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Tes la 's n onlinear oscillator-shut tle-circuit (OSe) t heor y compared with linear, nonlinear-feedback and nonlinear-element electrical engineering circui t tbeory' T. W. BARRETT



13521 S.E. 52nd st . Bellevue, WA 98006 , U.S.A.



ABSTRACT_ Tesla's approach to electrical engineering addresses p rimaril,v the reactive part of elect romagnetîc field-matter illterattians, rather than the resistive part. His approach is more comparable with the physics of nonlinear optics and many-body systems than with that of sing!e-body systems. It is fundament ally a nonlinear approach and may be contrasted with the approach of mainstream e!eclrical enginccring, bath linear and nonlinear. The nonlinear aspects of mainstream electricaI engineering are based on feedback in the resistive field. whereas the nonlinearity in Tesla's approach is based o n oscilla tors using to-and-fro shllttling of energy to capacitative stores throllgh non-circuit clements attached ta circuits_ These oscillator-shuttle-circnit connections result in adiabatic nonlinearities in the complete oscillatar-shuttle-circuit systems (OSCs). Tesla oses are reacti,-e or active rather than resis t he, the latter being the mainstream approach, therefo re device nonlinear s1J5C€ptibilities are possible using the Tesla app roach. As a development of this approach, 3-wave, 4-wave ... n-wave mixing is prapased here using ose devices, rathêr than laser-matter interactions. The interactions of oscillator-shuttles (OS) and circuits (C) ta which they are attac hed as monopoles forming OSCs are not describable by Kirchhoff 's and Ohm 's laws. It is snggested that in the OSC formulation , floating grounds are fllnctionally independent and do not fnnction as corn mon grounds_ Tesla employed, rather, a concept of multiple gronnds far energy storage and removal by oscillator-shuttles which cannot be fitted in the simple monolithic circuit format, permitting a many-body definitioll of the internai activity of device subsystems which act at different phase relations. This concept is the basislor his polyphase system of energy transfer. Originally disclosed in doc ument N° 225395 , 1988, L".S _ Patcnt Office.
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The Tcsla are Ilila iogs of quatc rn ionÎc systems. lt is shown t hat more colll plex Ilrc a nalogs of more complex Humber cleme nts (e.g. , Carle}' numhers and "bc}'und Cayley lI umbcrs" ). The ad \"a nt.a ges of [ Tafting cucrgy ill quatcrn ic.mÎc. ()f S U(2) gro u p, a nd highr r gruu p, sym mel ry fo rrn, lie in. (1) paramctric pumping wit h only il o ne d ri ,"e system (powe r rontml) ; (2) co nt rol of t he E field o r .lnu le/c.\·c1e (cflt!cgy cordml); (3) pllase lIlodula tio n at ra tes grcatcr Ihan t he carrier ( phase con/rol); (-il rrouc tion of noise in e ncrgy t rans mission (noue c011lrol) for commu nicat ions; a nd (5) rcd uction of power loss in pOwer tra nsmission. Engiut'e ring a pplicat ions are suggested.
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Fï llally. il is shown 1hal Tesla's ose ap proac h 15 more ap pro priatcly (s uççinct l..-) describcd in A four polent la! form . than in e, H , Blind D field f UTl D or by Ohm 's law. Tha t 15. t he bounda ry cond itions a re of crucial importance ill dcfi ning the funct ioning of
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IlESUME. La manière dOIl! Tesla approche l "ingénierie rE/cctrique concerne principalement la par!ie réuctive de l"i n/erac/ioll champ. matière, plutôt que la partie rbistive" So n approche est plus campa· rable li. [a phYSIque de l ·Qptrq ue " on linéa ire ct des systèmes à plu" sieur.s corps qu 'Ii. celle de systèmes li un seul corps. L ·apPl·oche de 1b;/a est basée ",ur d es cormections Clrctlil-naueile -oscillateur (OSe) permettant des su.!uplibildés n onlinéair"C.! du dü positij. Les de Tesla sont de.! analogues des système, de qua l eTTIiolls. Des plus r.omplezes sont des a1lalogues de lIombre! plu.s complexes (par ex. nombre$ de Caylcy). lI y a des avant ages pratiques à m ettre l 'b,ergie 501 / 5 fo rme de Quaternio ns ou d ·éléme nt s de groupes de symétrie de type 5U(2) ou plu.s élevé : par ezemple, da ns 1) le colllnile de puissance, 2) le CQntrôle d·énergie, 3) le cou /role de phllJe, .f) le contrôle du bruit. J, 'approche d~ Tesla esl décrite d~ mafliere plus appropriée SOlU la. forme de qUlldripotel1liel A plutôt que sou.! r;clle de champ! de forct..
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L Introduction T hcre is almost u nin!rsaJ a greement t hat :;-Îcolai Tesla approached eletl rical engineering from a different ,"iewpoint than conwnt ionaJ ci rcui t t hcory. T hcre is, howe,"er, no agreemellt Oll the I,hysical mo dcl behind his pa n icul aT approach. l n th is paper l hope 10 show that Tesla.'s ap proach look ad\'antage of the mally possib ilities o f IIOllli ncar interaction in joined oscillator-shuttles, and his nonlinear oscillator-shuttle-circuit approach, which wc sha H cali T.he OSC a p proa ch, ta n be contrastoo sharply wit h linear circuit lheory. Thc particula r no nlinearity of O SCs arises because
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of the use of multiple indcpendent fioaling "grounds" which provide separate energy storage capacitative repositories from which energy is oscillator-shuttled to-and-fro. The use of illdependent and Ilonintcracting energy storage "cul-de-sacs" is a trademark of Tesla's work and sets it apart from linear circuit t heory as weil as nonlinear feedback theory (cf Tesla, 1956; Ford, 1985). The ose arrangemeni cannot be adequately described either by Kirchhoff's or Ohm's law . l n section nI, belo\\" . the field relations arc derived for oses within the constrainls of the arrangement conBidered as boundary conditions. The OSC arrangement is t reated in section TIl as another method of energy crafting or conditioning similar to that of \Van' guides or other field-matter interactions . . Viewed from this perspecti\·c. Tesla's ose arrangements ofJer methods to achieue. macroscopic or device nonlinear interactions presently only achielJcd, with diffie1.l./ty, in nonlinear opties (cf Bloembergen, 1965, 1982; Bloembergen .s..: Shen. 196-/' ; Shen. 1984 ; Yee & Gustafson, 1978). A clear distinction can be made bet\\'een the adiabatic nonlinear oscillator-shuttle-circuits addressing the dynamics of the reactive field considered here and nonadiabatic circuits addressing the resistive field . For example, Chua and coworkers (Chua. 1060; Chua ct al. 1086; Î\latsumoto et al. 198-/', 1985, 1986, 1987a.b; Kahlert &:: CllUa, 198"1; Rodriguez-Vasquez et al, 1985; Kennedy &. Chua. 1986: Abidi & Chua, 1979; Pei et al, 1986) have described man}" nonliucarities in physical systems sucll as, e.g., rour linear passive clements (2 capacitors, 1 inductor and 1 resistor) and one actiw nonlinear 2-terminal resistor characterized by a 3 segment piccewise linear '1.' - i characteristic. Such circuits exh ibit bifurcation phenomena, Hopf bifurcation. period-doubling cascades , Rossler's spiral and sere\\' type attractors, periodic \yindows, Shilnikov phenomenon, double scroU and bauudary crisis. T he t unnding current of Josephson-junct.ion circuits can e\'en be modeled br a non lincar tl.ux-cantrolled inductor (Abid i & Chua, 1979) . HO~'e\"er, in ail these instances, (i) the nonlinear resistive elements require an cllergy source tü the lIonlinear resistor which is cxternal to tllat of the circuit, (ii) the resistive field, not the reactive field , is the operati"e mode, and (iîi) of coursc the physical system is a circuit, not an ose. Treat ments of eledrical circuits by the orie nted graph approach (Ingram & Cramlet, 19H j Van Valkenburg, 1955: Seshu ..\..; Recd, 1961 ; Bray ton & }':Ioser , 1964a,b; Rez & Secly, 1959; Branin, 1959, 1966 ;
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Smale, 1972) have all commenced with a one-dimensional œil complex (i .e., a grapb) v.':ith vertices and branches connecting them , as weil as separable loops. Representing the connectivity relations of an oriented linear graph by a branch-vertex matrix A = L a...J> the elements have values of + l, - l , and 0, depending on whether current is flowing inta, out of, or stat ionary, at a particular vertex (i .e., ai} = (+ 1, - 1,0)). This linear graph representation does not, however, take inta account an)' representation (resu lting from modulation) which does noL conform to the \"a!ues fOf aij, e.g., when aij takes on spinor values, that is, abeys the eH! n subalgebra of a Clifford a1gebra. T here are, how€ver, ather approaches to circuit analysis which are com patible with Tesla. OSCs. Kron (1938, 1939, 1944 , 1945a,b, 1948) equated circuits with t heir l.ensor representations. Kron's methods were supported by Rot h's demonstration (1955) t hat network analysis i3 a pmctical application of algebmîc top%gy. Roth (1955a,b) showed that Kirchhoff's current law is the electrical equivalent of a homology sequence of a lînear graph, and Kirchhoff's voltage law corresponds ta a cohomology sequenœ, these sequences being related by an isomorphism corresponding ta Ohm's law . The algebraic topology approach was enhanced considerably further by Bolinder (1957a,b, 1958, 1959a,b, 1986, 1987) who introduced th ree-dimensional hyperbolic geometrical transformations to circuit analysis and showed how partially polarizcd electromagnetic or optical waves can be transformed bl' Clifford a1gebra. Tesla oses also cao be described in Clifford a1gebra terms. Below, the OSCs are descrihed in quaternion algebra, which is the even subalgebra of a three-dimensional Clifford algebra with Euclidean metric. In the immedia.tely following section Il t he rea.der is introduced ta Tesla oses shown in Tesla (1956, J986) and Ford (1985), establishing the case of unique use of osciJ1ator-shuttie (OS) arrangements joined in a monopole fashion, i.e., with one connect ion , ta circuits (C) , thereby forming OSCs. Simple OSC models are t hen related to the Tesla models highlighting the operatîng principles.



Il. Sorne Tesla oses There are unifying physical themes present in Tesla oses and antennas (Figures lA-J). Figure lA is t he prototypical oscillator-shuttle (which we sball calI OS) witb the common ground situated between two inductances one of which is joined ta a capacitive encrgy store indicated by t he circle. The OS, imbedded in conventional circuits, (which we shall
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refer to as Cs), (Figures lB & lC), we shaH cali an ose. The frequency of the OS becomes the signal frequency (13 ) for the pump frequency (0:) of t he circuit, C, resulting in an idler freq uency h) for the ose, using t he signal, pump, idler nomenclature of the theory of parametric excitation. However, as will be indicated below, this is a unique form of adiabatic invariant pammctric excitation and distinct from the conventional farm which requires energy expenditure in the signal as well as the pump. The only requires energy expenditure in the pump. Figures ID , E & F are further examples of OSCs in which the primary coil (our pump or circuit inductance) is wound around the secondary (our signal or OS inductance). In Figures lG & H in a variation, the signal, or secondary, OS inductance has two energy storage capacitors for shuttle operation and is couple
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Figures 11 & J are pancake antennas which utilize two princip/es: (1) the ose principle already discussed in which t he pancake is an ind uctance OS for energy storage in the pancake coil, and, in the case of Figure lJ, even with a capacitance store at the vertex of the panca.ke; and (2) E field overlap due ta the in- plane winding of the pancake resulting in a rnany·to-one mapping of E fie lds and a strict boundary condition constraint. The pancake antenna is also a frequency-independent antenna. Figures 2A-G are OSC diagrams illust rating in a more simplified fashion the principles exhibited in Figures lA-J. Figure 2:\ represents the design of Figures lB & C; Figure 2B rep resents polarization modulation; Figures 2C & D represents Figures 1B & C ; Figure 2E represents Figures lG; Figure 2F represents Figure lH ; and Figure 2G represents Figures 11 & J. In the following section III, the pump, signal and idler fields of t he simplest, or Tesla, OSC are derived by a treatment in which the ose arrangement is treated as another method of energy crafting or conditioning similar to waveguides or ot her field-matter interactions, i.e., with network theory subsumed under fie ld theory.
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II 1. R eactive versus r esistive fie lds : analogy b etwee n oscilla tors hu t tle-circ ui ts a nd cohe re nt coupling betwee n modes in a nonli near optical waveguide



T he operation of a many-body Tesla ose system can be descri bed by a model already used in nonlinear optics for describing radiatiollmalter interactions. Specifically, t here exis lS an analogy between Tesla theory and coherent coupling between modes in a nonlinear waveguide.
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One can commence \\'ith the .\'l a.'i:well 's equations : 'V xE:::: -iwJ1.fJ H



vxH =



iwD



(1)



(2) (3)
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( 4)



and



D = f.E ,



(5)



if no free charge density is present and t he medium is isotropie. By set ting (6) and int roducing this into the first Maxwell equation gives : vx (E + ù...'.4.)= O T hereforc E



+ iwA



(7)



is t he gradient of a scalar potential tjJ:



E = - i;.;A. - v tjJ. Introducing t his inta t he second !\Im.\\·cll equation givcs: (9)



Using t he identity fo r curl A, gives:



Using t he Lorentz gauge:



v . A + 1i.J-'110f. tjJ = 0



( I l)



and with no source ter ms, gives: (12)



whicll permit solutions of the for m : A = x>P(x,y)exp [-i;3'],



(13)



A = y"IjJ(x, y) exp[-i,&:],



( 14 )



for media uniform along the z-direction. The scalar funct ion t hen obeys t he scalar wave equation : ( 15)
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