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LIST OF DEFINITIONS OF TERMS 

System0 A physical electrical system, I.e., a combination 

of physical electrical devices. Typical physical electrical 

systems are: fluorescent lamp and ballast systems, amplifiers, 

power supplies, and communication systems. 

Device. A piece of electrical apparatus. Typical elec­

trical devices are: resistors, inductors, capacitors, fluores­

cent lamps, transformers, and vacuum tubes. 

Network. A hypothetical electrical system, i.e., a 

combination of definable elements, lines, and nodes, in which 

all energy Influences are included in the elements. 

Basic Network. A network in which each energy influence 

Is represented by a basic element. 

Circuit. Any closed current-path in a system or in a 

network. When all voltages in a circuit are measured with the 

same orientation with respect to the circuit, the sum of those 

voltages is equal to zero. 

Characteristic. A distinctive feature which serves to 

identify something. The electrical characteristics of systems 

and networks can be grouped into two classifications, namely, 

activities and parameters. 

Activity. A member of that class of physical character­

istics which serve to identify states of action. In general, 

the activities of electrical systems are: time, power, voltage, 

current, and their integrals and derivatives. However, time is 
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considered to be an independent variable and therefore is not 

classed as an electrical activity. Furthermore, the power of 

each component is established when all voltages and currents 

are evaluated as differentiable and integrable functions of 

time. Consequently, the significant electrical activities are 

voltage and current and their time integrals and derivatives. 

Now, the dual nature of voltage and current is well known (L-2, 

p. 43), therefore, the general discussions in this thesis will 

treat only one aspect, namely, mesh-current methods, leaving 

the node-voltage methods as being implied. For this reason, 

activity equations will be voltage equations and each voltage 

will be expressed as a function of currents, current derivatives, 

or current integrals as the dependent variables or time as the 

independent variable, forming ordinary differential equations. 

Partial differential equations were not necessary in this thesis. 

Parameter. A member of that class of physical character­

istics which serve to identify capabilities for action. In 

mathematical terms, the parameter of a component Is the dis­

tinctive function which identifies the energy influence of that 

component in a system or network. This definition of parameter 

is intended to be somewhat broader than that which seems to 

have been used in linear network theory. By this broader defi­

nition, every network element has a parameter, source elements 

Included. So, for a source element whose activity is arbitrarily 

specified in terms of time, that arbitrary time function will be 

considered its parameter-activity; in that case, the parameter of 
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the element and that activity of the element are identical. This 

broader definition of parameter seems necessary because of the 

complicated forms of the functions encountered in nonlinear net­

work theory. The terms of an ordinary nonlinear differential 

equation correspond to elements in a network and, in general, may 

be polynomials in terms of sinusoidal functions of time. With the 

broader definition of parameter one can say--if every parameter of 

a nonlinear network is defined then the steady-state solution can 

be developed. And, if any parameter of a nonlinear network is un­

defined then the steady-state solution cannot be developed. This 

condition is found in nonlinear networks because the very exis­

tence of significant harmonics is dependent on the amplitudes and 

time phases of the source activities as well as on their harmonics 

and there would be an infinite number of harmonics in any general 

solution. This possibility of an indefinitely large number of 

harmonics when only a single source activity frequency exists is 

not present in a linear network because any harmonic must appear 

in some source activity if it is to appear in any steady-state so­

lution. In fact, the harmonics in the steady-state solution are 

identical to the harmonics in the sources and, due to the princi­

ple of superposition, each harmonic can be individually evaluated 

from the general solution in terms of a symbolic harmonic. 

Linear Network. A network whose activity equations are 

ordinary constant-coefficient linear differential equations, i.e., 

the terms in the activity equations can be placed in 
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e i t h e r one of two c l a s s e s , namely, terms which are e x p l i c i t 

functions of time only, or terms which are exp l i c i t f i r s t -

degree functions of e i the r the dependent var iable or one of i t s 

i n t e g r a l s or der iva t ives with respect to t ime. 

Time-Varying Linear Network. A network whose a c t i v i t y 

equations are time-varying coeff ic ient ordinary l i nea r dif­

f e r e n t i a l equat ions . 

Nonlinear Network. A network any of whose a c t i v i t y equa­

t ions are ordinary nonlinear d i f f e r e n t i a l equat ions. Any method 

adequate for the solut ion of nonlinear networks may be used in 

the so lu t ion of l inear or t ime-varying l i nea r networks. 

Equivalent Networko Any network which i s equivalent to 

a system to the extent and to the degree of approximation t ha t 

a one-to-one correspondence e x i s t s between the a c t i v i t i e s of 

the network and the a c t i v i t i e s of the system. 

Harmonic Network. A network which i s approximately 

equivalent to the basic network insofar as the basic element 

influences on the corresponding harmonic of voltages and cur­

r e n t s i s concerned. 

Element. A two-terminal network component incorporat ing 

an energy inf luence. The element current at one terminal of 

an element is iden t i ca l to the element current at the other 

terminal of tha t same element. An element cont ras t s with a 

device in two ways. F i r s t , the energy influence of a device 

may be discovered or predicted on the basis of past experience, 

but i t cannot be defined as the energy influence of an element 
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is defined. Second, an element has only two terminals while a 

device may have any number of terminals and may require a net­

work composed of many elements for adequate equivalent repre­

sentation. 

Line. A current-path between two elements or Junction-

points in a network. At any point on a line, the current and 

potential are identical to those at any other point on the same 

line. 

Node. Any junction-point and the lines directly connecting 

thereto. At any point on a node, the potential is identical to 

that at any other point on that same node. Furthermore, when 

all the currents at a node are measured with reference directions 

taken away from the node, the sum of those currents is zero. 

Mesh. A circuit which borders a "window" of a network. 

Basic Element. An element whose parameter is an individual 

function representing a single energy influence. 

Source. An element which introduces energy into a net­

work, i.e., an active element as contrasted to a passive element 

which only dissipates or stores and returns network energy. In 

addition to negative resistance elements, typical sources are: 

A "voltage" source whose parameter is a voltage which is an 

arbitrary function of time; a "current" source whose parameter 

is a current which 1s an arbitrary function of time; and a 

"harmonic" voltage or current source whose parameter represents 

the influence of an activity in a different harmonic network. 
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Sink. Any element which i s not considered to be a source. 

Uni la tera l Element. An element whose parameter i s a 

function of the physical direct ion of a current or of the physi­

cal po la r i ty of a vol tage . A r e c t i f i e r element is a typ ica l 

u n i l a t e r a l element. 

B i la te ra l Element. An element whose parameter i s inde«= 

pendent of any current d i rec t ion or voltage po l a r i t y . Linear 

r e s i s t a n c e s , inductances and capacitances are b i l a t e r a l . All 

elements used in t h i s t hes i s are b i l a t e r a l . 

Linearly-Coupled Element. An element whose parameter i s 

a function of a l inear summation of the a c t i v i t i e s of a number 

of different elements. 

Nonllnearly-Coupled Element. An element whose parameter 

i s a function of a nonlinear summation of the a c t i v i t i e s of a 

number of di f ferent elements. In an iron-core transformer, the 

mutual inductive influence between two coupled c o i l s would tend 

to be a nonlinearly-coupled influence i f t he i r mutual magnetic 

path was shunted by another magnetic path which allowed the 

magnetic flux of e i t h e r coi l to by-pass the other c o i l . Sur­

pr i s ing ly , as is demonstrated in the problem system, a nonlinear 

mutual inductive voltage may s t i l l be represented by a l i n e a r ­

ly-coupled element, in some cases; such an element would be 

called a nonlinear l inearly-coupled element. 

Nonsymmetrlcally-coupled Element. A coupled element which 

i s not matched by similar coupled elements in the other coupled 



xix 

c i r c u i t s . A vacuum tube has an equivalent network containing 

a nonsymmetrically-coupled element. 

Linear Element. An element whose parameter i s a constant 

or i s a function of time. 

Diagram. A graphical i l l u s t r a t i o n of the plan of any 

system, network, c i r c u i t , or node. 

Nonlinear Element. An element which i s not a l inear 

element. 

Harmonic. A frequency which appears In the frequency 

spectrum of the basic network a c t i v i t i e s . In the sense of t h i s 

de f in i t ion , a harmonic may or may not be a ra t ional f ract ion 

of any other frequency of the network; in fact i t can be an 

i r r a t i o n a l f ract ion of any other frequency of the network. 

Harmonic Parameter. An element parameter of a harmonic 

network. A harmonic parameter i s the coeff icient of the cor­

responding sinusoidal harmonic term of the parameter-act ivi ty 

of the corresponding element in the basic nonlinear network. 

Harmonic Element. An element of a harmonic network. 

Linearize. The process of es tab l i sh ing harmonic element 

parameters by analysis of the parameter-act ivi ty of a nonlinear 

element. The procedure consis ts of arranging the parameter-

ac t iv i ty of the nonlinear element as the sum of a f i n i t e number 

of simple sinusoidal functions in terms of time, and then 

assigning each sinusoidal function to the corresponding harmonic 

network as the parameter-activity of the harmonic element cor­

responding to the or iginal nonlinear element. 



XX 

Steady-State. A state of action of a network wherein the 

sum of sinusoidal functions describing each parameter-activity 

have constant amplitudes and constant phases. A steady-state 

is said to be stable if the activity variations due to random 

disturbances always decay to zero with time. The size of the 

permissible random disturbances may be considered a measure of 

the stability. 

Characteristic Equation. The equation of a linear network 

which establishes the values of the transient exponents. The 

equation is developed by replacing (Ju>n) by p in the coefficient^ 

matrix of the phaaor-form activity equations and equating the 

determinant of the resultant matrix to zero. 

Spontaneous Harmonic. Any frequency of the activities of 

a network which is not an integral-multiple, sub-multiple, or 

combination (N-47, p. 272) of driver frequencies in the basic 

nonlinear network. In Appendix G, the spontaneous harmonic 

which is the frequency of the peculiar flicker-instability can 

be varied continuously from about 80 cycles per minute to about 

120 cycles per minute by varying the magnitude of the driving 

voltage of the basic nonlinear network. 
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CHAPTER I 

INTRODUCTION 

Electrical network theory is the principal instrument used 

by the electrical engineer in the process of solving practical 

engineering problems which require the analysis, synthesis, and 

prediction of performance of physical electrical systems. The 

application of electrical network theory to a practical problem 

involves three important steps: (a) the representation of the 

physical electrical system by some electrical network; (b) the 

evaluation of the activities of the electrical network for the 

appropriate region of values; (c) the prediction of the perform­

ance of the physical electrical system by means of a practical 

interpretation of the calculated activities of the electrical 

network,, with due regard to the degree of approximation with 

which the electrical network actually represents the physical 

electrical system. 

A simple systematic terminology is established for the pur­

pose of clarity and brevity in thiB discussion. For convenient 

reference a List of Definitions of Terms has been Included prior 

to this chapter. Therefore only a few of the principal terms 

will be mentioned here. The word system will be used for desig­

nating any physical electrical system as contrasted to the term 

network, which will identify any defined hypothetical electrical 

system. The distinction is based on the concept that the char­

acteristics of a network are subject to definition, while the 
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characteristics of a system are subject to discovery or predic­

tion on the basis of past experience and cannot be arbitrarily 

defined. Thus, a system is a physical entity, while any system 

could be and often is represented by a variety of networks. 

This situation is usually encountered in the study of fluores­

cent lamps, where there are about as many different networks for 

representing lamps as there are people devising them. 

The voltages and currents of a system or of a network will 

be referred to, in general, as activities. Furthermore, the 

component parts of a system will be indicated by the word de­

vices, and the component parts of a network will be called ele­

ments. Parameter is the term which will be used to designate 

the function which prescribes the influence of an element on the 

network activities at that element. As with the other terms 

defined in the List of Definitions of Terms, the terminology is 

defined in as general a manner as possible so that It may be 

applied with equal meaning in both linear and nonlinear dis­

cussions. 

Now give further consideration to the first Important step 

In the application of electrical network theory, namely, the 

process of representing a system by a network. The accuracy of 

the final predictions of the electrical activities of the sys­

tem, a forecast based on the analysis of the activities of an 

equivalent network, will be a direct function of the faithful­

ness with which the network represents the system. However, the 

ease with which the network can be solved will be a direct 



3 

function of the simplicity of the network. When representing 

the system by a network, these two conflicting features must 

both b© considered. Generally, the more accurately the network 

represents the system, the more difficult is the subsequent 

analysis and prediction of performance. 

A linear network provides unambiguous predictions. Fur­

thermore, a very great amount of study haa been devoted to 

developing and organizing the methods of linear network theory. 

Therefore, a linear network can be utilized rapidly and accu­

rately. So, in attacking an engineering problem, an initial 

effort Is usually made to solve the problem with the use of lin­

ear network analysis. A brief review of the methods of linear 

network analysis ia shown in Appendix A. When It la found that 

the answers obtained with the use of linear network analysis are 

not adequate, nonlinear network analysis must be utilized. 

When the nonlinearities of a system have been adequately 

represented in an equivalent network and nonlinear differential 

activity equations have been derived, the solution of those non­

linear equations still imposes a formidable problem. 

An over-simplified approach to nonlinear problems, the 

method of small motions, is generally inadequate even though it 

does involve an operation which has been called linearization. 

As pointed out by Van der Pol (N-71)* in 1926, the term lineari­

zation mentioned in that method simply meant dropping the non­

linear terms from the differential equation. 

Symbols in parentheses refer to the Bibliography. 
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Graphs have been used often in transformer analysis. It is 

assumed that a single-frequency sine-wave voltage is applied and 

the resultant current wave-shape is plotted from the magnetiza­

tion curve. However accurate such graphical methods may be, . 

they become quite tedious if a number of elements are involved 

and provide no means of establishing general expressions for use 

in the analysis of multimesh nonlinear networks. 

Phase plane plots of the trajectories of linear and nonlin­

ear functions (N-47, pp. 7-131) are useful tools in network 

analysis and give accurate answers rapidly, but again these 

topological methods can become bewilderingly complex. Accord­

ingly, the solution of simultaneous nonlinear differential equa­

tions by graphical means is not usually attempted (N-47, p. 148). 

Even in the solution of simultaneous linear differential equa­

tions, the use of graphical means is not usually tried. 

The original analytical approach to the solution of non­

linear differential equations was mentioned by Lindstedt (N-38) 

in 1883 and by Poincare (N-52) in 1886. The method was applied 

to the solution of problems in celestial mechanics by Poincare 

(N-53) in 1892. The method required the assumption of solutions 

for the activibies as power series in terms of an arbitrarily 

small parameter. The terms of the power series were then evalu­

ated progressively. Van der Pol (N-71) in 1926 and others 

thereafter extended this method of approach to other types of 

nonlinear problems. 

The introduction of nonlinear elements into a network would 
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seem to bar the use of the simplified methods of linear network 

analysis. However, Kryloff and Bogoliuboff (N-31), in particu­

lar, and others also have clearly demonstrated that there is a 

method of individually linearizing the energy influence of each 

nonlinear network element without losing the effects of the non-

linearities. Once this Is done, the simplified methods of lin­

ear network analysis may be used to obtain approximate solutions. 

Lefsonetz (N-31), In the preface to his translation of the 

monograph of Kryloff and Bogoliuboff, stated, "Messrs. Kryloff 

and Bogoliuboff deserve much credit for the bold way in which 

they have carried out their work...." Mlnorsky has also re­

viewed their work in detail In his book on nonlinear mechanics 

(N-47). This method of averaging the influence of nonlinear 

parameters over each cycle and establishing resultant parameters 

which can be used as though they are linear has been designated 

by Kryloff and Bogoliuboff (N-47, p. 233) as the "method of 

equivalent linearization." 

The author believes that the method of equivalent lineari­

zation is the key to the establishment of straightforward meth­

ods of nonlinear network analysis which can be taught as easily 

and used as widely as those of linear network analysis. From a 

study of the references listed In the Bibliography, it seems 

that most methods for solving nonlinear differential equations 

assume that a finite number of terms of a Fourier series will 

adequately represent the solution of the equations and then pro­

vide a procedure for evaluating the terms of the series in some 
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manner equivalent to the method of equivalent linearization. 

Furthermore, if the method of equivalent linearization la ap­

plied with some anticipation of the harmonics which should 

appear in the solution, the answers will have about the same 

degree of approximation. 

Although some simple, single-mesh or single-node nonlinear 

networks may be solved by exact mathematical methods, multlmeah-

multlnode nonlinear networks seem practically unsolvable by any 

analytical method which does not employ some system of approxi­

mation. 

The object of this thesis is to describe and illustrate a 

straightforward method of obtaining practical answers to many 

nonlinear problems. The method is composed of operations that 

are taught in undergraduate engineering courses and are widely 

used in industry, except for the considerations of instability. 

The method provides a means of predicting phenomena peculiar to 

multlmesh nonlinear networks and yet avoids abstruse mathemati­

cal operations. The method gives due weight to the effects of 

complex nonlinear Influences and thereby leads to a more compre­

hensive understanding of the effect of each individual energy 

influence on over-all performance. 



7 

CHAPTER II 

SIGNIFICANT FEATURES OF PHYSICAL SYSTEMS 

The analysis of a physical system involves the segregation 

of the system from its surroundings. When this is done the en­

ergy influences which are externally imparted to the Bystem are 

considered to have established Independent activities in the 

system. The activities of the system which result from its in­

dependent activities are classed as dependent activities. The 

object of system analysis is to predict the dependent activities 

on the basis of given Independent activities. For example, the 

analysis of a simple transformer may have the object of predict­

ing the Input ourrent, output current and output voltage for a 

given load when the Input voltage is prescribed. In the system 

composed of the transformer and its load, the input voltage 

would be the only independent activity while the current activi­

ties would be classed as dependent. 

In order to apply mathematics to the system analysis some 

functional relation between the independent and dependent activ­

ities must be established. These functional relations form dif­

ferential equations wherein time is the independent variable. 

Solution of the differential equations is the usual means of 

predicting performance. 

A single differential equation of many terms might describe 

the system operation but would be difficult to represent by an 

equivalent network. Therefore, various tests are usually devised 
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to establish subordinate differential equations representing 

particular influences. The subordinate equations contain three 

or less successive differential forms of the activities and can 

be represented dlagrammatically by network elements. In other 

words, when the differential equations are voltage equations the 

currents would be considered to be dependent activities and the 

terras of the equations would involve only currents, their first 

time derivations, or their first time integrals. Each subordi­

nate differential equation could then be represented by a mesh 

in an equivalent network where each voltage term is represented 

by an element in the mesh. 

Each voltage term which is directly or inversely propor­

tional to the first power of a current activity is said to be 

linear. Such terms are represented in equivalent networks by 

linear resistances, inductances, or elastances according to the 

activities involved. 

When any current activity appears in more than one equation, 

coupling is said to occur and corresponding mutual coupling ele­

ments are provided in the equivalent network. 

When the individual terms of the differential equations are 

proportional to some power of an activity other than the first 

power the terms are said to be nonlinear. Such individual terms 

arise in the consideration of iron-core coils, lamps, and other 

devices, and can be expressed to some degree of approximation as 

polynomials In terms of the dependent activities. 

As the accuracy of the mathematical representations of the 
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physical systems is Improved the complexity of the differential 

equations and the associated networks also inoreases. Thus, 

apparently simple systems may require multimesh-multlnode net­

works involving so-called nonlinear coupling, nonlinear resist­

ance, nonlinear inductance, or nonlinear elastance. Actually, 

these terms are somewhat misleading since resistance, Inductance, 

and elastance are usually defined as fixed ratios or in terms of 

specific energy influences such as dissipation of energy, energy 

of motion or energy of tension. Any non-linear term may repre­

sent a combination of these influences. 

The methods of developing the differential activity equa­

tions which establish the conditions of equilibrium in a system 

are not the subject of this thesis and will not be analyzed here. 

It will be assumed that the equivalent networks have been prop­

erly devised. However, it was necessary to devise equivalent 

networks for the system described in Appendix D and those con­

siderations are presented in Appendices E and F. 


