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7. STEADY-STATE PROCESSES N
NONLINEAR ELECTRIC CIRCUITS

7.1. CHARACTERISTIC FEATURES OF
NONLINEAR ELEMENTS

So far we have analyzed fundamental properties and
calculation methods of the linear electric circuitbe
nature of the linear electric circuits enabled the
application of superposition principle.

It should be noted that the current through any
linear element corresponds to voltage across itisnd
calculated using algebraic or differential firstder
equations. Linear resistance, inductance or cagaust
is defined according to linear dependence of ctsren
on voltages, flux linkage on current and electharge
on voltage.

In this section will analyze fundamental properties
and methods of calculation of nonlinear electric
circuits. Any electric circuit is nonlinear if ihcludes
at least one nonlinear element. A nonlinear elengent
the element in which current and voltage have
nonlinear dependence on each other. Processes in
nonlinear electric circuits are described by naedin
algebraic or differential high-order equations. We
should remember that in general case it is imptessib
apply the superposition principle to the nonlinear
circuits.

In accordance with possible dissipation of electric
energy into thermal energy or accumulation of
magnetic or electric energy, there are distingulshe
nonlinear resistances, inductances and capacitances

Static characteristics of nonlinear elements can be
obtained experimentally, or can be defined in threnf
of a chart or table by approximate analytic expoess
They express the nonlinear voltage-current depeasaen
(current-voltageU-1 curve of nonlinear resistance),
flux linkage or magnetic flux with respect to curre
(weber-amper8-H curve of nonlinear inductance), the
charge in versus of voltage (coulomb-vQitU curve
of nonlinear capacitance).

By response to the control action, they are divided
into unregulated and regulated nonlinear elements.
Unregulated nonlinear elements can contain single
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nonlinear curve only. Regulated nonlinear elements
have a set of nonlinear curves.

7.1.1. GRAPHICAL REPRESENTATION OF
NONLINEAR ELEMENTS

A graphical representation of the nonlinear element
characteristics is the most visible.

Depending on the type of the current-voltage
characteristics there are distinguished nonlinear
elements symmetric with respect to the origin, tred
asymmetric characteristics.

The operating modes of nonlinear elements with
symmetrical characteristics are not changed ikthes
of current and voltage are changed simultaneously.
The operating modes of the nonlinear elements with
asymmetric characteristic are essentially dependent
the signs of the current and voltage at the terlsina

a. Nonlinear resistances. Current-voltage curves of
symmetric nonlinear elements are given in Figa/ ..

For example an incandescent lamp with a metal dhrea
has a shape of characteristics Fig&.Change of the
angle ofU-1 curve is explained by the fact that as the
current increases, the filament is being heatedemor
and internal resistance of metallic filament also
increases.

A varistor is semiconductor device having the
current-voltage  characteristics, Fig.Bh.1. With
increasing applied voltage the change rate of the
varistor conductivity is decreasing regardless loé t
applied voltage sign. Symmetrical shape of thestairi
characteristics is used in both DC and AC circuits.

The typical form of current-voltage characteristics
(CVC) of semiconductor diode is shown in Fig.C.1.
Forward-bias branch of a current-voltage charastieri
(the first quadrant) corresponds to the forward
displacement of the-n junction. With the voltage
increase the direct current rapidly increases. This
current is conditioned by the motion of the majorit
carriers through the Ilowered potential barrier.
However, once the main charge carriers have maved t
the opposite area, they become minority carriers.
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Such process of the introduction of majority cagie
from the opposed areas without changing the sign of
the voltage and current by lowering the heightad t
potential barrier is called injection.

The reverse branch of CVC (third quadrant)
corresponds to the reverse bma junction. Diffusion
current with growth (in absolute magnitude of reseer
voltage) decreases exponentially and when voltage |
tenth part of a volt it is practically equal to aeFrom
this consideration follows an important property of
unilateral conductivity of theg-n junction, which is
used in electric instrument engineering.

In a more general form thp-n junction can be
considered as a nonlinear element whose resistance
depends on the value and polarity of the appliec

voltage. Namely this nonlinearity of CVC underlibs Ie

operation of semiconductor devices that are used fo I

rectification of the AC, frequency conversion, limg —> 07

of amplitudes. UBEl cE
Bipolar transistor, Fig.7.d, has twop-n junctions ' | v

and a set of nonlinear curves input characteristics

Fig.7.2b, and output ones, Fig.7c2.The changing .
effect from one or more of the voltages or curresits
transistor circuits are shown graphically and these ‘&1
graphs are called the input Fig.bh2and output
Fig.7.2c characteristics.

There are five main variables (currents through
collector, base and emitter, and voltages across th Ugg
collector and base, emitter and base) and als@ thre b,
connection circuits, so there may be a large nuraber
characteristics. One of possible connections isuttir

with common-emitter (Fig.7.2.a). 7 {pmas
In the common-emitter circuit the input ¢

characteristic is the dependence of the base ¢usren

the voltage between the emitter and base. Basenturr

varies significantly less than the correspondingttem T

current and for then-p-n transistor the input Haig

characteristic has a shape which is shown in Fidp.7. & Uerg

Such a characteristic can be obtained fon-p

transistor, which has a reverse polarity. Fig.7.2

The set of output characteristics in common-emitte
circuit can be obtained by changing the base cturren
and when keeping the voltage between the emitér an
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base at a constant value, and some of these for-phe
n transistor are shown in Fig.7c2.

i
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e
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b. Nonlinear capacitances. There are two
types of nonlinear capacitances: varicond and
varicap (varactor). In the varicond ferroelectric
with variable dielectric permeability is used as
dielectric (Fig.7.3.a). The relation between the
electric displacement densityp, and the
corresponding electric field intensity,

D=¢E

Is characterized by the fact that the relative
dielectric permeability ¢ of ferroelectric
materials is not a constant value, but is a
function of the electric field intensity.

The varicap is a planar diode. Its
characteristic is shown in Fig.7.3.b.

c. Nonlinear inductance. The relation
between the magnetic induction (flux density)
B and the corresponding field intensiky,

B=uH

Is characterized by the fact that the relative
permeabilityx of magnetic materials is not a
constant value, but is a function of the
magnetic field intensity. In essence, all
magnetic materials exhibit a phenomenon

called saturation, whereby the flux density incesas
proportionally to the magnetic field intensity, barly

to a certain limiting value of the latter. It mag hoted
that since theB-H is nonlinear curve, the value pof
(which determines the slope of the magnetization
curve) depends on the intensity of the magnetid.fie

To understand the reasons for the saturation of the
magnetic material, we will briefly examine the
mechanism of magnetization. The basic idea of the
magnetic material theory is that the spin of etmwir
constitutes the motion of charge, and therefordde¢a
magnetic effects.
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In most materials the electron spins cancel oud, an
on the whole this effect does not appear. In
ferromagnetic materials, on the other hand, atoams c
be oriented so that the electron spins cause magnet
effect. In such materials there exist small areéh w
strong magnetic properties (called magnetic domains
the actions of which are neutralized by unmagnétize
material by other similar areas that are oriented
differently in a random pattern. When the mateisal
magnetized, the magnetic domains are generally
oriented in the same direction that is determir

by the degree of the intensity of the appli

magnetic field.

As a result, a large number of miniatu
magnets within the material are polarized by 1
external magnetic field. As the field increass
more and more domains are oriented in the si
direction. When all of the domains have beco
oriented in the same direction, any furth

increase in the magnetic field strength does
increase the flux density in a magnetiz_.
material. Thus, the relative permeabiligywill
tend to 1 in the saturation area. )
Saturation phenomenon has some interesti
properties with respect to the operation «

the previous sections, it would seem that ¢ —

' B

L : . B
magnetic circuits: in agreement with results « ;
H —H[:-\/

increase in the MMF (i.e., an increase in tt

excitation current of the coil) will lead to &
proportional increase in the magnetic flux. This " 4
true in the linear region, however, ferromagnet

materials may reach saturation, and furthe:

increase in the drive current (or, equivalentlyg th Fig. 7.4

MMF) does not yield further increase in the
magnetic flux.

There are two features that distinguish the magneti
materials from the ideal model having a linear
dependenceB-H: eddy currents and hysteresis. The
first phenomenon consists of the currents caused by
any variation in time of the magnetic flux throutjte
core material. As you know, a time varying flux lwil
induce voltage and hence the current. When thigrecc
inside the magnetic core the induced voltage aillse
the "eddy" currents (the terminology should be glea
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through the core, these currents are dependenteon t
resistivity of the core. The effect of these cutseis
expressed in energy dissipating as heat. Eddy rusrre
are reduced if you choose high-resistance core
material, or by laminating the core, which provides
non-ferromagnetic tiny gaps between the ferromagnet
layers of the core. The core lamination reducesy edd
currents without significantly affecting the magoet
properties of the core.

Hysteresis can be explained by another loss
mechanism in magnetic materials, which reflects a
rather complex behavior associated with the
magnetization of the material properties. The cunve
Fig.7.4b shows that theB-H curve for magnetic
material when magnetized (whéth is increased) is
offset relative to the curve that is observed when
material has demagnetized. To understand the
hysteresis process, we will consider a core that ha
been energized for some time, with field intensityd,
A/m. Since the current required maintaining the
appropriate MMFH; is reduced, we follow along the
hysteresis curve from pointto points.

When the MMF is exactly zero, the material has the
remanent (or residual) magnetizatiBn To bring the
flux density to zero, we must further decrease the
MMF (i.e. by applying negative current) until theld
strength reaches the valuddy,—(pointy on the curve).
When the MMF is made more negative, the curve
eventually reaches the point’. If the excitation
current of the coil is now increased, then the
magnetization curve will take the path= ['= y'=q,
eventually returning to the original point in tigeH
plane, but in another way.

As a result of this process requiring an excess of
magnetomotive force to magnetize or demagnetize the
material there arise pure energy losses. Thesedoss
are difficult to estimate precisely, but we canwlibat
this is due to the area between the curves in Bi.7
There are experimental methods that allow estirgatin
these losses.
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7.1.2. STATIC AND DIFFERENTIAL
RESISTANCES

For a comprehensive analysis and calculation of the
nonlinear elements properties, two concepts of
resistance are used: static and dynamic (or drffek
resistances. The static resistance is definedeagatio
of the DC voltagdJ, across the nonlinear element to
the DCly at the same point

_Uo

Rst - |

0

Differential resistance is the ratio of small
(theoretically infinitely small) voltage incremeait) on
the CVC of the nonlinear element to the correspagdi
current incremendl

In general case, the differential resistar
determines the steepness of CVC of nonlin
element at each point. The static and differen
resistances are not equal to each other
coincide for linear elements only. The sta
resistance is proportional to (see Fig. 7.5) tahg

of the anglen, formed by the secant drawn froi
the origin to the observation point on ti
characteristic, relative to the current axis Fig. 7.5.

Rs=mtga ,

where m=m,/m; is the scale of resistance calculated
through the voltagen, and currenim scales.

Differential resistance is proportional to the tangy
of the angles formed by the tangent at this CVC point
with respect to the current axis

Rd= mtgp .
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Static resistance IS
2 1 always positive. Differential
resistance can be both
S positive and negative, for
0, ! instance on the falling part
Lo of the non-linear
characteristic with a
negative slope, where the
increase of the voltage at
value4U leads to a decrease
of the current oull.

L

i

v

Uoz Uor U, U, 7.2. NONLINEAR DC
CIRCUITS
Fig. 7.6.
In DC circuits show up
only static resistances of
nonlinear elements.

7.2.1. LINEARIZATION OF NONLINEAR
ELEMENT BY LINEAR RESISTANCE AND
EMF

Such replacement can be performed if the circuit
—— mode is chosen so that the operational segmeiiteof t
“—_ﬁf non-linear element does not extend beyond the
segment of the CVC, where with a certain degree of
E|U‘? approximation it may be replaced by a straight.line
These segments are characterized by a constard valu
of the differential resistance.
Io In Fig. 7.6 the current-voltage characteristicdhaf
two non-linear elements are shown. Segmemisand
kI of these CVC are characterized by constant

E; Far ) ) )
°—@— differential resistance:

4]

U,
j 2 Ry1 = Mt9B;: Ry, = mitgfs,
Uz
Ra Operational pointsO; and O, are respectively
pix | located within the segmentsn andkl of CVC. If these
® segments are continued they will cross the veraza
e (the voltage axis) at pointdy; andUq, respectively.

Then the equations of straight lines are written as
follows:
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Ui=Uo1+IRq1; Us=—Up+IR g2

Having accepted thatly,;=F; andUqy=FE,, we will
obtain

U= E1+IRgy; Us=—FE>+IRg,.

U
Consequently, each nonlinear element can
replaced by an EMF source of DC and linear rest&ta
which is equaled to differential resistance of nozdr —_
element at the straight-line segment. In Fig.&/ 7 are o o
2

shown an electrical circuit containing two nonline
elements and a corresponding equivalent circuit.
Attention should be paid to the fact that the EE|F o
Is directed oppositely to the positive directiontbé -
current (CVC1), and EMIE; is directed according tc
the positive direction of the current (CVC 2). Afte
replacing the nonlinear resistance by linear rasct "
and EMF, the electric circuit is calculated asreedir
circuit. Ly

7.2.2. SERIES, PARALLEL AND MIXED
CONNECTIONS OF NONLINEAR ELEMENTS Lz

Kirchhoff's laws can be used for the calculation
nonlinear circuits. If the analytical dependet¢) of
nonlinear elements are given, the analytical catcunh
can be performed in this case only.

Nonlinear circuits having simple configuration ai
obviously calculated using the graphical method.
this case, the nonlinear current-voltage charastiesi
of circuit elements must be specified in the form o
plots.

Below is given the graphical method of nonlinear
circuits calculation with series-parallel conneagtio
based on the Kirchhoff's laws.

a. Series connection. When several linear and non-
linear elements are connected in series, the total
current-voltage characteristic is drawn up by sungmi
the ordinates of the individual element characieds
In accordance with the Kirchhoff's voltage law

U=U;+Up+..+U,
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Circuit with a series connection of two nonlinear

elements and the sequence of plotting the resulting

Fig.7.10.

=

current-voltage characteristic is shown in Fig.
7.8, 7.9.

To find the resulting current-voltage
characteristics, arbitrary values of the current
were assigned and the corresponding ordinates
of the characteristics of non-linear elements
were summarized. Thus, to receive the current
value,U = U; + U, is determined. Two series-
connected nonlinear elements are replaced by
one with a CVCU (l), as a result of the
calculation. The resulting current-voltage
characteristics allow you to find the current
through circuit and the voltage across the
nonlinear elements, for any value of the voltage
U applied to the circuit.

For a given value of the applied voltage
current and voltage drops can be determined
without drawing up the resulting current-
voltage characteristics of the circuit. For this
purpose, one of the predetermin€¥C is
shifted upwards along the axi§(voltage axis)
from the origin to the value of the applied
voltage U and constructed so as to obtain a
mirror image of the curve with respect to the
horizontal line (see Fig. 7.10). The intersection
point of the mirror reflection characteristics of
the nonlinear elementJy(l), with another
characteristic of the nonlinear elemdudi(l)
circuit determines the desired current through
the circuit | and voltages across nonlinear
elementdJ; andU..

b. Paralldd connection. When several
linear and nonlinear elements are connected in
parallel, the total current-voltage characteristic
is drawn up by summing the abscissas
characteristics of individual elements in

accordance with Kirchhoff's currents law

=1+ 12+ ... .
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In Fig. 7.11a is shown the
parallel connection of two nonlinee
elements, and their characteristi Ut
are given. To construct the resulta
CVC of the circuit, arbitrary value:
of voltage should be chosen and t
summing of relevant characterist
abscissa of the given nonlinei
elements is performed. Thus for tf
given value of voltage ) the
currentl = 1, + I, is defined, Fig.
7.11b.

The resultant CVC ploi
corresponds to replacing tw
nonlinear elements connected
parallel by one element with @(l)
characteristic. According to thi:
characteristic, for a given value ¢
current | through the unbranche
part of the circuit the voltage
applied to the nonlinear elements
determined and then the currer
through them.

c. Mixed connection. The

circuit with three nonlinear elements having mix~ "'

connections is shown in Fig. 7.12 The circuit
segment, consisting of two elements connectec
parallel, is replaced by a non-linear element w
equivalent CVC Ug(l). A result of the circuit
conversion is presented as a non-linear elerdgit)

and a non-linear elemeri,(I) connected in serie:
according to which the resulting characteristicshef
circuit U(l) is constructed, Fig. 7.12

7.2.3. CALCULATION OF CIRCUIT WITH
NONLINEAR ELEMENT BY USING METHOD
OF OPEN AND SHORT CIRCUIT

This method is based on using of Thevenin's .
Norton's theorems.

If the complicated electrical circuit has only ol
nonlinear element then it is rational to determtine
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current through the branch with the nonlinear el@me
by open ¢c) and short circuitgc) method.

For the calculation it is necessary to allocate the
branch with nonlinear element and to present tee re
linear circuit in the form of an active one-portigF
7.13Q).

As is known, with respect to terminaisand| of
selected branch the linear active one-port can be
replaced by equivalent generator (Fig. 0)18f EMF
with voltage equal to one in open circuit across
terminalsm andl (E=U,o) and an internal resistance
equaling to the input one-port resistanBg)(or by a
source currentl{) with the same internal resistance
(Rn). At that

Ri — U mloc
n

ISC

wherel. is the short circuit current across termimals
andl.

7.24. CALCULATION FEATURES OF
NONLINEAR CIRCUIT WITH TWO NODES

I Ug)

a. Graphical method. In the previous section
we have shown the possibility of obtaining the
characteristic of the nonlinear element, which is
equivalent to two parallel-connected linear and
nonlinear elements.

Similar plotting is possible for the several
parallel branches which along with nonlinear
elements can comprise direct current sources
connected in series with the nonlinear element (see
Fig. 7.14 a).

To this, preliminarily current volt characteristics
of each branch are built, in our case this is
achieved by shifting the nonlinear characteristics
(see Fig. 7.14) by value of the electromotive
forces to the left from the origin (see Fig. 7d4,
Thereafter, the resultant characteridtiel ,+15 of
parallel-connected branches is built, which is
shown in Fig. 7.14, and d by dotted line. The
CVC has shifted to the left from the origin by the
valueE which can be regarded as the electromotive

forceE of the equivalent circuit.
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In Fig. 7.14d are shown the characteristics of the
equivalent circuit consisting of the DC EMEwith a
series-connected nonlinear resistance. The
characteristic of this nonlinear resistance is shaomv
Fig. 7.14d by solid line.

Since current sun=l 1+l ,+l 3 in node equals zero,
therefore the current through equivalent circuit is
absent. Consequentl¥, equals to the voltage across
the upper node relative to the lower node of the
original circuit.

From this we can find the voltage across each
nonlinear element:

U]_:El'E; U2=E2-E; U3=E3-E.

The current through each nonlinear element is
determined by the corresponding current-volt
characteristics.

Equivalent characteristic of the circuit presented
Fig.7.14d can be used for calculation if we add a new
branch (with linear or nonlinear element) to theegi
two-nodal circuit.

The described calculation method can also be
applied in case when EMF sources are not contamed
all parallel branches.

Graphic method of calculation requires great
accuracy at plotting of the drawing. With inadeguat
accuracy or small scale the received result can be
unsatisfactory.

b. Numerical method. Numerical method gives
possibility of accurate solution in the minimum of
graphic plotting. Calculation is conveniently cadi
out in tabular form:

E U]_:E]_-E U2=E2-E U3=E3-E ZI=O

Any of the expected values of the voltageacross
the upper and lower nodes is set after the calounlad
performed in the specified sequence, and the
corresponding valuegl are defined. By assigning
other voltage values across nodes, we continue this
process untiZl changes the sign. Then, in accordance

230



Part 1. SECTION 7. STEADY-STATE PROCESSES IN NONLINEAR
ELECTRIC CIRCUIT

with the table data, a curve segmeditf(E) is
created near of transition through zero in largdesc
The desired valuk corresponds td| =0.

7.3. NONLINEAR ELECTRIC CIRCUIT
UNDER AC

In AC circuits must take into account not only
the static and dynamic characteristics of non-linea
elements, but also the inertial properties of their

7.3.1. SPECIFIC FEATURES OF PERIODICAL
PROCESSESIN ELECTRIC CIRCUITSWITH
INERTIAL NONLINEAR ELEMENTS

In nonlinear elements under AC, along with static
and dynamic resistances, own inertance can be
manifested. The nonlinear properties of the inkrtia

elements are caused by changes in temperature

due to the heat losses from flowing of current.

Since thermal processes (heating and cooling) are

inertial processes, even at relatively low

frequency (e.g. 50 Hz) the temperature of these

nonlinear elements and therefore resistance over a

period practically does not change. Therefore, the

dependencgu) between the instantaneous values
of current and voltage remains linear, while the
dependence d{U) between the effective value of
the current and voltage will be nonlinear. Such
nonlinear elements are inertial ones. These
include incandescent, iron-hydrogen resistors,
semiconductor resistances, etc.

Inertial elements with resistances are, for
example, elements with great thermal inertia (e.g.
incandescent, Fig.7.1h). An electromechanical
element can serve as an example of inertial
element.

Let all the nonlinear elements included in the
circuit be inertial ones. This means that at steady
state mode the parameters of all circuit elements
remain constant over the period of currents and
voltages variation. Hence, to describe the given
and unchanged steady-state process, one can use
the same techniques that have been developed to

Fig. 7.15.
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describe processes in linear circuits. When a sidas
voltage is applied to the circuit then voltages and
currents at all the branches will also be sinudpatad

to describe the process, one can use the complex fo
of record and vector diagram.

In periodic non-sinusoidal process after the applie
voltage has been expanded into the Fourier semes,
will have the same values of the paramekr&, Cof
circuits for all harmonics as in the linear cirsyitf we
assume that these parameters do not change with
frequency as we have been doing it before.

However, when the steady-state mode changes, for
example, due to changes in the actual voltage et th
terminals of the circuit, or even when you keep the
actual voltage but change the amplitude spectruits of
harmonics, the effective voltages and currentshat t
circuit branches with non-linear elements are ckdng
Because at these branches the dependdned(l) is
not linear, their parametef®; = Ug / |, wLg = U / |
andl/ Cg) = Uc/ | are changed and, therefore the
current distribution throughout the circuit is chged.

Thus the possibility of using for calculating swech
circuit by superposing method and all calculation
methods of complex circuits based on the princgile
superposition is excluded. Kirchhoff's laws are
applicable and can be written in complex form & th
sinusoidal voltage. But in these equations complex
nonlinear inertial resistance elements, i.e. maxlaled
arguments of these impedances, are functions oélact
currents through these elements. Therefore, algebra
equations written in complex form under Kirchhoff's
laws are now non-linear ones. The difficulty inwgain
lies in the fact that in the general case the meslahd
argument of the nonlinear element may depend on the
actual current through the nonlinear element. Bene
if only modulus of this impedance changes then
calculation will be complicated sufficiently, sinteis
change leads to a redistribution of the amplitualed
phases of current and their change at all the besnof
the circuit.

When sinusoidal voltage is being applied the
following method of successive approximations can b
recommended. Having set some probable values of
complex impedanceZs=Z«"*° of nonlinear element
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and believing that they are constants, the caicmatf

the circuits is performed. Having determined thiiac
currents through the non-linear elements, we chieek
correspondence of the given parameters of the
elements to the values of these parameters obtained
from the actual characteristics of nonlinear elets e

the determined values of currents. When the
parameters mismatch then correction is made and
calculation is repeated. This calculation should be
carried out until the parameter values adoptedtier
calculation are close enough to their values obthin
from the characteristics.

Sinusoidal steady-state modes in complicated power
systems in some cases can also be described by
systems of nonlinear algebraic equations. This is
possible when the parameters of the values of
generated and consumed power are given, but res lin
and loads parameters and EMFs. When the power
consumption is given, voltage and current are binke
through the non-linear resistance or conductance.

In complicated power systems in terms of
performance due to the nature of connection of
generators and consumers it is the most approfdoate
choose the voltage at the nodes of the system as
unknown values. With this allowance, the most wide-
spread calculation of such systems is nodal voltage
method.

7.3.2. NONLINEAR INDUCTANCE DRIVEN BY
SINUSOIDAL VOLTAGE

When connecting the coil with a steel core to a
source of harmonic voltage one can obtain
nonharmonic current. This phenomenon depends on
the magnitude of the applied voltage to the induncti
coil with a ferromagnetic core and directly depeogs
the characteristics of the core ferromagnetic medter
We define the current curve of inductor when these
factors are taking into account.
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7.3.2.1. THE INFLUENCE OF SATURATION
AND HYSTERESISEFFECTSONTO CURRENT
FORM OF INDUCTANCE WITH
FERROMAGNETIC CORE

Inductance coils with ferromagnetic cores are rathe
widely applied in AC circuits. In such circuits ward
the presence of sinusoidal power supply there appea
both sinusoidal and non-sinusoidal currents and
voltages, depending on the properties of ferrom@agne
material. We will explore this phenomenon.

Relative permeability: of steel core inductance coil
does not have constant value. Magnetic flux derzity
Is related with the magnetic field intensklythrough
the nonlinear dependence which is described by
nonlinear characteristic curve called hysteresis/ecu
B= u uoH.

Magnetic flux densityB is linked with magnetic
flux @ through the core cross-section area of shawl
the magnetic circuit (ferromagneti® =B S

The current flowing through the inductor is linked
with the magnetic field strengtikl in accordance with
Ampere's circuital lawmw=HI, (w is the number of
turns in winding; |, is the length of the median
magnetic line of the magnetic circuit).

At this, the connection between the fldxand the
current through the collis similar to the dependence
of the magnetic flux density8 on magnetic field
strengthH and is represented by a curve identical to the
hysteresis loop.

In the magnetically soft steels which, as a rufe, a
used in magnetic cores of electrical machines and
apparatus, the area of the hysteresis loop tendsro
In the magnetically hard steel which are usualgou®
created permanent magnets the hysteresis loopisarea
the highest possible.

At the beginning of the study, we make assumption
that the magnetic circuit is made of magneticabit s
steel with zero area of the hysteresis loop, leakag
fluxes, and the resistive impedance of the coihvat
ferromagnetic core equal to zero, & = 0,Rs = 0, In
which case the voltage applied to the coil is
counterbalanced by colil self-induction EMF
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u=-e =-dy/dt=Wda/dt,

whereu is voltage applied to coig is EMF of coll self-
induction;y is coll flux linkage;W is the number of coil
turns and? is coil flux linked with flux linkage

v =WQo.

If the applied voltagel changes under the harmonic
law u=Uy sinwt then magnetic flux will also change
under the harmonic law and the flux is shifted bg t
phase relative to the circuit voltage (Fig.7.161leed,

A cD’u

' ot

I (wt)

after the separation of variables

d®=1/ W udt=1/ W |, sinwtdt
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and after integration we obtain
D= dysin(wt-n/2)= Uyl Wiw sin(wt-/2).

Thus, when the lossless coil having soft-magnetic
steel core is connected under sinusoidal voltage, t
magnetic flux through the core has also sine wank a
lags in phase from voltage by the angl@, and its
amplitude is

Dy= Ul W= U~2/ W24,

Under the above assumptions and the absence of
magnetic circuit saturation, the dependence between
the instantaneous values of current coil and magnet
flux of core is unambiguous and linear, Fig.7.16.

Thus, if we neglect the small losses and saturation
of the magnetic circuit, which is made of magnéfyca
soft steel, as well as in the absence of leakagesdl
and a sinusoidal shape of voltage power source, the
coil current and the magnetic flux through the care
also changing sinusoidally, and magnetic flux lags
phase from current by the angle@®, like in case of
an ideal linear inductive element.
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With these assumptions we take into account the

impact of magnetic saturation of magnetization eurv
on the current waveform. For this purpose, we iasee
the amplitude of the applied sinusoidal voltageicivh
leads to the increase in the amplitude of magriletic
and to the saturation of magnetic circuit of the,co
Fig. 7.17. The current curve becomes non-sinusoidal
curve due to the decrease of coil reactive resistam

the zone of saturation of the magnetic circuit. The
current waveform differs considerably from the sine

A cD’u

e |

v

[ER—
1
1
1
1
|
|
|
|
L

Lo =

\

Fig. 7.17.

wave, and approaching to the triangular shapehas.
a pointed shape.
Nonsinusoidal current curve is symmetrical about

the origin and the abscissa axis, therefore atrestpa
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in a Fourier series only odd harmonic componergs ar
presented, Fig.7.17

= MlSin(CUt+ l//l)'l‘ IMgsin(‘?ﬂ)t'F l//3)+
||\/|5Sin(€n)t+ l//5)+ I M7Sin(760t+ l//7)+ cas

The main (first) harmonic component of the
current waveform is in phase with the magnetic flux
and lags the voltage by an anglentif. At the instant
when they cross abscissa and when they reach values

D4 4 D, U

T
|
L

B L L r T

Fig. 7.18.

of the amplitude, the curves of the current and the
magnetic flux coincide in time. When there is apkre
saturation of the magnetic circuit, the currentveur
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differs from the sinusoidal waveform to an even
greater extent.

Since the current curve is symmetrical to the arigi
and the abscissa, then a total of the electromagnet
energy accumulated in the coil with a steel core
during the magnetization of the magnetic circuitl wi
be returned back into the source during the
demagnetization of the magnetic circuit, and the
average power consumed from the power supply is
equal to zero.

We take into account the hysteresis phenomenon
and magnetic circuit saturation, neglect leakageef$
and the resistive impedance of the winding turns,
Fig.7.18. Steel magnetization depends not only on
instantaneous value of magnetization current baa al
on the state of magnetic core in which the steel of
magnetic circuit was before. This phenomenon is
uniquely described by hysteresis loop and at period
magnetization reversal is accompanied by absorption
of energy manifested in the form of heat loss withi
the magnetic dipoles of the magnetic circuit.

If magnetic saturation under sinusoidal voltage
sharpens the current curve without breaking its
symmetry, then this symmetry is broken when we take
into calculation the hysteresis phenomenon. The
amplitudes of magnetic flux and current coincide in
time, but the current curve leads in time of the
magnetic flux curve by the anglé. The average
power consumption of the coil with ferromagnetic
core under the admitted assumptions is not equal to
zero, because there are heat losses appearing at th
rotation of magnetic dipoles in the ferromagnebce;
which are called steel reverse magnetization losses

7.3.2.2. EQUIVALENT CIRCUIT AND PHASOR
DIAGRAM OF INDUCTANCE COIL WITH
FERROMAGNETIC CORE

Consider a coil with a steel core that is connected
under the sinusoidal voltage, assuming that the
resistive impedance of the coil windinB: and
leakage inductanckes are equal to zero. Under these
assumptions the relations=Uy sin(wt+7z/2); ®=®,,
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sinwt; i=l gy Sin(t+yq. lys Sint+y3)+... are valid
(see Fig.7.19).

D4 4D, u

Fig. 7.19.

Graphical method of the current curve calculates in
accordance with given hysteresis loop and, followed
harmonic analysis of the resulting curve, is
inconvenient in practice. In the analysis of thewt a
simpler way will be used, based on the applicatbn
the notion of equivalence sinusoids. In this case,
take into account hysteresis phenomenon, but ignore
non-sinusoidality of current curve. At that the RMS
value of non-sinusoidal current and power of heas |
should be similar to the equivalent sinusoidal euitr

Using such approach, a magnetic circuit is replaced
by some conditionally linear element wherein the
sinusoidal magnetic flux is induced under the actb
the equivalent sinusoidal currapt

The conditions of equivalence are:

1. The equality of effective values of equivalent
current and initial non-sinusoidal current

le2=(1 %+ 3%+...).

2. The equality of losses conditioned by equnale
and initial non-sinusoidal currents

P=Ul; cos (rur-yin)=Rsr Ie",
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4 P, U, iE

Fig. 7.20.

where Rst — is some equivalent
resistive impedance which is
conditioned by losses of average
power within the steel magnetic
conductor of the coil.
Replacing the real non-
sinusoidal current waveform
i= | M]_Sin(a)t"' l//]_)"‘
ImsSIN(Swt+ )+
ImsSin(Sowt+ys)+
|M7Sin(7a)t+z//7)+...
by equivalent sinusoidal curve
(see Fig.7.20)
iE = |MESin (Cz)t + l//lE)
allows us to use a phasor method
and phasor diagrams in
calculation of the circuit
containing a coil with a
ferromagnetic core.

A vector diagram is plotted, Fig.7.21, in accordanc
with obtained functions of the sinusoidal supply

voltage,

the magnetic flux of the coil and the
equivalent current.

In the vector diagram are denotdd; is part of
applied voltageJ which is counterbalancing EMF of

E =-U=-Uq

<

Fig. 7.21.

coil self-inductance E;; 1 is
equivalent current vector consisting
of the vector sum of loss curreht
and the current of the magnetizing
loop I;; @ is vector of the magnetic
flux; ¥,=¢0 is the lead angle of the
magnetic flux by the equivalent
current due to a non-zero area of the
hysteresis loop.

The phasor diagram (Fig. 7.21)
corresponds to the equivalent circuit
(Fig. 7.22) where, parallel to the
ideal nonlinear inductanck, , loss
ohmic impedancé&_ is connected in
which the average losses of
remagnetization of the hysteresis

loop, the so-called losses in steel (ferromagreire),
are imitated.
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Equivalent circuit and

o —_— .
phasor diagram of the non- l 1,
linear inductance, under th I
. ! . U:U = = —
assumptions made, witl.~ —‘Dl _ l E =U=-U,
o R ] X,

series-connected resistances
imitating losses in iron and
perfect non-linear _
inductance are shown in Fig. 7.22
Fig.8.9 and 8.10.

The restrictions imposed
at the initial study of the coil
with a steel core are
removed. Consider the coil
with a ferromagnetic core U=
with taking into account the
leakage flux and the internal
resistive impedance of the
coil winding. In this case, the
instantaneous value of the
applied voltage of power
supply is balanced by the sum of

le

Instantaneous values of the voltage drop Us\ I
across the internal resistive impedance of \

. . . “ \ I_E
the coil winding ug, and voltage \ D
counterbalancing the EMF of self = — Re
inductance from the magnetic leakage U fyll:é

flux us, and voltage counterbalancing
EMF of self-inductance from the
magnetic flux in the iron core of cail, E, =—U,

U=UrctUstUgp.

: Fig. 7.24
The voltage drop across the ohmic
impedance of the coil winding is in

phase with the equivalent current of coil
Urc=Rc IE.

Voltage counterbalancing EMF of self-induction
from the leakage fluxess leads the coil equivalent
currentic by the angle/2

Uss—es=Wdd4dt= dyddt= dyddig dig/dt=
:LS dlE/dt,
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whereds is leakage fluxesys= Wads isflux linkage of
the leakage fluxesy is number of turns in the coil
winding; Ls= dyddig is leakage loop inductance.

Since the leakage fluxes are mostly closed up acros
air outside of the ferromagnetic core, the inducgdn
Is a linear quantity. In complex notation, we obtai

Ustjolsle=jXsle,

wherexgis inductive reactance of the coil

E =-U, Ieakage_ fluxe_s. _

Self-induction EMF from the magnetic

flux through the iron core which voltage
counterbalancing is

Up=—e =Wd/dt= dy/dt= dy/di, di/dt=L,
di /i,

where @ is flux through the steel magnetic

conductor;y= W is flux linkage of main flux;

L= dyddi, is inductance afnagnetization loop.
In complex notation, we obtain

Uo=j oL, 1,=)X

where x, is the inductive reactance of the
» Re  magnetization loop.

In phasor notation, the complex value of
applied voltageU balanced by the sum of
complex values across internal resistive
impedance of the coil windinir, by voltage
counterbalancing the EMF of the self-induction
from the leakage fluxedJs and by voltage
counterbalancing EMF of the self-induction
from magnetic flux through steel core of the coil
Ug , is

Fig. 7.26

U=UgrtUstU = Ridet jXglet jX, 1= 1e(Ret jXg) +
Xd= 1e(Ret jXg) + Ug.
Thus, the equivalent circuit of the coil with aedte

core differs from the perfect coil by the presemnde
two resistancesRc + jx) which are taking into
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account the presence of the ohmic impedance of the
coil winding and the leakage fluxes. Both these
resistors are flowed by equivalent sinusoidal qurod

coil.

In Fig.7.25 and Fig.7.26 are shown equivalent
circuit and phasor diagram of non-linear inductaimce
which the resistive impedance of coil winding ahd t
leakage fluxes are taken into account, as wellbas |
resistances in steel and the resistance of perfect
nonlinear inductance connected in parallel.

The ohmic impedanceR  is called coil steel
resistance, and the resistariRe is called
coil copper resistance.

]

7.3.2.3. EQUATIONS, PHASOR

-
\\
>

DIAGRAM AND THE EQUIVALENT o—1—
CIRCUIT OF TRANSFORMER WITH
FERROMAGNETIC CORE

=

As a rule, transformer windings ar g,
arranged on a ferromagnetic core whi
provides increasing magnetic coupling
between the windings. To this end, windings
are situated as close as possible. Consider a
transformer with two windings that are °o—+]

D ADDDDDDDDDDD

T

- - —

Wy, Ry

electrically non-connected, having the
number of turnsv; andw,, Fig. 7.27.

/7 - =

vV Vv V

vV v Vv

The actual picture of the magnetic field
in the transformer is rather complicated.

Some magnetic lines are entirely closed Fi

through the core and they embrace all the

turns of both windings. The rest are closed enticel
partly through the air, and embrace some of the
windings turns. Taking into account only the voéag
across the terminals of the winding, and not
considering the voltages distribution between the
separate turns, one can replace the complex piofure
the field by equivalent simplified one as showrFig.
7.27. The lines of fluxd, embrace all the turns of both
windings. The lines of fluxbs; embrace all the turns of
the first winding only. The lines of fluxbs, embrace

all the turns of the second winding only. The flix,

Is called the main one and the flux@g; and @, are
called the leakage fluxes.
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The flux @ is non-linearly dependent on magneto-
motive forcei;w;+ iw, and is determined by both
currents. The fluxds; is proportional to the curren,
and the fluxds; is proportional to the currems. For
the flux linkages of the first and second coils a@aa
write down

Y= Ysit Por=Lsitt Powi;
Vo= Vsst Yor=Lspirt DoWo.

Here Ls; and Ls, are inductances of primary and
secondary windings which are determined by the
leakage fluxes.

Let's assume that voltage; is applied at the
terminals of the transformer primary winding, ahe t
terminals of the secondary winding are connectea at
load. Voltageu; hasRyi; component which is equal to
the voltage drop across the ohmic impedance of the
primary winding andd¥;/dt component which is
balanced by the EMF induced by flux linkage

u;= Ryt dSU]_/dt

Electromotive forced?,/dt induced by flux linkage
¥, in the secondary winding is counterbalanced by the
voltage dropRyi, across the secondary winding of the
ohmic impedance and by the voltage across the
terminals of the load:

—dSUz/dtz Roir+ Us
or
—dSUQ/dt: Roir+ +L o) diz/dt'l' Uo.

Using the relationship of leakage fluxes and the
main flux, the transformer equation can be rewmiite
the following form

U= R]_i]_"‘ LSldi]_/dt+ W]_d@o/dtz R1i1+ +L s1
di;/dt+uy;
—Wzd@o/dtz R2i2+ Lszdizldt+U2.

Denote electromotive forces induced by the #x
within the primary and secondary windings by
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e1=—Up= —VVld@oldt and ezz—Wzd@old t.

The transformer equations are nonlinear, because of
the existing nonlinear relationship between the fi
and magneto-motive forcei;w;+i,w,. Therefore,
periodic currents, fluxes and voltages are non-
sinusoidal. After introduction of the equivalennesi
wave, one can write the equation for the transforime
the phasor form:

U= Rili+H o Lsi11+U g,
E>= Ralotj o Lea12+U o,

whereU,=Z 1,, Z is the load impedance.

If the number of turns in the windingg andw, are
substantially different from one another, then etiéint
electromotive force®; ande, are induced across the
windings w; and w,. For the convenience of the
analysis, the windings of the transformer are reduo
the equal number of turns. In this case all thengties
of the transformer’s secondary circuit are reduoeits
primary circuit. These reduced quantities will be
denoted by the prime sign (‘). Reduction is pentt
by replacing the transformer with the actwalnumber
of turns in the secondary winding by the transfarme
having an equivalent number of turns in the secgnda
windingw', = w;.

Thus, instead of actual transformer with turn ratio
n=w,/w, we will consider the equivalent transformer
with turn ratio equal to unity.

Reduction should be done so that it did not affect
the operation mode of the primary circuit. For tltiss
necessary and sufficient that magneto-motive farfce
the secondary winding has not changed as a rekult o
reduction, that is, the conditiomi's, = Wsis Ori's = i,/n
must be observed, because in such case the main flu
@, remains unchanged.

Thus, if the flux @, is not changed then the
electromotive force of the secondary winding vaires
proportion to the number of turn. We havg=e,
wW'o/W,=ne,. Obviously, all voltage drops across the
secondary circuit should be recalculated similarly
proportional to the turn ratio.
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The resistive and inductive impedances in the
secondary circuit are recalculated in proportiom?o
because the voltage varies in proportion ntoand
current varies in reciprocal proportionrto

Susceptances and capacitances are recalculated in
reciprocal proportion ta?.

After reduction, the transformer equations can be
written in the following form

U= Rili+H o Lsi 11+U o,
E'>= Rl' 7w L'sa I'2+U',

wherelU',=Z' 1",
Relationship between the vector amplitude of the
induced flux®,,, and magneto-motive foragw;+iw,
can be written in vector form

Qom:( I_lmW1+ |_2mW2)/ ZMz( I_lmW1+ I_'ZmWIZ)/ ZM:(
Lint | 2m) Wa/Zum= omWa/Zy

where Zy =Ryt+jXy IS complex magnetic
impedance of core, whep§, takes into account
core losses due to hysteresis and eddy currents.

o

I

Current value lg,= is called
magnetizing current.

We should notice that the curremsandi, are
flowing through the windings, and curregpiexists

1
|_1m+ I_ 2m

R4l if 1,70 andi, #0 only as some rated current. The
jol'sd currentig is equal to the curremnt only wheni,=0.
As a result of the losses present in the core, the
main flux @q lags in phase from currefagtby angle
_ 0. According to the last transformer equations, one
Fig. 7.28. can plot the transformer phasor diagram

(Fig.7.28).

The phasor diagram in Fig.7.28 is plotted for case

oL > 0, i.e. when the load impedance has resistive-
inductive characteristic.
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In accordance with the last transformer equations
one can draw up an equivalent circuit of the
transformer, in the form presented in Fig. 7.29.

The constant valueR;, Ls;, Ry, Ls, do not depend
on currents and form a linear part of the circihe
susceptanceB, depends on voltagé, and is the
nonlinear inductive susceptance. The conductdagce

Ry Ls1 L's1 R
A
Us Ug u',
:: . 3
Fig. 7.29.

IS constant quantity under condition that lossesare
are proportional tdJ?,, i.e. are proportional tB%.

If the hysteresis losses are changed
disproportionately to the squared amplitude of the
magnetic induction, then th&, value to some extent
will depend onU,, and is also nonlinear in powerful
transformers under rated load, currénis only a few
percent from the current valde which arises from
relatively small magnetic impedance of the core tue
the high permeability of steel. Under rated voltage
rated load the voltage drop across the windin(R,*

+ w’LsH)? and1(R%Y + w?L's?)*"in transformers are
usually a few percent from the voltage. As toU; to
U, ratio, it is close to the transformation ratio

Transformer with ferromagnetic core is nonlinear
two-port scheme. Therefore, when transformer
parameters are determined from open circuit andt sho
circuit tests, in the open circuit test it is nesa@y to
accept voltagdJ; as equal to voltagél, under the
rated load, because there is dependendg, an U,.
The voltage drop across circuit sectign Ls; in open
circuit test is very little. The parametdss and G, are
determined from the open circuit test. The shoduti
test is done under rated current value. Becausagel
U, , and consequentl{, , is much less than their
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value in rated operation, then currégt<l, , and it can

be neglected. Therefore parametd®g+ R', and

LstL'sy are determined from the short circuit test. The

R; andR values, as well alss; andL's, values usually

have the same order of magnitudes. Taking into

account the above ratio between the currenénd/,,

as well as between the voltage drops across the

windings U; and theU,, we will not be making a big

mistake by believing that in the equivalent circuit
"=R; andl_lsz: Lss.

7.3.3. FERRORESONANCE PHENOMENON IN
ELECTRIC CIRCUITS

In electric circuits containing coils with
ferromagnetic core and capacitors there occur apeci
phenomena related with nonlinear properties ofehes
circuits.

Herein and in the subsequent sections are
considered phenomena in such circuits by simplest
examples of coil with ferromagnetic core and cajpaci
connected in series and parallel.

7.3.3.1. FERRORESONANCE PHENOMENON IN
SERIES-CONNECTED COIL WITH
FERROMAGNETIC CORE AND A CAPACITOR

Let there be given a circuit consisting of series-
connected coils with reactive ferromagnetic coré an
capacitorC (see Fig. 7.30). Assume that losses in the
circuit are absent, and non-sinusoidal voltage
waveforms and current ones are replaced by equitvale
sinusoids, having chosen them equal to the first
harmonic of the actual curves, in other words, we a
neglecting the presence of higher harmonics. Utiaer
above conditions, the voltage across the termioéls
the coilU_ and the voltage across the terminals of the
capacitor Uc are directly opposed in phase to one
another; voltagé) across the circuit terminals is equal
to the absolute value of their differende|UL-UC]|,
where there can be as a case of predominantg of
over Uc and as well as a case of predominanctl of
overU,.

We are presenting the voltagé$ and Uc in
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function on current, at thatU_ = F(l) is depicted by a
coil characteristic, andlc= 1/(wC) is depicted by a
straight line passing through the origin, we obtain

U=|U .- Uc| =IF(@) - 1/(w0)|=p().

The dependencyU=|U —Uc|=¢(l) is nonlinear
characteristic of the whole circuit.

Ue = 3(I)

L

o

Fig. 7.31.

A graph of the differenc& -U¢ is found by
subtracting ordinates of the straight likk = I/wC
from the respective ordinates of the cukye = F(l)
(Fig. 7.31).

Current at a given value of voltageis defined by
finding the point of intersection of the curvd {U(|
with the straight line running parallel to the xsaat a
distance ofU from it. As can be seen from Fig. 7.31,
there may be three such points, whence it folldves t
under the same voltage at the terminals of theuitjrc
generally speaking, three different modes of cdrren
can occur. Such uncertainty absolutely not typtcal
circuits with constant parameters, cannot takeeplac
the given circuit, if the characteristic of the Icdoes
not intersect with the characteristic of the cajmaci
But even when the characteristics intersect, the
uncertainty occurs only in a limited range of vg#a.
Namely, if the applied voltag¥ is less than the value
at which the line is touching to the cunid U/, at
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this we have three points of cunid {Uc | intersection
with straight lineU, where the first two points, starting
from the origin, correspond to the predominance of
self-induction reaction in a circuit, and the thidhe
predominance of the capacitor reaction. If the ieppl
voltage exceeds the specified limit, the curg-Uc |
intersects the lin&) at only one point and, therefore, in
the circuit there is only one well defined curremide.
A singular pointA of the characteristicel=¢(l) lying
on the abscissa axis is the resonance point, aintteat
point the voltagesU, and Ug are mutually
compensated. It follows that, unlike circuits with
constant parameters, the resonance in the cirndiru
study can be achieved by changing the value of the
applied voltage. This is explained by the fact thet
inductance of the coil with a ferromagnetic core
depends on the current value, and hence variesthath
voltage at the terminals of the circuit. This
phenomenon is called ferroresonance. In this case a
ferroresonance phenomenon occurs in a seriestcircui

Because of the presence of losses and higher
harmonics in the circuit, which we have neglected
previously, the actual characteristic of circukes the
form shown in Fig. 7.31 (solid line). The shapeto$
curve shows that by gradually increasing the veltag
we come to the point of characteristics, and further
the jump from a point into b point will occur
accompanied by a sharp increase in current. When th
voltage is being further increased, gradual ineeafs
the current occurs. As the voltage decreases, the
current gradually decreased until it reachesctpeint
of the characteristic in which there is a jump he d
point, accompanied by a sharp decrease in thenturre
These jumps are accompanied by a change in the sign
of the angle offset in the circuit.

At constant voltageU across the terminals the
dropping branch of the circuit characteristicsnsaaea
of unstable operation modes. Indeed, supposdihat
const and some point on the characteristics of the
dropping part of branch corresponds to the oparatio
mode of the circuit. Then any accidental increase |
current leads to the reduction of the voltage dnojne
circuit and therefore to a further increase indbheent.
Conversely any random decrease of current leatthgeto
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increase of the voltage drop in the circuits and,
consequently, in subsequent current decrease.tm bo
cases current will change before it achieves value
determined by the corresponding point of intersecti
of the straight lindJ=constwith one of the increasing
branches of characteristic. In either of these tgadine
operation mode will have steady state, becauseorand
current increase will lead to increase in the \g#ta
drop and the current will decrease, and randoneatirr
decrease will lead to the decrease in the voltagp d
and current will increase. Having connected a large
additional linear resistance in series with circoie
can receive the steady state mode of circuit on
dropping part of its characteristic as well.

We show how one can to take into account the
ohmic impedancdr of this circuit while constructing
the characteristic of a circuit consisting of cuwiith
ferromagnetic core and capacitor connected in serie
Denote the applied voltage by the symbilwhile its
active component and magnitude of reactive
component by =IR and|U,|=|U —U|.

The nature of dependence a&f|| on / has been
previously determined, which is a circuit charaster
with neglected ohmic impedance and higher
harmonics. We will assume that this relationship is
known. For further operations it will be more
convenient to use dependentk| |not directly on the
current, but on the valu&;=IR proportional to the
current, while the scale on both ax™ -
of coordinates must be the same, i %}
the dependencd||=F(U,).

Using the equivalent sing
waves, we must take into accou
that voltage dropdJL| and Y| are
dephased relatively to one anoth
by angle £ #/2. Accordingly, we
have

U%+ U%= U2

The equationU,| =F(U,) shows _
that |U;| and U, are related by Fig. 7.32.
dependence described by the
characteristic of the circuit in the case wiier 0. The
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equation U,;+ U,= U, shows that, in addition,
betweenl,| and|U,| there is a relationship defined by
a circle centered at the origin, with radius egoathe
voltageU at the terminals of the circuit. Both of these
conditions for|U,| andU, are performed at the points
of intersection of the circle having the radiuswith

the curvelU,| =F(U,), while the number of such points
Is equal to the number of current operation modes
which are possible in the circuit under the givén
(Fig. 7.32).

From the point of intersection of the circle of
radiusU with ordinate axis we draw a line parallel to
the x-axis, and fulfill the projection of the values 0§
corresponding to a given value @dfon it. Having done
this operation for a number of circles correspogdm
different values ofU, and having connected these
points by a smooth curve, we build the dependéhce
= F1(Uy), which due to the direct proportionality
betweenU, and | at the same time will give the
relationship betweetd andl, i.e. the desired circuit
characteristics with regard to its resistive impena

In Fig. 7.32 is shown the circuit characteristic
found by such method, where a circle of radiiss
plotted by the dashed lines touching the curve and
limiting the range of voltages in which a singldtage
value can correspond to three different modes of
current.

A circle of radiudJ corresponding to the resonance
Is especially highlighted, and the resonance p@nt
marked on the characteristics by the cross.

7.3.3.2. FERRORESONANCE PHENOMENON IN
PARALLEL-CONNECTED COIL WITH
FERROMAGNETIC CORE AND A CAPACITOR

Considering the coil with a ferromagnetic core
and a capacitor connected in parallel (Fig. 7.88),
neglect losses in the circuit and the presencegbiein
harmonics, just like in previous case. Then reactiv
current/, through the coil and currei through the
capacitor will be opposite one another in phasd, an
current/ through the unbranched circuit part will be
equal to the absolute value of their differehee|l —
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Ic|, at that are possible cases whepredominate over
lc, as well whernc predominateverl,.

Representing the currents and|c as functions of
voltage at the circuit terminals, wherg = F(U) is
depicted by a characteristic of reactive coil, aiid=
»CU is depicted by a straight line passing through the
origin of coordinates, we obtain

I =l —lc| = | F(U)-0CU | = ¢ (U),
which is a nonlinear characteristic of the wholeuit.

The graph of differencé —/=F (U) — «CU is
defined by subtracting abscissas of straight lipe

U 1= 1¢l
IC
|
|
|
Us; [__, I
|
"/N- —: —————
P
II U2 | I
I | I
_IC : | I I
\ ! | |
\_\_Lil_ | |
N | | | R
0 | Iy
Fig. 7.34.

=wCU (Fig. 7.34) from corresponding abscissa of
curvel, = F(U). The voltage, at which the current in
the external circuit is equal to a given valuel pfs
defined by finding the point of intersection of ttierve

|l —Ic| with straight line running parallel to the y-axis

a distance of from it. As can be seen from Fig. 7.34,
there can be three such points, from this follokst t
the same current through the circuit, generally
speaking, can be obtained under three different
voltages across its terminals. This specific featof
the circuit will disappear if coil characteristioes not
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intersect with the capacitor characteristic. Buerevf

the characteristics intersect then the multiplessdl
dependence of voltage on current occurs only in the
limited area of current values.

Namely: if current/ in the unbranched part of the
circuit is less than value in which straight linewuches
the curvel|-l¢|, then we have three points of the curve
[l —I¢| intersection with straight ling while two first
points counting from the origin of coordinates
correspond to the predominance of the capacitor
reaction in the circuit, and the third one — to the
predominance of the self-induction reaction. Ifreat
I exceeds the indicated limit, then the curiel{|

intersects with straight linkonly

in one point and, consequently,

this current can exist through the

circuit only in single defined
value of voltage at the circuit
terminals.

A singular point A of
characteristicl=¢(U) lying on
the y-axis is the resonance point,
since at this point the currenis
and Ic mutually compensate one
another. It follows that when the
capacitor and coil with a
ferromagnetic core are connected
in parallel, unlike circuits with

| constant parameters, resonance
can be achieved by changing the
value of the applied voltage.
Fig. 7.35. This phenomenon also relates
to ferroresonance, at that case we
deal with ferroresonance in parallel circuit.

Because the losses in the circuit and the higher
harmonics are present, which we have neglected, the
actual characteristic of the circuit takes the f@mwn
in Fig. 7.35 by the solid line. From the form oisth
curve is follows with the gradual increase of the
current through the circuit, as well as with therdase
of its values, there will be similar jumps in elertse
connected in series, also accompanied by the chafnge
the sign of phase shift angle in the circuit. Hoarweto
obtain these jumps in practice it is necessaryaiceha

v
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device which regulates the current rather thanageit
Practically, this can be achieved if the circuibwh in
Fig. 7.33 is not connected directly to a varialbddage
source, but through a large linear resistarRRe
considerably exceeding the loop resistance of the
circuit where a coil with ferromagnetic core and a
capacitor is connected in parallel. In this case t
currentl will be determined by the resistanBeand
when it changes, surges at the terminals of thauicir
will occur. If the loop of the parallel-connectedilc
with a ferromagnetic core and a capacitor is cotatec
directly to the voltage source with low internal
impedance, then with changind, the whole curve
(Fig. 7.35) can be obtained in practice withoutpsm
Applying the considered techniques to construct the
characteristics of a coil with a ferromagnetic canel a
capacitor connected in series and in parallel, care
construct the characteristics of more complicated
unlinear circuits presenting the mixed connectiohs
reactive elements.

7.34. INDUCTIVE UNCONTROLLABLE
ELEMENTS. FERROMAGNETIC VOLTAGE
STABILIZERS

Features of circuits containing coils withk

ferromagnetic cores and capacitors are used to
create ferro-magnetic voltage stabilizers that
serve the purpose of maintaining constant
voltage across the terminals of the receiver wh
changing the supply voltage. The main part of ¢| *

-
j P VI ¢

stabilizers consists of two series-connectdu

resistors — linear and nonlinear ones. U
To obtain the characteristics of

ferromagnetic voltage stabilizers we are applyi‘h'g

the graphic method described in 7.3.3.1, like we

‘Fol F=—uou

did when considering the ferro-resonance Fig. 7.36.

phenomenon.

Consider the simplest stabilizer (Fig.7.36)
consisting of series-connected capacftoand coil L
with ferromagnetic core at open circuit mode.

The voltageU; is applied to the terminals of this
circuit, and coil terminals are the output termsnaf
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the stabilizer and, consequently, the output velldg
Is equal to the voltage at the terminals of thé 0pi
Knowing the capacitandg of the capacitor and the
coil characteristidJ. = F, (I), one can construct (see
Fig. 7.37) the dependence 0Of = | U.-Uc | = Fy(l),
whereUc is voltage at the terminals of the capacitor.
Assume that the voltage changes frash to U";.
Then, using the
curves U; = F; (I)
andU2 =U,=F, (l),
L ettt 4fatieiebieiebeiuieie et one can find the
corresponding values
of the output voltage
U, and U",. These
values U'; and U’
correspond to current
I', and the valued";
andU", correspond to
current/" through the
r stabilizer circuit.
From Fig. 7.37 it is
obvious that the
considerable voltage
change4U; = U";
- U"; in network
entails a relatively
small change in
the output voltage
AUZ = U'Z-Unz.
Having
determined  the
corresponding
values of U, for
several values of
U;, one can plot
> dependencdl, =
Ucr U, F (Uy), which
: shows (see Fig.
Fig. 7.38. 7.38) that the
circuit under consideration can stabilize voltagdyo
when the supply voltage is exceeding the critical
voltageUcr. From Fig. 7.38 it is clear that the flatter
the final part of characteristic coil, the bettdret
stabilizer.

Yooy

by Mmmmmmmmmo s
by M—— e m e oo
w

UA
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The described stabilizer does not have practical
applicaton due to unsatisfactory  working
characteristics.

In practice, a stabilizer is often used, the mart p
of the circuit of which is shown by solid lines kg.
7.39. In this circuit a coilL; with an
unsaturated ferromagnetic core is used as the
linear impedance, and a circuit consisting of
parallel-connected capacit@, and coil L,
with saturated ferromagnetic core is used =<
nonlinear  impedance. The releva U;
characteristictJ),; = F (I) of the coilL, U, =
F, (1) of the circuit branched part akd = F; ~
(I) of the total circuit is shown in Fig. 7.40. _

Further improvement of this circuit can be Fig. 7.39.

achieved by subtracting the
voltageU'., which is part of
U.: voltage at the terminals
of the coil L, from the
voltage across the loop,,
C,. This can be done by
imposing the additional coil
with appropriate number of
turns on the core with coil
L;,, and connect it as I I
shown in Fig. 7.39 by dottec
lines. Thus one can receive
nearly complete voltage
stabilization. Note that
connection of the load to the

stabilizer Impairs its
characteristic making it less
gently sloping. It should be
borne in mind that the rated
power of the stabilizer
elements greatly exceeds the
allowable power of load.

Among the disadvantage of conventional
ferromagnetic stabilizers there is also dependaice
the output voltage on the frequency. It is possible
reduce this dependence via additional complicatibn
the stabilizer circuit.

Fig. 7.40.
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7.3.5.INDUCTIVE CONTROLLABLE
ELEMENTSOF NONLINEAR CIRCUIT

7.3.5.1. FERROMAGNETIC POWER
AMPLIFIER

If an additional winding is superimposed upon
ferromagnetic core of the coil, then by varying the
current through this winding it is possible to ughce
the form of the characteristic of the coil from thide
of the main winding. Thus, we can control the pssce
in the circuit of main winding by varying the couitr
current through additional winding.

Such controlled inductive elements may be used
in AC circuits, e.g. for voltage regulation in pawe
lines or as a variable inductive load in devices fo
electrical machine testing, and so on.

Fig. 7.41.

So-called ferromagnetic power amplifiers with
nonlinear controlled ferromagnetic elements arkemat
widespread. Fig. 7.41 shows a circuit of a
ferromagnetic amplifier.

The amplifier consists of two identical
ferromagnetic cores upon each of which the two
windings having number of turnsv and w, are
superimposed. Windings with number of tumsare
connected in series with a load having a resist&ace
This circuit is powered by an AC voltagd with
frequencyf. The windings with number of turng, is
the controlling circuit. Suppose that certain RCis

flowing through the controlling circuit. The larger
259



Part 1. SECTION 7. STEADY-STATE PROCESSES IN NONLINEAR
ELECTRIC CIRCUIT

valuei,, the stronger the magnetization of core coils by
this current, and the smaller the inductive reaman
coils for AC from the side of windingsv, and
accordingly the smaller the drop voltage across the
coils at the given curremt Fig. 7.42 shows a family of

A

U,

Fig. 7.42.

characteristicsU, =f(IR) for different values of the
magnetization currerig. For the convenience of further
discussion, the voltage drop at the load, being
proportional to current whenr= const, is marked on
the x-axis instead of the currdnt

By introducing the equivalent sinusoids and
neglecting losses in cores and winding of coil€ can
consider that voltagds andU_ are shifted in phase by
an anglet/2. In this case, we can write

U2 +(Ir) ? = U2

When U = const this equation defines a circle of
radiusU with center at the origin (see Fig. 7.42).

The intersection points of circle with the
characteristics constructed for different valuesipf
make it possible to find the dependencé o thei,. If
the currenty through the control winding changes with
the frequency is significantly lower than the fregay
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f, then it will cause a corresponding change inrthe
value of current at the load.

Provided i%ro << F°r, we get the possibility to
control a large power at the load under low powex o
control circuit, i.e. power amplifier is obtained.

In the amplifier in Fig. 7.41 the two identical esr
are taken and windings are coiled in such a dwoacti
that even harmonics resulting from the core
magnetization by currerg are mutually compensated
in the load circuit. Herewith the EMF with frequeric
caused by current is likewise compensated in the
controlling windings.

7.3.5.2. SEPARATION OF HIGHER
HARMONICSIN NONLINEAR CIRCUITSOF
THE FREQUENCY CONVERTERS

Till now, using the method of equivalent sine
waves, in fact, we neglected the higher harmomcs i
curves of current and voltage. In the previousisect
we saw that for analytically determine the first
harmonic it is necessary to take into account the
presence of the higher harmonics; and the wider the
range of harmonics taken into account, the more
accurate the result.

In certain cases it is important to determine highe
harmonics. In such cases, it is necessary to cengid
real non-sinusoidal curves of current and voltades
problem arises, for example, if we want to take
advantage of the higher harmonics presence in
nonlinear circuits for the purpose of frequency
multiplication. The presence of any nonlinear
inertialess element in an electric circuit causes t
currents and voltages in the circuit to have non-
sinusoidal shapes even under a sinusoidal voltage
applied to the input terminals of the circuit.

Singling out one or another harmonic at output
circuit, we can receive a substantial frequency
multiplication. To obtain a sufficiently high levelf
efficiency in such a transformation of frequencysit
advisable to use non-linear elements, in which the
energy losses are small. These may be, for example,
non-linear inductive and capacitive elements.
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For the conversion of frequency, devices with
controllable nonlinear elements such as electronic
lamps and semiconductor triode are also widely used

In symmetrical multiphase systems, the harmonics
whose order is equal to or a multiple of the nunifer
phase’sm form the symmetrical system of zero phase-
sequence. The remaining harmonics form a
symmetrical system of positive or negative phase-
sequences. We takem identical coils with
ferromagnetic cores and we connect these coilsym w
circuit without neutral wire. When these windinge a
connected to the source of sinusoidal symmetneal
phase voltage with the positive phase-sequences,
higher harmonics appear due of nonlinear coils
characteristics in the current curves.

However, the harmonics whose order equals to or is
a multiple ofm cannot exist in the current curve since
they form a system of zero phase-sequences that can
only be closed through the neutral wire which is
missing here. In such case, these harmonics appear
the curves of the magnetic core fluxes and,
respectively, in the curves of the phase voltagesss
the windings of cores.

The initial condition of the absence of such
harmonics in the line voltage is satisfied, sirfee line
voltage is the difference between the phase vdtafe
now identical secondary windings are set on alesor
and connected in series, then EMF harmonics whose
order is equal tan or a multiple ofm are summed
arithmetically, and the main EMF harmonics into
secondary windings vyield zero. Thus, voltage
frequency at secondary terminals will lme times
greater than the frequency in primary circuit vga
l.e. we obtain the frequency multiplication by thetor
of m.

It is essential to note that the-phase system is
converted into a single-phase, i.e., decreases the
number of phases by the factomaf

Frequency tripler and doubler are based upon this
idea. The circuit of frequency tripler is given kig.
7.43, and the circuit of frequency doubler is shamwn
Fig. 7.44.
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For a frequency tripler, primary supply of the
circuit is performed by the symmetrical three-phase
sinusoidal voltage source. The voltage of triple

U, f

« 1
[ J [ [ J [ [ [ [ J [ J [ [ Ji
P S S e 4 NV
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Fig. 7.43
U, f
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° o—
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I gteg | oo
u,,2f
0 o
Fig. 7.44.

frequency at output terminals is obtained as altresu
of separating out the third harmonic. The output
voltage will also contain all the odd harmonics
whose order is a multiple of thre@tlf, 15th 21th,
and etc.).Even harmonics are absent due to the
symmetry of the magnetization curve of the cores.
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The supply for primary circuit of Ly L,
frequency doubler is carried out from source of
sinusoidal single-phase voltagh,. To obtain
the voltagesU,; and Ug,, the nonsymmetrica f
bi-phase system with a phase shift byis
formed between neutral poi@tand terminald ~ Q“
and2. According to the above, in the secondary

windings connected in series, harmonics of Fig. 7.45.

orderm = 2 and of order multiple of two can be

separated, i.e. all even harmonics. VD
However when the magnetization curve has : Dl :

symmetry, then the even harmonics cannot exist. To
create asymmetry in the magnetization curve, tlseae

third winding with constant magnetizing currégnt "3
Besides frequency multipliers based on the a.

principles outlined above, there may be multipliers /7-

with resonance selection &Fth harmonic. Fig. 7.45 L

shows a circuit of such multiplier. CoiL with

ferromagnetic core is powered from a source with

frequencyf. A capacitorC; and an inductance cdil i

are used to tune the entire primary loop at frequén b,

Here the current through the caj is close to a sine

wave, and the voltage across it has distinct peake. u

Secondary loop,, C, tunes in resonance with tlketh

harmonic of non-sinusoidal voltage appearing at the

terminals of the coiL. Thus, frequenc¥f is allocated I a

at the load having resistané&e and hence we obtain C.

the frequency multiplication by the factorlof
In practice, for frequency multiplication, more L

complex circuits having better working charactessst

are applied.

=~y

7.3.6. SPECIFICS OF CALCULATION OF NON- Fig. 7.46.
LINEAR CIRCUITSWITH SEMICONDUCTOR
DIODES. AC RECTIFICATION

The characteristicsi(i) of semiconductor rectifier l

diode and a piecewise linear approximation of thi

characteristics are shown in Fig.7.4&, b. If we

neglect the drop voltage across the valve in twiflg

of direct and reverse current, the characteristfcthe

ideal valve takes the form shown in Fig. 7¢46. Fig.7.47.
As an example of applying the method of intervals

conjugation, we consider a simple circuit of cutren

\'\4—
% <
U
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rectification, shown in Fig.8.4@ssuming that
the diode has the perfect characteristics Fig.

7.46¢C.
MM When the diode is opened, the voltage drop
b \ \"atitis zero, and when it is closed, the current

‘ through it is zero. Let the applied voltage be

I : | T j| | |

L i

r r?

S S
V) V)
\ul N
N/ N/

Fig.7.48.
da. ,'.I'

¥ " | oo

L, changed according to the lan= U,, sinwt.

t Within the time intervalt; <t <t, (Fig.
7.48) the diod&/D is open and the capacitGr

Is being charged. In this interval, we have the
equation:

U=u=U Sinwt; i=u/R= U, Sinot/R;
I = Cdu. /dt=wCUcosut;
11=i +Hi= wCUcoswt+ U, Sinwt/ R.

The diodeVD closes at instant= t,, when the
:urrenti, by changing reaches the cusp point of the
:haracteristic (poinD in Fig. 7.46¢), in given case,
vhen the current; drops to zero. Hence, to determine
he timet, we obtain the equation

0= wCUcosvt,+ U, Sinwt,/R
or wt,=-arctg(wCR).

Within the intervalt, <t <t; the semiconductor
liode VD is closed and the capacit®@ is being
lischarged through the resistafitaVe have

Uc = IR =— |CR = RCdlel/dt
or RCdu/dt+ u- = 0,

rom whichuc = Ae ©2/CR whereA is the initial value

)f uc at the instant = t, for this interval. A constari

5 determined from the condition of conjugation

yrocesses in the considered adjacent intervalsglyam

it the instant,, bearing in mind that the voltage across

he capacitor at this point cannot be changed\stsp-

-quating values foruc att = t,, taken from the

expressions for the first and second intervalsoltain

U, (t) = Up Sin (t,) = 4.
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The last thing is to determine the tiheof the
diode opening. It is found from the condition thia¢
recurrence interval of the process in this casthes
period T of the applied voltage. Consequently, the
voltage uc in the beginning of the first interval at
instantt; is equal to the voltagac in the end of the
second interval at the instart +T:

U Sin @ty)= U, sin (t,) e @ TRICR

or

e -(t1+T)/CR -t2/CR

sin t))=e sin (wty).
From thIS equatiortl iS ............................................................................
calculated. L 7
Even this simple
example shows that t
calculate the desired value
it iIs necessary to solve th
transcendental equation. |

more complicated circuits k | | | I P
we will have to solve a se I\ A I\

of such equations, which i \ I\ I\ A I\ /
the main difficulty of the N N N N TN
method. However, this NSNS NS NS N/

method makes it possible t
define the actual shapes « b. tu
the current and voltage ver N T I OSSNy~
accurately in those case RN YAR YN S
where the characteristics ¢ AT PR NN T A M Iy
. { TR T B LA | L S T T B
nonlinear elements are clos Y
to the piecewise—linea
ones. R
The value of the ' | Nk Ahh ANNNRA N
capacitor C in  the \ "UU\ AYAYAWAYAVYARATAYAWAY
considered circuit is easil VAKYAXYXAXYXAAYA
seen from Fig. 7.48. Thi  [<XXAXX AKX A XX AKX
larger the capacitancgin a
givenR, the greater the time
constant = RC of capacitor Fig. 7.50.
discharge, and the less the
voltage will be different at the lodd at instants, and
t;, respectively, and the smaller the pulsation & th
rectified voltage.
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Usually more complicated rectifier circuits are
applied. In Fig. 7.49, b are depicted the two-phase
and three-phase rectifier circuits with neutralnp@iin
the secondary windings of the transformér.we
neglect the inductance of the AC circuit, then the
current through the secondary circuit flows at each
instant only through one diode coupled to the
transformer winding, the voltage at the terminails
the winding in the given instant is the highest.

If we also neglect the voltage drop at the diodes,
then the voltage at the load will have a form shamvn
Fig. 7.50g, b by bold lines. The Fig. 7.5®relates to a
two-phase rectifier circuit (Fig. 7.49, and Fig. 7.5@,

— to three-phase rectifier circuit (Fig. 7.49,b)heT
larger the number of phases, the smaller the poisat
of the rectified voltage. The current through tbad
flows in one direction all the time indicated ingFi
7.49a, b by an arrow.

For current rectification, bridge circuits are also
used. In Fig. 7.54,is shown a single-phase circuit,
and in Fig. 7.5 three-phase bridge one. The curve of
the rectified voltage for the first circuit has tfem
shown in Fig. 8.3@&, and for the second — the form
shown in Fig. 8.3®.

If in the circuits shown in Fig. 7.49 and 7.51, we
take in consideration circuit inductance, and ksh
circuits have capacitors, the calculation processes
them should be carried out by the method of the
conjugate intervals as described above. Herewhh, t
recurrence interval in the circuits Fig.49a and
7.51a is equal toT/2, in the circuit of Fig. 7.49,it is
equal toT/3 and in the circuit in Fig. 7.94.,it equals
T/6.

7.4. CONCLUSIONS

. NONLINEAR CIRCUITSUNDER DC.

1. Electric circuit that contains at least one horar
element as a whole is non-linear. Non-linear eldngen
such an element in which current-voltage charagtteri

IS not presented by a straight line. The curretiiage
characteristics of nonlinear elements can be given
analytically, graphically or in a tabular form.
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2. Non-linear elements have static and dynamic
resistances. Static resistance is always positive.
Dynamic resistances for the increasing currentagat
characteristics are positive, and for decreasing
characteristics are negative.

3. The static and dynamic resistances in the linear
elements coincide at all points of the currentagd
characteristics.

4. Methods for calculating the nonlinear DC cirsuit
are based on Kirchhoff's laws, which connect the
currents in the nodes, electromotive forces and the
voltage drop across independent circuits.

5. For the calculation of nonlinear circuits thepiple

of superposition are not applied, so all the meshaid
circuit calculation based on the principle of
superposition are not applied to non-linear DC Afd
circuits.

6. If the working section of the nonlinear element may
be approximated by a straight line, in this cabe, t
calculation of circuit parameters can be linearibgd
replacing non-linear element by an equivalent dyinam
resistance with a power source or by static ressta
Calculation of linearized equivalent circuit in the
vicinity of the working point is made analytically.

7. If in a circuit there are two nodes then caltafais
rational to perform graphically by using nodal 3.

For this, current-voltage characteristics of eambh

are being constructed, which are displaced witheets

to the origin of coordinates by value of the EMF
included in the given branch. Then resulting curren
voltage characteristic of the whole circuit is ok,
which allows you to find the voltage across theafiar
branches. Knowing the voltage across the parallel
branches we find the parameters of all the branches

8. If an electric circuit comprises a single namehr
element, the calculations are efficiently produdsd
the method of equivalent generator. The circuit is
divided into passive and active one-port networtke T
passive one-port network includes a non-linear
element, and the active one-port network contalhs a
the rest of the linear circuit. Active one-portwetk is
replaced by an equivalent generator. After detangin
the parameters of the linear equivalent generdter t
problem is reduced to finding the parameters of a
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nonlinear circuit with single-loop having EMF soerc
or with dual-loop having current source. A working
point on the non-linear voltage-current charactieris
determined, which allows a non-linear current-vipdta
characteristic to be linearized by dynamic resistan
with an additional source of energy or static tasise.
After linearization, calculus of the rest of pardems in
the initial circuit is made like in the linear aint.

9. If a circuit has two non-linear elements, catioh

is rational to perform by using two-port network
theory. Calculated circuit is presented in the farfn
the active two-port network, whose leads are cotuec
to the two non-linear elements. Active two-port
network is presented by T-shape equivalent cirotiit
passive two-port network with two open circuit EMF
sources. As a result, the calculation is reduced to
finding the parameters of the dual-loop circuit hwit
three linear, two nonlinear resistors and two sesiaf
EMF.

1. NONLINEAR CIRCUITSUNDER AC.

1. AC non-linear elements by its inherent properée
being subdivided into symmetrical, hon-symmetrical,
inertial, non-inertial, resistive, reactive, witlogitive
and negative dynamic resistances.

2. The properties of symmetrical non-linear element
are not dependent on direction of current flowing
through it or applied voltage.

3. The inertial properties of non-linear elements unde
AC are conditioned by the presence of heat inertia
which results in linear dependence between
Instantaneous value of current and voltage, as agll

In non-linear dependence between effective valdes o
current and voltage.

4. We distinguish between non-linear electric circuits
with homogeneous energy sources, when the sources
of equal frequency are acting in circuits, and hoear
electric circuits with nonhomogeneous energy sairce
having the sources with different frequencies.

5. The circuits with electric valve (diode) elements a
studied in assumption that diode has an ideal volt-
ampere characteristic.: in conducting direction
(conducting state) its resistance tends to zerd,ian
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contrary (lock state) direction its resistance tenad
infinity.

6. Diode is in conducting state when the anode
potential is higher than the cathode potential.

7. The calculation of complicated AC electric citsu

Is performed on the grounds of Kirchhoff's laws.iSTh
calculation is performed analytically using given
analytic expressions of volt-ampere characteristss
well as graphically when the given characterishiase
the form of graphs or tables.

8. The successive approximations method is efficien
and allows making calculations of non-linear electr
and magnetic circuits of any complexity, assumimaj t
the characteristics have piecewise-linear
approximation.

9. If it is known that the non-linear element opesan
the section of the current-voltage characteristicich
can be approximately assumed linear, then the @mobl
Is linearized by replacing the working section of
current-voltage characteristic of a straight lined a
determining the equivalent parameters of the
equivalent circuit.

10. When the coils with ferromagnetic cores are
studied then an efficient method of circuit paramnet
calculation is the equivalent sinusoids method, at
which real sinusoidal values are replaced by edemia
sinusoidal oneslhe conditions of equivalence are: the
equal effective values and losses in the circoinfthe
Initial non-sinusoidal curve and replaceable simedo
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