nogauH
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LBUTHHAPET o= i) Stk 0

Puc. 6. ITapoBas mammHna [lon3yHoBa

TepMmuueckuit KO3QHUIUEHT MOJE3HOrO JAeHCTBU MapoBoil MamuHbl [1o13yHOBa HEBBICOK
13-3a MaJIOM pa3HUILIBI TEMIIEPATYP U JABICHUN MEXIY BBICOKOTEMIIEPATYPHBIM UCTOYHUKOM
TeIlJIa ¥ HU3KOTEeMIIEpaTypHbIM. B HacTosIee BpeMs Tako! IBUraTesb HE IPUMEHSETCS.

3. Cnocoob1 moBbimenusi KT

3.1.1loBbIICHHE TEeMIIEPATYPHI (IaBJEHHS) BBICOKOTEMIIEPATYPHOI0 MCTOYHHMKA TeIJIa

[Ipu omHOM W TOM ke Temmeparype (M, COOTBETCTBEHHO, MPU OJHOM M TOM JKE JIABJICHUH)
HU3KOTEMIIEPAaTypHOIO  MCTOYHMKA TeIlja IMOBBIIEHHE TeMIeparypbl  (JaBJICHUS)
BBICOKOTEMIIEPATYPHOTO UCTOYHHKA TEIJIa MO3BOJISIET YBEIUYMUTh IJIOAAb paboyero muKia
U YBEJIMYHUThH MOJE3HYIO0 paboTy (pUCYHOK 7). DTOT crnocol MHUPOKO NMPUMEHSETCS B Pa3HbIX
neurarensix. Ho tpebyercss mpumMeHeHHe HOBBIX JOpOrux martepuanoB. C Ipyroil CTOpOHBI,
YMEHBIIAETCS PECYPC ABUTATEIIA.

Ha puc.7 touku 1,2,3,4 coorBercTByrOT ceueHusm H,K,I',C na puc. 1. IIpu noBsimenun
TeMIeparypsbl (IaBIeHHs) TOUKH 2, 3 Ha puc. 7 nepemeniaiorcs B nojoxenue 2', 3'.
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CpaBHeHHE pa3IMYHbIX JBUTATENeH U METOAbI OBbIIeHHs TepMuueckoro KIT/
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Puc. 7. CpaBHeHHE pa3HbIX YCIOBHI BBICOKOTEMIIEPATYPHOIO HCTOYHUKA TEIIa

3.2.IlonnxkeHHne TeMnepaTypsl (IaBJeHNs) HU3KOTEMIIEPATYPHOr0 HCTOYHHUKA TelJia

Ilpu omHoOil M TOH ke Temmeparype (M, COOTBETCTBEHHO, IPU OIHOM M TOM )K€ JABICHUH)
BBICOKOTEMIIEPATYPHOTO ~ MCTOYHMKA  TeIla, TOHWKEHWE  TeMIeparypsl  (JaBiieHHs)
HHM3KOTEMIIEPAaTYpHOTO HMCTOYHMKA TEIUIa TOXKE IO3BOJISIET YBEJIMYUTH IUIOMIA[b LKA, T.C.
YBEIWYUTH paboTy 1ukia (pucyHok 8). Ho Takoii croco0 moka Maino mpuMeHsIeTCs Ha TIPaKTHKE.

p T 3
4
2
1 4
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\" S

Puc. 8. CpaBHCHI/Ie Pa3HbIX YCJ'IOBI/Iﬁ HU3KOTEMIICPATYPHOT'O HCTOYHHKA TCILJIa

4. Cnocod nosbimenus KIIJI nas BP/I

Jnst BO3MYIIHO-pEaKTUBHOTO JBUTATENs] OOBIYHO moBbImatoT Tepmuueckuit KIIJ depes
yBEJIMYEHUE TeMIepaTypbl Iepe] TypOMHOHl. B COBpeMEHHBIX [BUTATENAX TeMIepaTypa
nepea TypOMHOM BO3IyIIHO-peakTuBHOro npurarens pgocturaer 2000 K. Dto odenn
«OKECTKOEe» YCIIOBHE JJs pabOo4yMX JOMATOK TypOMHBI. DTOT cnocol TpedyeT NmpHUMEHEeHHs
HOBBIX MaTE€pHaJOB.

Jpyrum criocoOoM sBIsIETCsl IOHMKEHHE TEeMIIepaTyphl (aBieHus) 3a corioM. T.e co3natoT
30HY HM3KOI'O JaBJICHHMs M TEMIIEpaTypsl 3a COIIOM. BHpBICK BOABI Ha BBIXOZE COIUIA WU
IIOCTAHOBKA 7KEKTOpa Ha BBIXOJe comia (PUCYHOK 9) TMO3BOJUT YBEJIMYUTH CTENECHb
pacumpeHus ra3a Ha TypOMHE U YBEIWYUTh CKOPOCTh ra3a Ha cpese coruia. [IpenmyiiectBamu
TOKOro crocoba siBisitoTes: yBennueHue 1sru BPJ] npu M menbinem 0,4 (M — uucino Maxa
nosera), yenuuenue KIIJ[ apurarens, 605b1110i pecypc ¥ Manas CTOUMOCTb.
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Puc. 9. Coznanue 30HbI HU3KOTO JIaBJICHUSI C TIOMOIIBIO 2KEKTOPA
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Bce o6o3nauenus Ha puc. 9 Takue xke, Kak 1 Ha CXeMe BO3/YIIIHO-PEaKTUBHOI'O ABUraTess Ha
puc. 1.

5. 3akarouenue

B pabote paccMOTpeHbI HaNpaBiICHUs YBETUYECHUS TEPMUUYECKOro Kod(dUIIMeHTa MOJIe3HOT0
JIEMCTBUSI TETVIOBBIX JIBUTATENICH pa3HbIX THUIIOB:

- 32 CYET IMOBBILICHUS TEMIIEPATyPhl BHICOKOTEMIIEPATYPHOTO UCTOYHHKA TETLNIa;

- 3a CYET MNOHM)KEHUSI TEMIIEPATYPbl HU3KOTEMIIEPATypHOr0 UCTOUYHHKA TEILa.
[IpeumyiiecTBaMu BTOPOTO CHOC00a YBETUUEHUS TEPMUYECKOro Kod(puIMeHTa MOJIe3HOTO
JEICTBUS BO3AYIIHO-PEAKTUBHOIO ABUTATENS SIBISIFOTCSL:

- YBEIMYEHUE TATH BO3IYIIHO-PEAKTUBHOIO JABUTraTels NpH yrciax Maxa nonera meHbimx 0,4;

- YBEJIMUEHHUE pECypca JABUraTels;

-YMEHBIIEHHE CTOUMOCTH JIBUTATEIs.

AOOpeBHaTypbl

BPJI — BO31ylITHO-pEAKTUBHBIN JBUTATEND;
KII — ko3¢ GuIHeHT noine3Horo 1eHCTBHsL.

¥Y3as1l BP/ Ceuyenusi moTOKAa
1 — BO31yx03a00pHHUK; H — HeBO3MyILIEHHBII MOTOK MEpe IBUTATEIEM;
2 — KOMITpECcop; B — BeIXO 113 BO3/1yX03a00pHUKA ( BXOJI B KOMITPECCOD);
3 — Kamepa CropaHus; K — BpIxo1 U3 koMmpeccopa ( BXOJ B KaMepy CropaHusi);
4 — TypOuHa; I' — BeIXO U3 Kamepbl cropanus ( BXOJ B TypOUHY);
5 — peakTUBHOE COILIO. T — BbIX011 U3 TYpOHMHBI (BXOJI B COILJIO);

C — BBIXOJ M3 COIa.
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Comparison of different engines and
the methods of increasing the thermal efficiency

V.l. Panchenko, Li Ziwan
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Abstract. It is considered the thermal efficiency of four typical heat engines and their working cycles.
We came to conclusion that even the most modern heat engine doesn't have enough thermal efficiency
whereas there are a lot of opportunities to increase it. Examining thermodynamic cycles we found that
if we want to improve thermal efficiency we can increase temperature (and correspondingly pressure)
of high temperature heat source, or reduce temperature (pressure) of low temperature heat source. The
first method is usually used in modern heat engines. But this method requires new expensive materials
and cooling technologies. The findings of our research illustrate another way how to improve thermal
efficiency - decrease in temperature (pressure) of low temperature heat source. As a result, we offer
detailed technologies of thermal efficiency improvement in jet engines, using an ejector to create a low
pressure zone behind the nozzle.

Keywords: Heat engine, jet engine, the thermal efficiency, costs, reducing the temperature
(pressure), ejector.

1.Introduction

Thermal engines are indispensable engineering construction for modern production and
applications. They are widely used in the aviation, maritime, land transport and other areas.
Heat engines have different forms, each of ones has its advantages and disadvantages. The
article analyzes the working cycles, thermal efficiency, advantages, disadvantages and
application areas of four different types of heat engines. Different ways to increase the
thermal efficiency of heat engines are considered.

2. Analysis of different heat engines
2.1.The jet engine

The state parameters in these sections in terms of thermodynamic diagrams, p-v and T-s
(here: p — pressure, v — specific volume, T is the absolute temperature, s is specific entropy
working body) correspond to the points on the diagram marked with the same letters. Scheme
and cycle jet engine diagrams p-v and T-s are shown in figure 1. The diagram shows the main
nodes of the air jet engine: air-intake — 1, compressor 2, combustion chamber — 3, turbine 4,
the jet nozzle — 5. Cross-section at the inlet and exit of each node are marked as follows: N-
cross section of the unperturbed flow before the engine; In-at the exit of the inlet (at the inlet
to the compressor); K — on the outlet of the compressor (inlet to the combustion chamber);
Mr. at the exit of the combustion chamber (turbine inlet); T — at the exit of the turbine (inlet
nozzle); - At the exit of the nozzle. The state parameters in these sections in terms of
thermodynamic diagrams, p-v and T-s (here: p — pressure, v — specific volume, T is the
absolute temperature, s is specific entropy working body) correspond to the points on the
diagram marked with the same letters.
As all know, the thermal efficiency of jet engine [4]:

N =1-¢ =1- ;; =1-1/m,

r K

k-1
k
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That means, the higher the overall pressure ratio, the higher the thermal efficiency. The
overall pressure ratio of modern jet engine can reach 80, the ideal thermal efficiency reach
0,714 [5]. The working cycle of jet engine in the diagrams p-v and T-s are shown in Figure 1.
But, in fact, the real thermal efficiency of jet engine is less than 0.5.
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Fig. 1. The cycle of the WFD in diagrams p-v and T-s

2.2. Internal combustion engine

2.2.1. Gasoline engine. The thermal efficiency of gasoline engine:

k-1
SEI. S L Vil SR B Ry
G T,-T, v,

[4] & —the compression ratio, e =V, /v,.

That means, the greater the compression ratio, the greater the thermal efficiency. The
compression ratio of the modern gasoline engine reach 18, and the thermal efficiency can
reach the value 0.685 [5]. But, because of various losses, the actual thermal efficiency of
gasoline engines is about 0.4

The working cycle of gasoline engine in the diagrams p-v and T-s are shown in Figure 2.

p
3
T 3
2 4
2
\ 4 -
[ 1
V2 Vi
v S

Fig. 2. Cycle gasoline engine in diagrams p—v and T-s
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The advantages of gasoline engines: long service life, small volume and weight, and low
noise. They are widely used as stationary, automotive, marine, aviation and other transports.

2.2.2. Diesel engine
The thermal efficiency of gasoline engine[4]:

1 %oy ST e
R STy % A =\

The compression ratio of the modern diesel engine can reach 25, and the actual thermal
efficiency can reach the value 0.55. The diesel engine SSOME-C7 of company B & W, spends
only — 155 g/ kWh, efficiency reaching — 54.4% [6]

The working cycle of diesel engine in the diagrams p-v and T-s are shown in Figure 3.

p=V3/V,,e=V,/V,.

Pl 2 3 T
3
o ) 4
1 1
\VZ V3 Vl V S

Fig. 2. Cycle diesel engine

The advantages of the diesel engine are: high efficiency, high torque. Diesel engines are
usually used to drive stationary power plants, the rail traffic (locomotives, diesel trains, rail
cars) and trackless transportation(cars, buses, trucks), self-propelled machines and
mechanisms (tractors, combines, rollers, scrapers, etc).

2.3. Stirling engine

Stirling engine (Figure 4) uses a Stirling cycle (Figure 5), which is not inferior to of the
Carnot cycle by the thermodynamic efficiency, and even has an advantage. In fact, the Carnot
cycle consists of a slightly different between the isotherms and adiabatic. The practical
realization of this cycle is unpromising. Stirling engine can work in practice to a reasonable
size. The thermal efficiency of Stirling engine:

q,
n =1-2=1-22.
' o T,

The actual thermal efficiency of Stirling engine can reach 0.47 [7].

Fig. 4. Stirling Engine
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The advantages of the Stirling engine are: omnivorous engine (any fuel), simple structure,
long service life, economy, ecology. Stirling engines are commonly used on submarines, solar
power stations and spacecraft.

p T4

0 v 0 S
Fig. 5. Stirling Cycle

2.4.Polzunov’s steam engine

Polzunov steam engine (Figure 6) is the first two-cylinder Steam engine in the world.
Working principle: piston in the cylinder of Polzunov steam engine worked opposite phase.
When one cylinder filled with steam, inject water to the cylinder and then vapor condenses
there and a vacuum is created in the cylinder. Under atmospheric pressure, the piston starts to
descend. At this point, the other cylinder is in the lower position, steam begins to flow in, and
piston begins to move up.

The thermal efficiency of Polzunov steam engine is not high, because of the small difference
of the temperature (pressure) between high-temperature heat source and the low-temperature
heat source. Currently, this engine is not yet used.

water tank
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Fig. 6. Polzunov’s steam engine
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3.Methods to improve efficiency

3.1. Improving the temperature and pressure of the high-temperature heat source

Keeping the same temperature (pressure) of low-temperature heat source, increasing the
temperature (pressure) of high-temperature heat source can increase the area of the working
cycle and increase the useful work (Figure 7). This method is widely used in different
engines. But it requires the use of expensive new materials. On the other hand, it may reduce
the service life of engines.

In Fig.7 points 1,2,3,4 correspond to the points H,K,I',C in Fig. 1. When the temperature
(pressure) points 2, 3 in Fig. 7 move to position 2', 3'.

p: 2" 3’ T 3’
2 3 3
2,\!
) 4
2
1 4 1
y 0 — S

Fig. 7. Comparison of different condition in high temperature heat source

3.2. Decrease the temperature and pressure of the low-temperature heat source

Keeping the same temperature (pressure) of high- temperature heat source, decreasing the
temperature (pressure) of low-temperature heat source can also increase the area of working
cycle and increase the useful work (Figure 8). But, nowadays this method is not widely used
in practice.

P 3
4
2 ;
1 4
},
v s

Fig. 8. Comparison of different condition in low temperature heat source

4. Methods for improving the efficiency of jet engine

For a jet engine, generally increase the thermal efficiency by increasing the temperature in the
inlet of turbine. In modern engines, the temperature at the inlet of turbine reaches 2000K. This
Is a very strict condition for turbine blades. And requires the use of new materials

Another direction improving the efficiency of jet engine is to reduce the temperature
(pressure) behind the nozzle. That means create a zone of lower pressure and temperature
behind the nozzle. For example, injecting water on the outlet of nozzle or put a ejector at the
outlet of nozzle, allows increase the expansion ratio of the gas in the turbine and increase gas
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velocity at the outlet of nozzle. The advantages of this method are: increased the thrust force
(at less than 0.4 Ma), increase the efficiency of jet engine, long service life and low cost.
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Fig. 9. Creating a zone of low pressure by using the ejector

All designations in Fig. 9 are the same as in the scheme of the WFD in Fig. 1.
Nodes of the WFD: 1 — air-intake, 2 — compressor, 3 — combustion chamber, 4 — turbine, 5 —
the jet nozzle.

Conclusion

In the work we offer detailed technologies of thermal efficiency improvement in jet engines,
using an ejector to create a low pressure zone behind the nozzle, using two ways:

- to increase temperature (and correspondingly pressure) of high temperature heat source,

- to reduce temperature (pressure) of low temperature heat source.
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O KOHBEPTHPOBAHUU ABUALUOHHBLIX JIBUTATEJICH,
0TPA0OTABIIMX PeCYPC B JETHOM IKCILIYyATAUU
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Annomayus: BBINOTHEHbl CpPaBHUTEIBHBIA AaHAIM3 MPOYHOCTH M LUKIMYECKOH JOJTOBEYHOCTH
JUCKOB TypOMH aBHAIlMOHHBIX I'a30TYpPOMHHBIX IBUTaTeNeil U HA3€MHBIX Ta30TypOMHHBIX YCTaHOBOK
JUIS Ta30TIePEKaYNBAOLINX arperaroB. [ pacueTa Ha MPOYHOCTh NPUMEHEHbI METOJ UHTETPATbHBIX
ypaBHEHUH M MeTon KoHeuHBIX sneMeHToB (MKD) ¢ wncnonp3oBaHMEM KOHEYHO-3JIEMEHTHOTO
koMmiuiekca «ANSYSy. PacuerT IHMKINYECKOH MOITOBEYHOCTH BBIIOJIHEH C HKCIIOIL30BAHHEM
SMIIMPUYECKON 3aBUCUMOCTH MpsHcoHa. [{ns cpaBHEHHsI MNOBPEXAAEMOCTH JOHCKOB B JIETHOU
OKCIUIyaTallii MW Ha Ha3eMHOM YCTAaHOBKC HCIOJIB30BaH IMMPUHIIAIL JIMHEMHOTO CYMMHPOBAHUA
HOBpC)K[IeHHﬁ. YCTaHOBHCHO, qTo I10CJIE KOHBCPTUPOBAHUSA aBUAITMOHHBIX I[BI/IFaTCJICI\/'I,
0TpaloTaBIIMX pecypc B JETHOW SKCIUIyaTalMM, MPUMEHEHHE IUCKOB TypOuH LenecooOpa3Ho
MPOJOJDKUATE Ha Ha3eMHOM ra30TypOMHHON yCTaHOBKe.

Knrouegvle cnosa: nuck, TypOWHA, TPOYHOCTh, JOJITOBEUYHOCTh, KOHEYHBIA JIJIEMEHT,
ypaBHeHHe M3HCOHA, CYMMUPOBaHUE TOBPEXKACHUN

BBenenune

B HacTosimiee Bpemst aBuanMoHHble ra3zoTypOuHHble asurarenu (I'T/I), orpaboTaBmue cBoit
JETHBIM pecypec, HAXOAAT INPUMEHEHHME JUIsl IPUBOJA Ta30lEepEeKadyMBaIOIIUX arperaros,
3JIEKTPOr€HEPaTOPOB, Ta30CTPYWHBIX YCTAHOBOK, YCTPOMCTB [UIi OYUCTKU KapbePOB,
CHErOOYMCTHUTENIEH U T.1.

MaccoBoe mpUMeHeHHe aBHaJBUTaTesiel, OTpabOTaBIIMX JIETHBIH pecypc M COXpPaHMBIIMX
CIIOCOOHOCTh K JaJIbHEHIIEMY HCIIONb30BaHHIO, IMO3BOJIIET B MaclTabax CoApy»KecTBa
HE3aBUCHMBIX T'OCY/apCTB PELIMTh MOCTABIEHHYIO 33/a4y, MOCKOJbKY B YCJIOBHUSIX OOIIEro
craja IMpPOU3BOJCTBA COXPAHEHHE OBEUIECTBICHHOTO B JABUTAaTENIX TPyJa M SKOHOMUSA
JIOPOTrOCTOSIIUX MaTEPUANIOB, HCIOIB3YEMBIX IIPU HUX CO3JAHUM, IIO3BOJIIET HE TOJIBKO
3aTOPMO3UTD JaTbHEHIINI IKOHOMUYECKHIA CIIajl, HO M JOCTUYb POCTA SKOHOMHKH [1].

OcHoBHAA YaCTh

OOBeKkTaMu uccleoBaHus B JaHHOW pabote sBistorcs asurarens HK-8-2V, npumensiemsrit
Ha camonere TVY-154b, u wHasemHas rasorypOunnas ycraHoBka (I'TY) HK-16CT,
pa3paborannass Ha ©Oasze pBurarens HK-8-2V, wucnonesyromasics Kak TpUBOA  JUIs
ra3ornepeKayrBaoIero arperata. B KkadecTBe TIpeiMeTa HCCIICAOBAHUS MPHUHAT JHCK
TypOMHBI POTOPA HU3KOTO JIABJICHHS.

1. OGocHoBaHMe BHIOOPA AUCKA TYPOMHBI /1JIsl IPOBEIEHUS PACYETHBIX OLIEHOK

Heranu TypOuH aBuanmoHHbIX ['TJ] MCHBITBHIBAIOT B Mpolecce SKCIUTyaTallud BO3/EHCTBHE
pa3IMYHbIX BUJOB HArpYKEHHUS.

Hanpumep, neranu craropa TypOMH (COIJIOBBIE JIOMATKH, KOpmyca, auadparMbl U T.II.)
UCIBITHIBAIOT BO3/IEHCTBUE Ia30BbIX HAIPY30K U TeMIlepaTypsl. B oTauune oT HUX POTOpPHBIE
neranu (pabouyue JIOMATKH, AMCKH, BaJbl) HCHBITHIBAIOT, KPOME BBILIETIEPEUUCIICHHBIX
Harpy3o0K, JOMOJIHUTENbHbIE HAarPy3KHU OT BO3AEUCTBUS IEHTPOOEIKHBIX CHIL.
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IL.T". Benukanos, Yxan bun

[ToaToMy Harpy>K€HHOCTb POTOPHBIX JieTalleil OOBIYHO BBIIIE, YEM Y CTATOPHBIX.

C TOYKH 3peHUS TSKECTU IMMOCICICTBUN pa3pyIICHUS JeTanel TypOUHBI Hanuboyee TsKEIbIe
MOCIIEACTBHSI BBI3BIBAIOT PA3pyIICHUs TUCKOB, T.K. IIPH pa3pyLICHUH UCKOB UX (PparMeHThbI
007a/1al0T 3HAUYUTEIBHOW KHHETUYECKOM SHEpruel MU, Kak IMpaBUIIO, HE YAEPKUBAIOTCS
KOpITycaMH TYpOUHBI.

B cBs3u ¢ 3TMM TPOYHOCTHAS HAJEKHOCTh IUCKOB TYpOMH BO MHOTOM ONpEEsSeT U
HAJIEKHOCTh pabOThI JBUTATENS, @ HUHOTAA U JUMHUTHPYET €ro pecype.

Konctpykuust neurarens HK-16CT pa3paboTana Ha OCHOBE KOHCTPYKLUUH aBUAIIHOHHOTO
nsuratens HK-8-2V, umeromero pecypc 18000 yacoB B JI€THOM 3KCIUTyaTalluH.

O0a pmBurarens JABYyXKacKaaHbIC, T.€. y HUX €CTh TYpOMHBI BBICOKOTO W HU3KOTO JABIICHUH.
Typ6una neurarens HK-8-2V umeeT Tpu qucka: olMH AUCK OTHOCUTCS K TypOHHE BBICOKOTO
JABJICHUS U J[BA IUCKA — K TypOWHE HU3KOTO JABJICHHUS.

B Typ6une neuratens HK-16CT auck TpeTbeli CTyIeHH pOTOpa HU3KOTO JAABJICHHUS HE HMEET
JIOTIATOYHOTO BEHIIA U €r0 Harpy»XEHHOCTh 3HAYUTEIBHO HIKE, YEM Y TUCKA TPEThEU CTYIeHU
Typ6unsb! asurarens HK-8-2V.

[losTOMy U1 CpaBHUTENBHOM OIEHKM ObUT BBIOpPAaH IHCK BTOPOW CTYIEHH pPOTOpa HU3KOTO
JaBJIEHUsL. DTOT JAWCK, B CPAaBHEHHUH C JIMCKOM POTOPA BBICOKOTO JIaBICHHS, UMEET 00JIee BHICOKYIO
pabodyro Temrieparypy u 0osee BEICOKHIN TeMITepaTypHBIA eperna] MKy 00010M U CTYITHIICH.

2. AHaM3 YCJI0BHIl Harpy:KeHHsl JMCKOB TYpPOMH B peKMMe JIETHOH 3KCILUIyaTaluu
U Ha HA3eMHOH YCTaHOBKe

B mpomecce dKkcrulyataMu  JUCKM  MOJBEPrarOTCS — IUKIMYECKOMY  BO3JCHCTBHUIO
TEMIIEPaTyPHBbIX U MEXaHHUYECKUX Harpy3ok. [Ipu 3Tom B Hanbosee Harpy>KEHHBIX CCUCHHSIX
JIMCKOB JICUCTBYIOLIME HAMPSOHKCHUS MOTYT MPEBBIATh MPEIeNl MPONOPIUOHATBHOCTH
Mmartepraia. B 3TOM ciydae MPOUCXOAUT ILIacTHYEeCKoe aehOpMHpPOBAHHE Marepuaia ¢
HAKOIJICHUEM IUIACTHYECKUX JePopMaluid OT IUKJIA K IHKIY. MeXaHU3M MOBPEKICHUS
MaTepHaja B THX YCIOBHSX HAa3bIBACTCS MAaJONUKIOBON yCTaNOCThIO. UMCIO IHKIOB 0
pa3pylleHus], XapaKTEepPHOE JUIS MAaJOIUKIOBOM YCTaJOCTH, COCTaBJSET, KaK IPaBUIIO,
103... 10° nuKI0B.

OO0OOIICHHBIM TOJICTHBIM IMKJIOM HArpy>KEHHsI aBHAIIAOHHOTO JIBUTATEJIS HA3bIBACTCS ITHKJI
HaArpyKeHHUs OT 3aIycKa J0 ocTaHoBa (puc.l).

Pexaim
A

R

00p. max

Bpewms moinera Octanor =~ ¢ 4

Puc. 1. Iluxn HarpyXeHusl aBUALMOHHOTO ABUIaTelsl OT 3allyCcka IO OCTaHOBa
(MI" — manbiii ra3 Ha peKUMe B3JIeTa, B3JIETHBIN (MaKCUMaJIbHBII ), HAOOP BHICOTHI
(MakCHUMAaIbHBIN MPOIOJKUTENBHBIN, HOMUHAIBHBIN), KpercepcKui, Rosp. max —
peBepc obpaTHO# Tsiru, MI™ — Masiblii ra3 B pexuMe moJiera)
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OCHOBHOU MOBPEKIAIOIIMHN MOIMKI ABUTATENs MOKa3aH HA PUCYHKE | MyHKTUPHOW JIMHUEH,
ero o0b1yHO 0003HayaroT «0-B3aer-0». PacyeT UKINYECKON TOATOBEYHOCTH JUCKOB OOBIUHO
BBITIOJHAKOT UMEHHO JIJI1 OCHOBHOTO MOJILMKJIA; OCTAJIbHBIE MOAIMKIIbI, Hanpumep «Mabiit
ra3-Roep. max-Manblii ra3», NoKa3aHHbIM Ha pPUCYHKE | TOUYEUHOH JIMHUEH, BHOCAT MEHbIIEE
MOBPESXKJICHUE B MCK M UMH MOXXHO TIpeHeOpedb. [1o100HbIE MOAIUKIIEI MOTYT HMETh MECTO
IpHU 3axojie camojieTa Ha nmocaaky. OgHako cieayeT OTMETUTh, YTO MHOI/A, €ClId CaMOJIET
YXOJIUT Ha BTOPOM KPYT M COBEPILIAECT HECKOJbKO MOAIMKIOB MPH 3aX0JI¢ HAa MOCAAKY, TO U
TaKUe MOALMKIB CYMMapHO MOTYT BHECTH CYILIECTBEHHOE MOBPEXKICHUE, U MPU YTOUHEHHBIX
pacyeTrax 3Tv MOJAUMKIIbI TAKXKE MPUHUMAIOT BO BHUMaHUE [2].

B oTinune OT aBHAMOHHOTO JBUTATENS LMK HArPYKEHHUS SHEPreTHMUECKUX YCTaHOBOK
Oosiee mpoctoii. Ha pucyHke 2 NpeAcTaBieH IIUKI HarpyXeHHUs ra3oTypOMHHOTO IMPUBOJA
ra3orepeKavynBaroIIero arperara Wi 3JIeKTporeHeparopa.

Pexnm

i~

MakcImnaTbHBIIT
MPOAOTIAIITSTBHBIT PEKUM

1 MI

B

Bpems pabotsl OctaHoB T, 4

Puc. 2. llukn HarpyxeHus Tra30TypOMHHOIO IpPHUBOJA Ta30lEpEeKaurBaOIIEro
arperata

OcHOBHbBIE OTJIMYMS IUKJIOB HarpykeHHsl aBUAIMOHHOIO [JBUTATENIsl U Ta30TypOMHHOTrO
IIPUBOJIA COCTOAT B CIIEIYIOIIEM:

1. YrnoBast ckopocTh BpaleHUs] pOTOPOB ra30TypOMHHBIX JIBUTaTeNel Ipyu padboTe ABUTATENs
Ha B3JIETHOM PEXUME BBIIIE, YeM IpU paboTe ra30TypOMHHOrO MPUBOAA HA MAaKCHUMAaJIbHOM
HPOJOKUTEILHOM PEKUME.

2. Bpemst paboThl aBHallMOHHOTO JBUTaTessl Ha B3JIETHOM peXHuMe cocTaBiser oT 1,5 mo 5
MHUH, a BpeMs paboThl ra3oTypOMHHOIO MPHUBOJA HAa MAaKCUMAJIbHOM MPOJOJIKUTEIBHOM
pexxume Moxer coctaButh oT 1000 nmo 1500 u kak BpeMs paboOTBl  MeEXIy
npoUIAKTUIECKUMHI OCMOTpaMH.

3. Cpeassist NpOJIOJKUTENIBHOCTD MOJIETHOTO LIMKJIa aBUALIMOHHOTO JABUrareist OObIYHO 2-4 u,
a cpeiHsAsl NPOAOHKUTEIBHOCTh LMKJIA HAarpyXeHus ra3oTypOMHHOTO MPHUBOJAA, Kak ObUIO
ckazaHo panee, 1000-1500 .

TakuMm oOpa3om, eciii aBUAIIMOHHBIN JBUTaTeNh MMeeT HazHaueHHbIN pecypc 20000 4 u B
3aBUCHUMOCTH OT CpPEAHEH MPOAOJIKUTENBHOCTH IOJIeTa (LMKJIA HArpyKEHHs) Ha3HAYEHHBIN
pecypc B mukiax ot 10000 go 5000 0ukioB, ra3oTypOMHHBIM NPHUBOJI, JaXke MpuU
XapakTepHbIX Uit Hero pecypcax 50000 ... 100000 4, OymeT HMMETh YHMCIO LHUKIIOB
Harpyxenus He 6oiee 100.

W3 »srtoro cnenyer, 4To Uil paboOThl Ha3eMHBIX Tra30TypOuMHHBIX ycTtaHoBok (I'TY)
LIUKIINYECKOE HArPY>KEHUE HE ABIISETCS ONPEAEIIAIOLINM.

Jpyroe nemno, ecinu pedb UeT 00 aBHalMOHHOM JBurarene. OnbIT KCILTyaTallii aBUAMOHHbBIX
I'T/l mokazan, 4To A JUCKOB ITHUX JBHUrareled J0CTaTOYHO YacTO MMEET MECTO MMEHHO
MAaJIOLMKIIOBAs! yCTaJIOCTh, IMMUTUPYIOIIAS pECYpC TUCKa, @ MTHOTJA U IBUTaTeN sl B IIEJIOM.
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IL.T". Benukanos, Yxan bun

3. Onenka pacyera IMCKOB HA NPOYHOCTH M MUKJINYECKYIO 10JITOBEYHOCTH
3.1. PacueTr 1UCKOB HA IPOYHOCTH

Hampsbxkenuss B OuCKax BO3HUKAKOT OT HaIWYUs CWJI MHEPLUMM CamMoro JUCKa U
IPUCOEAMHEHHBIX K HEMY JIONATOK, OT HEPaBHOMEPHOI'O HarpeBa JAMCKa I0 paguycy, OT
HaTAra, CO3JaBa€MOI0 IMPECCOBOM MOCAIKOM JHMCKAa Ha BaJl, €CIM AUCK COEAMHEH C BaJOM
TaKUM CIIOCOOOM.

3HAUYUTENIPHOE YCIIOKHEHUE B pacyeT JUCKOB BHOCUT HAJIMYME BBICOKOW TEMIIEPATyphbl U €€
U3MEHEHHUE BJOJb pajuyca IUCKOB. B CBsA3M ¢ 3TUM NOSBUIACH HEOOXOJUMOCTh PAa3BUTHS
TaKMX METOJIOB pacyeTa, B KOTOPBIX YYMTHIBAETCS IO JJIMHE pajJdyca HW3MEHEHUE:
TEMIIEpaTyphl, YIIPYTUX MOCTOSTHHBIX U MMPOYHOCTHBIX XapaKTEPUCTUK MaTepuana. Bo MHornx
CIIy4asiX BO3HHUKJIA HEOOXOJUMOCTb ONpPENEICHUS HANpPSDKEHUH C Y4eTOM IJIaCTHYECKUX
nedopMaruii Mmarepuaia.

B nmannoit pabore mpuMeHeH [10cTaTo4HO 3(G(EKTHBHBIA HHXKEHEPHBI METOJ pacuera
JIMCKOB, OCHOBAHHBIA Ha YHCICHHOM PEIICHUM WHTETPAJIbHBIX YpPaBHEHUU MyTeM
WCIIONIb30BAaHUS TIOCJIEOBATENBHBIX MNPUOIMKEHUM PAa3HOCTH paaUalbHBIX U OKPYKHBIX
(TaHreHIMAIbHBIX ) HAIPSKEHUH.

[IpenmeToM uccienoBaHUsl SBJISETCS TUCK BTOPOM CTYMEHH TYpOWHBI HHU3KOTO JaBICHUS
meurarenss HK-8-2V u nazemuoit ['TY HK-16CT, u3roToBiIeHHBINH U3 KapOMPOIHOTO CIIaBa
ON698-B/I. Ilpouenypa pacyera aucka peainu3oBaHa B mporpamme «Pacuer IUCKOB ¢
OTBEPCTUEM METOJIOM MHTETPAILHBIX ypaBHEHU» [3]. Pe3ynbraTel MoKa3aHbl B pUCYHKE. 3.
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Puc. 3. U3meHeHume pajJualbHBIX HANpPHKEHMH S, W TaHTEHIUAIbHBIX
HalpspKeHull G BIOIb paauyca Aucka (— — ans asuratens HK-8-2V, - - - —
s HazemHou ['TY HK-16CT)
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O0BEMHOE HANPSHKCHHOE COCTOSHUE TUCKOB, MMEIOIIMX PAa3BUTYIO CTYIHILY, BBITOJTHEHO
METOIOM KOHEYHBIX 3JIEMEHTOB C HcCHoib3oBaHueM koMmiuiekca “ANSYS”. PesynbraThi
pacuera mpuBeneHsl B Tadmuie 1 (MILY — manomumkioBas ycramocth, MKD — meton
KOHEYHBIX 2JIEMEHTOB) [4].

Tabnuya 1
Pe3yabTaThl pacuera
Tun gBurarens R (Mm) MITY (MIla) MKD (MIla)
HomuH. HanpskeHue | Makc. HanpsbKeHue
HK-8-2VY 155 440 730
HK-16CT 155 376 624

3.2. OnpeneneHue NMKJIAYECKON J0JTOBEYHOCTH JUCKA TYPOMHBI

VBenuuenue pecypca aBuauumoHHbix ['T/l, paborammux B YCIOBHUSIX LMKJIMYECKOTO
Harpy»keHusi, ONACHOCTb IOCJIEICTBHI pa3pylIeHUs JAeTaleldl poTopa, BpALIAIOLIUXCSA C
BBICOKHMH CKOPOCTSIMH, OCOOEHHO JMCKOB, TPEOYIOT COBEPIICHCTBOBAHUS PACUETHBIX
METO/I0B IPOTHO3UPOBAHUS 1I0JTOBEYHOCTH.
B pesynbrare nedicTBus OONBIIMX HECTAIMOHAPHBIX HArpy30K B JHCKax B IIpoIecce
9KCITyaTalluu TOSABISAIOTCA HeoOpaTumble AeopManuy IMIACTUYHOCTH W TON3Y4eCTH U
MPOUCXOJUT HAKOIUICHUE ITOBPEKICHHM, KOTOPbIE MOTYT TMPUBECTH K Pa3pyLICHUIO
KOHCTpYKUMU. Pa3pyiieHre npu 3TOM MPOUCXOAUT IMPHU KOJUYECTBE LIMKJIOB HAarpyXKeHUs B
unreppaze N=103...10° nukios.
Paspymenue neraneit uz-3a MIY (ManouukioBoil ycTanocTH) HauMHAETCS Yallle BCETO B
MeCTaxX KOHUEHTPALIMU HAIIPSKEHU M.
Jns ompeneneHus IUKIMYECKON JOJTOBEYHOCTH HEOOXOIUMO IPOBECTH HCCIEIOBAHUE
HANPSDKEHHO-/Ie()OPMUPOBAHHOTO COCTOSIHHSIT B 30HAX BBICTYIIOB 3aMKOBBIX COCIMHEHUH,
OTBEpPCTHUH MO OONTHI U MO OXJAKIAIOUINN BO3MYX, TJAOUPUHTHBIX BBHICTYIIOB M B MECTaX C
PE3KUMH U3MEHEHUSAMH KOH(PUTYpAIUHU JeTaICH.
Honroseunocts Np g0 oOpa3zoBanust TpemuHsl MILY MOXXHO HaWTH Kak IO
AKCIEPUMEHTAIBHBIM KPUBBIM MaJIOIMKIOBOM YCTaJIOCTH, TaK M UCIOJIb3YysSd SMIIMPUYECKYIO
3aBUCHMOCTb, MTPEIOKEHHYI0 MaHcoHOM [5]:

0.6

O, -0, . _ 1 _
Ag =352 "M N p°'12 +{Ih——| N p°'6
E 1-y
rae Ag — M3MEHEHHe TOJHBIX JedOopMaluid B IUKIE, O, — NpeAet MPOYHOCTH MaTepHaia;
O + Orin
o, :T — cpenHee HampspkeHue B Iukie «0-Bamer-O»; rme o,, COOTBETCTBYET

pexumy — «0», o, COOTBETCTBYeT pexumy — «Bzner». E — monyne ynpyroctu HOnra

max
Marepuana; y — Kod(pHUIMEHT OTHOCUTEIBHOTO Cy)eHus Marepuana; N, — IUKIndecKas
JIOJITOBEYHOCTH JT0 MOMEHTa oOpa3oBanus Tpentuasl MITY.

Jlns MCmonb30BaHUS 3aBHCHMOCTH HEOOXOIMMO OMPENENUTh XapaKTEPUCTUKH IUKIIA
YIPYToIIaCTUYECKOTo e(OpMUPOBAHUS B PACUETHON TOUKE JICTAJIH.

B Tabnume 2 mnpuBeAeHbl pe3ynbTaThl pacueTa IMUKIUYECKOW TOITOBEYHOCTH TUCKOB
meurarenss HK-8-2Y wu  HK-16CT mno mnporpamme «OmpenelieHne  ITUKINYCCKON

nonroseunoctu» [3] (3mecs T — temmeparypa (°C), 1/ N, — mospexmaemocts (1/uukn),

ocTajbHble 0003HAaYEHUsI IPUBEACHBI BBIIIE B TEKCTE).

141



IL.T". Benukanos, Yxan bun

Tabnuya 2
Pe3yJbTaThl pacyera
Vipyrie napamerpht moaK [InacTHyecKue mapaMmeTpsl IIpor=o3upyemsie
MOAIMKIIA napaMeTphl
Homep  [«Bec» [MoBpexIac
noaimkia [mogmkna| O max T O nin T | Opax | Opin On Ag Np Mocl;}, 1N,
kr/mm? | OC | kr/mm2 | °C  |kr/mwm?| kr/mm? | kr/mm?2 |OTH. e.| 1K 1/umkn
1.00 98.00 [298.00 [0.00 20.00 {71.90 [-27.5 [22.20 ]0.00439|0.137E+06 |7.30E-06
1.00 82.82 |298.00 [0.00 20.00 169.70 |-14.3 |27.70 |0.00371(0.409E+06 |2.45E-06

[{uknudaeckass OJATOBEYHOCTH Jucka HazeMHOU yctaHoBkM HK-16CT B 3 pa3za Gosbie, yem
nucka nsurareist HK-8-2V.

4. IlIpuHUMN JUHEHHOT0 CYMMHUPOBAHUS MOBPeEKIeHUI

B peanpHOW sKcrutyaranuu aBuanumonHbie [T/l paboTarOT mpH CIOKHOM HW3MEHEHHU
PSKUMOB Harpy»XeHHUsI B MPOIECCe IKCIUTyaTallMOHHOTO IMKiIa (cM. puc. 4). Jlns neraneit
JIBUTATENII KaXKIBIA pEKUM pabOThl XapaKTEpPHU3yeTCsl CBOMM YPOBHEM TeMIIepaTyp,
CTaTHYECKUX ¥ BUOPAIMOHHBIX HArpy30K. KaKaplii pesKMM BHOCHT CBOIO JOJIO B HCUEpIIaHUE
pecypca, Mo3TOMY OIICHKa pecypca JIOJKHA BECTUCh C YyU4ETOM HapaOOTKH Ha BCEX PEKUMAax
paboThI ABUTATEIS.

.48 8.52 8,56 , 9.00 [i{24  10.28 10 {48 12,52 12 | 3,04

Puc.4. TunnyHoe u3MeHeHHe pexxuMoB paboTel nBuratens HK-86 B mporecce
nmosieta: 1 — pyJleHHe Ha HMCTIOJHUTEIBHBIN CTapT; B3JET; HAOOP BBICOTHI, 2 —
KpelcepcKkuil 1Mo Mapupyty, 3 — CHIDKEHHME, 3aX0Jl Ha IMOCaJKy, MOocajKa,
BKJTFOUEHHE peBepca [6]

MCTO,Z[BI, MO3BOJIAIONIUMEC BCCTHU OILCHKY peCypca ﬂeTaneﬁ, pa60Ta}0m1/1x Ha pa3jInIHbIX
pPEXKUMax HaArpy>KC€Hus, UMCIOT B CBOCH OCHOBE PA3JIMYHBIC TUIIOTE3bI, MPHUMCHIACMBIC IJIA
CYMMUPOBaHHUA HOBpC)KﬂCHHﬁ. HOI[ MOBPCKIACHUCM  3/1€Ch  IMOAPA3yMCBACTCA  HOJIA
Hucyepmanus pecypca, BHOCUMAasa OTACIIBHBIM PEXXUMOM HArpy>KCHUs.

142



(0] KOHBEPTHUPOBAHUU aBUAIITMOHHBIX HBHFaTCHCﬁ, OTpaGOTaBIHI/IX pecype ...

BriepBeie MeTon pacueTa JOJITOBEYHOCTH MPH HU3MEHSIONIUXCS pPEXKUMaX HarpyxeHUs
(mporpaMMHOM  HarpykeHu#) Obul  paszpaboran [lagbMrpeHOoM NOPUMEHHUTENTBHO K
NOJIIMITHUKAM KadeHusi B 1924 ropy, 3areM HE3aBUCUMO OT HEro M Jpyr OT Jpyra
AQHAJIOTUYHBIA METO/A ObUI IPEJIOKEH NMPUMEHUTEIBPHO K BBICOKOYACTOTHOH YCTalOCTH B
paborax A. Maiinepa B 1945 rogy u C.B. Cepencena B 1944 rony. B Hacrosmee Bpems
MeToJ, paspadboranusbiii [lanemrpenom, C.B. Ceperncernom u A. MaitHepoMm, HOCUT Ha3BaHUE
TUIIOTE3bI JIMHEHHOTO CYMMUPOBAHUS MOBPEXACHUM [6].

B wumxeHepHOW mNpakTHKe HauOONbIIee PpacHpOCTPAaHEHUE HMEEeT JHMHEHHas THIoTe3a
CyMMHPOBAHHS TOBPEXKJICHUN, B COOTBETCTBUU C KOTOPOH YCJIOBHUE pa3pyLICHHs IpU
IPOrPaMMHOM CTaTUYECKOM Harpy>K€HUU IPEJCTaBISIETCS B BUJIE:

n
m=>2-1
i=1 Tpj
rae [I, — cyMMapHOe MOBPEXIEHHE OT JUIUTENBHOTO CTATHYECKOTO HAarpyXeHHs; | — HOMep
PC)KHMa HArpyKCHUS, N — KOJIMYECTBO PEKUMOB Harpy»xceHus, 7;— CyMMapHOC BpCM:1 pa6OTBI
Ha | peXXUME; 7, — BPEMs 110 pa3pyLICHHs IIPH HEMPEPHIBHOM paboTe Ha i-0M peskuMe.

HpI/I IIporpaMMHOM YCTAJIOCTHOM HArpy>KCHUU:

nN.
HN :_leN_l_::L’
i= pi

rac HN — CYMMAapHOC IMOBPCKACHHUEC OT MAJIOIHUKIIOBOI'O HArpPYyKCHHA, Ni — YHUCJIO TUKIIOB

Harpy’)XeHUd Ha i-oM pexume; N ;— 4YUCIO NMKIOB HArpyXKEHUH [0 DPaspylleHHs HpU
HEIPEPBIBHOM paboTe Ha I-OM PEIKIME.

Bemuunnbr 7,; u N ; Onpenenstorcs 1o KpUBbIM JUTMTENBHON WM YCTAJIOCTHON MPOYHOCTH

IPH COOTBETCTBYIOLIMX YCIOBHSX HarpyxeHus [ 7].

JluHeliHasi TUMOTE3a «CYMMHUpPOBAHHS» TOBPESKICHUN HE YYUTHIBAET B3aHMMHOTO BIIUSHHS
IEepexoJ0B C OJHOTO YpPOBHS HArpy3ok Ha JApyrod M 4epeJoBaHHsS HArpy3oK Ha
JIOJITOBEYHOCTh, W TIOATOMY OHa MOXXET BHOCHUTH OIPE/ICICHHYIO MOTPEUIHOCTh B PACUETHI.
Jliis yyeta B3aMMHOTO BIMSIHUS PA3JIMYHBIX YPOBHEH HAarpy30K B paMKax JIMHEHHOM rUImoTe3sl
«CYMMHPOBaHUS» TOBPEXKICHUA MPEUIaraloTCs pPa3IUYHbIE METOABl KOPPEKTUPOBKU
BEJIMYMHBI NPE/IETBHOTO HAKOIUIEHHOT'O OBPEXJICHUS MTPU pa3pyLICHUH, HAIPUMEp, B CiIydae
YCTAIOCTHOTO HarpykeHus. OjHaKo, YYWTBIBasg OOJNBIION pa3dpoc XapaKTePHCTHK
JUINTEJIbHOW MPOYHOCTH, MAJOIUKIOBOM JOJIrOBEYHOCTH M COINPOTHUBIEHUS YCTAJIOCTH,
TOYHOCTh PAacdeTOB C MCIIOJIb30BAHUEM JIMHEHHOM TMIIOTE3bl CYMMHMPOBAHUS MOBPEKICHUN
BIIOJIHE JOCTaTOYHA [UIi HMHXKEHEPHBIX pacdyeToB, TeM Ooiiee, 4TO pPabOTOCIOCOOHOCTH
KOHCTPYKIIMH OIEHUBACTCS C YYETOM HOPMHUPYEMBIX KOA(PPHUIIMEHTOB 3aI1acoB.

[Tpu cTatnyeckoM Harpyk€HUU «CyMMapHas» MOBpexaaeMocTh Aucka nsurarenu HK-8-2V
paBHa 0,025, cymmapHas nospexxaaemocts aucka HazemHou ['TY HK-16CT pasna 0,5.

[Tpu ycTaslocTHOM HarpyKeHMM «cyMMapHas» MOBpexIaeMocTb aucka asurarenn HK-8-2V
paBHa 0,065, cymmapHas nospexxaaemocts aucka HazemHou ['TY HK-16CT pasna 0,000244.
Takum 00pa3zoM, CyMMapHas MOBPEXIAeMOCTh JMCKa MPU CTATUYECKOM HarpyXeHUH IOcCIe
JIETHOM SKCIUTyaTaluy 1 mpH padote Ha HazemHoi [ TY Oyner e 6ombme /7, =0.525, a mpu

nuKimaeckoM Harpyxenuu [1; = 0.006524 , yTo 3HAYMTEIEHO MEHBIIIE €IUHUIIBL.

3aKjIoueHue

VYcTaHOBIIEHO, YTO TMIOCIE€ KOHBEPTHPOBAHMS ABHAIIMOHHBIX JIBUTATENeH, OTpabOTaBIINX
pecypc B JETHOM IKCIUTyaTalllH, MPUMEHEHHE JAUCKOB TYpOUH I€IecO00pa3HO MPOJA0IKUTh
Ha HaszemHou [ TY.
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Cnmcox coxkpameHui

ANSYS — yHmBepcangpHas IporpaMMHas CUCTEMa KOHEYHO-3JIeMEHTHOro aHanmza;, [T —
ra3oTypOuHHbIN nBurarenb; ['TY — razorypOunHas ycranoBka; MKD — MeTom KOHEYHBIX
aneMeHToB; MY — MamouukinoBas ycTajaocCTh.
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About conversion of aircraft engines
after life cycle in the flight operation
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Abstract. In the given material the strength and cycle durability of gas turbine disk, comparing of the
difference between aircraft and ground-based gas turbines is analyzed. The analysis is performed by
integral equation method and the finite element method in the ANSYS software. The calculation of
cycle durability is performed by the empirical Manson equation. To compare the damage of disk in
flight operations and ground-based gas turbines, the principle linear summation of damage was used. It
is founded that after the conversion of aircraft engines, exhaust the resource in flight operations, the
use of turbine disks is worth continuing on the ground-based gas turbines.

Key words: disk, turbine, strength, durability, finite element, Manson equation, summation of
damage, ground-based gas turbines

Introduction

Currently, aircraft gas turbine engines, exhaust their flight hours, are used to drive the gas
compressor units, generators, gas-jet systems, devices for cleaning pits, snow blowers, etc.
The massive use of aircraft engines, exhaust flight hours and retain the ability to continue to
use, allows the scale of the Commonwealth of Independent States to solve the problem, since
a general decline in production preservation embodied in engines work and saving of
expensive materials used in their creation, can not only slow down further the economic
downturn, but also to achieve economic growth [1].

The objects of study in this paper are the engine NK-8-2U, operated on Tu-154B, and ground
gas turbine NK-16ST, developed on the basis of the engine NK-8-2U used as a drive for gas
compressor units. As a subject of study adopted a turbine disk of low pressure rotor.

1. Justification of the choice of the turbine disk for estimates

Details turbines GTE experience in the operation of various types of impact loading.

For example, a turbine stator parts (nozzle vanes, casings, diaphragm, etc.) are exposed to gas
temperatures and loads. In contrast, the rotor parts (rotor blades, disks, shafts) test, except the
above loads, the load on the still and the centrifugal forces.

Therefore, the loading of the rotor parts are generally higher than that of the stator.

From the point of view of the severity of the consequences of the destruction of parts of the
turbine, the most serious consequences caused by the breakdown of disks, because disk
fracture fragments have considerable kinetic energy, and typically are not confined turbine
housing.

In this regard, the strength reliability of turbine disks largely determines the reliability of the
engine, and sometimes limits its lifetime.

The design of the engine NK-16ST is based on the design of the aircraft engine NK-8-2U,
available resources 18000 hours of flight operation.

Both engines are two-stage, they have the turbine high and low pressure. Turbine engine
NK-8-2U has three disks - one disk refers to the high pressure turbine and two drives to the
low pressure turbine.
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In the turbine engine NK-16ST disk stage 3th low-pressure rotor does not have blade row and
its loading is significantly lower than that of the disk 3th stage turbine engine NK-8-2U.
Therefore, for the comparative evaluation was chosen second stage rotor disk low pressure.
This disk, in comparison with the high-pressure rotor disk has a higher operating temperature
and higher temperature difference between the rim and the hub.

2. The analysis of the loading drives turbines conditions in flight operations and ground
installation

During operation, disks cycle the thermal and mechanical loads. In the most loaded sections
of disk operating stress may exceed the proportional limit of the material. In this case, plastic
deformation occurs with the accumulation of plastic material deformations from cycle to
cycle. The mechanism of damage to the material under these conditions is called a low-cycle
fatigue. The number of cycles to failure, typical for low-cycle fatigue, usually 103... 105
cycles.

Generalized full cycle of loading an aircraft engine is called the loading cycle from startup to
shutdown (Figure 1).

Engine operation
mode

Cruising

Flight time Stop ¢ h

Figure 1. Loading cycles of aircraft engine from startup to shutdown (runway idle,
max, max continuous, cruising, Rrev.max — reverse thrust, flight small gas)

The main damaging the engine subframe is shown in Figure 1 by the dashed line, it is usually
denoted by "0-Rise-0".Calculation of the cyclic durability of disks is usually performed for
the main subcycle; the remaining sub-cycles, such as "ldle-Rrev.max-ldle"”, as shown in
Figure 1 by the dotted line, make less damage to the disk and can be ignored. Such sub-cycles
can occur when entering the aircraft to land. But it is notable that sometimes if the plane goes to
the second round and makes several sub-cycles during landing, and such total sub-cycles can
make significant damage, and refined these calculations sub-cycles also take into account [2].
Unlike aircraft engine loading cycle power plants easier. Figure 2 shows the loading cycle gas
turbine drive gas compressor unit or electric.

The main differences of loading cycles of aircraft engines and gas turbine drive are as follows:
1. Rotor speed turbine engines with the engine at takeoff is higher than when using a gas
turbine drive at maximum continuous operation.
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2. Hours aircraft engine at takeoff is from 1.5 to 5 minutes, and while the gas turbine drive at
maximum continuous operation could range from 1000 to 1500 hours as the time between
routine inspections.

3. The average duration of the flight of the aircraft engine cycle is usually 2-4 hours, and the
average duration of the loading cycle gas turbine drive, as mentioned earlier, 1000-1500 h.

Engine

hehavior
'y

Max. continuons

Operating time Stop 7, h
Figure 2. Loading cycle of gas turbine drive of gas pumping unit

Thus, if the aircraft engine has an assigned resource, and 20,000 hours depending on the
average length of the flight (load cycle) assigned resource in cycles from 5000 to 10000
cycles turbine drive characteristic even when a resource 50000 ... 100000 h will have a
number of cycles load no more than 100.

From this it follows that for land gas turbines cyclic loading is not determinative.

Another thing, when it comes to aircraft engines. Operating experience GTE showed that the
disk these engines often took place exactly low cycle fatigue, limiting disk resource, and
sometimes the engine as a whole.

3. The disks analysis evaluation on strength and cycle life

3.1. Calculation of disks on strength

Stresses arise in disks of the inertia forces of the disk and blades connected thereto, the
uneven heating of the disk along a radius of the interference produced by press fitting a disk
on the shaft, when connected to the disk shaft in such a way.

A significant complication in the calculation of disk makes the presence of high temperature
and its variation along the radius of the disk. In this regard, there was a need for the
development of such methods of calculation, which takes into account the change in the radial
temperature, the elastic constants and the strength characteristics of the material. In many
cases, it became necessary to determine the stresses based on the plastic deformation of the
material.

In this paper we used a very efficient engineering method for calculating the drive based on
the numerical solution of integral equations by using successive approximations of the
difference of radial and circumferential (tangential) stress.

147



P.G. Velikanov, Zhang Bing

The subject of the study is to disk the second stage low-pressure turbine engine NK-8-2U and
ground gas turbine NK-16ST, made of heat-resistant alloy E1698-VD. The procedure for
calculating the disk is implemented in the "Calculation of disks with a hole method of integral
equations” [3]. The results are shown in Figure. 3.

Three-dimensional stress state disks having developed the hub, the finite element method
using a complex "ANSYS". The results of the calculation are given in Table 1 [4].

G, (MPa)
500
450
400
350
300
250 -
200
150
100

50

‘ ‘T (MM)
95 145 195 245 295 345

-300 T T T r (hll\l)
95 145 195 245 295 345

Fig. 3. Change the radial stresses s, and hoop stress s,along the radius of the disk
(—engine NK-8-2U- - - ground gas turbine NK-16 ST)

Table 1
The results of calculation

Type of engine R (Mm) LCF (MPa) FEM (MPa)
Nominal stress Maximal stress

NK-8-2U 155 440 730

NK-16ST 155 376 624

3.2. Determination of cyclic durability of the turbine disk

Increase resource GTE working under cyclic loading, the risk of consequences of destruction
of parts of the rotor rotates at a high peripheral speeds, especially drives, need to be improved
computational methods predict longevity.

As a result of the high transient loads during operation drives appear irreversible deformation
and ductility and creep damage accumulation occurs, which can lead to structural failure.
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Destruction at the same time when the number of cycles in the range N=10%...10° cycles.
Such destruction is called low-cycle fatigue (LCF).

The destruction of parts due to LCF often begins in stress concentration field.

To determine the cyclic durability necessary to undertake a study of the stress-strain state in
the areas of projections interlocks, bolt holes and a cooling air labyrinth projections and in
places with sharp changes in the configuration details.

Durability Np to LCF crack formation can be found both on the experimental curves of low
cycle fatigue, and using the empirical relationship proposed by Manson[5]:

1 0.6
Ae=35T_ImN 032 |j|p_=_| NO°
E 1-y
where Ag — full scope of strain in the cycle; o, — tensile strength of the material,

_ O + Oin

Om

— the average stress in the cycle "0-Rise-0"; where o, corresponds to —

“0”; o, — corresponding to “Rise”. E — modulus of elasticity; v — relative narrowing of
material; N, —cycle durability.

For use according to the characteristics necessary to determine the cycle elastic-plastic
deformation at the design point details.

Table 2 shows the results of the calculation of the cyclic durability of the engine disks NK8-
2U and NK-16ST program "Defining cyclic life" [3].

Table 2

The results of calculation

Elastic parameters subcycle Plastic parameters subcycle Projected parameters
] Defectiven
Number | Weight | o, T O i T Gnex | Omin o, Ag N, ess 1/N,

subcycle | subcycle

rel.
units.

1.00 98.00 |298.00 0.00 [20.00 ([71.90 [-27.5 |22.20 |0.00439(0.137E+06 (7.30E-06
1.00 82.82 |298.00 |0.00 [20.00 [69.70 |-14.3 [27.70 |0.00371/0.409E+06 [2.45E-06

kg/mm?| °C |kg/mm?| °C  |kg/mm?kg/mm?|kg/mm? cycle 1/cycle

Cyclic durability ground installation disk NK-16 ST 3 times larger than the drive motor NK-8-2U.

4. The principle of linear summation of damage

In real operation the GTE work under complex loading conditions change during the life
cycle. See Figure 4. Engine parts for each mode of operation is characterized by its level of
temperature, static and vibration loads. Each mode brings its share of the exhaustion of the
resource, so the resource assessment should be carried out taking into account the
developments in all modes of operation of the engine.

Methods to conduct an assessment of the resource components operating at different loading
conditions, based on various hypotheses damage summation. Under the damage here means
the proportion of resource exhaustion, introduced a separate mode of loading.

For the first time the method of calculation of durability under varying loading conditions
(loading software) was developed Palmgren applied to rolling bearings in 1924, and then
independently of him and each other similar method was proposed in relation to the high-
frequency fatigue in the works A. Mayner in 1945 and S.V. Serensen in 1944. At present, the
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method developed Palmgren, S.V. Serensen and A. Mayner is called the hypothesis of linear
damage summation [6].

In engineering practice, the most widespread hypothesis of linear damage summation,
according to which the condition of failure in program static loading can be written as:

m=Y4-1
i=1 Tpi
where [7_— the total damage from prolonged static loading; i — number loading mode; n —
the number of load cases; r,— total operating time on the i mode; 7, — time to failure in
continuous operation on the i-th mode.
A soft fatigue loading:
n N
I, = Z_' =1,
i=1 N pi
where 71, — the total damage from low-cycle loading; N. — number of cycles of loading at
i-th mode; N ;- the number of load cycles to failure in continuous operation in the j-th mode.
The magnitude z,; u N of the curve or prolonged fatigue strength under appropriate
conditions of loading [7].

1 2 3
Hg=11000m y
n’“ /_\_T;—J 500006/ Mar 10200m

(o]

1 fn =430006/vmH

1L

3s° X N
"¢, =+22°% Vir
0 ’ el —V\—
— (= RS
- / =
.48 __ 8. 9.00 J 124 10.28 10,32) {48 12,52 12 L 3,04

Figure 4. Typical change of modes of engine NK-86 in flight: 1 — lining up; takeoff;
climb, 2 — cruising, 3 — descent, landing approach, landing, selection of reverse thrust [6]

The hypothesis of damage linear summation does not account for the mutual influence of the
transition from one level to another and loads of alternating loads on durability, and therefore
it can make the certain error in calculations. To take into account the mutual influence of
different levels of stress within the linear hypothesis of damage summation various methods
of adjusting the limit of accumulated damage at failure, for example, in the case of fatigue
loading. However with given the large scatter characteristics of long-term strength, durability
and low cycle fatigue resistance, this accuracy of calculations using linear damage summation
hypothesis is sufficient for engineering calculations, moreover. The efficiency of structures is
assessed in the light of standardized coefficients of stocks.
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Under static loading total defect drive motors NK-8-2U equal to 0.025, the total disk defect
ground GTU NK-16ST is 0.5.

When fatigue loading total defect drive motors NK-8-2U equal to 0.065, the total disk defect
ground GTU NK-16ST is 0.000244.

Thus the total disk defect (under static loading and after the flight manual when working on
the ground GTU) will be no more than 77 =0.525. And under cyclic loading we have

11, =0.006524 , which is much less than unity.

Conclusions

It is found that after the conversion of aircraft engines, exhaust the resource in flight
operations, the use of turbine disks is possible to continue on the ground-based gas turbines.

Abbreviations

ANSYS — universal software system for finite element analysis; GTE — gas turbine engine;
GTU - gas turbine unit; FEM — finite element method; LCF — low cycle fatigue.
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pado4ux JIONaToK TYpOuHbI aBUaMOHHBIX I'T /]
(cmamucmuvecKuil anaius)

H.II. BeaukanoBa, ®ann BaiiBaii
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uM. A.H.Tynonesa (KHUTY-KAN),
Poccus, 420111, Kazans, K. Mapkca, 10

Annomayus. B pabote paccmaTpuBaeTcs BIMSHHE AJIUTEIBHOM 3KCIUIyaTallMOHHONW HapaOOTKU
ra3oTypounnsix aurareneit (I'T]) ans rpakiaHCKOl aBHAIMKU HA JOJTOBEYHOCTH (3KapOMPOYHOCTB)
Marepuaia pabo4Hx JIOMaToK TypOuH (Marepuan — JUTeHHBIN kaporpounbli criaB XKCO6Y-BU) na
HUKEJIEBOW OCHOBE PAaBHOOCHOM KpHcTamu3anuu. MccrnemoBaH KOHKPETHBIM WHTEpBal HapaOOTKH,
BBITIOJTHEH CTaTUCTUYECKUM aHaIW3 pPe3yNbTaTOB HMCHBITAHWA SMIMPUYECKUX pPACIpEeNelIeHUd Uil
BEJIMYMHBI JKAPOIPOYHOCTH MATEPUAIA; YCTAHOBJIEH 3aKOH AMIIMPUYECKUX PACIIPEACIICHUN B KAKIOM
MHTEpBaJie HapaOOTKH; MOCTPOCHBI IpadMKH SMIMPHYECKUX PACIpPElCsICHHH C OLIEHKOH BIMSHUE
HapaOOTKH Ha BEJIMYUHY OJITOBEYHOCTH.

Knrouesvie cnosa: MpOUHOCTH, NOJNTOBEUHOCTb, JIOMAaTKa, TypOWHA, XKApOMPOYHBIN CIUIAB,
CTAaTUCTUYECKUU METOI

BBenenne

[Ipenmerom wuccnenoBanusi sABIsAOTCS paboume nomatku (PJI) mepBoit cTymeHu TypOUHBI
BBICOKOTO faBieHus auratessit HK-86, M3roroBieHHbIC U3 TUTEHHOTO KapONPOYHOTo CIUIaBa
KC6Y-BU c paBHOOCHOI CTPYKTypoill MaTepuana. ITOT CIIaB B HACTOSIIEE BPEMsI LIUPOKO
UCTIOJIL3YIOTCSl ISl M3TOTOBJIICHUS pAa0OYMX JIOMATOK TYpOWH Pa3IMYHBIX JIBUTATCICH IS
CaMOJIETOB IPak/IaHCKOM aBUAIUU.

AHanM3 UCXOAHOTO YpPOBHS JIONTOBEYHOCTH B YacaXx M aHaJIW3 ypPOBHEW TMocie
HKCIUTyaTallMOHHOW HapaOOTKK Marepuana pabouux JOMaTOK BKIIOYAET B ce0sl YCTAHOBJICHUE
3aKOHA paclpeesieHus] XapaKTePUCTUK JIOJITOBEYHOCTH W TIPOBEPKU TMPUHAIICKHOCTH
BBIOOPOK K OJTHOM 0011Ieil TeHepaIbHON COBOKYMHOCTHU. L{enp aHanm3a — cpaBHEHHE HCXOTHOTO
ypoBHs fgoaroBedHocTy cruiaa XKC6Y-BU u ypoBHs mociie HapaOOTKHU B DKCIUTyaTallUH.

OcHoBHAA YaCTh

HcxonHblii ypoBEHb JOJITOBEYHOCTH OILIEHMBAJICS IO pe3ysbTaTaM HCHBITAHUNA 00paslos,
BBIPE3aHHBIX M3 XOJOJHOW 30HBI JIONATOK, B KOTOPOM CTPYKTypa METajllla HE MPETEPIEBACT
U3MEHEHUH. YpoBeHb aonroBedyHocTH ciaBoB JKC6Y-BU nocne Hapa®oTku B SKCIITyaTaluu
OLIEHUBAJICA 10 pe3y/ibTaTaM HCHBITAHUN 00pa3loB, BBIPE3AHHBIX W3 TOpsdYel 30HBI Mepa
JIOTIaTKH, /1€ OCOOEHHO CKa3bIBAETCs BIUSIHHUE HApaOOTKHU.

Hcnpitanust obpaszuoB npoBoguwinck B coorBerctBuu ¢ 'OCT 10145-81 «Metamnsl. Meton
UCTIBITaHUSI Ha JUIMTENBHYIO TNPOYHOCTh». B KadecTBe ©0a30BOro ypoBHS HCHOJIb30BAJIOCH
3HaueHue temneparypbl T = 1248 K, 6113K0il K pacueTHOI, KOTOpasi UMeeT MecTo B Haubosee
OMACHOM C€YEeHMHU. B KauecTBe ypOBHS JECHCTBYIOIIMX HAINPSDKEHUM MCIIONIB30BAJICS YPOBEHb B
23 kr/mm? st crimaBa JKC6Y-BU. McnsITanre TPpOBOAMIIOCH 10 Pa3pylIeHHs 00pasla.

B pesynbrate ncnblTaHUM MOMTYyYMIIMCh HAOOPHI SKCIEPUMEHTANBHBIX JaHHBIX 110 BPEMEHH 0
paspyuieHust 7,, KOTOpbI€ ObUIM MOJBEPTHYTHI CTATHCTHYECKOW OOpabOTKe COINAacHO

pexkomenaanusm [1]. CraTucTudeckuid aHanmu3 BKIIOYaT B ce0s yCTAaHOBICHHE 3aKOHA
pacmpesieNieHrs U TIPOBEPKY MPUHAITICKHOCTH BRIOOPOK K OJTHOM TeHepaTbHON COBOKYITHOCTH.
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Pe3ynbpTaThl MCHBITAaHUN ONITOBEYHOCTH Marepuana padouunx somnarok (KC6Y-BU) Obuim
MOJIBEPTHYTHl CTaTUCTUYECKOW OOpaOOTKE C IENBbI0 ONpEIeTCHUS BIUSHUS HapabOTKU HA
3aKOH M YHMCJIOBBIE XapaKTEPUCTUKH paCIpelleleHHs J0JroBedHOoCTH. [[s mpoBepku Buia
3aKOHA PACHpEeIeNCHUs OJTOBEYHOCTH IOCie HapabOTKH HCIOJB30BAICA TIpadudecKuit
Metron u kputepuid lllanupo—Ywunka [2], mpeaHasHayeHHBIA JJIi TMPOBEPKU THUIIOTE3BI O
HOPMaJIbHOM WJIH JIOTAPUPMUYECCKH HOPMAIBLHOM pACIPEACICHUN IPU OTPAHUICHHOM
o6beme BrIOOpKH (N<50); OH sABIsIETCS O0JIEe MOIIHBIM, YeM JIpyrue Kpurepuu [1].

Jlnsa BBIMMCIEHHs cTaTucTUKH kputepus W =D0?/S® ompenensior KpuTepuii mpoBepKH

paac

9] 2
OJJHOPOOHOCTH JHUCIICPCUU S

n
$?=>(x-X), rae X — BbGOpOUHOE CpeHee, I
i=1
k

b= zan—i+l(xn—i+l - Xi) '

i=1

I'mnore3y mpoBepstoT Ha ocHoBaHuM HepaBenctBa W, >W_ , rme W, — kpuruueckoe

paac
3HaueHue kpurepus Illanmumpo—VYunka. Eciau BBINONHSAETCS HEPABEHCTBO, TO HYJIEBYIO
TUIIOTE3y HEe OpaKyroT.

[TocTpoeHHble TpaQUKU JOCTATOYHO XOPOIIO ANMPOKCHMHUPYIOTCS MPSIMBIMH JIMHUSMH, YTO
CBHUJICTEIBCTBYET O TOM, YTO 3aKOH pAcClpeeNeHHs TOJrOBEYHOCTH B YacaxX 7, MOXKET

SABJIATBCA J'IOFapI/I(bMI/I‘leCKI/I HOpMAaJIbHBIM, T P —  XAapaKTCpUCTHKaAa AOJIOBCYHOCTH

(>kapoNpOYHOCTH) MaTepHaja 00pas3IoB U3 PabOYKX JIOMMATOK TYPOHH.

[IpoBepka COOTBETCTBHS OIBITHBIX JAHHBIX JIOrapU(MHUYECKH HOPMAJIBHOMY 3aKOHY
pactpenencuust 1o kpurepuro Illamupo—Ywuika mMokaszana, 4YTO 3aKOH PaCIpe/IC/ICHUS
paccMaTpMBacMbIX ~ XapaKTEPUCTHK  IOCIE€  HapaOOTKH  SIBISETCS  JIOTapru()MHUYECKU
HOpMaJIbHBIM IIpU ypoBHE 3HaunMoctd « = 0,05. CornacHo [1], ypoBeHb 3HAYUMOCTH f —

3TO BEPOSATHOCTH COBEPILUTH OLIMOKY MEPBOT0 POAA, KOTOpas 3aKJI0YaeTcsl B OTOpachIBaHUU
HYJIEBOM TMIIOTE3bI B TO BPEMs, KOTJja HA CaMOM JIeJIe OHA BEpHa.

B kauecTBe WIIIOCTpaLMU PE3yJIbTaTOB IIPOBEJEHHOTO CTATUCTHUYECKOTO AHAIW3a BIUSHUS
HapaboTku Ha nosroBeyHocTh cruiaBa JKC6Y-BU Ha pucynkax 1...4 mokaszansl rpaduxu

SMIUPUYECKHMX PacTpesieieHnii Beanaunbl Ig 7, B Tabmuie | JaHbl pe3ynbTaThl IPOBEPKH

HOPMAaJILHOCTH pacrpe/ieieHni BeMunHbl g 7, 1o kpurepuio llarmmpo—Yuika.

Up

15 &
1 Q@/e/
0,5 0)9/&

0 e

05 7

-1
-1,5
o e
1,6 1,7 1,8 19 lg1p
Puc. 1. TI'padux >sMOUpHUYECKOTO paclpeleNeHuss JIecsITUYHOro Jiorapupma
MCXOMHON nonroBeynoctd 7, cmiasa JKCO6Y-BU; 3nece Up — dynkius

pacmpenenenus, 6e3pa3MepHas BeTHUYUHA
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2. I'paduk >MOHPUYECKOTO pACHpPENENICHUs] IECITUYHOrO Jorapudpma

Ig tp

AOJTOBEYHOCTH 7, CIUIaBa KC6Y-BU mnocne s3kcruryaTalliOHHON HapaOOTKHU B

npeznenax ot 2400 mo 5000 wacos
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3. TI'paduk »sMnupHuyeckoro pacnpeaeaeHus AECATUYHOro Jorapudma

Puc.
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N
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nonroseynoctu 7, ciwiasa XXC6Y-BU mocie sKcmutyartaluOHHOM HapabOTKU B

npenenax ot 5000 qo 8500 yacos
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1
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0,5

Pad

0

0,5

P

7

-1
-15

i

-2

P

-2,5

&

1,2
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1,4
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4. T'paduk HSMOUPUUECKOTO pACHPEACIICHHUS IECITHYHOTO Jorapudma

nonroseunoctu 7, cmnasa XKC6Y-BU mocne skcruryataiuoHHONH HapaboTKu B

npenenax ot 8500 qo 10500 gacos
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Tabnuya 1
TIpoBepka HOPMaJILHOCTH pacnpeesenus Jorapugma goaroseunocru Ig 7,

B HCXOJHOM COCTOSIHUM M IOCJIe IKCILIyaTallMOHHOH HapaooTku ciuiasa JKC6Y-BU

Hapa6oTka Kommiectso |- b? S? Woaae W, Ho
o0pa3ioB
0 26 13 |0.131 |0.136 0.963 0.920 +
2400-5000 48 24 |1.439 |1.460 0.985 0.947 +
5000-8500 37 18 |0.728 |0.774 0.940 0.936 +
8500-10500 |34 17 10.991 [1.019 0.972 0.933 +

B Tabnuue 1 mcnonb3oBaHbl cieAyronire 0003HAUEHHs: K — Iapamerp, ONpeAesieMblid Mo
KOJIM4YeCTBY 00pa3iioB; Ho — rumore3a o HOpMaabHOCTH pacIpeieIeHHs.

Takum oOpa3om, HapaOOTKa JBUTATENCH HE OKA3bIBACT BIIMSHUS HA 3aKOH paCIpe/ICICHUs
JOJITOBEYHOCTH, KOTOPBIH SABJIsIETCS JOorapuMUUecKd HOpMaTbHBIM.

Takxe HEOOXOAUMO TPOBEPUTH, IPUHAICIKAT JIM BHIOOPKH K OJHOW OOIIEH COBOKYITHOCTH.
Jns mpoBepkM paBeHCTBA JUCHEPCUIl psa COBOKYMHOCTEM NP HEOJAMHAKOBOM YHUCIE
00pa3IoB B OT/CIBHBIX BEIOOPKAX MCIOJIB30BAJICS MapaMeTpudeckuii kputepuid baptiera [1].
[IpoBepka mnpoBoaminach mpu ypoBHe 3Hauumoctn o =0,05. PesynpraTtel npoBepkH
OJTHOPOJHOCTH JTUCTIEPCHIA JIOTapU(PMOB JOITOBEUYHOCTH PU PA3ITUYHBIX YPOBHSAX HApaOOTKU
MIPUBEJICHBI B TA0IUIIE 2.

Tabauya 2
IIpoBepka ogHOpOAHOCTH aAHMcniepcuii Jorapugmos goaropevynoctu ciiiasa JKCo6Y-BU
no kpurepuio bapriaera

[Tapametp | HapaboTka n X lz)acq X 05 Ho

0 26
o 2400-5000 |48

P 5000-8500 (37
8500-10500 (34

5,87 5,99 +

B tabnuue 2 MCIONB30BaHEI CIEAYIOIME O0003HAUYECHHS: mecq — pacueTHas CTaTUCTHKA II0

KpuTepuio Bapriera; y.,; — pacueTHas CTATMCTHKA MO KpUTepuio bapriera mpu ypoBHe

3Haunmoctu 0=0,05; Ho — rumotes3a 06 0{HOPOJHOCTH JUCTIEPCUH.
Kak BUIHO U3 IPUBCACHHBIX PE3YIILTATOB IIPOBEPKU, B JTAHHOM CIIY4YaC BBIIIOJHACTCA YCIIOBUC:
2 2
Z pacu < Za .

3HAUUT, TUIOTE3a O TOM, YTO BCE M T€HEPAJIbHBIX COBOKYIHOCTEH TOJTOBEYHOCTEH MOCIE
HapaboTku s ciaBa XKC6Y-BU umerot paBHbIe aucniepcun, He oTBepraetcs. [IpoBepka mo
kputepuio baptiera mokasana, uro ans marepuana (cruiaBa JKC6Y-BU) paboumx momaTok
nepBoit crynenu aurarens HK-86 mmeer Mecto ogHOpOaHOCTH aucriepcuii jiorapudmon

lgz,,.
Ha ocHOBe pe3ynbTaToB MPOBEPKU OJHOPOJHOCTH AUCIEPCHH PacCMAaTPUBAEMON BETHYUHBI

IMMPOBEACH aHAJIN3 OJHOPOAHOCTU CPECIHUX 3HAYCHHUI TOM BEIUUMHEI IMIyTEM HCIIOJIb30BaHUA
npoucaypsl OI[HO(I)&KTOPHOFO AUCIICPCHUOHHOT'O aHAJIN34a.
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B Ttabnmuue 3 mpeacTaBieHBl pe3yiabTaThl OJHO(AKTOPHOTO JTUCIEPCHOHHOTO aHallu3a.
[IpoBepka HyJEBOM TUIOTE3bl O PABEHCTBE CPEIHUX 3HAYEHUHN JOJITOBEYHOCTH BBIINOIHEHA C
nomoinbio F-kputepus [3].

W3 Tabmumel clieayeT, 4To JJIsS BCEX HCCICAYeMbBIX BEIUYHMH TUIOTE3a 00 OJHOPOIHOCTH
CpPeIHHMX 3HAYCHUH JorapudMoOB IOJITOBEYHOCTEH I BBIOOPOK BO BCEX CIydasx
OTBepraercs. 3Ha4YHT, IKCIUTyaTallMOHHAsT HapaOboTka padounx jomnatok neurarens HK-86 u3
crmaBa JXKC6Y-BU oxka3piBaeT 3HAaUMMOE BJIMSHHE Ha CPEIHEE 3HAUYCHUE JIOJITOBEYHOCTH
HCCJIEYyEeMOro CILIaBa.

Tabnuya 3
IIpoBepka OHOPOAHOCTHU CPeHUX 3HAYEHUI JIOrapu(MOB 10JIT0BEYHOCTH CILIABA
KC6Y-BU
Yucno crenenen
Iapametp cBOOOIBI S? SZ | Fou=S0/S; | Foos | Ho | Foge | Ho
Kl K2
gz, 3 144 02685 10,0138 (19,46 268 B9 |

B tabauue 3 npuHATH cneayoomue odo3HaueHus: S,,S, — napamerpsl F-xpurepus; F, . —

pacu

pacyeTHas cratucTMka F-xputepus; Koy — pacueTnHas craTMCTUKAa F-KpuTepus npu

noBeputenbHoit BepositHocTu P,=0,95; Ho — rumore3a 06 0THOPOAHOCTH CPETHUX 3HAYCHHIA;
Fo.0s — PacueTHAs CTaTUCTHKA F-KpUTEpHs IIPU JOBEpHUTENLHOM BepostHocTH P,=0,99.

t, 60
(4)
55
50
45
4‘0 T T T T 1
0 2000 4000 6000 8000 10000
HapaooTka T (9)

Puc. 5. Tpaduku u3MEHEHHMs] CpPEAHMX 3HAYEHHH  JIOJITOBEYHOCTHU
(xaponpounoctu) 7, crnasa JKC6Y-BU npu pasinn4HbIX ypoBHAX HapabOTKH

Ha puc. 5 npuBenen rpaguk M3MeHEHUs! CpEeAHUX 3HAUEHUH J0IroBe4HOCTH ciiiaBa KCOY -
BU B 3aBucHMMOCTH OT HapaOOTKH.

W3 npuBeAeHHBIX Ha PUCYHKE 5 NMaHHBIX CIEAYyeT, YTO B MHTEpBAJIE SKCILTyaTallMOHHON
HapaboTku 710 10500 yacos xapornpovHOCTs MaTeprana 7, pabouux JIONATOK TypOUH CIjIaBa

KC6Y-BU cumxaercs Ha 25% [4].

BriBoabI

Hapa60T1<a B OKCIITyaTallu HC OKAa3bIBACT BJIMSAHUA HA 3aKOH PACIIPEACICHUA JOJITOBCYHOCTH.
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[Ipu sKcmyaTaMOHHON HapaOOTKE XapaKTePUCTHKU paccestHus (B YaCTHOCTH, CpellHee
KBaJ[PaTHYECKOE OTKJIOHECHUE BEIIMYUHBI TOJTOBEUYHOCTH) HE U3MEHSIOTCS B 3aBUCUMOCTH OT
HapaOOTKH.

OKcIulyaTallMOHHasi HapaOOTKa OKa3bIBAaeT BIMSIHUE HA CPEJHEE 3HAUYEHUE J0JITOBEYHOCTH.
[Tpu yBenuuenus Hapabotku 10 10500 yacoB AOATOBEYHOCTH CIJIaBa CHUXKaeTcs Ha 25%.
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OCHOBHBIX JleTajiell ra30TypOUHHBIX JBUTATENCH.
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To heat-temperature strength problem

of aviation gas turbine engine blades
(statistical analysis)
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Annotation: The paper examines the influence of long-term operation of civil aviation gas turbine
engine (GTE) on the durability (high-temperature strength) of turbine blades material — high-
temperature nickel-based ZhS6U-VI casting alloy with equiaxed crystallization. Specific operating
time interval has been studied, statistical analysis of empirical distributions of high-temperature
strength of metals has been carried out, regularities in empirical distributions have been established for
each operating time interval, empirical distributions have been plotted that estimate the effect of
operation time on durability.

Key words: strength, durability, blade, turbine, high-temperature alloy, statistical method

Introduction

The subjects of the study are the rotor blades of the first-stage high-pressure turbine engine NK-86,
made of ZhS6U-VI superalloy cast with equiaxed structure of the material. This alloy is now widely
used to manufacture turbine rotor blades for aircraft engines of civil aviation.

Analysis of the initial level of durability in hours and analysis of the levels after the operation
includes the determination of the distribution of the characteristics of durability and test samples
belonging to the same general population. The purpose of the analysis is comparison of the initial
level of durability of ZhS6U-V1 alloy with durability after operation.

The initial level of durability was evaluated based on the results of tests of samples cut from the
cold zone of the blades, in which the metal structure remains unchanged. Level of durability of
ZhS6U-VI1 alloys after operation was estimated based on the results of tests of samples cut from
the hot zone of the blade, where the effect of operation is the most pronounced.

Samples were tested in accordance with GOST 10145-81 "Metals. Test method for long-term
strength”. The base level of temperature was T = 1248 K, which is close to the reference
temperature which occurs in the most dangerous section. The level of operating stress was 23
kg/mm? for the ZhS6U-V1 alloy. The test was performed until the sample destruction.

The tests yielded experimental data on the time to failure 7, that were subjected to statistical

analysis according to the recommendations [1]. In the framework of the statistical analysis,
distribution regularities were established and samples were tested for membership in the same
general population.

The test results of durability of rotor blades material (ZhS6U-V1) were subjected to statistical
analysis to determine the impact of operation on regularities and numerical characteristics of
durability distribution. To find the shape of durability distribution after operation, a graphic
method and Shapiro-Wilk test criterion [2] intended for the test of the hypothesis of normal or
log-normal distribution with a limited sample size (n <50) were applied; the latter is better
than other criteria [1].

In order to calculate the statistics of criterion W__ =b?/S?, the following criterion is

paac
determined
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n

§?= Z(Xi - )_(i)z
i=1
where X; is the average value, and

[
b= Za‘n—i+l(xn—i+l - Xi) .

i=1
Hypothesis is tested on the basis of inequality W .. >W,_, where W, is critical Shapiro-Wilk
test. If the inequality is satisfied, the null hypothesis is not rejected.
The graphs are well approximated by straight lines, which indicates that the distribution of
durability in hours 7, can be log-normal.
Verification of test data compliance with log-normal distribution by the Shapiro-Wilk test
criterion showed that the distribution of the considered characteristics after operation is
lognormal with a significance level of « =0,05. According to [1], the significance level « is
the probability of making a mistake of the first kind, which consists in rejecting the null
hypothesis when in fact it is true.
To illustrate the results of the statistical analysis of operation impact on the ZhS6U-V1 alloy
durability, Fig. 1 ... 4 show the plots of empirical distributions of Igz; Table 1 gives the

results of testing for normality of Ig z  distribution by Shapiro-Wilk test criterion.

Up
1.5 g@ﬁ/
1 Y
0.5 e
0 /9“
-05 f
-1 /'
-15| &

&

1.6 1.7 1.8 19 gt
Figure 1. Empirical distribution of logarithm of the original durability of z of
ZhS6U-VI alloy; here Up is the distribution function, dimensionless one
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Figure 2. Empirical distribution of logarithm of durability 7, of ZhS6U-VI alloy
after operation for 2400 to 5000 hours
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Figure 3. Empirical distribution of logarithm of durability z of ZhS6U-VI alloy
after operation for 5000 to 8500 hours
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Figure 4. Empirical distribution of logarithm of durability z of ZhS6U-VI alloy

after operation for 8500 to 10500 hours

Table 1
Checking the logarithm of durability for normality in the initial condition and after
operation for ZhS6U-V1 alloy

Working |Sample ) ) W
hours  |number| K b S paae We Ho
0 26 13 0.131 0.136 0.963 0.920 +
2400-5000 48 24 1.439 1.460 0.985 0.947 +
5000-8500 37 18 0.728 0.774 0.940 0.936 +
8500-10500 | 34 17 0.991 1.019 0.972 0.933 +

In the Table 1: k is parameter defined on quantity of samples; Ho is the hypothesis of
dispersions normality.

Thus, the engine operating time does not affect the durability of the distribution law which is
log-normal.
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It is also necessary to check whether the samples belong to the same general population. To
test the equality of variances of a number of sets with different numbers of samples, Bartlett's
test was performed for individual samples [1].

The testing was conducted at a significance level o = 0.05. Testing of homogeneity of variance
logarithms of durability under different levels of operation is summarized in Table 2.

Table2
Bartlett's test of logarithms of ZhS6U-V1 alloy durability for homogeneity of variance
Working
Parameter hours n o Xoos H,
0 26
2400-5000 48
lor . . +
9 7pn 5000-8500 37 >81 >99
8500-10500 34

Here x?,. is calculated statistics on Bartlett's test; ;s is calculated statistics on Bartlett's test

for significance level o = 0.05; Ho is the hypothesis of dispersions uniformity.
As seen from the above test results, in this case the following condition is satisfied:

2 2
Xcalc < X(x .
Hence, the hypothesis that all m general populations of durability after operation of ZhS6U-VI
alloy have equal variance is not rejected. Bartlett's test showed that for ZhS6U-VI alloy of rotor
blades of the first stage of NK-86 engine there is a uniform dispersion of logarithms Ig 7.
Based on the results of homogeneity testing of variances of the considered value, the
homogeneity of average values of this quantity was analysed by one-way ANOVA procedure.

Table 3 presents the results of one-way ANOVA analysis. The null hypothesis of equality of
the mean values of durability is tested using the F-test [3].

Tat();(::cking the homogeneity of the average logarithms of ZhS6U-VI alloy durablitity
Number of
Parameter d:r%:;eosn(]) f S? S2  |F..=57/S| Fes | Hy| Foge | Hy
K, | K,
lgz, 3 | 144 | 0.2685 0.0138 19.46 268 | - | 394 | -

- 1s calculated statistics of F-test; F,; is calculated

statistics of F-test for confidence level Pq =0,95; Ho is the hypothesis of average values
uniformity; F, ,, is calculated statistics of F-test for confidence level P4=0,99.

The table shows that for all the studied variables the hypothesis of homogeneity of the
average logarithms of samples durability in all cases is rejected. Hence, the operation time of
NM-86 engine blades made of ZhS6U-VI alloy has significant impact on the average value of
the durability of the considered alloy.

In table 3: S,,S, — F-test parameters; F,
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Figure 5. Average durability of ZhS6U-VI alloy for different operation periods

Fig. 5 shows that within the operation time interval up to 10500 hours the high-temperature
strength 7, of ZhS6U-VI alloy of working turbine blades is reduced by 25% [4].

Conclusions

The operation time has not effect on the distribution law of durability.

Operation does not affect the characteristics of scattering — the root-mean-square durability
does not vary with the operation time.

Operation affects the average durability. When the operation time increases up to 10500
hours, the alloy durability is reduced by 25%.
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A.Einstein. Why socialism (1949):

"...In compliance with legally rules, established as
laws, the economic anarchy of the capitalist society
leads to appearance of oligarchy, the power of which
cannot be efficiently restrained by a democratically
organized society. Education in such a society trains
not to invent but to worship success in acquisition..."

"...to change the situation by possible only by building
the socialist economy and corresponding system of the
education...”

Abstract. There is wide discussion in the Russian media about reform and efficiency improvement of
Russian science and funds invested in it. According to the Russian habit, many people look to America
and offer a copy its mechanisms of research selection and financing of new ideas. But is it all right
there in these matters? Failures of the shuttle "Discovery" is only the visible part of the iceberg.
Former Soviet scientist who has worked in NASA and in the US public research institutions for a long
time, shows as example one of the most important divisions of NASA — Institute of Advanced
Concepts (NIAC) — the consequences of the inefficient organization and management and supervising
failures.

Key words: reform, Russian science, efficiency, advanced researches, NASA, Space Agency

1. Introduction

NASA Institute of Advance Concepts (NIAC)
(critical analysis of NIAC activity and its Director)

“Secrecy of simple information
by NIAC is concealment of a criminal activity

NIAC (NASA Institute for Advance Concepts) is funded and controlled by the U.S.
Government Organization (NASA), which is formed also as the department of USRA (Union
Space Research Association). The stated official NIAC purpose is:

“Provide an independent, OPEN forum for the external analysis and definition of space and
aeronautics advanced concepts.

Complement the advanced concepts activities conducted within the NASA Enterprise.”
“Goal: Develop advanced concepts which will result in changes to the nation’s future
aerospace policies and plans”. According with Chapter and Status, NASA is to be a non-
military open government organization having civil purposes and falling under the “Freedom
of Information Act” (FOIA)(5 U.S.C. § 552). This act obliges to give any information about
operations and activities, “... ANY executive department, military department, Government
Corporation, Government controlled corporation, or other establishment in the executive
branch ...”.

What are the facts? Which | had asked numerous times of the NIAC Director, Mr R.
Cassanova:
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- Why has NIAC not published on a WEB site, the abstracts of all submitted proposals? The
NIAC, NASA, other government organizations require special abstracts contained ONLY
open information?

- Why doesn’t NIAC give names and addresses of organizations, which took part in
submissions?

- When, where, were review panels, peer reviewers?

- When, where, and how, were scientists selected for review?

- How many scientists took part in the review process?

- What were the results of voting for every proposal?

- How many reviewers see the proposal?

- Why the debriefings were sent much later, after the awarding process?

- Why debriefing does not contain the scope of the review criteria, and the total scores?

The debriefing does not contain the information: reviewer recommends, or not recommends,
this proposal for awarding and development?

Mr. Cassanova did not reply to any of these simple questions. Why??

The explanations are very simple: NO review panels, No peer reviewers, NO scientists who
took part in the review process, No voting, No scientists who see the proposals, NO anything!
Everything is just fabricated fiction. There is only just Mr. Cassanova in NIAC who changes all
reviewers, all scientists (in any scientific fields!), all panels, and all debates. Who distributes
tens (hundreds?) of millions government (taxpayers) money to friends and insiders (To grease
their palms?). What sort of proposals are awarded by Mr. Cassanova will be considered later?

2. Factious Front (Puppet Organization) NIAC Science Council

Mr. Cassanova has a NIAC Science Council consisting of 9 persons from every considered
organization. No information at all (from Mr. Cassanova) who these scientists are? Two of
them are named “consultant” without name of affiliated organizations. Where are these
consultants?, what scientific field? (unknown?). | requested from Mr. Cassanova, to give the
E-mail addresses for this “Science Council”. He answered, that this information is secret??
After the large time demands in 2002 Mr. Cassanova names Mr. Whitehead as Council
Chairman (who is named only as consultant in NIAC Council list?). | asked Mr. Whitehead —
what is the name of the person who appointed him as Council Chairman, and when it was? he
doesn’t know?! I sent a complaint to the Council and Mr. Whitehead promised to consider it
on the next NIAC Council meeting. After many reminders some months later he answered the
Council declined your complaint. I asked, when, where was this Council, who was presented
at this meeting, what is voting? He doesn’t know!

Now Mr. Cassanova has published the new list of the NIAC Science Council (9 persons),
which also presented two consultants without organization. | called 7 of the indicated
organizations. Two of them answered, none of these names were in their employee
directories. Two E-mails did not work. |1 however, could reach three members of the
“Council”. All of which did not know who the Chairman of their “Council” was, and did not
take part in any panel reviews, and have never seen my proposals.

| asked Mr. Cassanova: who is the Chairman of NIAC Science Council for 2004, the specialty
of the Council members, their affiliated organizations, some brief information about their
scientific activities, their E-mail addresses, etc. No reply, because the NIAC Science Council
is only a scam, a front, a false decoration.

I am very surprised, as to why these scientists take part in a fake and factious NIAC Science
Council, and allow Mr. Cassanova to make all the decisions for them, and to use their names
for the cover of his criminal activities.
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3. False debriefing

In conscientious competition, a funded organization sent proposals to independent reviewers
(minimum 2), who wrote dated recommendations, and may be granted this proposal, or not,
and why. This special science Committee studies these reviews, studies proposals, compares
them, votes on them, and writes protocol why the Committee selected these approved
proposals for granting.

| asked Mr. Cassanova many times to send me dated reviews of my proposals, resulting votes,
and the decision of the Committee regarding my proposals, date of debriefing, etc.

No reply! Why? Because nothing in NIAC is for real, and is just a front. No reviews, no
Committee, no peer reviewers, no discussing, no voting, no protocol. Just Mr. Cassanova
knows the winners BEFORE announcing of Call Proposals. Therefore, all the other proposals
are called for as decoration, for factious purposes, as a total deception. The debriefing is
written AFTER (sometimes a month later) announcing of winner and only for the
troublesome applicants. Mr. Cassanova writes all debriefing in all the scientific fields (!!).
These “debriefings” show poor knowledge of Mr. Cassanova in many space problems
(launch, engine, powers system, space flights, etc). He doesn’t understand or recognize new
revolutionary concepts, their prospects or possibilities. He requests unrealizable, idiotic
demands, claims in debriefing (for example, to present solutions of all problems in proposal
(???), or a space catapult of 1070 km length is the same as aircraft carrier catapults).

Every serious organization gives brief information about its chief and members of
Science Council, Committee, Trust, Founders, etc in WEB. | required Mr. Cassanova what is
his education, specialty, and list of main scientific works. No reply. Apparently, he is
specialist in all sciences.

4.  Activity of NIAC and its Director

Every serious organization is lead by a competent Chair, who chooses (picks out) and solves
the main problems first of the most importance. The main problems of space exploration and
routine access to space, is decreasing the cost of launch. The launch of a 1 Lb payload
presently costs about $10,000, and a 30,000/Ib payload at the present time, is a very high and
restrictive price. We cannot have routine orbital & space flight and exploration of Space, if we
do not decrease the cost of a launch in the magnitude of a hundred times. This means that the
main development finances, resources, and money (70-80% of research efforts) must be
funded and directed into new & advanced launch technology, engine technology, and power
systems.

During the last 6 years of the existence of NIAC, it gave 113 grants: 92 grants of 40-80
thousands dollars and 21 grants of 400-800 thousand dollars. That was a total spent of about
20 millions dollars plus 30% for Mr. Cassanova operations!

What do we see in NIAC? Three grants are given in computer (for example, 3D Viewing of
Images on Basis of 2D Images), 4 grants in biology (spent more $1,5 millions!) (for example,
bio-suit), 10 grants in Astronomy?), 5 grants in life Sciences (for example, spent about 1
millions dollars only in chameleon suit), 10 grants in Earth Scientist, 12 grants in Robotics, 8
grants in aeronautics (for example, Planetary Exploration Using Biomimetics).

Most grants declared as advanced propulsion do not have any relation to space propulsion (for
example, Cyclical Visits to Mars via Astronaut Hotels, spent about 1 million dollars).

In launch & propulsion system’s Mr. Cassaniva grants only old ideas having tens and
hundreds of research articles. For example, Space Elevator (Tsiolkovsky offered in 1894,
Artsatyunov published a detail article 50 years ago, Cassanova granted about one million in
2002 (?)), tether system (15 years old, it has about hundred articles, it granted 1,5 millions
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dollars), magnetic sail (10 year old), etc. The most NIAC reports are compilation of published
articles, contain only results are gotten by others authors.

Take, for example, NIAC Grant Awards list in 2001:

1. Adaptive Observation Strategies for Advanced Weather Prediction.

2. Controlling the Global Weather.

3. Global Observation... There are special weather Institute (NOAA) for this topics.
NSF also accepts this topic, but does not accept the revolutionary launch and
propulsion systems. Why do NIAC give the grants (awards) them?

4. 3D Viewing of Images on the Basis of 2D Images. There are a lot of organizations
which award in computer science (include special Department USRA). Why Mr.
Cassanova awarded them?

The same guestion applies to the following topics:
5. A Flexible Architecture for Plant...
6. Astronaut Bio-Suit System ...
7. A chameleon Suit ...
8
9
1

Directed Application of Nanobiotechnology...
. Achieving Comprehensive Mission Robustness.
0. Architecture of Intelligent Earth Observation Satellite for Common Users in 2010-
2050.
11. Ultrahigh Resolution X-ray Astronomy....
etc. That is only 11 from 18.

For all these topics there are a lot of specialized organizations, which accept, develop, give
grants, and awards to these types of proposals. However, there is only ONE organization
(NIAC from NASA), which “MUST” support new revolutionary launch and propulsion
systems. Why does NIAC (Its Director Mr. Cassanova?) award limited and precious
resources to other non-related topics? Does he help just his friends and NASA insiders?
Maybe there are just NO good proposals, which suggest new launch and propulsion systems?
I know more 18 proposals which offer new revolutionary launch, propulsion ideas. These
concepts decrease the launch cost in thousands of times, and offer no expensive installations.
They are cheaper then rocket systems by tens of times.

For example: building space elevator from ground without rockets and space flights;
transport system Earth-Moon without rockets; the “Space Launcher” which allows to launch
in space thousands tons of payload annually in price 1-2 dollars/lb; method which allows to
change speed and trajectory of space ships and probes without expending fuel by employing
the use of any space bodies (small asteroids, meteorites, comets) (increase ship speeds up in
1-2 km/sec, get any direction and energy from small space bodies). That increases the probe
capability in ten million times! All can be done with current technology.

These real revolutionary concepts need support, development, initial small funding. Mr.
Cassanova does not understand them and makes the idiotic demands: “first, solve all problems
of these concepts?”.

For example: | received debriefings, which show the full incompetence of Mr. Cassanova in
physics, in propulsion systems, and in space. If it is necessary, | can present the details of the
answers of nonsense, which he wrote, and | am ready for the open discussion about new
ideas, which can make a new revolution in an access to Orbit, Planets, and Space.

Overview: The NIAC spent more 30 millions dollars in 7 years, but they did not suggest
new concepts or ideas?! Now the NIAC is just a private manger for “friends” and has
spent 90% of government (taxpayers) money, not very effectively, and specifically in
fraudulent and criminal ways.
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5. Connivance from NASA

| saw the NASA WEB site. There are many NASA self-clarifications. However, “NO”
simple information about E-mail of leaders and the chairman of Departments, Advisory
Committees, Science Councils.

| asked NASA who lead NIAC from NASA? What is the E-mail of Deputy Administrator,
Mr. F. Gregory; Chief of Technology - Mr. M. Hirschbein; Chief of Advisory Council? No
reply for my questions!

The press wrote about the criminal activity of Mr. Cassanova and many scientists complained
in NASA about NIAC activity. However, in 2004 the NASA makes a new contract with
NIAC?! | asked for a copy of NASA-NIAC Agreement about funding NIAC by NASA.
NASA must give FREE this information according The Freedom of Information Act if it is
less 100 pages and not request more 2 hours for copying. NASA cannot find this agreement
in a half of year (?!). After many reminders, NASA sent me 10 pages Agreement + 60 pages
of garbage, and then begins to require $100 dollars!

As I understand it, there is “NO” control over the tens of millions of dollars, which NASA
gives Mr. Cassanova for distributions as grants. Mr. Cassanova can spend them for any of his
friends or just plain un-useful people and unproductive efforts.

I worked at NASA, and | know a lot of NASA specialists who have very low qualifications.
That is the results of NASA illegal employee policy. Scientists can get positions in NASA
only on the quiet, under the table, or with class protection. | have a doctor of space science
and have lots of real experience, and a lot of scientific articles, inventions, and applied for a
vacant position for a research project manager; but NASA took a pilot without any scientific
experience, scientific works, or inventions?! When this scientist wanted the position of
science engineer, NASA wrote more support to a young bachelor who doesn’t have any
experience, scientific works, or inventions.

This is explanation why NASA has a lot of failures (for example, in Mars missions, when
NASA “scientist” put in computer pounds and foots instead of international standard kilograms
and meters and probe of cost $250 millions flights in incorrect direction). You can tell: NASA
has also successes; but “Don’t Forget”, NASA has gigantic financing, more then all others
countries together. If you will use conventional criteria: use/money you would see that
NASA has the worst efficiency compared to all the other space agencies in World.

For example, in the Big Space Race the Soviet Space Agency had 3 to 5 times less
funding then NASA, but they were the leader for many years, while America reached
for the Moon. After this the Soviet Space Agency had 5 to 7 times less financing then
NASA. But the USSR launched up to 1989 (collapse of USSR) 2 to 3 times more Earth
satellites then all countries together, including the USA.

Mr. Sean O’Keefe forced his way into the position of NASA Administrator, even through
disparate critics of NASA activity attempted to block. However, he only makes small
decreases in the NASA defects.

6. Connivance of Union Space Research Association (USRA)
and its President

NIAC is also formally the Department of USRA. May be Mr. Black the President of USRA
doesn’t know about the criminal situation in NIAC? There were some complaints to Mr.
Black, but no replies. The E-mail addresses of USRA Executive director Mr. David
Cummings and Chief Engineer Mr. Lewis Peach indicated in USRA WEB side are false. Mr.
Black did not answer any simple questions, such as: who leads Mr. Cassanova?; who selects
(or appoints) chair and members NIAC Science Council and NIAC Grant Committee?; what
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are E-addresses of Chair and members of Science Council, Committee?; when and where was
(are, will be) NIAC peer reviewers?; etc.

7. Conclusion

Some final mediatations. | offered USRA (and NASA) a detailed plan on how to improve
the work of NIAC, make more open and useful their work, and to change the dismal situation
when one man (Mr.Cassanova) distributes tens millions of taxpayer money with no safe
guards or oversight. There was No Reply?!

In this situation, it is the best decision, to stop the wasteful and ineffective financing of NIAC
and pass their functions to another organization, for example, the growing and historically
relevant and important International Space Agency (1.S.A.) Organization,
(http://www.international-space-agency.org )-or-( http:www.isa-hg.net ) which would be
better suited, and able, to stimulate, enable, and promote advanced space launch, propulsion,
power, orbital, and planetary grant disbursement, research, development, and implementation.
This, based on an ever-increasing need for global cooperation, collaboration, effort, and
common viewpoint. The International Space Agency ( I.S.A.) Directives, Charter, Purpose,
Goals, and Certificate of Incorporation reflects this reality far better than the USRA or NIAC
directives or charters. The many millions in Government (Tax) & Private Money and
Resources would be better used, and better served, under the management and oversight of
the International Space Agency ( I.S.A.) Organization.

The President and Congress of the United States of America, needs to, and must, thoroughly
investigate the NIAC situation and must punish, and remove, NASA and USRA leaders who
allow, and create the abuse and corruption from, and by, NIAC. | am ready to present to a
Special Investigation Commission the documents which confirm the statements presented and
outlined in this article.

For epilogy. Award on the quiet. Soviet rocket scientist Konstantin Eduardovich
Tsiolkovsky is considered the father of human space flight. He was also the one to
conceive the idea of Space elevator one hundred years ago (1894). Half a century
afterward, another Russian scientist Yuri Artsutanov provided all required technical
aspects for the idea to be put into work (1960). Today, American scientist Bradley
Edwards is awarded a prize (more than half a million dollars) for the invention.
Nowadays, a rather simple cabin intended to transport people to space seems to cause major
controversy. Apparently, few are aware that Konstantin Tsiolkovsky was the one to come up
with the idea back in 1894. In his famous work "Dreams of the Earth and the Sky" he
mentioned the idea of the cosmic lift for the first time. A bit more than sixty years have
passed and another Russian scientist Yuri Artsutanov (at the time, he was a post-graduate
student of Leningradsky Technical Institute) in a Sunday"s supplemental issue to the
"Komsomolskaya Pravda” newspaper on 31 July 1960, developed and provided all the
necessary technical calculations for the idea to be put to work.

Space elevator in itself is a space station situated on or above the geostationary orbit and
attached to the Earth by means of a strong cable. The system is devised in such a way that its
center of gravity is located above the geostationary orbit. Since the Earth rotates, centrifugal
force tightens the cable, similar to a stone tightening a sling, even if it is a child holding the
sling. In other words, it is of utmost importance to create such strong cable in the first place.
The stuff that will be carried by it appears secondary. Artsutanov suggested the idea of a
power train attached to the cable to transport space tourists to and fro the space station. In
fact, the idea is so simple, it seems almost unreal. Endless disputes have been evolving around
it for the longest time. However, not so long ago, scientific world was quite shocked to learn
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that an American by the name of Bradley Edwards had been awarded a prize for the idea of
space elevator.

How could this happen? Did Mr. Edwards make some significant changes/additions to the
idea that had been devised by the Russian scientists? As it turns out, director of one of
NASA"s research centers: NASA Institute of Advance Concepts (NIAC) someone by the
name of R. Cassanova has been the one to decide to award Mr. Edwards the prize.

Mr. Cassanova is a well-known man within the scientific world. He is mostly known for his
multimillion dollar machinations involving taxpayer"s money, which had been initially
planned to cover space research. Press has already reported Mr. Cassanova"s "financial™
approach to scientific discoveries in article entitled "NASA Institute of Advanced Concepts
(NIAC) as a front for friends.” (http://NASA-NIAC.narod.ru).

This time, the award appeared to be substantial - $645 000 USD! In addition, Mr. Cassanova
has been awarded 30% "for his efforts."

But perhaps, Mr. Cassanova and his accomplice conducted such major scientific research
work, which had outshined hundreds of magnificent works of scientists in the field of
aerospace, and what if this award is a mere excuse to thank them for their efforts in other
fields of research? No. This could easily be spotted on the Internet site of the American
Institute off Aeronautics and Astronautics, the main space organization entitled to register all
scientific research works and conferences (http://www.aiaa.org , search “Cassanova”).
According to it, Cassanova "Ph.D" has written only one (1!!) insignificant work in his life.
That article has been by Cassanova and three other co-authors in 1976!

Are you still doubtful? Well, let me direct you to the NIAC site
(http://www.niac.usra.edu/files/studies/final_report/521Edwards.pdf),

where you can personally see for yourself what sort of work has been awarded such high
prize. And don"t be freaked out by the idea of encountering some mind-boggling scientific
calculations. There aren't any! The 42-page report, half of which is mere illustrations,
represents a mere explanation of the idea of the space elevator intended for elementary school
pupils. It lacks the actual results. It is very incongruously in regard to Konstantin E.
Tsiolkovsky...

This, however, is not the first award of Cassanova's. Perhaps, not the last either. In the
meantime, hundreds of scientists are left without funding to continue their truly meaningful
and significant research. This should be quite interesting food for thought for American
taxpayers.

Summary. As final result of this analysis on problem of effective Science organization it is
necessary to take the thesis of Albert Einstein, Nobel Prize laureate, that is presented in the
beginning of this paper. Albert Einstein gives the useful recommendation to activity for
Mankind evolution in whole.

Alexander Bolonkin, Dipl.Eng., Ph.D.; Senior Research Associate of the USA National
Research Council at Eglin AFB, Former Senior Researcher of NASA; he graduated Kazan
Aviation Institute (1958); he worked as engineering leader at Antonov Aircraft Construction
Bureau (Kiev), chairman of reliability department at Glushko Rocket Engine Construction
Bureau (Moscow), as a professor (teacher) in different Russian and American Universities.
Dr. Bolonkin is member of Director Board of International Space Agency; the area of
scientific interests is the problems of aviation systems; nine of his reports on actual problems
have been approved by the World Space Congress (2002, USA).
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A.DitamreiiH. «[loyemy commanmmzmy» (1949):
«...OKOHOMUYECKAs aHAPXUs KAnumaiucCmuyecko2o
obujecmea  npueooum ¢ - NOMOWbBIO  NPABUl,
YCMAHABIUBAEMbIX HA YPOBHE 3AKOHA, K NOAGIEHUIO
onuzapxuu,  Yvl0  GIACMbL  OeMOKpAMU4ecKu
OpeaHU308aHHOE o0bwecmeo He Modcem
apghexmusno oepanuuusams. A obpazoeanue 6
maxkom obwecmge yuum He u3obpemamv, a
NOKJIOHAMBCAL YCnexy npuobpemamenbCcmed... »

«... USMEHUMb CUMYAYUI0 MOJCHO MONbKO Nymem
CO30aHUs  COYUANUCIMUYECKOU — IKOHOMUKU U
coomeemcmayloujeli Cucmemsvl 00pa306aHUs ... »

Annomayus. B Poccuiickoil mpecce IIMPOKO OOCYKaeTcss BOMPOC O pedopMe W TOBBILICHUH
3¢ (EeKTUBHOCTH POCCHHCKON HAyKH W BKJIAJBIBAEMBIX B Hee cpencTB. [lo poccuiickoil mpuBBIUKe
MHOTHE CMOTPST Ha AMEpHKY M NpeAjararoT KOMHUPOBaTh €€ MEeXaHH3MBI 0TOOpa MCCIeJOBaHUN U
¢uHaHCHpOBaHUS HOBBIX MaeH. Ho Tak m Tam Bce Xopomo B 3TuX Bompocax? Heymauu ¢ martiom
«/luckaBepm» — 3TO TOIBKO BUAMMAS YacTh alicOepra. BRIBIINI COBETCKUI ydeHbBIH, MpopaboTaBmInit
B HACA wu rocymapcTBeHHBIX Hay4HbIX yupexaeHusx CLIA mmutenbHOEe BpeMs, MOKa3bIBaeT Ha
npuMepe oaHoro u3 BaxHeWmmx noapazgenenuit HACA — UWuetutyte IlepcnekTHBHBIX
UccnenoBannit (NIAC) — k yemy mnpuBoast HedpdeKTHBHas OpraHu3ais H TPOCYETH B
MEHEKMEHTE U B KOHTPOJIE.

Knwouesvie cnosa: pedopma, poccuiickas Hayka, 3(GEKTUBHOCTh, IEPCHEKTUBHBIC
uccaenosanus, HACA, Kocmuueckoe ATEHTCTBO

1. Beegenue

HNucturyt epecnekruBubix Uccaenoanuiit HACA — NIAC
(kpurHueckuii anamu3 nesteqibHocTH NIAC 1 ero aupexropa)
«Cokpblmue npocmoti HeceKpemHou uH@GopMayuu

OMKPLIMbIM YUPENHCOCHUEM — 8EPHbIL NPUSHAK
KPUMUHATLHOU OesIMeNbHOCMU. »

Uuctutyt IlepcnextuBubix Konmermmii HACA (NASA Institute for Advanced Concepts,
NIAC, wmu HUAC) — 310 «BUpTYyabHAs» OpraHu3anus, GUHAHCUpYyeMasi U KOHTPOJIUpyeMast
npasutenbcTBeHHOW opranuzanmeit CIHA HACA (NASA, HamumonansHas ABHAIMOHHO-
Kocmuueckast Anmuauctpanusi). OpnoBpemenHo NIAC  ssnsercs  otaenom  Corosa
Yuusepcuteron s Kocmuueckux Mccnenoanuit (Union Space Research Association, USRA,
wm YCPA). Lemu NIAC, npoBo3riTamieHHbIe B €€ yCTaBe, CIeAyIOIIHe:

«ITpoBomuts HesaBucumelii OTKPBITBIA ¢opym ams BceoOmiero amanusza u otbopa
KOCMUYECKHX M aBHUAlMOHHBIX MNEPCIEKTUBHBIX HCCIe0BaHUM. JlOMONHATH HepesoBbIMU
KoHUenuusamu nearenbHocts HACA »

«eab: Pa3BuBaTh mepenoBble HUAEH, KOTOpble OYyAYT KOPPEKTHPOBATh HAIIMOHAIBHYIO
KOCMUYECKYIO IIOJIMTUKY M IUIaHBI OCBOEHMs KocMmoca». Okxa3plBaTh  TOMOLIb
WH/IMBUIYAIbHBIM YYEHBIM H MAJIBIM OpTaHU3aIHsIM.
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Cornacao YcraBy u 3akony HACA sBisieTcss TpakIaHCKOW OTKPBITOM TOCYJapCTBEHHOMH

OopraHu3aleil, UMEIIIeH TOJNBKO rpak/IaHCKUeE 1eJIM U MO JaoIel o1 AecTBue «AKTa

o Csoboae Mudopmarum» (FOIA)(5 U.S.C. Ne 552). Drot akT 00s3bIBaCT PyKOBOIUTEIICH,

COTPYAHUKOB, HCIIOJIHUTEIbHBIE OTAEIBl JaBaTh JI00YyI0 HMHOOPMAIMIO O ACATEIbHOCTH

opranuzanuu. B 3akoHe ckazaHo: «JI000i HCIONHUTENBHBIA OT/IEN, BOCHHBINH OTAE,

rOCyJapCTBEHHAs KOpIopanus, (UHAHCHpyeMasi IpPaBUTEILCTBOM OpraHU3alusl O0O0sS3aHBI

JaBaTh TpeOyeMble CBEJICHUS.

KakoBel neiictButenbHble GakThl? [IpoaHanu3upyeM CUTyalHio Ha KOHKPETHBIX MpUMepax.

B cBoe Bpems mupexkrop NIAC m-p Kazanosa (Cassanova) oTkaszajcs OTBE4aTh Ha MPOCTHIE

BOTIPOCHI O JESATEIBHOCTH CBOCH OpraHu3alyy (COCTOSBIICH M3 HETO M €ro MOMOIIHUKA), O

MPUHIIMIIAX U METOAax OoTOOopa MpeaoKeHul, 1, 0oyiee TOro, OH He OTBEYAET Jake aBTOpam

IPOEKTOB 10 UX MpeANoxKeHusM. Hanprumep, MbIl MHOTOKPATHO 3aIllpalIMBaId Y HETO OTBETHI

Ha TaKUe BOIPOCHI:

1. Tlouemy NIAC He nyOimkyer Ha CBOEM caiiTe KpaTKoe coaep)kaHue (aHHOTALUH)
MPEJICTaBICHHBIX TpemioxkeHuit (mpoekroB)? Jaxke MunucrepctBo OO0pOHBI
TpeOyeT OT mojaTeneil MpeIoKeHUI MPEACTaBIsATh B A0CTPAKTAX TOIBKO OTKPHITYIO
nnpopmanmo. A NIAC (kak 1 HACA) no YcraBy o6s3aHa nposoauts OTKPBITHIN
($opyM MOAAHHBIX MPEATIOKCHHN.

2. Tlouemy NIAC otka3siBaeTcsa naBaTh uMeHa U E-ampeca (2nmeKTpoHHBIE aapeca)

OpraHu3aIfii U JIUI, KOTOPBIE TIOAAI0T CBOU MPEJIOKEHHS B TPOSKTHI?

Korna u riae npoBoauTCst OTKPHITOE 00CYXACHHUE MPEICTABICHHBIX MPEAIOKEHUN?

Kto Bxoaut B Ot60pounsiii Komuret?

Korna, rae, kak ¥ Kakye y4yeHble y4acTBYIOT B OTOOpE MPEASIOKEHUN U TPOEKTOB?

Kakoe kon1uecTBO crienuaiicToB PELEH3UPYET KaKI0€ MPeIoKeHUE?

[Touemy NIAC oTka3bIiBaeTCsl IPEACTaBUTH 3TU PELIEH3UH aBTOPAM IMPEATIOKEHU?

Ckonpko yueHbIX BxoauT B Otoopounsiii Komurer?

KakoBbI pe3ybTaThl TOJIOCOBAHUS 110 KAXKAOMY MPEITI0KEHUIO?

10. Iloyemy KpaTKuii TepeYeHb TOJOXKHUTEIbHBIX ¥  OTPHUIATENBHBIX  CTOPOH
npemioxenust, neopudunr (ecamu NIAC u npeacTaBisieT ero B peIKuX Cliydasx 0co00
HACTOWYMBBIM YYaCTHHKAM) BBICBUIACTCS Yepe3 JTMTEILHOE BPEMs TOciie 00bSIBICHUS
noGenuTenein?

11. [louemy neOpHUGUHT HE COACPKUT KOJIMUYECTBA OYKOB (MJIM TrojocoB OTOOPOUYHOTrO
Komurera), koTopoe Mosy4dusio JaHHOE MpeioKeHne?

12. TTouemy neOpudUHT HE COACPKUT TIABHOW WH(OPMAIUU: PEICH3CHT PEKOMEHIYET
WM HE peKOMeHyeT (UHAHCHUPOBATh JaHHOE MpeaoKeHue?

LCoOoNOO AW

I'-u KazaHoBa He OTBETHII HU Ha OIWH U3 3TUX BOIIPOCOB... HO‘ICMY?

Ceityac nMoHATHO, 4TO 00bsicHeHUe oueHb npoctoe: HET Hukakoro Ot6opounoro Komurera,
HET nuxakux penensuii, HET nuxakoro oocyxnenusi, HET Hukakux y4eHbIX, KOTOpbIE Obl
NPUHUMAIM Y4acTHe B 0OCYKICHUU M 0TOOpe JACWCTBUTENBHO LIEHHBIX HUJeH, MpeaIoKeHUH,
naHoBanmid, HET ydensix, koTopsie Ob1 BooOme Buaenu 3tu npennoxenus! HET wugero!
Bcee ¢duxmusa! Ecte Tompko OJIMH r-H KazanoBa 6o scem NIAC, xoTopblii 3ameHsIET Bcex
PEIEH3eHTOB, BCEX YYECHBIX (BO BCEX 00JIACTAX), MPOBOJUT OH «B €IWHCTBEHHOM YHCIIE)
3acefaHus, oOCyXIeHus, nebarel, roiocoBaHue. M TOIBKO OH pacmpenenseT IecCSITKH
(coTHH?) MIJIJTHOHOB TOCYAAPCTBEHHBIX JIEHET (JCHET HAJIOTOIUIATEIBIIMKOB!) CpeIn CBOMX
Jpy3€ell U HaudanbCTBa (3TO — KOppYINLUUs, «cMa3ka»). M3BecTHO TONbKO, uTO 30% OT CymMM,
BbI1aBaeMbix eMy HACA, OH OTYHCIISIET B CBOIO MOJIb3Y.
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3a kxakue mnpemnoxeHus T-H KazaHoBa BbIgaeT Harpalabl B COTHU ThICSY M MHLIHOHBI
JI0JIJIAPOB MBI PACCMOTPUM T03/IHEE.

2. MapuoHeTO4YHbIi1 Ha0J/0AaTeIbHbIH Yuenblii CoBer

M-p KazanoBa dpopmansno umeer B HUAC nabmronarenbHbiii Yuenbsiii CoBeT u3 9 4enoBek
U3 Pa3HbIX OpraHU3alUM, JIIOJECH IPOXKUBAOIIMX B pa3HbIX roponax. Ho Kaszanosa He nmaer
OTBETa Ha BOIPOCH: KTO 3TH Joau? J[Boe Ha ero caiiTe Ha3BaHbl KOHCYJIbTaHTaMU Oe3
yKa3aHusl, TJie OHU paboTaroT, KOO M B KaKOW 00J1aCTH KOHCYABTUPYIOT. CHenHMaIbHOCTh HU
onHoro uneHa «Yuenoro CoBera» He yka3zaHa. S mompocun M-pa KaszaHoBa nath
ANEKTPOHHBIA afgpec 3Toro «Yuenoro Coera» (M ero uiaeHoB). OH OTBETHJ, YTO 3TO —
oonpmoit cekper. Hampumep, B 2002 romy mocie MHOTOYMCIECHHBIX TpPEOOBaHHN M-p
KazanoBa cooOurwmi, uto npejaceaareneMm Coera siisercs r-u Baittexut (Whitehead) u nan
ero anekTpoHHblid anpec. Ho na caiite HUAC, «counnennom» r-nom KazanoBa, M-p
BaiiTexuT 4MCcIuTCS TOJIBKO KOHCYJIBTAHTOM (HEM3BECTHO, I/Ie U y KOro). S 3ampocui y r-Ha
BaiiTexut ums 4yenoBeka, KOTOPBIA ero HazHauui mpenceaarenem CoBeTa, Tlie U KOraa 3TO
061107 OH OTBETHII, YTO He 3Haem. $1 mocnan npereH3uto, yTo r-H KasaHoBa oTKazbIBaeTCs
OTBeUaTh Ha NPOCTHIE BONPOCHI O MOUX THpeiokeHusx. [-H Baiitexur mooOemian
paccMOTpeTh Moe 3asiBJIeHHe Ha Onmmkaiiem 3acenanuu Coseta. Ilocie MHOrOYHCIEHHBIX
HAIIOMMHAHUN, CIYCTS HECKOJIBKO MecseB OH cooOumi, 4Tto «COBET» OTKIOHHI MOE
3asBieHue. Ha Moil Bompoc: korga, rae Obu1 3T0T «CoBeT», KTO Ha HEM IPUCYTCTBOBAII,
KaKOB pe3yNbTaT rosiocoBanusi? M-p BailTexuT OTBETUTH HE CMOT.

B nocnenyromee Bpems r-H KazanoBa o0wsiBun Ha caitte HUAC HoBhI cocTtaB «CoBeray
(9 yernoBeK), rae MO-NMPEXKHEMY MPUCYTCTBYIOT JBa KOHCYJIbTAHTA, KOHCYJIbTHPYIOIINX
HEU3BECTHO KOI'0, HEM3BECTHO IJI€, HEU3BECTHO MO KaKUM BompocaM. Y 7 4JI€HOB Ha3BaHbI
OpraHu3alyy, rJe OHHU AKOObl padoratoT. Haxomum caldTel 3THUX OpraHu3aluii, HX
CIPaBOYHUKH, OTIEINBI KaJPOB. BBIACHSIETCS, YTO JBOE HUKOrJA HE paboTaind B yKa3zaHHBIX
OpraHu3alysx, y IBOMX — CTapble, HepaboTarolue IeKTPOHHbIE ajipeca (T.€. OHU TaM JJaBHO
He paboTaroT), Tpoe OTBETHJIM, YTO OHM HE 3HAIOT, KTO Ipeacenarenb ux «CoBera», OHU HE
MPUHUMATU y4acTus B OOCYKIEHHUSX M HUKOTJAa HE BHJEIM Ha3BAaHHBIX MM MPEAJIOKEHUI
(B TOM uncie, u o ynydmeHuto pabotsl 1 oTkpeiTocTt HUAC u camoro Cosera).

B cBoe Bpems s 3anpammBain r-sa KaszaHoBa: kro mpencenarens 31oro HoBoro «CoseTay,
KaKOBBI CIICIIMAIbHOCTH YJICHOB, TJIe OHU PaboTaroT, KpaTKyo uHMOpMaIuoo 00 WX HaydIHOU
aKTUBHOCTH, 3JIEKTpOHHBIE agpeca. Her orBera. [louemy? OueBnaHoO, 4TO Bech 3TOT «COBET»
— MPOCTO JEKOpauus Uil NPUKPBITUS KPUMUHATLHOU KOPPYRYUOHHOU NIE€ATENbHOCTH TI-Ha
Kazanoga. Kak 3toT «CoBeT» MOXeT «HaOIr0/1aThy 3a e TebHOCThIO I-Ha Ka3aHoBHI (a TeM
0osee, — KOHTPOJIUPOBATh €r0), €CIM OH COCTaBJ€H W3 JIIOJEH, MPOXKHUBAIOIIMX B JAPYTUX
ropojiax, CyuiecTByeT Ha «moaauku» KazaHoBa, coOupaercs pa3 B rojl, KOrjaa JI€HbIU YXe
pacnpenesieHbl CPeId HYKHbBIX JIFOJCH.

Sl oueHb yOUBIEH, KaK 3TH «y4eHbIE» YYacTBYIOT B (uUKTHUBHOM «YueHoM CoBerey,
no3BOJIAIOT I-Hy Ka3zaHoBa /ienath M3 HUX MapHOHETOK, peliaTh Bce 32 HUX U HCIOJIb30BaTh
MX UMEHA JJI IPUKPBITHSI €r0 IPOTUBO3aKOHHOM JEATEIBHOCTH.

3. PanbmMBbINA 1e0pUPUHT

Jlrobas yBaxaromiass ce0si opraHu3amus, a TeM OoJjiee OpraHU3aIus, pacrpeaeIronIas
TOCy/IapCTBEHHBIC (HAJIOTOIIATENBIINKOB!) NEHBIM HAa OCHOBAHMHM OTKPBITOIO KOHKYpCa,
MOCBUIAET MpPEJJIOKEHUS HE3aBUCHMBIM pelEH3eHTaM (MHHUMYM JBYM), KOTOpbIE
OTPEEINSAI0T, HACKOJBKO JaHHOE TMPEIJIOKeHHE I[[EHHOe W TOoYeMy, CTOUT JId €ro
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¢dbuHaHCUPOBaTh, CTABAT JaTy peueH3upoBaHus. CnenuanbHblii KOMUTET U3 yueHBIX U3y4yaeT
NOJIaHHbIE MPENJIOKEHUS, PELEH3UHU, AHAJIU3UPYET, CPaBHUBAET, I'OJOCYET U COCTaBISET
MIPOTOKOJI — KAKUE MPEJIOKEHUS U TIOYEMY OH PEKOMEHIyeT JUisl PUHAHCUPOBAHHUS.

S 3anpammBain y r-Ha KazaHoBa: CKOJIbKO 4EJIOBEK PELEH3UPOBAIIO NIPEJIOKEHUS, PE3YIbTaT
rojocoBanus, pemienne Komurera, naty nedpudunra u T.11.

Her oTBeTOB (Kak U IpyruMm JIOsM, U IaXKe aBTOpaM MPOeKToB...). [Touemy? [la notomy, 4To
MOBTOPSIEM: HET HUKAKUX HE3aBUCUMBIX PEIEH3EHTOB, PELIEH3HI, HUKAKOro OTOOPOYHOTrO
Komurera, HET CcpaBHEHHs TOJE3HOCTH MPEUIOKEHUH, O0OCYXAEeHUs, TOJIOCOBaHMUA,
nporokoisia. EcTb TONBKO «KOpMmylIKa» g Jpy3edl u HauanbcTBa. I-H KazaHoBa 3Haer
no6enuteneit IO TOI'O kak Oyner oObsABICH KOHKYPC. DTOT «KOHKYPC» M BCE IOKYMEHTHI —
9TO IS «JEKOpaluuy, JUIsl CO3JIaHusl suoumocmu aedareabHocTu. «Jlebpudunry (peueHzun)
numiercs [IOCJIE (uHOTHma vepe3 Mecsil U 0ojee) TOro, Kak OOBSBICHBI «ITOOCIUTEITH» U
tonbko IIOCJIE MHOTOKpaTHBIX TpeOoBaHUN OOMAaHYTBIX YYacCTHHKOB. IIpm 3TOM Bce
petensun (aeOpudunr) numrer oauH denoBek (r-uH KasaHoBa), mpuueM — BO BCEX HAYUHBIX
obnactsx (!!). OTu peneH3uu MoKas3bIBalOT MOJTHYI0 HEKOMIIETEHTHOCTh «I0KTOpa» KazaHoBa
B OOJBIIMHCTBE KOCMHYECKHX IMpPOOJIeM (KOCMHUYECKHN 3aIlyCK, IIOJIET, BUTATEIbHBIC
CUCTEMBI, CHJIOBbIE CHUCTeMBbl W T.M.). OH HE 3HAeT, HE MOHUMAET MU HE B COCTOSHUU
OTIPENIeNIUTh, KAaKNe KOHLEIIINHN SBIISIOTCS HOBBIMH, PEBOJIIOIMOHHBIMHU, HX OCYIIECTBUMOCTD,
BO3MOXXHOCTH | NepcreKTUBbl. OH MpeabsBIseT OeccMbICIEHHbIE, HepealbHble TPEOOBaHUS B
cBOMX «ueOpubuHrax»: Hampumep, utoOsl pemenue BCEX mnpobiem Obuto  yxe
MPEJICTABICHO B MPEVIOKEHUN WUITU, HAIpPUMeEp, YTBEP)KIAEeT, UTO KOCMHUYECKas KaTamyjbTa
nuHOM 1070 kM 1 00bIuHAsE KOpabesibHas caMoJieTHas KaTanyabTa, UMeroIas Makcumym 150
METPOB JUIMHBI, — 3TO OAHO ¥ Toxke (??7?) ...

JIrobast cepbe3Has W yBakaromias ce0si opraHu3anus JaeT KpaTKylo HH(OpMAIHIO Ha CBOCH
WHTEPHET-CTPAHUIIE O CBOMX PYKOBOJIUTENSX, wieHax YdeHoro CoBeTra, OTOOPOYHOM
Komurere, Omnexynckom Coete. f 3ampocun r-nHa KazanoBa o ero oOpazoBaHuw,
CIEIMAbHOCTH, CIIMUCOK €ro Hay4HbIX TpyaoB. Het orBera. Ha caiite AIAA (AmepukaHckuit
WHCcTUTYT ACTpOHaBTUKHM U Ad3pOHaBTUKH), KoTopblii u3gaer B CIIIA Bce aBualMoHHO-
KOCMHUYECKHE XKypHAIbl M MPOBOJUT BCE HAYYHO-TEXHUYECKUE KOH(EPEHIMH MO JaHHOMN
temaruke (http://www.aiaa.org , search “Cassanova”), npeacrasieno, uto M-p Kasanosa Obu1
coaBTOpOM (0HMM 13 4-X aBTOpoB!) Tonbko OJJHOM He3HAaunMTENbHOI CTAThH, HAIHCAHHOM
oueHb AaBHO (1976 1.)

4. NeareabHocts HUAC n nupekTopa HHCTUTYTA

Kaxnast cepbe3Hasl opraHmsainusi, €ClIi BO IJIABE €€ CTOMT KOMIIETEHTHBI PYKOBOAMTEID,
BBIOMpAET U pelIaeT caMble BaKHbIE MepBooUepeiHbIe podiembl. Camasi ri1aBHasi 3ajava,
KOTOpasi CTOMT ceiiyac mepes KOCMOHABTHKOH M TOPMO3HMT BCe e€e pa3BUTHE — ITO
CHHKEHHE CTOMMOCTH KOCMHU4YeckHMX 3amyckoB. CtouMmocTh 3amycka 1 ¢ynrta (454 1p)
NIOJIE3HOW Harpy3ku kosebinercst B Hactosimee BpeMs oT $10000 mo 30000 mommapos CILA.
D10 ciumKoM OoJblnas 1eHa. Mbl HUKOTAa HE CMOKEM HayaTh MPOrPaMMBbI MO LIUPOKOMY
OCBOEHHUIO KOCMHUYECKOT0 MPOCTPAHCTBA, 10 MAaCCOBBIM TYPUCTHYECKUM IIOJIETaM B KOCMOC,
MOKa HE CHU3MM CTOMMOCTH 3amycka XOTsl Obl B COTHHM pa3. JTO 3HAYUT, YTO OCHOBHbIE
cpeacra u ycuausa (70-80%) m0/KHBI BKJIAABIBATHCS B HOBbIE IepPCHEKTUBHbIE
TeXHOJIOTHUHM 3aIIyCKa, B IBUTaTeJId U CUJI0BbIE CHCTEMbI.

Pesynbratel: B Teuenue 6 et cymectBoBanuss HUAC HACA mnpodunancuponana 113
npoektoB HUAC: 92 npoekra no 40-80 Teicsuy nosutapoB u 21 mpoekT no 400-800 Teicsay
nosapoB. O6mmue pacxoasl — 6onee 30 MIILTHOHOB J0s1apoB mitoc 30% muctepy Kaszanosa.
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Kakue »xe mpoektsl ¢unancupoBan HUAC? Tpu mpoekTa OTHOCATCS K KOMIIBIOTEPHBIM
HaykaM (7151 mpuMepa — 3-X MEpHBI 00pa3 Ha OCHOBE 2-X MEPHOTo u300pakeHus); 4 rpanra
no Oumosiornu (3arpadyeHo Oosee 1,5 MuImoHa AouTapoB!), Mg nmpuMmepa — MUDHUIESCKUI
OMOKOCTIOM, — Ha YEJIOBEKA «HANbLIAMbY CI0U niacmmaccel. Hu omqHoro o0pasma KocTiomMa
HE CJIeJIaHoO, TOJIBKO «IIyCThle ciioBay; 10 rpaHTOB Ha acTpoHOMHUIO (?); 5 TpaHTOB Ha HAYKYy O
KU3HU (Hampumep, | MUUIMOH AOJUIapOB Ha KOCTIOM H3MeHsieMoro 1Bera); 10 rpaHToB Ha
Hayky o 3emuie (?); 12 rpanToB Ha poOOTOB; 8§ TPaHTOB Ha a’pOHABTUKY, HANpPHUMEpP —
OCBOEHUE IUIAHET C UCII0JIb30BAHUEM OMOMETPUKHU.

MHuorue rpaHThl, JAekiapupyemble M-poM KazaHoBa Kak TpaHTbl Ha MPOEKTHl IO
JIBUTaTEJIbHBIM CHUCTEMAM, HAa CAMOM HE MMEIOT OTHOLIEHUS K HUM (HAIpuUMep, IPOEKT IO
temaTuke «llepuonnyeckue BU3UTBHI Ha Mapc uepe3 KOCMHUYECKUH OTENb)..., BIYCTYIO
pacTpaueH | MWUIHOH A0UIapoB!).

B cucremax 3anycka r-0 KazaHoBa ¢uHaHCHUpPYET TOJIBKO CTapble HJEU, OMYOJIMKOBAHHBIE B
JIECATKAX U COTHAX HAYYHBIX CTaTeil (4TOOBI OBLIO OTKY/IAa «CIUCHIBATHY €ro APY3bsiM?). XOTs
no nojuoxxenuto HUAC nomxen gunancupoars TOJIBKO HOBbIE, EepCrIEKTUBHBIE UIEU U
KoHIenuu. Hampumep, 3a [aBHO M XOPOLIO H3BECTHYIO HUACKD KOCMUYECKOro JIH(Ta
(K.2.llnonkoBckuit mpemioxkmwn 3Ty unaeo eme B 1894 1., a COBETCKHUM HWHXKEHED
FO.H.ApuyranoB B 1960 roay namucan crateto «B KocMoc — Ha 351eKTpoBO3e», Tlie OH
00CyIUIT KOHIICTIIIUIO KOCMUYECKOTO JU(Ta KaKk SKOHOMHYECKH BBITOJHBIN, O0€30MacHBId U
ynoOHbIH croco® gocTyma K opoute s 0oOJIerdyeHus OcBoeHus kKocmoca.) r-Hy Kaszanosa

npenocTaBuwid  (MHAHCUPOBAHWE - OJWMH  MIUUIMOH  JOJUTAPOB 32  OyMaKHBIN
KOMIW/ISIUOHHBIA OTYeT ((paKTHUECKH O5TO — MIKOJNBHBIM pedepar Ha IMOIMYJIAPHOM
YpPOBHE...).

3a GecnepcreKTUBHYI0 TPOCOBYIO CUCTEMY (AJIMHHAS MPOBOJIOKA BpaIlaeTcs OKOJIO 3eMIIH)
(Bo3pact maen — Oomee 15 Jer, HamMcaHO COTHHW crareid) r-H Ka3zaHoBa «IpemocTaBHIDY
apyxkam 1,5 mummrona gosiapoB. OH an rpaHThl HA MAarHUTHBIN mapyc (Bospact 10 mer),
Ha JJIEKTPOCTATHYECKUM Tapyc (padoTa COAEPKHUT TOJIBKO MPUHIMMHAIbHBIE OomUOKH). OH
BBIJICTIHJT COTHHU THICSY JIOJIAPOB 3a MPOEKT JBUTATEN Ha aHTH-MaTepun (12 cTpaHuIl mycToi
OOJITOBHH, COZEpIKallleidl TpyOble MPUHIMIHATIBHBIC Hay4dHbIe OMMOKH). [TouTH BCe OTYETHI
HUAC npenctaBisiioT KOMOWISILIUIO YYXKUX CTaTel, COJEPXKAT TOJBKO Pe3ylbTaThl APYrHX
aBTOpPOB, OOJBIIMHCTBO M3 KOTOPBIX HE BXOJAT B «rpynny» KaszaHoBa; mpu 3ToM OH
OTKa3bIBaeT UM B (DMHAHCUPOBAHUU UX JEHCTBUTEIBHO NepCneKmuHbiX UCCICTOBaAHH.

Paccmotpum nis npumepa tunosslie rpantel HUAC 3a oguH rox.

1. Topsnox HaOmOAEHU ISl TpeACKa3aHUs IOTOJIBI.

2. VYnpaBieHHe BCEeMUPHOH MOro10i.

3. HaOmionenne 3a morojoi.
3aMeTHM, UMeeTCs CIeUalIbHBIA 00IIeaMepUKaHCKUN TOCyJapCTBEHHBIN MHCTUTYT HOTOJIbI
(NOAA) mis uccienoBanuii mo 3tuM Temam. HarmonanbHeiid Hayunbiii poua (NSF) Takoke
IPUHUMAET MPEMJIOKEHUS HAa MCCIEAOBAaHUA IO JAHHOW TEMAaTHKE, HO HE IPUHUMAET
NpeJIOKEHNST Ha HOBbIE KOCMHYECKHE ITYCKOBblE U JBUTATEJIbHbIE CHCTEMBbI (OTChLIAs
aBTopoB B HUAC). Tak mouemy HUAC BbpiTaeT orpoMHbI€ IEHBI'M Ha UCCIIEOBAHUS, BOOOIIIE
HE MMEIOIMEe OTHOIIEHUS K ero temaruke? Jla moTtoMmy, 4To Hajlo MPUAATH 3aKOHHBIM BUJ
KOPPYNIIMOHHOU JEATEIBHOCTH.

4. 3-x MepHBII 00pa3 Ha 2-X MEPHOM JKpaHe.
HmeeTcst orpoMHOE YKCII0 OpraHu3aluil (GrHaHCUPYIOUINX KOMIIBIOTEPHbIE HAYKH (BKIIOYAst
cneunanbHbiii otaen USRA). Tak mouemy r-u KazanoBa ¢unancupyer 3ty Temy? [louemy
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BOOOILE JAEHBIM, IpeJHa3HAUCHHbIC /JIS HCCIEI0BaHMS KOCMOCA BBIIEIEHBI «YMHHKY»,
KOTOPBIN MPUCIIAN MPEATIOKEHUE O PA3BUTUU KOMIIBIOTEPHBIX HaykK? OTBET IPUBEIEH BbIIIIE.

Takwue e BOIpOChl BOSHUKAIOT NIPU aHATIHM3€E IPYTUX TEM:
5. T'mbkas apxXuTeKTypa pacTCHHH. . .,
6. Kocmuueckuii buo-koctiom,
7. 1IBeTOBOI KOCTIOM.
8. IlpumeneHne HaHOOMOTEXHOJIOTHH.
9. OOwmas BEDKUBAEMOCTh KOMaH/IbI.
10. Apxurektypa HaOmonaTenbHBIX cITyTHUKOB 3emuin B 2010-2050 roxy.
11. Pa3pemmmocTs peHTT€HOBCKHUX Jy4eil B aCTPOHOMHUH.
3nech Tonpko 11 n3 18 npodunancupoBanubix KazaHoBa NpoeKTOB B TEUEHHH OJTHOTO TOAA.

IToBTOpsiemM —

JUIsL BCEX OTUX TEM HMEETCS MHOIO CIIEHHAIU3UPOBAHHBIX OPraHU3allul, KOTOpbIE
NPUHUMAIOT, Pa3BUBAIOT, NAIOT TPAHTH U (PMHAHCUPYIOT MOAOOHBIE MPOEKThl. OMHAKO €CTh
tonbko OJIHA opranmzamus (HUAC kak noapasnenenne HACA), koropas JHOJDKHA
noanepxkuBate  HOBBIE PEBOJIIOLIMOHHBIE HCCIIEJJOBAHUA 110 TEMATUKE
I[TYCKOBBIX U IBUT'ATEJIBHBIX CUCTEM. Tak nouemy HUAC (Tounee, r-u Kazanosa)
TpPaTUT OTPaHUYEHHBIE U CTOJIb HEOOXOUMBIE /Il OCBOCHHSI KOCMOCa PECYPChl HA TEMBbI, HE
UMEIOLIME OTHOLICHMsI WIM HMMEIOIIME BECbMa OTNAJICHHOE «HENPSMOE)» OTHOILIEHUE K
kocMocy? OTBET 53JE€MEHTapHbIi — O3TU JEHbI'M (JI€HbI'M HaJOrOIJIATEIbIIMKOB ) OH
«tepenaer» cede, Apy3bsiM U CBOMM IOKPOBUTEIISIM.

Ho w™oxer OBITh HET XOpOUIMX NPEIJIOKEHHH, HOBBIX IEPCIEKTUBHBIX HJIEH TI0
KOCMHUYECKOMY 3aIlyCKy, JBUIAaTEIbHBIM CHUCTEMaM M CHM)XCHMIO CTOMMOCTH 3amycka? M-p
Ka3zaHoBa ckpeiBaeT Bce Apyrue NpeIOKEHHs,, TEMaTUKY IMPEAJIOKEHUNH, MX aHHOTALUH,
onucaHus, MMEHa KoMIaHui, ux anpeca. V6o r-u KazanoBa cpa3y ke Obl1 Obl M300JIM4EH
Hay4yHOM OOIIecTBeHHOCThI0. Hampumep, mHe wu3BecTHO Oojiee 18 mnpexkpacHbIX
NpeJJIoKEeHHIT HOBBIX PEBOJTIOIMOHHBIX MeH 10 3alyCKy M JABHIaTeJIbHBIM CHCTEMaM
KOCMHYeCKHX KopabJeii. OHM CHMKAKOT CTOMMOCTB 3alycKa B Thicsiuu pa3. IlyckoBbie
YCTAaHOBKM JJIi HUX B JECATKM pa3 JACLIEBIE, YEM 3aTpaThl, CAEIaHHbIE Ha pa3BUTHE
MYCKOBBIX YCTAHOBOK ISl paKerT.

[TpuBeneM HEKOTOpBIE TPUMEPBI TAKUX IPOECKTOB:

IIpennosxkenns o crpoutenbecrBe KocMuueckoro 3s1esaropa 0e3 MCnoib30BaHUS PaKeT H
KOCMHMYECKMX TMoJieToB; be3spakernas TpancmoprHas cucrema  3emusi-JIyna;
Kocmuyeckuii myckarteib, MO3BOJISIIOIIMI 3alyCKAaTh B KOCMOC ThICAYH TOHH Ipy3a B
rox mo mene 1-2 pomapa 3a ¢ynr (pynr = 454 rp.); Merton, no3BOJSIIOIIHI
HCNOJIB30BATh JIIOOble KOCMHMYecKHe Teja (acTepoMabl, MeTeOPUTbl, a HX - COTHH
MHJ/UIMOHOB B KOCMOCE) /Ui H3MEHEHHMS CKOPOCTH M TPACKTOPHMH KOCMHYECKHX
annmapatoB M KopaobJeil 0e3 3aTpaTbl TOIUIMBA (M3MEHATH CKOPOCTH Ha 1-2 KM,
NOJIy4aTh J11000€¢ HOBOE HANIPABJICHHE M JHEPTHIO OT acCTepPOHIa, METEOPUTA WJIH JII000r0o
KOCMHMYeCKOro Teja); ... OJTO YBEIUYMBAET BO3MOKHOCTM KOCMHYECKOIO armapara B
JIECATKM MUJIJTMOHOB pa3. Bce MoXkeT ObITh clIelaHO HAa OCHOBE CYIIECTBYIOIIUX TEXHOJIOTHIA.
Bce aTu peanbHble pEBONIOIMOHHBIE KOHIEMIMHM HYXIAIOTCA B PAa3BUTHH, B HadaJbHOM
noJyiep>kke Ipu HebonbimoM (¢uHaHcupoBanuu. [-H KazanHoBa He nNoHUMaeT uX U
npenbsaBIseT OeccMbIcieHHble TpeOoBaHus: «CHauana pemuTe Bce MNpoOJEeMBbl, KOTOPbHIE
MOTYT OBITB ...

bonee Toro, aBTOpPBHI NMPOEKTOB IMepeciand MHEe AeOpUUHIH, MOKa3bIBAIOLUIUN MOJHYIO
HEKOMITETeHTHOCTh Jp. Ka3zaHoBa B (u3uKe, IBUTATEIBHBIX CUCTEMax, KOCMOHaBTHKe. Eciu
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noTpedyeTcsi, Mbl TOTOBBI IMPEICTABUTh €r0 OTBETHl M T'OTOBBI K OTKPBITOM JMCKYCCHH O
HOBBIX MHHOBAILMOHHBIX MJI€AX, KOTOpPBIE MOTYT CJ€JaTb PEBOJIOLUI0O B KOCMHUYECKUX
3aIycKax, B OCBOGHHWHU KOCMOCA M IUIaHET coyiHeyHoU cucteMsl. [loBropum: M-p KazanoBa He
MOJKET ONPENENIATh LICHHOCTh HAyYHBIX MJEH, €CIM 3a BCIO CBOIO JKU3Hb OH HAIKCal JIUIIb
OJ/IHY He3HaunTenpbHYIO HaydyHYIO paboTy oueHb AaBHO (B 1976 r!), B coaBTOpPCTBE C TpeMs
aBTOpaMH.

OtmeruMm, yto mo YcraBy M-p KazaHoBa [d0OKeH ©OMOratb aBTOpaM IPOEKTOB U
CrieruanycTam, paboTalIUM B MajblX HaydyHbIX opraHuzanusx. Ho 90% mener oH otmaer
JT0AsAM, paboTarolMM B YHHUBEPCUTETaX M OTPOMHBIX KOMIIAHMSX, TaKMX Kak BouHr u
Cuxopckuii, kotopsie 1 0e3 HUAC umeror npsimeie koHTpakTsl ¢ HACA.

Hror ananusza: HUAC norpatun OGonee 30 MMIUIMOHOB JOJUIapoB 3a 7 JET, HO HE
MPEIOKIIT HU OHOM HOBOM koHuenuuu uiu uaeu! HUAC npeBpatuics B KOpMYIIKY JJIs
npy3el, HadanbcTBa U TpaTUT 90% rocynapcTBEHHBIX (HAJIOTOIUIATENbIIMKOB!) JaeHer
HedP(DEKTUBHO, HE Opesrys KpUMUHANbHLIMU Memooamu (3mo — KOPPYAYUOHHAS
O0esimeslbHOCMb).

Jlns mpuMepa MOCMOTPUM THITOBOM MToroBeiii OT4eT Hay4HOTO MPOEKTA («KHUCCIICIOBAHMS)
Mm-pa Dasapsaca (Edwards) mo masueit (1894 r.) uaee K.9.Ilnonkockoro «Kocmuveckui
JJyieBaTop», AeTaJIbHO pa3padoTanHoil coBeTcknM yyeHbIM FO.H.Apuyranosbim B 1957r
http://www.niac.usra.edu/files/studies/final_report/521Edwards.pdf

Ha 42 ctp. «Opourtopku uisi KOJbHUKOB HaYallbHBIX KJIACCOB» HET HU OJHOM (HOpMYIIbI, HU
OJIHOTO HOBOT'O pe3yibTaTa HIU XOTS OBl MPOCTCHBKOW wuaeu. M, pasymeeTcs, HHUKAKUX
CCBUJIOK Ha JIPYTHX aBTOPOB (XOTsI Hay4yHBIX pabOT Ha 3Ty TeMy 3a mociennue 10 ner —
cotHu). M-p KazaHoBa mnpenocTaBisieT Ha OSTOT «IEHHEWUIIUW TpPyA» MOYTH MHJLTHOH
noJutapoB (645 Teicsy nonapoB M-py DaBapacy mitoc 30% Kazanose, camomy cebe «3a Tpya
no orbopy»). Ilomydaercs mo $20 Thicsd 3a KaXKAyH CTPAaHUYKY IyCTOIO TEKCTa —
«OONTOBHUY», U3JAHHOTO KaK MOMYyJspHas OpOILIOpKa A IIUPOKON MyONIuKu; OoJiee TOro,
OHM TIOJIYYWJIM €Ie W roHopap... JJobaBum, 3mech — 42 CTpaHUIIBl, & €CTh U «HAYUHBIE)»
otueThl B 3 — 12 cTpaHuyek, 3a kotopblie KazanoBa nmpenoctaBuil GuHAHCHPOBAHUE B COTHU
TBICSIY J0JJIAPOB.

S. HomycTureascteo HACA

Nmeercs caiitr HACA. 3gece MHoro camopeknambl. OAHAaKO HET DIIEMEHTapHON
oOuienpuHATo HHpopMannuu 00 3IMEKTpoHHBIX aapecax pykoBoautened HACA (mnmm ux
cekperapei), HaualbHUKOB OT/AEN0B, Ha0mroaaTensHoro Komurera, Hayunoro Cogera.

Ha neognokpatneie 3ampocel B HACA — kxTo y HuX oTBeuaeT 3a pabory HUAC,; xakue
NIEKTPOHHBIE ajpeca nomowmHuka AnMuHuctparopa HACA, HavanpHuKa oTAena
TEXHOJIOTHH, pejiceaarens HadmoaatenpsHoro Cosera, ... OTBETOB HET.

OTtkpelTass 1€4aTh YK€ HEOJHOKPAaTHO IHcCala O KPHUMHHAJIBHOW JAEATEIbHOCTH TI-Ha
KazanoBa, muorue yuennie xanoBamuch B HACA Ha pesarensHocth HUAC. Opnnaxo,
Hanpumep, B 2004 rony HACA BHOBb 3akitodaer koHTpakT ¢ HUAC u naer r-ny Kazanosa
JIEeCITKH MWUIMOHOB JnoJutapoB!! B cBoe Bpems Obuta 3ampomena y HACA komus
cornamenuss HACA-HUAC otnocurensHo ¢unancuposanus HUAC pykoBoacrsom HACA.
HACA o06s3an0 cBOOOAHO JaBaTh 3Ty MH(OpMAIMIO BCEM M OECIUIATHO COTVIACHO AKTY O
cBoOosie mHpopmanuu, ecnu uHpopmanus menee 100 cTpaHull U ee KoUpoBaHHE TpeOyer
Menee 2-x yacoB. HACA ne morno HaWtu ero mosroga. Ilociie MHOrMX HallOMUHAHWH OHU
npucnanu 10 crpanun Cornamenus + 60 ctpaHuil MakyaaTypbl 1 HotpeboBanu B oruiaty 100
JIOJIapOB. ..
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S nonsn, ecnu 'y HACA Her «okenaHus» MPOBEPSITh, Kylda HIAYT ACCATKH MUJIJIMOHOB
JI0JUTApOB, KOTOPHIE OHU JOJDKHBI BBLIEISATH HA MpOrpecc Haykw, To r-H KasaHoBa Moxer
«0e300513HEHHOY» TPATUTh UX HA ce0sl, CBOUX JApYy3eil, HAualbCTBO U MOJIE3HBIX €My JIF0JIeH, Ha
HUKUYEMHBIE UCCIIEJOBAHMUS.

S paboran B8 HACA wu 3Hato, yto OosbmmHCTBO crienuaiuctoB HACA HMMEIT HU3KYIO
KBAJTHM(PHUKAIHNIO. ITO — pe3yabTaT KaApoBOH monuTuku pykoBojactea HACA. Jlaxe mmpoko
W3BECTHBIC YUEHBIE MOTYT MOJayduTh padoty B HACA TOJBKO MO MPOTEKIUH, «1no Onamyy. S
3HAI0 JOKTOpAa HAyK, KOTOPOW HMMeEeT OOJIBIIONW OMBIT, OOJBIIOE YHCIO HAYYHBIX padoT,
M300peTeHmi, KOTOPhIM MoAan 3asBieHUE HA BAKAHTHYIO JOJDKHOCTh MEHEIDKepa MPOEeKTa.
Ho HACA B3suta «1io 6:maty» Ha 3Ty JOJDKHOCTh OOBIYHOTO MWJIOTA, KOTOPBIM HE MMEET HU
HAyYHBIX 3HAHUN, HU HAYYHOTO OIbITA, HUKAKUX HAYYHBIX TPYIOB U n300pereHuii. Korna xe
YUEHBIM NOJan Ha JOJDKHOCTh YYEHOTO-MH)KEHEpa, OHU B3SJIM HA 3TO MECTO MOJIOAOIO
BBIITYCKHUKA TEXHUKyMa, Oakanaspa (B.D.), He uMeromiero Hy onbITa, HA HAyYHBIX padoT, HU
U300peTeHU.

Sl He Xo4y cKasaTh, 4TO BCE yuU€Hble, MPUHHUMaBIIKE y4yacTue B uccienaoBanusx HUAC, —
xantypuiikd. Ho cama cucrema ¢uHaHcupoBaHusi, peanusyemas mucrepoM KaszaHosa,
no0y:k1aeT uX K 0e30TBETCTBEHHOCTH. ..

USRA (NIAC) — 310 opranu3aiisi yHUBEPCUTETOB M OHA, €CTECTBCHHO, CTapacTCs IaBaTh
rpaHThl yHUBepcuTeTaM. Ho oTMeTuM, B yHHBepcuTeTax npodeccopa, mpernogaBaTenu CUIAT
Ha 3apmiate. OHM 3arpyXeHbl JIEKIUSMH, 3aHATHSAMH CO CTYACHTaMH, IPOBEPKOM
KOHTPOJIbHBIX U CTYJEHUYECKHX paboT, sk3aMeHaMHu U 3aueTamu. Hayunas paboTa UM gaercs B
JIOTIONIHUTENIbHYI0 HAarpy3Ky. ECTECTBEHHO HET HUM BpPEMEHM, HU CUJI, HU BO3MOYKHOCTU €€
BBITMIOJIHATH, TeM 0OJiee, YTO Hacmosujee ucciedosanue mpedyem UueaHmcKo2o 8pemeHu U
nanpsisicenusi. Ecnu B mepByto craauto o mpoekty ($100,000) oHu ele BKIaIbIBAIOT KaKUe-
TO ycwius (B HAJeKIC MONYy4YduTh (UHAHCHPOBAHHE HA BTOpYyH craiguio $1 muumoH
JI0JUTApOB), TO BO BTOPOM CTaauu BOOOLIE HE MMEIOT CTHUMYJIOB M BBIJAIOT OTKPOBEHHYIO
«vuiypy». Jla ¥ OONBIIMHCTBO YHHBEPCUTETOB HE HMMEIOT U HE B COCTOSHUU HUMETh
Joporocrosiniee  00OpyaoBaHHe, HeoOXoauMoe s OOJIBIIMHCTBA  COBPEMEHHBIX
UCCIIEI0BAHUMN.

Ho6aBum no nHamemy ombiTy: panee, B CCCP, B mpuka3HOM MOpPSAJIKE MBITAIUCH 3aCTaBUTh
BY30BCKHX YYEHBIX O€CIJIaTHO BECTH HayuHyio pabotry. Kaxxapiii yuensiii BY3a 00s3an Obin
JIeNaTh, TaK Ha3bIBAEMYIO, TOCOIOKETHYIO TeMy. VM BOT MHE B pyKH Monajl MoJICTpaHUYHBIN
OTUeT TpeX KaHAMIATOB HayK Kadeapsl BerancinutensHoil TexHukun Boctouno-Cubupckoro
TexHnonornueckoro MHCTUTYTA, T/I€ OHU COOOIIATHN, YTO KOMITBIOTEP — BELIb MOJIE3HAS. . .
Ecnu epanm oaemcs ynugepcumemy, mo none3Hot omoauu Om Y4eHvblX MONCHO OHCUOAMb
MONLKO 6 O00HOM Ccayuae, — eClu UX MNOJHOCMbIO 0C80O00UMb OM NedaA20SUYECcKol
oeamenvrocmu. Hayunvii Cosem Amepuxu (NRC) max u oOenaem — nepesooum
VHUBepcumemcKux 00Kmopoe Hayk Ha 1 — 2 2o0a 6 cocyoapcmeeHnvie HayuHble, XOPOULO
o0bopyoosannvie nabopamopuu. Pacxoo cpeocme 6 10 pas menvuie, a omoaua 6 comuu pas
svluLe.

Bunumo, mostomy HACA wumeer MHOrOo Heygad M KaracTpod), MHOTHE H3 KOTOPBIX
ckpeiBatoTcs. Hampumep, ciydaif, korma «ydenbiii» HACA BBen B KOMIbIOTEp IS
KOPpPEKIIMU TpaeKTOpuu (GYHTHI U (YTHl BMECTO CTaHAAPTHBIX MEXIYHAPOJHBIX €IUHUI
(kuorpaMmMoB U MeTpOB), U 250 MUJLTHOHHBIH KOpadiib BMecTo Mapca mojieTes HeU3BECTHO
kyna. Mmu — yxacHas Ttparemus c «lllartmom». Kycku Teruonzonsiuu HEIHOKPATHO
OTJIeTaJId OT PaKeThl U B mpeablaynye 3anycku. Ho na smo me obpawanu énumanus, noka
OHH HE YyIapWJIH B KPbUIO, YTO M TMPUBENO K Tubenu 7-u denoBek. Pazymeercsa. Bol moxkere
ckazath: «<HACA umeet u yciexu». Ho Hamo ObITh 00BEKTUBHBIM: HE 3a0biBaiiTe, uTo HACA
HMeeT THTaHTCKoe (PMHAHCHPOBAaHHE BOT y:Ke 0oJiee MoJyBeka. JTO (pMHAHCHMpPOBaHHeE
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(15-20 MuIHAPAOB I0/LIAPOB €KEroH0) B HECKOJLKO pa3 00Jibllie, YeM KOCMHYeCKoe
(puHaAHCHpOBaHHMe BCeX OCTAJBbHBIX CTPaH MHMpa BMecTe B3AThbIX (Hanmpumep, HACA
nouay4daer B 30 pa3 O0osbie aeHer, yeM KocMuveckoe AreHTCTBO JAPYroii KOCMHU4YeCKOM
nepxasa mupa — Poccum). Ecim Bbl cnesaere omeHKy OOBIYHBIM KpHTEpHeM:
3¢ dexkTUBHOCTDH (1M0JIb3a) /IeJIEeHHAS] HA 3aTPadYeHHbIe CpeacTBa (JIeHbIH), TO YBUAMUTE,
yTo K03(ppunuent 3¢pdextusHoctn HACA - Hauxyaummii B Mupe.

[Ipumep: Bo Bpemst bonbmioii Kocmuueckoit ['onku ObiBIMid CoBerckuii Coro3 TpaTuia Ha
KocMoc B 3 — 5 pa3 Mmenbuue geHer, yeM HACA, onHako ocraBajicsi JTHAEPOM MHOIHMe
roJbl, I0Ka aMepuKaHilbl He Bbicaquinch Ha JlyHe. Ilociie 3Toro CoBerckasi KocCMHYeCKast
HHAYCTPHS Tak:Ke nMesa B 5-7 pa3 MeHbee (puHaHcupoBanue, yem HACA, Ho BILIOTH
no pasBaga CCCP (1989 r) Coserckuii Coro3 3anyckana B 2-3 pa3a 0oJibllie CIyTHHKOB,
YyeM Bce OCTajlbHble CTPaHbI BMecTe B3siThle, Bkiawuas CIIA.

Kak TyT He BCIOMHUTH €l0Ba M3 M3BeCTHOM necHu Bricoukoro: «S 6s1 u B MockBe ypan
HalleJ [Py TaKOM MOBBIIICHHON 3apIlIaTe».

I'-u Cun O’Kugd (Sean O’Keefe) nasnauyen Obu1 B Aagmunuctparopsl HACA (B cBoe BpeMs
OH TojBeprajg >kectkoil kputuke nesrenbHocTh HACA). OgHako OH Tak W HE CyMel
yayumuts paboty HACA.

6. llonycTuTenbecTBO Accounanuu YHuBepcureTos st Kocmuueckux UccnenoBanmii
(USRA) u ee Ilpe3naenta

HUAC dopmansho sBisiercsi otaeiaom YCPA (USRA), Tlpesumentr YCPA — r-u Bk
(Black). Moxer Obith mpesugenT YCPA r1-H Bk He 3HaeT O KPUMHUHAIBHOM
(xoppynimonHoi) aestensHocTu T-Ha Kazanosa B HUAC? EMy MHOrokpaTtHO »allOBalHCh
Ha M-pa KazaHoBa, HO oTBeTa HeET. DJEKTPOHHbIE aJpeca HCIOJIHUTEIBHOIO JIUPEKTOpa
Kammunrca (D. Cummings) u med-urmkenepa [Tuua (L. Peach), ykazanusie Ha caiite YCPA,
OKa3aJINCh HENEUCTBYIOIMMHU. M-p biiok He oTBe4aeT Ha MPOCTHIE BOIIPOCHI:

Kak, kto pykoBoaut r-nom KaszanoBa? Kro HazHawaer mpexacemarens u wieHoB HayuHoro
Cosera un or6opounHoro Komurera? I'me m korma Obui, Oyzner o630p (u ortd6op) B HUAC
NPEUIOKEHUHN U perieH3uil Ha Hux? U 1.

PeanbHocte mpocta: [-m  Ka3zanoBa coiepuT Ha 3THU  MWUIMOHBI  (AEHBIU
HAJIOTOIIJIATENbIMKOB) Kak JupekTopa, Tak M Bepxyumky YCPA. Tax uymo, nonnas

Koppynyus?

7. 3akao4yenue

B cBoe Bpems HeoqHOKpaTHO Hamu Obutn mipenctaBiensl s HACA (u YCPA) neranbHble
iaHbl, Kak ynydmuTh padboty HUAC, chnemare ee Oonee OTKpBITOM, MOJ€3HOM (s
oOmiectBa, pasymeercs!). M3MeHuTh cutTyanuio, koraa ojauH uenoBek (r-H KaszaHosa)
0eCKOHTPOJILHO paclpeieNsieT NSCITKA MHJUIMOHOB JIOJIJIAPOB HAJIOTOIUIATEIBIIMKOB (paan
cBoux (aBoputoB). Ho Bce pyKOBOJCTBO MTHOBEHHO CTAHOBHUTCS «TJIyXOHEMBIMY», B OTBET HE
MOCTYMAIOT JIaYKe IPOCTHIE COOOIIEHHSI O TMOYUYEHUH ATHX HAITNX MHCEM H MPEIIOKECHUH.

B maxoti cumyayuu y HACA mooicem Ovimb moibKo 00HO peutenue: HeMeOeHHO
ocmanosums becnonesnoe u Hedggpexmuenoe gunancuposanue HUAC u nepedams smu
Oenbeu  He3a8UCUMOU  OpeaHu3ayuu Oisi  OMKPbIMO20 KOHKYpCcA U (QUHAHCUPOBAHUSA
OelicmeumenbHo NepcneKmusHbIX U pegoaroYUOHHbIX UHHO8ayul. MoXHO niepeaats QyHKIUU
BbIOOpa MpeIoKEeHNH 171 uccineoBanuil AMepukanckoit Akanemun Hayk, AMeprukanckomy
Harmmonansnomy Hayunomy @onny (kKak 3TO cAeflaHO Ui BCEX OCTaJbHBIX Hayk!) Wi,
Hanpumep, MexayHapognomy Kocmmueckomy ArentctBy (http://www.international-space-
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agency.org), KOTOpoe MpOJABHUraeT peajibHble IEPCIEKTUBHBIC HCCIEIOBAHUS IYCKOBBIX,
JIBUTATENIbHBIX, CUJIOBBIX, OpOHMTAJbHBIX CHUCTEM, HE Jefas M3 HHUX HHUKAKHX CEKPETOB.
MunoHb! JeHer HaJoroIIaTeNbIIMKOB OYAyT KOHTPOJIUPOBATHCS HAYyYHBIM OOILIECTBOM U
OyIyT JIydllle UCIIOJIb30BaHBI.

Bunumo, cnenyer uaMeHUTh U camy GopMy MOAJNEPKKH YUYEHBIX, pabOTaroIUX B 00JIACTH
KocMmoca. JeHbpru cienyer naBaTh He agaxHcom ToJ oOeIIaHue cenarh Ty WIK HHYIO padoTy,
a Kak TMpeMUI0 3a TpojeNaHHble Jydiide paboThl, HUCCIEJOBAHUS, EHCTBUTEIHLHO
NEPCIEKTUBHBIE HJEeH, OTOOpaHHBIE HAa OTKpPHITOM KOHKypce Hayunsim CoBetoM wu3
ABTOPUTETHBIX Yy4YEHBIX B JaHHON oOjactu. B camoM [ene, HMKOMY emle HE BbIIAIU
HobeneBckyro npeMuo aBaHCOM O] 00€IaHUE ClIeNaTh PEBOJIIOLIMOHHOE OTKPBITHE. A M-p
KazanoBa eIWHONMYHO TPaTUT OACHOCI08Hble cymmbl (bonvute Hobenesckux npemuii)
AaBAaHCOM CBOUM TPUATENSIM 32 «OOCUIaHMS W TOCIEIYIOUIYI0 IYCTYI0 OOJITOBHIO» U
«TIepeneB» CTapblX WM OIMIMOOYHBIX WM a0CONIOTHO OeclepcleKTHBHBIX HIEH Bpoje
«xanaTa XaMmeJeoHa» MU «OOpBhI3TUBAHUS KOCMOHABTA» BMECTO BBIIaYH €My KOCMUYECKOTO
ckadanapa.

[Tpesunent u Konrpecc CIIA nomkHbI, HE OTKJIaAbIBasi, paccienobarb cutyauuto B HACA-
HUAC u npuBneur r-Ha KazanoBa u pykoBoactBo YCPA K 0TBeTCTBEHHOCTH 3a
3/10ynoTpedJieHusi, AUCKPUMUHALMIO, KOppynuuo. Mbl TOTOBBI  TNPEACTaBUTH
cnenuanbHoil Komuccnn matepuansl, MOATBEPKIAIOIINE BCe CKa3aHHOE B JAHHOM CTaThE.

P.S. B untepHere, mpecce 4acTo MPUXOAUTCS 4UTaTh BocTopru mno mooay HUAC-oBckux
OYyMaXHBIX «HCCleIoBaHUI» (OMOKOCTIOM, pakeTa Ha aHTHU-MaTE€pUU, MAarHUTHBIM Mapyc U
npovas OeccMmbIcinIla), Ha KOTopele Mmucrtep KazaHoBa TpaTUT MHIIHMOHBI JOJUIApPOB
HAJIOTOTUIATENBIMMKOB. S MpU3BIBaI0 KaK CHEIHAIMCTOB, TaK U JIOOUTENCH BHUMATEIHHO
MPOAHAIU3UPOBATH 3TU «MHHOBAIUU» U COOOIATh Pe3yIbTaThl HA CIICIUAIBHBIN CAlT
http://nasa-niac.narod.ru . E-mail: nasa-niac@yandex.ru

He mnyraiiTech Hay4HBIX BBIKIAJOK. B OonbpmmHCTBE OT4eTOB MX HeT. [loBTopsiem: Kak
Hamucan ofauH MmKoJbHUK O (puHanmbHOM oTuere HUAC mo Kocmuueckomy Dneatopy —
3TO WKONbHBIU pedhepam No UHMEPHEeMOBCKUM Mamepualam, Kaxaas CTpaHUIa KOTOPOTo
orutaueHa 20 ThICSTYaMH JI0JUIAPOB HAIOTOTIATEIIBIITUKOB.

Juist snuiiora — Harpasaenue no-aMmepuKaHCcKu

Bosee cra aer nazag K.J. IluoaxkoBckuii mpenyioxua uaero Kocmuueckoro Jludra.
IToscroneruss Hasan apyroi pycckuii ydenbiii [O.H.ApuyraHoB Aaj TeXHHYECKYIO
NpopadoTKy ITON uAeu. A Harpajay 3a Bce 3TO KaK 32 HHHOBALMOHHBIN NMPOEKT (0KO0JI0
MWJLJIMOHA JI0JUIAPOB) MOJIYYHJI B Halle BpeMsi amepukaneny Bpaniam DaBapac (Bradley
Edwards).

B 1894r Koncrantun OayapnoBud [{nonkoBckuii B cBoed 3HamMeHUTON padote «I'pe3br o
3emie u Hebe» mnpemnoxun kocmuueckuil audr, a pycckuil yuensiit FO.H. Apuyranos B
1960 r B mpunoxennn k razere «Komcomoinbckas [Ipasmaa» ot 31 urons 1960 r. (u3naHHOM B
2 MUJUTHOHAX SK3EMILISPOB), IPEICTABII CBOIO TEXHUUECKYIO POPAOOTKY ITOU UIICH.
Kocmuueckuit mudT npeacraBiser co00i KOCMHUYECKYIO CTaHITUIO, PACIIOIOKEHHYIO HA WIIH
BBIIIIE T'€OCTAllMOHAPHON OpOMTHI M COEJUHEHHYIO ¢ 3emjei mpouHslM TpocoM. Cucrema
CIPOEKTHPOBAHA TaK ,YTO €€ LIEHTP TANKECTH HAXOJUTCS BbIIIE T€OCHMHXPOHHOW OpOUTHI, a
MOCKONBKY 3eMIIsl Bpallaercs, TO IEHTpoOexHas cuja HaTATHBAeT TPOC, KaK KaMeHb
HaATATUBACT Tpally, Korja peOeHOK ee BpallaeT PyKo. ApIlyTaHOB, B YaCTHOCTH, MPEITIOKUIT
AIIEKTPOIOE3]l, KOTOPBIN OyIeT €31UTh 10 TPOCY K CTAaHIIMU U BO3UTH TYPUCTOB.
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A.A. Bomonkun

W Bapyr ydeHbIl MUp C yIUBICHHEM Yy3HAI, YTO HA2pady 3a 2my «UHHOBAUUOHHYIO UOEI0»
nonyuaem amepuxaney m-p bpaonu Dosapoc (Bradley Edwards).

EcTtecTBeHHO, yueHbIe 3aMHTEPECOBAINUCH KaK A3TO MPOMU3OLLIO M YTO BBIIAIOIIETOCS BHEC
JUYHO T-H bpomym B manHyro mpoOnemy. Ilpexkne Bcero, BBISICHSETCS, YTO PEIICHHE O
Harpajie €AMHOJIMYHO U CKpblmHO OT OOIIECTBEHHOCTH BbIHEC aupekTop WHcTtutyTa
[MepcnextuBHbix MccnenoBanmii (NIAC) m-p KaszanoBa (R. Cassanova), u3BecTHbIi B
HAy4YHBIX Kpyrax CBOMMH KOPPYNLHMOHHBIMU JCHCTBUSIMH C MHIJUIMOHAMHU JICHET
HAJIOTOIUIATEIBIINKOB, BBIJCISIEMbBIX TOCYAAPCTBOM Ha KOCMHYECKHE MCCIIEIOBaHUS (CTAThs
B MexayHapomHoi — rasere  «l[IpaBma»  http://english.pravda.ru/mailbox/22/98/396/
14417 NASA.html u mepeBoj 310 cratbu Ha pycckuit B http://NASA-NIAC.narod.ru ).
Harpana okasaiach He MaJIeHbKOM — OKOJI0 MHJUIMOHA JOJUIApOB: 645 ThICSY 10/UIApOB M-pY
Onsapacy mioc 30% M-py Kazanosa («3a Tpya o 0TOOpY MPOESKTOBY).

Ho, moxer ObiTh, M-p Ka3zaHoBa u ero mapTHep MpoOBeNW BbIJAIONIEECS HCCIEI0BaHUE,
KOTOPOE TIPEB30ILIO COTHU JPYTUX ONECTAINX HAYIHBIX PAOOT YUEHBIX B a3POKOCMHUYECKON
obnactu? Mbl y:xe OTMEYalu 3/1eCh B CTaThe, «IOKTOp Hayk» KazaHoBa 3a CBOIO HayyHYIO
*Ku3Hb Hanucan Toiibko OJIHY He3HauuTenbHyI0 CTaThl0 B COAaBTOPCTBE €IIE€ C TPEeMs
yuenbiMu. CtpanHo, yto B HACA He Hanum Oojee KBaTU(UIHUPOBAHHOTO «YYEHOTOY,
KOTOpPBIN cervac ycepoHo pazoaem MuiluoHbl O0NIAPO8 CGOUM NPOMedice.

Ho mosxet ObITh 0TUeT, KOTOPBIi r-H KazanoBa Harpaaui, COIEPKUT TeHUATbHBIE Pa3padoTKu
U pe3ynbTaThl? MoxHO mocMoTpeTh ero Ha caiite NIAC:
http://www.niac.usra.edu/files/studies/final_report/521Edwards.pdf

Hukakux HaydHBIX BBIKJIAJOK, YpaBHEHHUH TaM HET. DTO — 42 CTPaHHUIB], HAMOJOBUHY
3aHATHIE [IBETHBIMU PUCYHKAMHU, I/I€ COAEPIKUTCS TOJIBKO MOMYISPHOE U3NI0KEHUE N3BECTHON
Ujed KOCMHYECKOro 3JieBaTopa (Kak i yYCHUKOB HavalbHOM 1IKOJIb). bosiee Toro, HU ouH
U3 YUYEHBIX, pabOTaBIIUX HAaJ 3TON Mpobiemoil (Haxke amepukaHckux!) He ynmomsiHyT. Bce
uzobpenu Oxaapac u  KazanoBa. OTo — KpailHE HENPWIMYHO 10 OTHOILEHUIO K
K.2.lluonkoBckoMy M K COTHSIM YYeHbIX (C yueTroMm Toro, uro M-p KazaHoBa momoOHBIM
00pa3oM HarpakJaeT U JIPYyrux CBOMX MPOTExke Mo 2-4 pasza 3a OAHO U TO Ke), KOTOPHIE
OKa3aJICh 0e3 6CAKOU NOOO0EepHCKU CBOUX JIEHCTBUTENIBHO TMOJIE3HBIX HCCIEIOBAHUN U
WHHOBAITUH.

Pestome. Kak OKOHUATEeNbHBINA pe3yibTaTa BCErO aHAJIN3a, MIPOBEAEHHOTO B 3TON CTaThe, MO
npo0iieMe opraHu3alliy HayKu cienyer npuHath Te3uc Hobenesckoro Jlaypeata AnbbOepta
OHHIITeiHA, KOTOPBIN MPE/ICTaBIIEH B Hayajle 3TOM CTaThH, KaK MOJE3HYI PEKOMEHAALHUIO K
JeNCTBHUI0, HEOOX0AUMYIO /Ui 3BomoIMK Yenoseueckoro Oo1ecTna.

Aslekcanap AJsiekcaHaApoBHY BOJIOHKHH, MH)XKEHEp-MEXaHUK, 1.T.H.; ¢.H.C. HannoHaneHOTO
Hayunoro Cosera CIIIA B Hayunoii Jlaboparopuu bassi Boenno-Boznymmubsix Cun CIHA
(Eglin, USA); ObiBmmii crapmuii Hay4sbslii corpyanuk HACA; oxonumn Kazauckwuii
ABunaronnslii Uucturyr (1958); pabGoran Bemymum uHxeHepom B auanumoHHom OKbB
O.AntonoBa (KueB), nauanpHukoMm otaena HaaexHoctd B OKb I'mymkxo (Xumku, MO);
npenogasai B MAU, MATHU, MBTYVY um. baymaHna, B aMepUKaHCKUX YHUBEPCHUTETAX.
A.bononkun — unen CoBera upexkropoB MexayHapogHoro Kocmuueckoro AreHTCTBa;
00J1aCTh €ro Hay4YHbIX MHTEPECOB — MPOOJIEMbl aBHAIIMOHHBIX U a9POKOCMHUYECKHX CUCTEM,
paKeTHbIE JIBUTaTeNId ISl CTPATETMUYECKHX PAKET; NIEBATH €ro JOKJIAI0B IO Oe3pakeTHbIM
METo/IaM ToJieTa B KOCMOC ObUIM B CBOE BpeMs 0700peHbsl BcemupubiM Konrpeccom mo
a’pokocMuueckuM mpobdiemam (2002, CIIA).
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O 70-JeTuHn HUccJIeI0BAHMI 10 MEXaHHUKE
B Kazanckom Hayunom Ilentpe PAH

M.A. Habramos

Wuctutyr mexanuku YHI[ PAH
Poccus, 420111, Kazans, yn. Jlobauesckoro, 1. 2/31

Aunomayus. Idan kpatkuii 0030p o Kaszanckom ¢unmane Axagemmn Hayk CCCP — Kaszanckom
HayuHoM uneHTpe PAH. Ilepeuncrnensl OCHOBHbIE Hay4yHbIE HalpaBleHHS MO MeEXaHHKE,
paspabateiBaBiMecss B Ka3aHCKOM (H3MKO-TEXHMYECKOM HHCTUTYTE€ M MHCTUTYTE MEXaHHKH U
MamuHocTpoeHus KasHI] PAH, ynmomMsiHyTBl HEKOTOpBIE pE3yIbTaThl.

Knrouesvie cnosa: Kazanckuit punman Axagemun Hayk CCCP, KazaHckuil HaydHBIN IIEHTD
PAH, Unctutyr mexanuku u mamuunoctpoenust KasHL| PAH, uccnenoBanus 1o MexaHuke.

[Tpouuto Gonee 70 mer co BpemeHu opranuzanuu Kazanckoro ¢unmana AxagemMuu Hayk
CCCP (K®AH CCCP). B anpene 1945 roma Coserom Hapoausix Komuccapos CCCP 6b110
npussTo nocranoBienue 00 oTkpbiTH KOAH CCCP. B Tom xe roay Ilpesuauym AH CCCP
YTBEpAWJI €ro CTpyKTypy. bbumn opranusoBaHbl HMHCTUTYTHI: DU3HKO-TEXHUYECKUH,
Xumuueckudt, ['eonornyeckuit, buonoruu, S3pika, nureparypel U wuctopuu, OTtnen
BOJIOXO3s5IIICTBEHHbIX NpoOieM u sHepretuku. Ilpencenarenem Ilpesunnyma KOAH CCCP
cran akan. A.E. ApOy3oB, ero 3amectutenem — mnpod. JL.M. MupononabCkui, y4eHBIM
cekperapem — pod. I'.X. Kamaii.

Owinan Havan pabory ¢ 1 suBaps 1946 roga. B cranosnenuu u pazsutuu KOAH CCCP
0O0JIBIIYIO TOMOIL OKa3bIBAIM NAPTUNHBIE U COBETCKHE OPIaHbl PECITYOJIMKH, BEAYILHUE BY3bI
Kazanwu, oco6enno Kazanckuii ynusepcurer [1].

B nestenproctu KOAH CCCP — KasHI[ PAH (KasHIl PAH — Ka3auckuit Hayunsrii LlenTp
PAH) Bwiiensitor uemswipe nepuooa. Ilepsvie 17 nem (1946-62 roapl) ObUIM OTMEYEHBI
MJI0JIOTBOPHON CIIAKEHHOM pabOTON CpaBHUTEIHHO HEOOJBIIIOTO0 HAYYHOTO KOJUIEKTHBA TOJ
PYKOBOJICTBOM  Bblatomierocss coserckoro ydeHoro A.E. ApOGy3oBa. bubanoreka,
MacTepcKue, OyxraiaTepus U Bce ciyKObl ObLIIM 0OIIMMH JUIst BCero (unmumana.

Bmopoii nepuoo — 310 10 ner camocToATeNbHON paboOThl HMHCTUTYTOB, BBI3BAaHHOMN
pedopmupoBanuem AH CCCP. KOAH CCCP Obut ynpa3aHeH.

Tpemuui nepuoo Haunnaetcst ¢ 1973 rona, korna nestenbHOCTh Kazanckoro ¢unmana Obiia
B0300HOBJeHa. B coctaB ero Bomuium MHCTUTYThI: Pu3HUKO-TeXHUYECKUH, OpraHn4eckoi u
¢uznueckoit xumuu, buonorun, S3pika, nurepatypsl U ucropuu. Ilo3Hee ObUT OpraHU30BaH
Kazanckuit ¢punuan Uucruryra npobiem nnpopmaruku AH CCCP. B Hux coxpaHuiuch
CaMOCTOSITeNIbHbIE MaTepHAIbHO-(DPMHAHCOBBIE U XO3IHCTBEHHBIE OT/IEIbI.

Yemeepmuiii nepuoo HaunHaetcs ¢ 1991 roga u mpogomxaeTcs o HacTosiiee Bpems. B 1991
rofy 6su co3fnanbl Otnen DHepreTuku U MHCTUTYT MeXxaHUKH U MamuHocTpoeHus (MMM)
Kazanckoro nayuynoro nentpa AH CCCP, a WHCTUTYT s3bIKa, JIUTEPATypbl U HUCTOPHH,
atakke Punmman Mucturyra npobnem undopmatuku AH CCCP Obutn mepeBeneHbl B
Axanemuto Hayk PeciyGimku TarapcTaH.

ITpuBeneHHas nepuoau3anus sBISETCS, €CTECTBEHHO, BECbMa YCIOBHOW. TeMm He MeHee B
JanbHeleM OyaeM MpUAepKUBaThCs ee, IpruueM He OyleM KacaTbCsl YeTBEPTOro nepuoga u
MOCIEAHUX 25 JIET pa3BUTHS MEXAHUKHU.
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Llenpto Hacrosed pabOThHl SIBIAETCS BbBIIEICHWE OCHOBHBIX HAy4yHbIX HalpaBlIEHUI IO
MeXaHUKe, pa3padarbiBaeMbIX B OU3UKO-TEXHUYECKOM MHCTUTYTE U MIHCTUTYTE MEXaHUKHU U
MAaIIMHOCTPOEHHS U HEKOTOPBIX PE3yJIbTATOB.

3a 70 ner pa3BUBAINCH MHOTME HANpPaBIEHUS MEXAaHUKH, IIOJYyYEHbl 3HAUUTEIIbHbIE
pe3yinbTarel. OJIHAKO HE BCE OHU YINOMHUHAIOTCA B JJaHHOM paboTe, YTO HE O3HAyaeT uX
MEHBUIEN [IEHHOCTHU JJIsI CBOMX HaIpaBJIEHUM UCcieaoBaHuil. K coxaneHuro, Majio CBEICHHUI
IPUBOAUTCS 10 MOA3EMHOM I'MIPOMEXaHUKE U MOJECIMPOBAHHUIO MPOLECCOB HEPTENO0BIUH.
Ot naHHble OyayT NPUBEACHBI B TOCIEAYIOIEM HAy4HOM 0030pe.

K®TU (Kazanckuii ¢usznko-texunueckuii HHCTUTYT) KOAH CCCP «HaumHancs ¢ JIBYX
KOMHAaT» B reoMeTpuieckoM Kopiryce KazaHCKOro yHuBepcuTeTa ¢ HECKOJIBKUMH CTOJIAMHU U
crynbsamu. [lo3xe ms punrana Op1I10 MPEAOCTaBICHO 31aHue 1Mo yi. Jlobauesckoro, 2/31. Ho
U OHO JOJr0 PEMOHTHPOBAIOCH, BO3BOAWJCA HpuUCTpo. B mepuon mnpoxoxxaeHUs
nokymeHToB 1o opranuzanusi KOAH CCCP gupexropom KOTU Ob11 WieH-KOPPECTIOHICHT
AH CCCP H.I'. YebGorapeB, HO ¢ camMoro Hayaia ero ()yHKIIMOHHPOBAHUS JUPEKTOPOM
apisiics npodeccop X.M. Mymrapu.

CexTOp MexaHMKH O] pykoBoacTBoM X.M. Mymtapu pabotan 1o pa3BUTHIO HEIUHEHMHON
TEOPUHM TOHKUX O00O0JOYEK, BapUAIlMOHHBIX M YHCICHHBIX METOJOB aHajau3a Jedopmanui,
ycroiuuBoctu. IlepBeiMmu  corpyanukamu Obuin  K.3. Tamumos, C.I'. Bunokypos,
P.I'. Cypkumn, I'.I'. Tymaiues.

CexTtopoMm marematuku BHauane pykooawsn H.I'. YeGorapes, a ¢ 1947 r. — I'.C. Canexos.
[TepBeiMu cotpynuukamu Obuin A.I1. Hopmen, A.H. Xoanckuii, b.A. Ceiidymnuna, B.JL.
Hanunos, B.JI. Yyrynos, C.®. Kopotkos, I'.I1. L{pi0ynsckmii.

C 1951 rogma cekrop MaTeMaTHMKM HauMHAET HCCIICAOBAaHUS IO TEOpPUM (PUIbTpaAlUU
NPUPOJHBIX JKUJIKOCTEH B TOPHUCTBIX cpenax. CBOMMM HCCIICIOBAaHUSMH B 00JacTd
NPUMEHEHHUs MaTeMaTU4eCKMX METOJIOB K BONPOCAM PALMOHAIBHOM pa3pabOoTKU HEPTSIHBIX
MECTOPOXKACHUH MOTy4Yusa U3BeCTHOCTH mikoia mpodeccopa I'.C. CanexoBa. OH npeioxuI
METO/bI PELICHUs 3aJjaul yIpaBJIeHUs] KOHTYpoM He(pTeHOCHOCTH. B paboTax cOTpyaHUKOB
ObLIM 1aHbl 3(PPEKTUBHBIE METO/IbI €€ PEIIEHHSI C YI€TOM OCHOBHBIX (PM3HKO-T€OJIOTUYECKHX,
TEXHOJIOTUYECKUX M dKOHOMHUYecKUux ¢aktopoB. Pazsutuem pabot I'.C. CanexoBa sBisercs
MOCTAaHOBKA W  pa3palOoTKa METOJOB pEIHIeHHMs] pa3IUYHbIX 3a/Jad  ONTUMHU3ALUU
B HeTe00bIYe.

C 1947 rona HaumHaloTCs NepBble MyOIUKaUK paboT MO TEOPUN 000TI0UYEK, BHIMOIHEHHBIX B
CEKTOpE MEXAaHMKH, B TAKUX AaBTOPUTETHBIX XypHanax Kak «lIpuknanHas MexaHuka u
matematukay, «loxmanel Axagemun Hayk CCCP» u apyrux HayyHBIX HU3JaHUSAX. OTH
UCCIIEIOBAaHUSI OTHOCSITCA TIJIaBHBIM 00pa3oM K OOLIMM BOIpOcCaM TEOPHH 000JI0YeK MU
3aa4aM Ux ycrouuBocTH [2, 3]. IlosBisroTcst coBmecTHble padoThl X.M. Mymrapu ¢ C.I.
Bunokyposeiv, P.I'. Cypxunbim. Hanpumep, B xypHane «lIpuknanHas marematuka u
MexaHukay 3a 1950 rox omyOnMKoBaHAa OJHA U3 BaKHEHWIIMX paboOT: HEIUHEHHas Teopus
ycTouuBocTH cdepudeckoit obomouku. CmycTs ABaauaTh JIeT TOCHE MOSBIECHUS 3TOM
pabote! akanemuk B.B. HoBoxxunos nucan [4]: «/laHHyto 3agauy aTakoBajal MHOTHE aBTOPBI,
HO pellleHue, MO-BUIUMOMY, OJIMXKe BCEro MOATBEP)KICHHOE OINbITAMHU, NPUHAISKUT X.M.
Mymrrapu. [Ipu olieHke yCTOWYMBOCTU CPepuUeCcKUX KOPIYCOB INIYOOKOBOAHBIX amliapaTroB
aMepHUKaHIIbl MOJB3YIOTCA UMEHHO (opMynoii MymTapy, corjamasch TeM CaMbIM, YTO OHA
JIOJDKHA OBITh IPU3HAHA HANOO0JIEe TOCTOBEPHOM.

B sr1o0it pabore X.M. Mymrapu naer KpuTHUecKui aHanu3 uccienoanuit T. Kapmana u
L1, yka3pIBaeT Ha JBE OUIMOKH, JOMYyIIEHHbIE UMU. YKa3aHO TakXe Ha OINOKY B padbore
K. ®punpuxca. B gpyroit pabore X.M. Mymrapu aan kpuTHueckuil aHanus pabotsl B.J.
deomocneBa (1954). O6 sTom apyroit kopudeit Teopun obomouek D.U. I'puromok ormMevaer
[3]: «Kak Bpiiaromuiicss Mexanuk oH (X.M. Mymtapu) He MOT' HE 3aMETHUTh, YTO KOHTYpP
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paszena 30H  J1eOpPMHMpPOBAHUSA  TaKXKe  OIpeleNsercss IapamMeTpamMM  Ipolecca
nehOpMUPOBAHHUS, TIO3TOMY BapbHPOBATh HY)KHO HE TOJIBKO MPOTHO 00O0JIOUKH B IIEHTpPE, HO
U painyC KOHTYpPa COIPSIKEHUS 30H.

OtmeruMm, uYTO yKa3zaHHbIe ABe paborel X.M. Mymrapu mnpuBenu B JalbHEHIIEM K
COTPYAHHUYECTBY C BEJIUKUM aMEpPHKaHO-KUTalCKUM Yy4eHbIM LlsHeM M MHOrosieTHemy
PacX0XkKAEHUIO C BBIBOJAMHU Bblaroerocss Mexanuka B.1. deonocresa.

K sTOoMy nepuony oTHOCSTCS TakKe HUCCIIEAOBaHUS B 00JaCTU HANPSXKEHUH B IOIPaHUMYHON
30HE, B O0JIACTH YCTOWYMBOCTH OOOJIOUEK C HAYAIbHBIMHU OTKJIOHEHHSMHU OT 3a/JaHHOU
dbopmbl, B 00s1acTH 00pATHBIX 33J1a4 TEOPHUH 000JI0UCK, ITUT U 000JI0YEK CPEIHEH TOJIIIUHBI
U T.J1.

K.3. l'anumoB mosyuns1 ypaBHEHHsI paBHOBECHUs, OTHOcALIMecs K 1e(OpMHUPOBAHHOMY M
HelehOPMUPOBAHHOMY — COCTOSTHHSIM ~ OOOJIOYKHM, JOKa3ajl  BapHALMOHHBIE  TEOPEMBI
CMEIIaHHOI'0 THIIA.

KpymnHbiMHi BexaMu sIBIISIIOTCS OOJIBIINE LIMKIIBI UCCIEI0BAaHUMN B CEKTOPE MEXAHUKH B CBSI3U C
CO3JlaHUEeM a’poKocMUYecKoil TexHuku B pupme, pykosoaumoit C.I1. KoposneBbim. C aTMu
UCCIIEIOBAaHUSIMM  OBLIIM  CBSI3aHBL: 3aKpblToe u3gaHue TpynoB PU3NKO-TEXHUUYECKOTO
unctutyra KOAH CCCP B 1954 rony; uznanue monorpaduu [5]; npoBeaenue Beecoro3Hoit
KOH(EpPEHIIMU TI0 TEOPUH TIACTUH U 000s0uek (1960 r.), 3aIuThl AUCCEPTAIHIA.

K KkoHILy 3TOro mepuoja OTHOCHTCS YCTAaHOBKA BBIYMCIMTEIbHON MAaIIMHBI, ¢ 4eM OBLIO
CBA3aHO HAYaJl0 CHCTEMAaTHYECKMX M KPYMNHBIX padOT IO MCCIEAOBAHUIO HAIPSKEHHO-
1e(OpPMHUPOBAHHOTO COCTOSIHMSI TMJIAcTUH pasnuyHbiX  Gopm M.C. KopHuIIMHBIM |
@.C. UcanbaeBoit. /1o atroro M.C. KopHuimH mpoBen 060JbII0e HCCIIeJOBAaHNE HEINHEHHBIX
3aja4 M3ruba M yCTOMUMBOCTU MJacTUH U maHened meronoMm byOnosa-I'anepkuna. B TO
BpeMs HEJIMHEHHBIE 3a/1a41 TEOPUU 000JI0UYEK PEIIATHUCh TIIaBHBIM 00pa30M STHM METOJIOM.
[Tpobnems! npumeHeHus Metoja byOHoBa-I"anepkruHa K HelMHEHHOMY MTOBEIEHUIO 000JI04eK
ObL nipenMeroM aHasuza U.B. CBupckoro. OpuruHanbHbIe pe3yabTaThl OH MOJYYWIT TaKxkKe
B TPUMEHEHUM METOJa IOCIe0BaTeIbHbIX MNPUOMKEeHUH. Pasnumusble 3amaun o
HaANpPsDKEHHO-1€(OPMUPOBAHHOM  COCTOSIHUM M YCTOWYMBOCTH OOOJIOYEK U  IUIACTUH
paccmotpenu H.C. I'anueB u A.B. CauenkoB. N.I'. Teperynos u3y4us noBeieHue 000JI04YeK C
y4eToM ToJ3ydyecTd Marepuana. HampspkeHHO-neopMHpOBaHHOE COCTOSHHE O000JI0YeK
BpaieHus 6bu10 peameToM uccinenoBanuii M.C. I'aneeBoii. UccnenoBanus H.K. 'anumosa
CBS3aHbl C Teopued TpeXCIOWHbIX MmiIacTH. b.M. 3yeB u ero COTpyIHHKH 3aHUMAJIUCh
DKCIEPUMEHTAJIbHBIMA HCCIIEJOBAHUSMH METOJAOM TEH30METPUPOBAHUS M ONTUYECKUM
metoqoM. Iloz:xe aTa rpynma Oblia nepeBeneHa B MHCTUTYT opraHuueckod M (usnueckoi
XUMHH, I1€ 3aHUMAJIaCh UCTIBITAHUSIMH MAaTEPUAJIOB.

Bo Bropom nepuoae (1963-1972) nponomkany pa3BUBaThCs NpexxkHUe HampaiaeHus. Ocobo
ri1y0OKO€ pa3BUTHE MOJIYYMIIN YUCICHHOE MOJEIUPOBAHHE, TEOPHsI TPEXCIONHBIX MJIACTUH, a
TaK)K€ HAYaJUCh HCCIEIOBAHUS 10 TEOPHUH B3aMMOJEUCTBUA IJIACTUH M 000JIOYEK C
KHUJIKOCTbIO, Ta30M U TBEpAbIM JedopMHUpyeMbiM TeiaoM. K 3ToMy mepuogy OTHOCHTCA
Hayajo, HalpuMep, WCCIEIOBAaHUN MEPUOAMYECKUX YIAapHBIX BOJH B Tpyde, UX
B3aMMO/ICHICTBHE C TOHKOCTEHHBIMU IMJIMHAPHUUECKON U KOHWYECKoi obosnoukamu. OquH U3
CaMbIX SIPKUX pE3ylbTaTOB B 3TOM HANpPAaBIEHUU — HKCIEPUMEHTaJIbHOE OOHapy>KeHUe
SBJICHUS KaTacTpO(PHUUECKOro paspylleHus (B TeyeHHe mopsaka 1 c¢) cranbHOM 000JI0YKH,
BHYTpHU KOTOpO Bo30ykaatoTcst Bo3ayurHblie BosHbI (I.B. CaabikoB). Teoputo 3Toro siBneHus
HE yJaJIoCh CO3/aTh Ha 0a3e aHAJIUTHUYECKUX MeToa0B. Ho Kkorga pa3BHIMCH YHCIECHHBIE
METO/Ibl, K 3TOM mpobiieMe, K COKaJIeHUI0, He BepHYIUCh. KOHEYHO, 1e/10 He TOJIBKO B 3TOM,;
CaMo SIBJIEHUE — OYEHb CJIOXKHOE.

bruto 0Opa3zoBaHO TpeThe mojpasneneHue no mexanuke — JlabopaTopusi Teopun 000JI0UEK,
B3auMoJieiicTBytomux co cperoit (1971 r.). Eciu o0e nepBbie nabopaTopuu ObUTH CO3/IaHBI
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MPUBJICYCHHBIMH IS ATOTO BhLAArONTUMUCS yueHbIMU X.M. Mymrapu u H.I'. YeGoTapeBsim,
caenaBmuMu K 1946 romy OonbiIoil BKJIAg B CBOMX OOJIaCTSIX HAayKd, TO TpPETbE
noJipa3jieliecHue BO3HUKIIO uepe3 25 JieT B Heapax CYLIECTBYIOIIEH 1abopaTopuu MEXaHUKH.
C coxaneHueM MOYKHO OTMETUTb, YTO HE ObUIO CO3JAHO €UIE OJHO IOJpa3feiieHue — I10
MOJA3EMHON MEXaHHWKEe B TO OjarompusTHOe BpeMs (mojapasneneHus cosnaBaiuch B KOTU
TOJIBKO 1O (PU3UYECKUM HATIPABICHUSAM).

B cBsA3M ¢ nepee3ioM B HOBOE 3/1aHHE MOSABUIACH BO3MOYKHOCTh YCHJIMTh BBIYMCIMTEIIbHbBIC
CpEeZCTBa, CO3JaTh HKCIEPUMEHTAIbHYIO 0a3y.

Tax e Kak B MpeAblIylIue Iepruoibl O4eHb aKTUBHO paboTaj CeMHHAp, TJIe KaX bl YeTBEPT
JOKJIaJIbIBAJINCh U 3aKOHYEHHbIE Pa0OTHI, U XOJ BBIIIOJIHEHUS HCCIENOBAHUN B MOPSAIKE HUX
oOcyxaeHus, mpodnemusie Bonpockl. [loxkanyii, H oJlHa PYKOIIUCh CTaThU HE OTIPABIIIIACH
B J)KypHaJ 0e3 00CyXIeHHsI Ha CEMUHape.

Hauunas ¢ 1969 roxa uznaBanuchk «Tpynbl ceMHHapa MO TEOPHH 000JI0YEK», PEAAKTOPAMHU
koTopeix 0biIM M.C. Kopuumus u M.A. MnsramoB. OHU BBIXOAMIIM IIOYTH €XerojiHO. Beero
ObUI0 OMmyOIMKOBaHO 27 BBIMYCKOB (mocieanuil — B 1992 rogy). DTuM caMbIM yckopsaach
nyOnMKanusl pe3yJbTaTOB HCCIEAOBAHUNA. B yCIOBHSAX MallOUHMCIEHHOCTH LEHTPaIbHBIX
JKYpHAJIOB 3TO OBLJIO BO3MOXKHOCTBIO IyONMKOBaTh Marepuan. Hemocratkom Obuia
MaJIOM3BECTHOCTD ATUX IMyOJIMKALIUA B CTPAHE U 32 PyOeKOM.

Tperuit nepuox (1973 — 1990 rr.) xapakrepusyercs CUJIbHBIM DPAa3BUTHEM YHUCICHHOTO
MOJIEJIMPOBAHUS MPOLIECCOB ACPOPMUPOBAHUS TOHKOCTEHHBIX KOHCTPYKIMI U pa3pabOTKH
HE(TAHBIX MECTOPOKICHHI. DTO M KJIACCUYECKUE 3aJauyd, KOTOpble ObUIM B TOJE 3pEHUS
COTPYJIHUKOB B IIPEKHUE T'O/Ibl, U HOBBIE 33JJaUH.

K nmocnegHum OTHOCATCA, HampuMep, CTATUUYECKUE M JUHAMMYECKHE 3aJa4l COBMECTHOU
negopmanuu 000JI0OYKM W YIPYrOro CIUIOIIHOTO 3aMOMHHUTENS (MOJENbh TBEPAOTOIUTMBHOM
paKeThl), B3aMMOJEUCTBUS OO0OJOYEK C J>KMIKOCTBIO W Tra3oM (MOJAENb KaMep CropaHus
peaKkTopoB, TPYOOIIPOBOIOB), a TAKKE B3aMMOJICUCTBHE MITKHUX O0OJIOYEK C MOTOKOM Trasza
(TapamroTHBIX CUCTEM).

P.I'' CypkunbIM c Tpymnmoil Obula TNOCTpOEHA YCTAaHOBKA JMJI YAApHOTO HarpyXeHHs
chepuyeckoro cerMeHTta. Pe3ynapTathl 1O  YCTOWYMBOCTM  CeTMEHTa BOLUUIM B
SHIMKIIONENYECKYI0 MOHOrpaduto [6]. I[I[pUSITHO OTMETUTH, UTO HAYAaTOE B TO BPEMS U3yUEHHE
TOHKUX IIJIACTMH (IPEOXPaHUTENIbHBIX MEMOpaH) MOJY4YWIO B MHCTUTYTE JajibHeiIIee
pazsutue (H.M. Skynos, H.K. I'anumoB).

VYcTaHoBKa 7151 CO3AaHUS MEPUOJMUECKUX yIapHBIX BOJH ObU1a co3naHa P.I'. 3apumnoBeiM, a
JUTSL U3YYEHUS THAPOAMHAMHUYECKOM MITaMIIOBKM TOHKOCTEHHBIX m3nenuit — A.A. [1aBioBbIM.
PasBuBasiack cooTBeTCTBYIOIAs Teopusd. B srom npunumanu ydacrue M.M. IlakupbsaHOB,
H.H. IuxpanoB. B yactHOCTH, 0OHapYKEHHOE SIBJIEHUE My3bIPhKOBOM KaBUTALUU KUIAKOCTU
IIpH IITAMIIOBKE JIETJ0 B OCHOBY uccienoBanuii 111.Y. I'anueBa B Kuese.

M.b. TadypoBeiM ObuUl TIOCTpOEH uUcHbITATeNbHBIM OacceiiH, [.B. CanbikoBbIM,
P.W. 1aBbIIOBBIM C COTPYAHHMKAMHU — a’poAnHamuueckas TpyOa. Ha Hux ObUIM mOIydeHb
HOBBIE  pE3yJbTaThl, @10 KOTOPbIM pa3BUBalach Teopus. 3ajadyamMu  OOTEKaHUS
ne(OpMHUPYEMBIX AIIEMEHTOB KOHCTpYKUMi 3aHumanuck b.B. I'ymun, dK.M. CaxabyrnuHoB,
A.H. TunemanoB, A.A. Aranun, P.P. lllarunynnun, M.3. CabutoB, A.A. Tykmakos. M.B.
TanabIKuHBIM OBLTH CO37aHbI MOJIEJIM BOJHOBBIX JIBXKHUTEJIEH U HACOCOB, TEOPUEH KOTOPBIX
3anumManucy B.JL. ®@enseB, M.M. CyneiimanoBa. OTu paboThl NPOBOJMINCH B KOHTAaKTE C
JIEHUHTPaJICKUMH MOPCKMMM OpPraHM3alUsMU M IOJYyYWJIM BBICOKYIO OLIEHKY CO CTOPOHBI
akanemnka M.A. JlaBpeHTheBa. 3agadamu onomexannku 3aaumaiics P.H. Mudraxos.

Bo Bcex 3THX HccaeI0BaHUAX MBI IBUTATUCH CIUIIKOM OBICTPO, M Y HaC HE XBaTaJlo BpEMEHH
Ha Xxopomiee o¢GOopMIEHHE pe3ylIbTaTOB M Ha NYOIMKAUI0O HUX B IEHTPAIbHBIX U
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MEXIYHapOAHBIX JKypHanax. IlosToMy MHOrue mpekpacHble pe3yibTaThl OCTaJIUCh
MaJIOU3BECTHBIMM.

Hano ormeruts, uro pykoBoactBo Kazanckoro ¢umana AH CCCP, ocobenno KOTHU, ne
cymeno BcrpouThcst B mpobiembl KAMA3a, kpynHeWmero o0bEKTa MalmdHOCTPOCHHUS
CEMUJIECATBHIX T'0O/IOB, B €r0 TEXHHYECKHE MPOOJIeMbl U Ha 3TOH OCHOBE MOJIYYUTh XOpOoILIee
paszButue. C OGonpmmM omo3nanueM Mbl co3fganu B KOTU maGopatopuio mo mpobdiemam
KAMA3a 3a cyer cBoMx mTaTHBIX eAuHUIl. Ho BpeMs ObUIO ymyIIeHO, HE MOJYYHIIOCH
JOJDKHOTO Pa3BUTHS 3a cdeT npeanpusatus. C ydeToM 3TOH YNYIIEHHOH BO3MOXHOCTH Mbl
NOPEINPUHSIIA aKTHBHBIE JEHCTBUS B CBSI3M C HayaJloM CTpouTenbcTBa Emabyxckoro
TPAKTOPHOTO 3aBOJIa B HaUaJle BOCBbMHIECATHIX TOJOB. Y Ialoch JOOUTHCS JOTOBOPEHHOCTH O
nepenaue Qouga 3apaboOTHOM MaThl M IITATHOM YHCIEHHOCTH W3 MHUHHCTEpPCTBA
TpakTOpHOro U cenbckoxo3sictBeHHoro MamuHoctpoeHuss CCCP 8 AH CCCP c¢ uensto
opranmzaruu B KOTU nByx mnaboparopwii (3aBeayromme — XK.M. CaxaGyrnunos, B.JIL.
®epses). Eme g0 storo 0but coznan Otaen npukiagHoit maremaruku KOTU u Kazanckoro
MEeAarorn4eckoro MHCTUTYTA, TA€ COTPYIHUKH paboTaid Ha XO3JI0TOBOpPHBIE CpE/CTBA,
KOTOPBIX Yy HAc Torjga ObUIO MHOTrO (3aBemyromuii ormenom — M.A. Wnbpramon). Takas
opranu3anonHas (gopma ObUla yZauHOM, TaKk Kak B By3aX XO3pacueTHBIC IEHBI'M YaCTUYHO
HaIpaBsUIMCh Ha 3apaboTHyto 1wiaty, a B mHCTUTyTax AH CCCP MOXHO OBLIO TpaTHUThH
TaKue JeHbI'U TOJBKO Ha 000PYAOBaHNE U KOMAHIUPOBKHU.

[To3xe Obima co3maHa saboparopus MO MpoOJieMaM NPEANPHUSITHS, pa3padaThIBAIOIIETO
TBEPAOTOIIUBHBIE pakeTHbIE JBuUratenu (3aBeayrommii — A.H. I'mnbmanoB). Yucnennoe
MOJIEJIUPOBAaHUE HEYCTOMYMBOTO pexuma padoThl M3AEIUS HAIJIO0 HENOCPEACTBEHHOE
IIPUMEHEHUE Ha MPEANPUSTHH.

B pamkax nporpammet AH CCCP u Munucrepcrsa oopazoBanust CCCP no kombroTepu3anim
IIKOJILHOTO ~ 00pa3oBaHUsl  HEKOTOpOoe  BpeMsi  (PYHKIMOHUPOBAJIO  MOJpa3ielicHue
(3aBenyrouuit — B.b. Ky3HenoB), B mTare KOTOPOro HaXOIWIHCh HEKOTOPBIC HAaIlH
COTPYIHUKH.

Bce atu MeponpusiTsS MO PACIIMPEHUIO TEMATUKH B aKTYalbHBIX JUIS CBOErO BpPEMEHU
HalpaBJICHUAX MPOUCXOAMIN Ha (OHE YXYJIICHUS IOJIOKEHHUS B CTpaHE B BOCHBMHJIECATHIE
rOJIbl, HAYaBILIEHCS C €r0 BTOPON MOJIOBUHBI JEHHTyCTPHAIN3AIINH.

B nmepunon pasry/a nceBaoeMOKpPaTHH NOIPa3AcIeHUsI MEXaHUKH BO MHOTOM IIOTEPSIN B
MHCTUTYTE CBOM TO3MIMH, OCOOEHHO H3-3a MNO3ULIMH HoBoro pykoBoictBa KOTU. B
YaCTHOCTH, HECKOJIBKO INTATHBIX €AMHUI OBUIO MepeAaHo B (u3nueckue J1adopaTopuu, Mbl
NOTEPSUIH TPOU3BOICTBEHHBIE MIJIOLIA/IH.

Beie ckazano o mepBoil Bceecoro3Holt koH(epeHunn no teopuun obonouek B 1960 roxy,
npuypoueHHol kK 60-netuto X.M. Mymrapu. Takue koHpepeHn npoxommui B Kazanu B
1970, 1980, 1995, 2000 roxax. [Tocnenusas Osuna nocesmeHa 100-neturo X.M. Mymtapu, 90-
netuto mipodeccopa K.3. Tamumona, 80-meruro mpodeccopa M.C. Kopuummna. MoxkHO
OTMETHTh KOH(EPEHILIMIO MO KPaeBbIM 3aJayaM MEXaHUKHU CIUIOMIHBIX Cpell, MOCBSIECHHYIO
100-neturo I'.I'. Tymamesa u 110-neturo X.M. Mymrrapu (2010 r.). Hamm mMexanuku Obuti
OpraHu3aTopamMy U IpYTux KoH(pepeHIui u neTHux mkoi. [locnennue OblIM OpraHU30BaHbI
B nmarepe «Bomra» B 1975 m 1986 romax mo mpoOieMaM B3auMOJICHCTBUS 00OJOYEK
C )KUJKOCTBIO, Ta30M U TBEPJAbIM CIUIOIIHBIM TesloM. Ha BBICOKOM YpoBHE U ¢ OOJBIINM
KOJIMYECTBOM YYaCTHHKOB IpolUIa KOH(epeHIus, MocBslleHHas 95-netuio M.A.
JlaBpentbeBa (1995 r.). Cka3aHHBIM HE HCYEpIBIBAETCS IepeueHb KOoH(pepeHUuil,
npoBeeHHBIX Hamu 3a 70 jer. Ho, KOHEUHO, COBEPIICHHO BBIIAIOIICECS COOBITHE — 3TO
nposeaeHre Crpe3na o TEOpEeTUUECKON U MPUKIIAAHON MexaHuke, BrepBble B Kazanu B 2015
roay. Oco60 HY)KHO OTMETUTBH 00JbITyI0 padoty corpynuukoB UMM KasHI[ PAH Bo riase
¢ JI.A. I'ybaii iy nmuHbIM.
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B npunoxxennu npuBeaeH OOIMI CHUCOK MoHorpaduid, n3mnaHHbpiXx mMexanukamu KOTU u
NMM.

Cnucoxk ab0peBuaryp

K®AH CCCP - Kazanckuii punman Axkagemuun Hayk CCCP

MMM — MHCTUTYT MEXaHUKHU U MAIlIMHOCTPOCHUS

K®TU — Kazanckuit pu3NKO-TEXHUYECKUA HHCTUTYT

KasHI[ PAH — Ka3anckuil HayuHblil neHTp Poccuiickoil AkageMun HayK
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It has been over 70 years since the organization of the Kazan branch of the USSR Academy
of Sciences. In April 1945, the Council of People's Commissars of the USSR adopted a
resolution on the opening of Kazan Branch of the USSR Academy of Sciences (KB). That
same Yyear, the Presidium of the USSR approved the structure.

The following institutions were organized: Physics and Technology, Chemistry, Geology,
Biology, Languages, Literature and History, Department of water problems and energy.
Academician A.E. Arbuzov became the chairman of Kazan Branch of the USSR Academy of
Sciences, professor L.M. Miropolskiy became his deputy and professor G.Kh. Kamai was
appointed to be a scientific secretary.

The branch started functioning at January 1, 1946. Party and Soviet authorities of Tatarstan
republic, leading Kazan universities, especially Kazan State University, contributed greatly to
it’s establishing and development [1].

The activity of Kazan Branch of the USSR Academy of Sciences - RAS KazSC covers four
periods. The first 17 years (1946-62) were marked by fruitful coordinated work of a relatively
small research team under the guidance of an outstanding Soviet scientist A.E. Arbuzov. The
library, workshops, accounting and all services were common throughout the branch.

The second period covers 10 years of independent work of all institutions, which was caused
by the USSR Academy of Sciences reforming. Kazan Branch was abolished.

The third period starts in 1973, when the Kazan Branch was reopened. The structure included
the following institutes: Physics and Technology, Organic and Physical Chemistry, Biology,
Language, Literature and History.

Kazan Branch of the USSR AS Institute of Informatics Problems was established later. These
institutes also had independent economic and financial functions.

The fourth period starts in 1991 and continues till the present. The Department of Energy and
Institute of Mechanics and Engineering of Kazan Scientific Center of the USSR Academy of
Sciences were established in 1991.

The Institute of Language, the Institute of Literature and History, as well as the Kazan
Branch of the USSR AS Institute of Informatics Problems became parts of the Tatarstan
Republic Academy of Sciences.

This periodization is, of course, very conditional-relative. Nevertheless, we will stick to it, and
without addressing the fourth period, i.e. the last quarter of the mechanics development century.
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The aim of this work is to describe the basic research directions in mechanics, developed in
the Physical-Technical Institute and the Institute of Mechanics and Engineering, and to
mention some results.

For 70 years many areas of mechanics were developed, significant results were obtained.
However, not all of them are mentioned in this work, but it doesn’t because of it’s not
importance. Unfortunately, little information is reported about subsurface hydromechanics
and oil production processes modeling. It is a big gap in this review.

The history of the Kazan Physical-Technical Institute (KPhTI) of the Kazan Branch began in
two rooms at the Kazan University geometric building with just a few tables and chairs.
Later a branch was granted a building in 2/31 Lobachevsky street. But it has long been
repaired, annex has been built. During the period of the approval of Kazan Branch of the
USSR Academy of Sciences Corresponding Member of the USSR Academy N.G. Chebotarev
was listed as a director of KPhTI, but since the beginning of functioning professor Kh.M.
Mushtari was the director.

Under the leadership of Kh.M. Mushtari Department of Mechanics began working on the
development of the nonlinear theory of thin shells, variational and numerical methods of
deformation analysis, stability. K.Z. Galimov, S.G. Vinokourov, R.G. Surkin, G.G. Tumashev
became the first members. N.G. Chebotarev was the first head of the Mathematics
Department, since 1947 the Deaprtment was headed by G.S. Salekhov . A.P. Norden, A.N.
Khovanskii, B.A. Seifullin, V.L. Danilov, V.D. Chugunov, S.F. Korotkov, G.P. Tsybulskii
were the first members.

The Department of mathematics conducts the research on the seepage theory of natural fluids
in porous media since 1951. Professor GS Salekhov’s school gained prominence by the
research in the application of mathematical methods to the issues of oil field development. He
proposed methods for solving the oil-bearing contour control problem. Effective ways of
solution based on the physical-geological, technological and economic factors, were proposed
in the members’ works. The evolution of G.S. Salekhov’s works includes formulation and
development of methods for solving various optimization problems of the oil industry.

In 1947 the first publications on the shells theory appear made by the mechanic department
members in such prestigious journals as the PMM, DAN USSR and other. These studies
relate mainly to general issues of the shells theory and stability problems [2, 3]. Kh.M.
Mushtari works in collaboration with S.G. Vinokourov, R.G. Surkin. For example, one of the
most important works “Nonlinear theory of the spherical shell stability” was published in
PMM in 1950. Academician V.V. Novozhilov wrote twenty years later [4]: "Many scientists
have been working on this problem, but the solution seems to be the closest to a proven by
track record belongs to Kh.M. Mushtari. When evaluating the submersibles spherical shells
stability American scientists use exactly Mushtari formula, thereby agreeing that it should be
declared as the most reliable. "

The paper presents a critical analysis of Karman and Tsien research, two mistakes are pointed
out. Also Kh.M. Mushtari pointed out a mistake in the Friedrichs work. In another paper
Kh.M. Mushtari gave a critical analysis of the V.I. Feodos'ev work (1954). The established
authority of the shells theory, E.I. Grigolyuk notes this fact [3]: "As an outstanding
mechanical engineer he (Kh.M. Mushtari) could not notice that the deformation zones section
contour is also determined by the deformation process, so it is necessary to vary not only
sagging in the shell center, but zones conjugation contour radius".

Note that these two Kh.M. Mushtari works resulted in further cooperation with the great
American-Chinese scientist Qian and many years of conflict with the outstanding
mechanician V.I. Feodos'ev. This period also includes research in the field of the border zone

190


http://www.multitran.ru/c/m.exe?t=1352142_1_2&s1=%EF%EE%E4%E7%E5%EC%ED%E0%FF%20%E3%E8%E4%F0%EE%EC%E5%F5%E0%ED%E8%EA%E0

On 70-th Anniversary of investigations on mechanics. ..

stresses, stability of shells with initial deviations from the desired shape, inverse problems of
the shells theory, medium thickness plates and shells, etc.

K.Z. Galimov got equilibrium equations related to the deformed and non-deformed shell
states, proved variational theorem of mixed type.

Major milestones were the performance of the large amount of the research by department of
mechanics in connection with the creation of aerospace technology, to the company, headed
by SP Korolev, and publication of “Proceedings of the Physico-Technical Institute of the
USSR KFAN” in 1954, now closed; monograph publication[5]; holding All-Union
Conference on the Theory of plates and shells (1960), thesis defenses.

The end of this period includes the installation of a computer and the beginning of a
systematic and large-scale studies on the stress-strain state of various forms plates by M.S.
Kornishin and F.S. Isanbaeva. Prior to this, M.S. Kornishin conducted a large study of
nonlinear problems of plates and panels bending and stability using the Bubnov-Galerkin
method. The nonlinear problems of shell theory were solved mainly by this method.

I.V. Svirsky analyzed problems of the Bubnov-Galerkin method application to the nonlinear
behavior of the membranes. He obtained unique results in applying the successive
approximations method. N.S. Ganiev and A.V. Sachenkov considered the various tasks of the
stress-strain state and stability of shells and plates. I.G. Teregulov studied the behavior of
shells, taking into account the creep of the material. M.S. Ganeeva studied stress-strain state
of rotational shells. N.K. Galimov researched sandwich plates theory. B.M. Zuev with team
engaged in experimental study using strain measurement and optical method. Later, the
group was transferred to the Institute of Organic and Physical Chemistry, where they
conducted the materials testing.

The same directions continued to develop in the second period (1963-1972). Numerical
simulation, sandwich plates theory got a great development, also research on the theory of the
plates and shells interaction with liquid, gas and solid deformable body began. This period
includes, for example, the research of the repetitive waves in a pipe, its interaction with the thin-
walled cylindrical and conical shell. One of the most significant results — experimental detection
of the “pest" degradation (for about 1 s) of the steel shell, inside which the air waves are
excited. The theory of this phenomenon could not be created on the basis of the analytical
methods. But after the development of numerical methods this problem did not attract enough
attention. Of course, it is not the only reason, the phenomenon itself is very complex.

The third mechanical department was established - Laboratory of the medium-interacted
shells theory (1971). Unlike the first laboratories, which were established by the outstanding
scientists — Kh.M. Mushtari and N.G. Chebotarev, who have made a major contribution to
their fields of science by 1946, the third department arisen after 25 years in the bowels of the
existing mechanics laboratory. With regret we note that it was not created yet another
department — department of the underground mechanics at a good time (departments were
created in KPhTI only on physical directions).

The move to the new building made it possible to enforce the computational tools and to
create experimental basis.

The workshop continued very active work, and every Thursday members reported on finished
works and discussed research progress and problem questions. Perhaps none of the
manuscript was published without previous workshop discussion.

"Proceedings of the shells theory workshop™ were published since 1969, the editors were M.S.
Kornishin and M.A. llgamov. The volumes came almost every year. A total of 27 issues have
been published (last - in 1992). This speeded up the research results publication. In the
context of the small number of central journals it was an opportunity. But these proceedings
have not been widely known in the country and abroad.
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The third period (1973 - 1990) is characterized by a highly developed numerical modeling of
deformation of thin-wall structures and the oil fields development. This includes the classic
problems, which had been already known in few last years, and new challenges.

These challenges include, for example, the static and dynamic problems of shell and elastic
solid fill joint deformation (solid-fuel rocket model), the shells interaction with liquid and gas
(combustion chamber reactors and pipelines models), as well as the soft shells interaction
with a gas flow (parachute systems).

R.G. Surkin with the team has built plant for the spherical segments shock loading. Results of
segment sustainability have entered the encyclopedic monograph [6]. It should be mentioned
that studying of the thin plates (fuse membranes) was further developed (Yakupov N.M.,
Galimov N.K.).

R.G. Zaripov built periodic shock-waves maker, and A.A. Pavlov built a plant for studying
the thin-walled products hydrodynamic stamping. Appropriate theory was developed with the
participation of M.M. Shakiryanov, N.N. Shihranov took part. In particular, the observed
phenomenon of cavitation bubble liquid at forging formed the basis of Sh.U. Galiev’s
research in Kiev.

M.B. Gafurov built the test pool, G.V. Sadykov, R.l. Davydov with members - a wind tunnel.
Using these means new results were obtained, which directed theory development. B.V.
Gulin, Zh.M. Sahabutdinov, A.N. Gilmanov, A.A. Aganin, R.R. Shagidullin, M.Z. Sabitov,
A.A. Tukmakov were engaged in deformable elements flow problem. M.V. Taldykin has
created models of wave propellers and pumps; the theory was developed by V.L. Fedyaev,
M.M. Suleymanova. These studies were carried out in contact with the Leningrad sea
institutions and have been praised by Academician M.A. Lavrentiev. R.N. Miftakhov was
involved in biomechanics problems.

In all of these studies we were moving too fast, and we did not have enough time to unveil the
results clearly and to publish it in the national and international journals. Therefore, a lot of
excellent results were neglected.

It should be noted that the leadership of the Kazan Branch, especially KPhT], failed to fit into
the problem of KAMAZ, the largest engineering facility of the 70-s, and to get a good
development on this basis. We have created the KphTI laboratory of KAMAZ problems with
considerable delay. But time was lost, there was not such a good development. Taking into
account the missed opportunities we worked actively in connection with the construction of
Yelabuga Tractor Plant in the early eighties. It was possible to achieve an agreement on the
transfer of payroll and staff number of the Ministry of Trac and Agricultural Engineering to
the USSR Academy of Sciences in order to organize two KPhTI laboratories (heads — Zh.M.
Sahabutdinov, V.L. Fedyaev). Applied Mathematics Department of KPhTI and Kazan
Pedagogical Institute was created, and the employees worked for economic agreement means
that we had a lot of (Head — M.A. llgamov). This organizational form was advantageous,
because self-supporting part of the money were sent to the payroll in universities, and the
USSR Academy of Sciences institutes could spend such amounts of money per equipment
and business trips.

Later the laboratory of solid rocket motors development factory (Head - AN Gilmanov) was created.
Numerical simulation of unstable operation mode found immediate application at the factory.

As part of the USSR Academy of Sciences and the Ministry of Education of the USSR
program of the school computerization the department was created (Head - Kuznetsov V.B.).
All of these activities on expanding the topics in the relevant areas have occured against the
background of a national situation deterioration in the country in the eighties, which began
with its deindustrialization.
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During the pseudodemocracy period mechanical departments lost its positions, particularly
because of the new KFTI’s head position. In particular, several staff units were transferred to
the physical laboratory, and we have lost production facilities.

We mentioned above the first All-Union Conference on the Theory of Shells in 1960,
dedicated to the 60th anniversary of Kh.M. Mushtari’s birth.

Such conferences were held in Kazan in 1970, 1980, 1995, 2000. The last conference was
dedicated to the 100th anniversary of Kh.M. Mushtari’s birth, the 90th anniversary of
professor K.Z. Galimov’s birth, the 80-th anniversary of professor M.S. Kornishin’s birth. We
can note the Conference on Boundary Problems of continuum mechanics, dedicated to the
100th anniversary of G.G. Tumashev’s birth and the 110- th anniversary of Kh.M. Mushtari’s
birth (2010). Our mechanicians were the organizers of the other, perhaps, smaller conferences
and summer schools. Recent conferences were organized at the camp "Volga" in 1975 and
1986 and dedicated to the problems of the membranes interaction with a liquid, gas and solid
compact body. Conference dedicated to the 95th anniversary of M.A. Lavrent'ev (1995) was
held at a high level and with a large number of participants. But the most remarkable event is
the first congress on theoretical and applied mechanics in Kazan, 2015. We should note the
great contribution of IME employees, headed by D.A. Gubaidulin,.

List of monographs, published by KPhTI and IMM mechanicians is given in Appendix.

Abbreviations list

KazSC RAS — Kazan Science Center of the Russian Academy of Sciences
IME — Institute of Mechanics and Engineering

KB USSR AS - Kazan Branch of the USSR Academy of Sciences

KPhTI — Kazan Physical-Technical Institute
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Abstract. The year 2016 marked the first decade of the EURO Working Group on OR for
Development. This Workshop was held jointly with IFORS right before the EURO 2016 Conference
in Poznan. Techniques presented at the Workshop included causal mapping and Priority Pointing
Procedure which were used to gather a common understanding of the problem on how to make
Operations Research more effective in addressing issues of development. Various papers were
presented using a wide array of OR techniques in the area of health, education, agriculture, poverty,
traffic, humanitarian logistics and finance.
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1. Introduction

The 10" Anniversary Workshop of the EURO WG on OR for Development (EWG ORD) was
appropriately themed Highlighting A Decade of Work on OR for Development (http:/ifors.org/ewg-
ord/). It was jointly sponsored by the EWG ORD (https://www.euro-online.org/web/ewg/29/or-for-
development-ewg-ord) and IFORS (International Federation of Operational Research Societies)
(http://ifors.org/web/). The workshop was a satellite event of the 28" EURO conference on
Operational Research, (http://www.euro2016.poznan.pl/) held in Poznan.

Since it was first put up in 2007, the workshop series aimed to encourage practitioners,
academicians and the OR (Operational Research) community worldwide in enriching their
knowledge through learning and interaction related to issues that are faced in development, in
the areas of education, health, infrastructure, environmental sustainability, energy, population
growth, poverty and climate change, among others [1-7].

During the Workshop, each 30-minute presentation of papers was followed by constructive
feedback from two previously assigned reactors. Apart from honing their presentation skills,
participants benefited from the opportunity to get perspectives of graduate students,
academicians, early stage practitioners and more experienced mentors for suggestions on further
improvement of their work. Effectual conversations and productive idea sharing were extended
after Workshop hours, during the tours with the sights and sounds of Poznan in the background.

2. Diverse application areas at the EWG-ORD Workshop

Showing her vast experience in the field of OR, EWG ORD Chair Elise del Rosario, shared her
consulting experience through three projects in the area of - globalization of manufacturing
facilities, national power dispatching, and city port operations- during the Opening Session.
These cases, which had different implementation outcomes, gave a clear view of problems and
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successes encountered by an OR analyst in real life situations. From these, lessons from the
successful and unsuccessful implementation of recommendations were drawn[8].

This was followed by a Workshop by Cathal Brugha, Emeritus and Adjunct Professor at the
University College Dublin Center for Business Analytics who engaged participants in an
interactive exercise to answer the question: What is needed to Help OR be more effective in
addressing development problems?[9-10]. He showed how the Priority Pointing Procedure
can lead to a strategy.

Ashley I. Carreras, Principal Lecturer in Economics and Decision Analysis at the De Montfort
University, presented a Tutorial/\Workshop on A Practicing Academic Perspective on Problem
Structuring Methods. Participants, divided into two groups, learned to do causal mapping, leading
to a shared understanding of the issue that was: What are the key issues that need to be addressed
by OR researchers in order to ensure that OR research continues to effectively influence policy
makers?[11]. Carreras then summarized through causal mapping, the discussions of the two
groups. All participants had the chance to learn by doing the causal mapping procedure.

Papers presented were carefully selected from various abstract submissions. The sectors
addressed were: Health: Designing Blood Supply Chain: A Location-Allocation Model with
Collection and Production Considerations (Osorio) and Urban Mobility and Disease Spread
Dynamics in Medellin, Colombia (Lotero); Education: Evaluation of Student Affairs Services
Program (Neroza); Agriculture: Increasing the Resiliency of Vietnam'’s Rice Supply Chain
(Khanh); Governance: Efficiency of Local Government Units to the Attainment of MDG
(Baldemor); Agent-Based Approach to Modeling Poverty in the Philippines (Marquez); and
OR Investigation into Traffic Congestion in Cities (Olabode); Finance: Evolution of Trading,
OR and Neuroeconomics in Global Finance Instruction (Dash and Kajiji); and Loan and
Deposit Activities Modeling for Rationalising Commercial Bank Strategy (llchenko and
Nazarenko); Others: Developing Agility and Resilience Framework for Humanitarian Supply
Chain under the Moderating Effect of Culture (Ali) and Unleashing Third Sector Potential:
Using Community Operational Research to Develop Guidelines for Volunteering Best
Practices in Aotearoa, New Zealand (Moore).

Gerhard-Wilhelm Weber from METU and EURO used systems and simulation approach to
understand factors that influence the quality of primary education in developing countries,
particularly, of migrant pupils in big cities [12-13]. With his coworkers from India, Turkey and
Indonesia, he evaluated factors such as local and national potential stability, family narration from
rural to urban localities, socio-economic status, and their impact on the quality of education.
Overall, participants presented and discussed various interesting models, most of which are
focused on solving major problems faced by developing countries in the areas of health,
education, poverty, traffic, disasters, agriculture, banking and finance.

3. The 28" Euro Conference

The Workshop flowed into the 28th European Conference on Operational Research, held
from July 3 to July 6, 2016. The Conference attracted more than 1800 participants from 170
countries. In keeping with tradition, the EURO Awards were given during the Opening and
Closing Sessions.

The event covered 25 areas and 1600 presentations from Data Analytics to Behavioral OR chaired
by very competent and intelligent stream and session organizers from different parts of the world.
Participants presented papers and attended streams/sessions of their choice to gain more knowledge
and skills on how OR could make an impact in their work and in their lives. The talks shared by
three plenary and eleven keynote speakers gave the impression that OR has all the answers.
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The equally enriching social program included a welcome reception, gala dinner and farewell
party, where old friends and new acquaintances met, exchanged ideas and shared past OR
experiences. Apart from the tours of museums, the Old Market Square and other places, a trip
to the largest fulfillment center of Amazon in Europe was an opportunity to see first hand the
logistics involved in getting millions of goods to countries worldwide. This visit turned out to
be both a social event and an informative one.

During EURO 2016, Esteemed Scientist Prof. Dr. Robert Aumann of Hebrew University of
Jerusalem, Laureate of Nobel Memorial Prize in Economic Sciences in 2005 presented a
lecture on Why Optimize? An Evolutionary Perspective suggesting that the poorly understood
phenomenon of consciousness has evolved for precisely that reason - to enable efficient
optimization of life processes.

Conclusion

The IFORS-EWG ORD waorkshop provided an opportunity for participants to interact on a deeper
level on their respective research areas. Each participant gained insights both from those who
were knowledgeable in their specific areas of study and from those whose backgrounds served to
enrich perspectives at problem solving approaches and implementation considerations. The
program was rich with learning opportunities on methods that are very valuable for environments
and situations common in developing countries. The EURO Conference, on the other hand,
afforded a multi-dimensional environment that provided academic, social and cultural enrichment
for all participants. The combination of the small and large conference participation was a unique
education towards becoming a well-rounded OR professional.
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Annoranusi. 2016 rox 3aBepiiaetr neppoe ACCATUICTUE ACSITSILHOCTH pa00Ye IPYIIbI 10 Pa3BUTHIO
EWG ORD (EURO Working Group on OR for Development). CoBmecthbiit cemunap IFORS-EWG
ORD Workshop nposomuicst Bmecte ¢ IFORS (International Federation of Operational Research So-
cieties) memocpencteenno mepes koudepennueii EURO 2016 (European Conference on Operation
Research); (EURO — The Association of European Operation Research Societies) B r.ITosunans. Ha
CeMuHape OBLTH MIPEICTaBICHBI METOIBI KapTOrpadypOBaHUs U PACCTAHOBKH IMPHOPUTETOB, KOTOPHIE
MPUMCHAIIUCH IJId IMMOJTYUCHU A I/IH(I)OpMaHI/II/I O MOHMMAaHWKM YYaCTHUKAMH 3aJladyu O TOM, KaK CACIIAaTb
UccliefoBaHue onepanuii 6onee 3(EeKTUBHBIM B PEIICHUH BOIPOCOB Pa3BUTHS. BBITO TpencTaBieHO
OOJIBIIIOE KOJIMYECTBO CTaTeﬁ, HCIOJIB3YIOMNUX METOAbl ONCPAMOHHOIO HMCYUCICHUA B o0JacTIax
3IpaBOOXpaHEHHS, 00PA30BaHMsI, CETLCKOTO X03UCTBA, HUIIETHI, JOPOKHOTO JIBUKCHHS, TyMaHUTap-
HOU JIOTUCTHUKU ¥ (PUHAHCOB.

Kniouessie cnosa: HUCCICAO0BaHUC OHepaL{Hﬁ, Ppa3BUBAOIIUECCA CTPAHBI. pa60qaﬂ T'pyIiia 1o pa3BUTUIO.

1. BBegenue

Hecsarsrii, roouneiinsnii, Cemunap Padoueit rpynmer EURO mo nccrienoBanuto oneparuii s
paszeutus (EWG ORD) npoxoaunn moj Ha3BaHHeM «JlecsTh JeT paboThl B 00JIACTH HCCIIEIO0-
BaHus oneparuit s passutus» (http://ifors.org/ewg-ord/). Cnoncopamu CemuHapa cranu
EWG ORD (https://www.euro-online.org/web/ewg/29/or-for-development-ewg-ord) u IFORS
(http://ifors.org/web/). Cemunap OBLI MEpONPHITHEM, COMYTCTBYIONUM 28 KOH(EpPEHIINH
EURO, npoBoausieiics B r.I1o3HaHb.

Co Bpemenu cBoero ocHoBaHus B 2007 r. AaHHBIA ceMUHap ObUI IUIOIAAKON IS OOLIEHMS,
yrayOneHusi 3HaHUMM U OOMEHa OIbITOM CHELHATUCTOB B IMPHUKIAJHON 00JIaCTH, YYEHBIX,
BCEr0 MHMPOBOI0 COOOIIecTBa MO HccienoBaHU0 onepanuil. Ha cemunapax oOcyxknarorcs
BOTIPOCHI PAa3BUTHA B 00JIaCTH 00pa30BaHMs, 3paBOOXpaHEHHs, HHYPACTPYKTYpHI, YCTONIH-
BOCTU OKpYXarolleil cpe/ibl, SHEPreTUKH, pOCTa HACEJIEHUS], HUILEThl, U3MEHEHHs KJIMMaTta U
T.1. [1-7].

3a kaxnaoi 30-MuHyTHOM mpe3eHTanueil Ha CemuHape OBIJIO OPraHM30BAHO BBHICTYIICHHE
3apaHee OTOOPAaHHBIX CIICIMAIMCTOB, KOTOPHIE BBICKA3bIBAJIM CBOE MHEHHUE O JOJIO0KEHHOU
pabore. IloMHMMO MOBBIIIEHUS HAaBBIKOB BBICTYIUICHHS, YYaCTHHUKH HMENIHU BO3MOXHOCTb
MOJTYYHTh OT3BIBBI YYEHBIX, IPAKTHKOB, CTYJICHTOB M 00Jiee ONBITHBIX crenuanucToB. [locie
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CeMHHapa YYaCTHUKH TMPOJOJDKWIM Oecelbl U OOMEH HUICSIMH YK€ HEMOCPEJICTBEHHO BO
BpeMs KOH(PEPEHLIUH.

2. Pa3HooOpa3Hblii cieKTp npukjaagnbix odaacreii Cemunapa EWG-ORD

Ha otkpbitun CeMuHapa cBOMM OOIIMPHBIM OMBITOM B OOJAacTH HCCIEIOBAaHUS Omepanuit
nonenmiacek npeacenatens EWG ORD Dmuc nens Pocapuo. OHa pacckassiBaiia 0 TpexX Mpo-
eKTax: ryiobamu3anus Cpe/iCTB MPOU3BOJICTBA, HALIMOHAIBLHOE YIIPABJICHHUE SHEPrOCUCTEMOI,
OTepalyu B TOPOJICKOM IMOPTY. DTHU MPOEKTHI JATH YETKOE MPEICTaBICHHE O MpodiemMax U
ycrexax, KOTOpble MOTYT JKJaTh CHelHalucTa B O00OJacTH HCCIENOBaHHS oOnepauuil B
peanbHON Ku3HH. M3 HUX OBUIM W3BJICYEHBI YPOKM KaK YCIEIIHOTO, TaK M HEYCIEIIHOTO
IIPUMEHEHUs peKoMeH1auu [§].

3a 3THM BBICTYIUICHHEM CJIEJIOBAJIO 3aceianue noj pykoBojactBoM Karam Bpyra, 3acmyxen-
Horo mpodeccopa u BHemmratHoro mpenogasareias University College Dublin Center for
Business Analytics. YyacTHuKH ceMuHapa MBITAIUCh HAWTH OTBET HA BOIPOC «KAK NOMOUb
uccnedosanuio onepayuil ovims 6onee dghpekmusHvim 6 pewernuu npooiem pazeumus?y [9,
10], a Benymumii ceMuHapa POJEMOHCTPUPOBAJ, KaK METOJMKA PACCTAHOBKHU MPUOPHUTETOB
MOYKET MTPUBECTH K pa3pabOTKe CTpaTeTHH.

Oumu U. Kappepac, Benymuii JIeKTop B 00J1aCTH SKOHOMHUKH U TEOPUU MPUHATUS PEUICHUN
B yauBepcutere De Montfort University, npoBen ThioTopckoe 3aHstue Ha Temy «Haydmo-
NpaKkTUYecKas TOYKa 3pEHUS Ha METOIbI CTPYKTYPUPOBAHHS 3aa4n». YUACTHUKH pa3feiiu-
JUCh Ha JIBE TPYMIBI U C MOMOIIBI0O METOJIOB OTOOPa)KEHUS BBISCHSIIN, KAKOBBI KIIOYEBBIC
MOMEHTBI, KOTOpPbIE HEOOXOANMO PEIINTh, YTOOBI HCCIEOBAHNE OTEpAIMid TPOIOIHKATIO (-
dbexTUBHO BIUATH Ha monuTHueckux aesteneit [11]. 3arem D.U. Kappepac 0606mun utorun
paboTsl 00eux rpymm.

[IpencraBnennsie Ha CemMuHAape pabOTHI THIATEIHHO OTOMPAIMCH U3 MHOXECTBA 3asiBOK. Pac-
CMaTPHUBAIUCH pa3HbIe 00JIACTH U BOTIPOCHI.

30pasooxpanenue: llpoeKTHpOBaHHE CHCTEMBI cOOpa KpOBHU, MOJENh pPa3MEIICHUs-
pacripeniesieHust ¢ yuerom cbopa u noarotroBku (Ocopuo) u ['opojckas MOOMIBHOCTh U JIH-
HaMuKa pacnpoctpaHeHusi Oonesnedd B r.Menensun, Komymobus (Jlotepo). Obpaszosanue:
Orenka nporpaMmel oMot cryaentam (Heposa). Cenvckoe xozsaiicmeo: TloBbllieHne 0TKa-
30yCTOMYMBOCTH LIEMIOYKH MOCTaBOK puca Bo BretHame (XaH). Vnpasnenue: IpdexTuBHOCTD
OpPraHoOB MECTHOTO caMoyTpaBieHus B noctiokennu Leneit B pamkax passutus MDG (Mille-
nium Development Goals) (bammemop); MonenupoBanue OeqHOCTH Ha DUIHNITUHAX
¢ ucronb3oBanueM Metoaa Agent — Based Approach (Mapkes); MccrenoBanue omneparnuii B
MPUMEHEHUN K 3aTopaM Ha Joporax KpymHbIX ropojaoB (Omnabone). Duwuancevl: DBONIONUS
TOPTOBIIM, WCCIIEOBaHUE OMepaluii U HEMpPOIKOHOMHUKA B TI0OANbHONW (DMHAHCOBOHM MpO-
rpamMme ([pm, Kamxumxkn); MoaenupoBanue AesTeNbHOCTH OaHKOB B 00JIaCTH BKJIAIOB U
KPEAUTOBaHUS JUIS pallMOHANU3allMU CTpaTeruu Kommepdeckux OankoB (Mnpuenko, Haza-
peHko). /[pyeoe: Pa3paboTka onepaTuBHON M OTKAa30yCTOMYHMBOM 0a3bl JUIsl OpraHU3aIiu Ty-
MaHUTAPHBIX MMOCTABOK C YUYETOM CMATYAIOIIETO BIUSHUSA KylbTyphl (Anu); Mcnons3oBanue
MOTEHIIMAJIa TPETHETO CEKTOpa YKOHOMHKH: TIPUMEHEHHE UCCIIETOBAHHS ONIEPAIlii TPUMEHH-
TEJIBHO K Pa3BUTHIO OOIIECTBA C IIENBI0 Pa3pabOTKU PEKOMEHIAIMH JIsl BOJIOHTEPCKOM Mmpak-
TUKHU B AoTeapoa, HoBas 3enannus (Myp).

I'epxapa-Bunerensm Bebep uz METU n EURO npuMeHMs1 cuCTeMHBIN MOIX0J] M MOJETUPO-
BaHHWE JUIsI BBIICHEHHS, Kakue (PaKTOpbl BIMSIOT HAa Ka4eCTBO HAYALHOTO 0Opa3oBaHUs
B Pa3BHUBAIOIIUXCS CTpaHaX, B OCOOEHHOCTH B OTHOIIEHUM JI€TeH MepeceseHleB B KPYIMHbBIX
ropozax [12-13]. CoBmectHo ¢ kouteramu u3 Muauu, Typiuu u MHIOHE3WH OH OLIEHWIT BITH-
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SIHUE Ha Ka4yeCTBO 00pa30BaHMs TaKuxX (PaKTOPOB, KaK JIOKAIbHAS M HAI[MOHAIbHAS MMOTEHITH-
ajbHasl CTaOMIIBHOCTH, TEpee3l] CEMEH M3 CEIbCKON B TOPOJCKYI0 MECTHOCTh, COLMAJIBHO-
SKOHOMHUYECKHUH CTaTyC.

B mienom, y9acTHHKHM TIpEACTaBUIM M OOCYIHIIM Pa3HOOOpa3HbIE WHTEPECHBIE MOJICNHU, HAalle-
JICHHBIC Ha PEIICHUE OCHOBHBIX MTPOOJIEM, C KOTOPBIMU CTAIKHUBAIOTCS PA3BUBAIOIIMECS CTPAHbI
B 00J1aCTH 3/IpaBOOXpaHEHMsI, 00pa30BaHusl, HUILETHI, TOPOKHOTO JIBUIKCHUS, IPUPOIHBIX Oe-
CTBHI, CEITbCKOTO X031CTBA, OAHKOB, (PMIHAHCOB.

3. 28-s1 koHpepenuuss EURO

Pabora Cemunapa miaBHO meperekia B pabory 28-if EBpomelickoil koH(epeHIHH 10
MCCJICIOBAHMIO Omeparui, koropas npoxoamwna 3-6 utons 2016 r. Kondepenmus cobpana
6onee 1800 yuactnukoB u3 170 crpan. Ilo Tpaauuumm nHarpaast EURO Bpyudanuce Ha
OTKPBITUH U 3aKPBITUH KOH(EPEHITUH.

Ha xondepennuu 0buto mpenctarieHo 1600 mpe3eHTanuid, 3aTparuBarOInX 25 Pa3IMIHbIX
oOnacreil oT aHaynM3a 0a3 JaHHBIX 10 UCCIIEAOBAHUS MPOOJIEM MOTHBALMU TMOBEACHUS METO-
JlaMH ONPEalMOHHOI0 MCUUCIIEHUs. 3aceaHusl CeKIM ObUIM OpraHM30BaHbI 1OJ PYKOBOJ-
CTBOM KBaJU(UIMPOBAHHBIX CHELMAIMCTOB M3 PAa3HbIX yacTel cBeTa. YYaCTHUKHU IpeJCTa-
BWJIHM JTOKJIAZB! ¥ TIOCETHIIM CHMITO3UYMBI 110 CBOEMY BBIOODPY AJIsi OOMEHA OMBITOM M HaBbIKa-
MU B 00JacTH METOJOB MCCIIEOBAHUS ONEpaluil U UX 3Ha4YeHus B paboTe U Xu3HU. Tpu
IUICHAPHBIX W OJMHHAALATh NPUIIAIICHHBIX JOKJIAJ0B OCTABWJIM BIEYATIEHHE, YTO
UCCIIeIOBAaHME OIepalil pacrojaraeT BCEMH HEOOXOJUMBIMM OTBETaMM HA aKTyallbHbIE
BOIIPOCHI.

KynbTypHas nporpamMmma KOH(pepeHIINN OblIa TaK)Ke YpE3BbIYAIHO HACHIIIEHHOW W BKIJIIOYAIIA
IPUBETCTBEHHBIM NpPUEM, TOP)KECTBEHHBIH YXKMH M NPOILAIBHBIA YXHH, IIe BCTpEYAIHUCh
CTapble APYy3bs U COBEPIIAIUCH HOBbIE 3HAKOMCTBA, IPOUCXOAMII OOMEH UAESIMU U ONBITOM B
oOmactu uccnenoBanus oneparuil. [ToMumMo sKCKypcuM B My3eH, Ha CTapyl0 PHIHOYHYIO
IIoHIa/lb ¥ APYrue JOCTONPHUMEUATeIbHOCTH, ObUla OpraHM30BaHa MOE€3]Ka B KPYMHEUIINI
IEHTP HWCIOJHEeHUs 3aka3oB MHTepHer-marazuna Amazon B EBpome. YyacTHUKH uMeTH
BO3MO>KHOCTb CBOMMH IJIa3aMH YBHJIETh JIOTMCTUKY IIOCTaBOK MUJUIMOHOB TOBapOB BO BCE
CTpaHbl MHpa. OTa B3KCKYpPCHsl OKa3ajach HE TOJBKO KYJIbTYPHBIM, HO U YPE3BBIYANHO
MI03HABATEJIbHBIM MEPONIPUSATUEM.

Bo Bpems kongepenimun EURO 2016 wu3BecTHBIN yueHbIH, jaypeaT NpeMHHM HaMsTH
Anbsdpena Hobensa B obmactu sxkonomuku (2005 r.), npodeccop, nokrop Podbepr AymanH u3
Espeiickoro yHuBepcutera (r. Mepycamum) mnpouuTan JIEKIMIO Ha TeMy «3adyeM
ONTUMU3UPOBATH? DBOJIOLMOHHASI TOYKA 3PEHUS», B KOTOPOU MPEANOI0KIIL, YTO TIOXO IO-
HUMaeMblii ()eHOMEH CO3HAHMS HBOJIOLMOHMPOBAJ MO ITOM NMpHUMHE — HeoOXxoaumMa 3 dek-
TUBHAsl ONTHUMM3ALMS )KU3HEHHBIX IIPOLIECCOB.

BriBoabI

Cemunap IFORS-EWG ORD cran miomaakoi B3anMOICHCTBUS YIaCTHUKOB, CICIUAINCTOBR B
00JIaCTH HUCCIIeIOBAHMUS OTIepallnii, ¢ YriyOleHreM YpOBHS MOHUMaHUs. KaxIplii y9acTHUK MOT
y3HATh MHEHHE O CBOEH paboTe CIIEIMAIMCTOB W3 COOTBETCTBYIOMICH OOJIACTH HMCCIICIOBAHHS
OTepaIyii, a TAKXKE CIEIUATICTOB, CIOCOOHBIX PACHIMPUTH TPEICTABICHUS O METOaX PEIICHUS
3a7a4 U Borpocax BHenpeHus. [Tporpamma CemuHapa criocoOCTBOBaa O0YUYCHUIO YIACTHHKOB
Ype3BBIYAHHO TOJIE3HBIM B PAa3BHUBAIOIIMXCS CTpaHaX MeEToAaM uccienoBaHus. KondepeHmus
EURO, ¢ npyroii cTopoHBI, Tpemiarajia IUIONaaKy U MOJIC3HBIX HAYYHBIX, COIHATBHBIX U
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KyJbTYpPHBIX IHMCKYCCHH. YYacThe B HEOOJBIIOM W KPYIMHOM MEPOINPUSATHAX OJHOBPEMEHHO
JIABAJI0 YHUKAJIbHYIO BO3MOXHOCTb COBEPIIEHCTBOBAHUS B 00JIACTH MCCIIEIOBAHUS OIIEPALIU.
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CIIOKHBIX CHCTEM B KOHTEKCTE pa3BUTHS. AKTHUBHO MOAJACPKHUBACT (DYHKIMOHHUPOBAHUE
pabouunx rpynn u koHdepeHuii, opranu3zoBanubix EURO u IFORS no Bcemy mupy.

Caauna Camap Auu, npodeccop HHCTUTYTa MeHeKMeHTa, r.Heto-Jlenu, Unaus. B Tteuenue
12 et paborana Haj CONMMKEHUEM HAYKU M MPOMBIIIIEHHOCTH, CO3/1aBas BO3MOKHOCTH JIJIsI
oOydeHHus mepcoHalla Ha pealibHbIX IMpUMepax U3 00JacTd YIpaBJICHUS ONEpalusMu U Ie-
MOYKaMH TIOCTaBOK. JSIBisieTcss wieHOM pabodell Trpynmbsl HMHAMKMCKOTO (uiamana 1o
METOJIOJIOTUU COLMATIBHOM KOMILTIEKCHOCTU. KOHCYNnbTUPYET Oopranu3anuu B 00JacTu Mojie-
Jei 3aKynoK — peajnu3auuu, 0ailecOBCKOro aHajan3a, MHOTOKPUTEPUAIBHOTO Ipoliecca Mpu-
HATUS pelleHud, GyHKINI HaJeKHOCTH, YIPABICHUS IIEMOYKON MOCTABOK, YIPaBIEHUS JIO-
TUCTHKOM, OLIEHKH UCCJIEI0BAaHUS B MAPKETHHIE.

Dauca pennb Pocapmo, KOHCYJIBTAHT TOCYJAPCTBEHHOTO M YaCTHOTO CEKTOpa Ha DuIMIIIH-
Hax, (MHAHCOBLIM aupekTop cemeitnoro ¢ouma One Small Step Forward Foundation, Inc.
B teuenne 20 ger paborama B San Miguel Corporation; Oyaydud B JOJDKHOCTH BHIIE-
Npe3UICHTa 3TOH KOPIOpanuud B 00JacTH MCCIACIOBaHMs OIepaliii, mepeinia Ha paboty B
yuuBepcuteT. [Ipenonaer B @ununnuuckom yausepcutere, Graduate School of Engineering,
a take B Accenture’s Operations B pamkax mporpamMmel MBA 1o ayrcopcuHry OusHec-
nporeccoB. [Ipe3upeHT-0oCHOBaTeb  COOOIIECTBA IO KCCICAOBAHUIO ONepaluid Ha
Oununnunaax, [IpesumeHT MexayHapoaHo# (enepalu COOOIIECTB 1O HCCIICIOBAHUIO
omnepanuii (2007-2009).

I'epxapa-Buabreabm Bebep, npodeccop MHCcTUTYTAa NPUKIAAHONW MaTeMaTHKU BIMKHEBO-
crouHoro TexHuuyeckoro yauBepcutera (METU). O6nacte wuHTEpecoB: (uHAHCOBasA
MaTeMaTHKa, SKOHOMHKA, ONTHMHU3ALMUS W YIPABICHHE, MEIUKO-OMOJIOTHYECKHE HAYKH,
rIIyOMHHBIA aHaIM3 JaHHBIX, oOpa3oBaHue W pa3BuTHe. OpraHu3aTop MHOTOYHCICHHBIX
MEXIyHAPOAHBIX KOH(epeHIuid. MIMeeT AWUIIOM M JOKTOPCKYIO CTENEHb MO0 MaTeMaTHKe,
HSKOHOMHKE U JIeJIOBOMY aJMMHUCTpUpOBaHHIO PeiiHcko-BecTdhanbckoro TeXHHYECKOro yHH-
BepcUTEeTa AXEHa, MPOIIEIT MEPENoroTOBKY B JlapMIITaATCKOM TEXHHYECKOM YHUBEPCHUTETE.
B WHcTuTyTe mpuKiIagHOW MaTeMaTHKW HAa JaHHBIM MOMEHT Y4acTBYeT B Iporpammax Io
(UHAHCOBOW MareMaTUKe HW HAyYHBIM BBIYUCIICHUSAM; UWICH TISATH JPYTHX  IIKOJ
MarucTpaTypbl U JAOKTOPAHTYpbl, UHCTUTYTOB U Kadenp METU. CoBeTHuk koH(pepeHIM
EURO, Bosrnasnser onnaita-pecypc OR for Developing Countries (ucciemoBanue oneparuii
1utst pa3BuBaromuxcs ctpan) IFORS.
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