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OUMMARY

Initially the fundamental equations are derived from

the physical system which provide a basis to draw the equivalent

circuit diagram, Then the previous analytical and numerical works
~on transient current and ferroresonance phenomena are reviewed and

the aim of the present investigation is given in Chapter 1,

In order to reduce the number of circuit parameters, the
parameters are generalized making use of the "standard coefficients",
Thus, in Chapter 2 the differential equations obtained in Chapter 1
are put into new forms,

oince there are a number of methods of representing the
B/H characteristics the possibilities are compared at the beginning
of Chapter 3 to choose the most suitable one, To estimate the
coefficients of the functions representing the characteristics the
experimental B/H pattern is required, Therefore, the method used
to obtain these characteristics is explained,

The main purpose of Chapter 3 is actually to calculate
the transient current, S0 analytical and numerical techniques are
developed,

In Chapter 4 fundamental ferroresonance is investigated,
To visualize the jump phenomena a graphical solution is presented
and used to predict the jump points, To achieve more accurate
results, additioné,l terms are included in the expressions of flux
linkages,

Subharmonic ferroresonance is, in fact, a part of
ferroresonance but, since its nature differs from fundamental
ferroresonance, it is studied separately in Chapter 5, In this

chapter, using the Preisach model and experimental series method



for the B/H representation, the hysteresis effect on subharmonic
ferroresonance is examined, By an analytical method the stability
of this phenomenon is investigated,

Although there 1s "analysis" and "comparisons" sections
at the end of each chapter, general conclusions are drawn and some
suggestions are made for the future work in Chapter 6,

All the explanatory figures are located in the text
side and the experimental and computed figures are presented in

a separate "diagrams" section,
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CHAPTER 1

INTRODUCTION

The early experimental investigations on transient and

ferroresonance phenomena led the investigators to find out the
fundamental principles underlying the phenomena, But, besides
understanding the principles, a prediction of these pﬂenomena
which require a mathematical analysis as well as experiments to
define some parameters of the system were also in question,

From this standpoint, the basic point for the prediction
1s to represent the devices which will be used by an adequate
mathematical model, ouch a model for a single phase shell type
transformer,whose physical model is shown in Fig, 1.1,and
constructional details are given in Appendix A1 may be derived 1in two

parts,

1.1 Electric Circuit Equations

From the consideration of the magnetic flux paths shown 1n
Fig, 1.2 the following voltage equations for each coil can be written,

V, = RA 1, +2,. P1A+NA .p @

va B Ra,la+9'a' Pla+Na-Pﬂ 1.1

Since the B/H characteristic is normally given the flux @ should be

expressed in terms of B and H, This can be established by using the

magnetic circuit equations,

1.2 Magnetic Circuit Equations

The flux associated with the coil on any limb consists of
two components, oné of them links with other coils on the other limbs,
which is defined as mutual flux and corresponds to the mutual

inductance, The other component has a path mainly in air, so it is




defined as leakage flux,and the corresponding leakage inductance is

taken as belng constant, whereas mutual inductance is a function of

magnetising current, 1In reality, the leakage flux is not constant

because of passing through the core, 1t, therefore, varies with

the voltage applied to the coil,

Now, if the Ampere Turns rule is applied to the path 4 in
Fig, 1.2,

NA1A+Nala = L, H 1.2

where

L = 2L2+2L1

the average length of flux path in metres,
The flux equation for the junction (1) in Fig, 1.2 is
since the magnetic circuit is completely symmetrical and the relation

between cross sectional areas is

A = 2A1 1.4

The flux density B is the same in all limbs, Therefore we can use
the B/H characteristic obtained from the central limb for the other
limbs and yokes,

Substituting the relations obtained from magnetic circuit

¢ = 2¢1

and

A
fp= B3

into the equation 1,3 we can get
g = B.A
In this equation B is a function of field strength H, 5o,

differentiating flux @ with respect to time yields

pf = A, . pH 1.5




where

is the differential permeability or the slope of the B/H characteristic.

Combining equations 1,1, 1,2 and 1,5, and referring all

the secondary quantities to the primary turns NA’ the following set

of simultaneous differential and algebraic equations are obtained.

A = RAiA+9'A'PiA + M(im) _pim
v, = R i+, .pi + M(im) . P i
i o= i, +i_ 1.6
where >
N, . A
M) = T ow ()

1s the mutual inductance which is function of magnetising current

defined by

i = = ., H,

In regard to equations 1,6 an equivalent circuit as in Figure 1.3 may
be given for the transformer, When the secondary side of the
transformer is open circuited (ia - 0), as will be considered in this

investigation, the performance equations of the transformer become

v, = Ry, i, 49, .pi, +M (i) . pi_

va = M (lm) . le

. . :
i o= i, ol

Now, in order to write the equations of the series resonance circult
shown in Figure 1.4, the resistance and inductance of the circuit are

added to the resistance and leakage inductance of the transformer

respectively provided that they are linear, Hence




Vp = Ry eIy + by opiy + M (im) . PL + V,
v, = M (im) . Pi_
1 : +
V., = G J idt + v (07)
im — iA 1.8

It 1s clear that to solve either equations 1,7 (as in the

transient problem) or equations 1.8 (as in the ferroresonance

problem) the relation M = f (im), in other words, B = f (H) must

be known,

1.3 Previous Work

It 1s convenient to classify the previous work on transient

current and ferroresonance as analytical work and numerical work,

1.5, 1 Previous Analytical Work on Transient Currents

The first systematical experimental investigation on
[

transient current was made by Turner In the paper published in
1931 he gave the factors affecting transient current experimentally,
Blume et al? made the first attempt to calculate the

transient current and they suggested some method to reduce it, In

the text book of Blume et al?, the exciting current and transient

current are studied in detaill,

Since the protection equipment in a system must be capable
of carrying the transient current its shape is also important as well
as its peak values in order to select the fuses and relays, So,
Spech'l:4 cave a method to determine the shape of the transient current
in single phase transformer using "The Experience Factors”, He
tried to improve the results obtained from a linear approximation,
Although the error for the first peak in the calculated results 1s
+ 27% it is about + 17% for the later peaks, It was assumed that

there was no current flowing till flux reaches its saturation value,




That is to say, the B/H characteristic is represented as in Fig, 1.5

(g
= R
I ]
|
|
o | |
H H H
O NN
' Experimental
S Bs /
| @ Logarithmic
Fig, 1.5 Fig, 1.6

Holcomb5 s, Drozdov et 3.16 used a method similar to Specht,

but Holcomb's method produces more accurate results and needs less
time for the calculation,
Malyshev7 represents the B/H characteristic by a Logarithmic

relation as in Fig, 1,6 and, neglecting the leakage inductance of the

system, he reduces the voltage equation 1,7 to the well-known

"Bernouilli Equation", The analytic expression of the B/H relation

used 1s
B = c4 Log,, (c2 H) 1.9
Sarkar et al® apply Kron's tensorial method to analyse the
transient currents of a loaded transformer, neglecting the magnetising

current and using the Laplace transformation,

1.%.2 Previous Analytical Work on Ferroresonance
Although Martienssen’ also has done experimental work on

ferroresonance, especially on jumping phenomena, the first systematic
experimental investigation on ferroresonance was performed by

Roue11e10_ He described all the factors affecting Jjumping phenomena

_5_




.1
Duffing = gave a method for the solution of the equation,

so called "Duffing Equation",

F' cos wt = p2X +k1)[+k2)(3 1.10

where F, k1 . k2 are constants,

Although Duffing gives this equation for the mechanical
oscillations, neglecting the leakage inductance, the voltage
equations 1,8 can also be put into the above form if the B/H charact-

eristic 1s represented by a single-valued power series,

_ b
H = ¢, B + c; B 1.11

where Cy s c3 are constants,

12 13

Odessey et al  and Thomson “ use the volt-ampere

characteristic instead of B/H to describe the critical point (only
jumping-up conditions), They mainly use two independent relations,
namely the volt-ampere characteristic of the transformer and the
voltage equations 1.8 in terms of "fundamental harmonic?,
Rudenberg14 describes the jumping-up point by a graphical
construction but using volt-ampere characteristic and the voltage
equations 1.8 in terms of fundamental harmonic again,

Keller15 displays six different methods of solution including
perturbation and Calarking methods for the discrete non-linear
16

problems in electrical engineering, but in a second paper Keller

employs a method similar to perturbation to solve equations 1.8,
Ha,ya,sh:‘i‘.17 investigates the forced oscillations with non-
linear restoring forces and analyses their stability by means of
integral curves, He uses a cubical form givén by equation 1,11
for the B/H representation.
In a second and third paper of Haya,shi18’19 the stability
problem of fundamental and subharmonic oscillations are discussed by

the variational method, The principle of the method is to reduce




a differential equation

2

5
p X + 28 ,_‘pX+ C1X+ 02}( = f (t) 1.12

to an equation of Hill's type,.

20 :
In a fourth paper = of Hayashi, a method of representing

the B/H hysteresis loop is proposed to examine the influence of

hysteresis on non—linéar resonance and the energy losses, The B/H

loop is represented by an ellipse and magnetisation curve by a

cubical form as in equation 1,11, The following figure illustrates

how to get a loop according to this method,

aw
Il

0
o
t=

O
qLJ

|

Bm: Max ,value of B
01,05,c£,05: constants
Fig, 1.7
21, 22 " .
Ku develops the "phase plane method" to apply to

circuits with non-linear elements such as non-linear capacitance
and non-linear inductance, He examines the differential equation
in the form of equation 1,12 from the topologic point of view, 1.,e,

instead of solving directly by inserting new variables

He derives
g = £(t) - 25V - cX - cX 1,13
éo, for given initial conditions XO, to, VO, the corresponding

acceleration g is calculated from equation 1,13, Then choosing an

increment AX ( aX = X, - XO) the new set of variables are found

- -




so that

V = V o o
Vo= Vg =V, o= (§)aX or V.=V 4 () aX
O 0
AX AX
t = ~ = — _ 84
A t1 tO AV or t‘l o to t AV

and acceleration g is obtained by substituting X, V,, t; into

equation 1,13, Thus, proceeding in this way, further points are

obtained, Then plotting v and g against X and analysing the graphs,
some qualitative information about ferroresonant conditions is

obtained,

Huey et 3,125, Sw:‘i'.f1:24’25 and Kumar et 3126 view the

ferroresonance problem as a control-system problem and apply the
"Describing Function Technique", According to this technique the
flux linkage 1s supposed to have the following form:

¢y = A cos (wt + o) + B cos wt 1.14

and the "Describing PFunction" is defined as

Fundamental of output phasor
Input phasor

K =

The relation i = f(y ) is converted to a block which has a gain of K,

Thus, the block diagram of series resonance circuit 1is

VA(S) o N v (8)] . 1(s) o(s) - 1 +2RCs

_ 2
S Cs

Fig, 1.8
v S
GO and G(s) in this block diagram are found from voltage equation 1,8
neglecting leakage induction c. and applying Laplace transformation,
By Nyguist criteria the stability of system is then studied,
They also use a cubical form as in equation 1,11 for the

relation i = £ (vy).

Bayouraz7 offers a qualitative explanation of the

unsymmetrical mode of ferroresonance and an approximate solution



using "The Reversion Method of oceries", In order to apply this

technique he puts the voltage equation 1.7 in the form of

a, ¥+ a, v2 = k £(t) ay £ 0 1,15

where 2. and 4, are functions of operator p = -ag_-E-, and k a constant,

f(t) a given function of time.

Reversion method 28 assumes that the form of solution of

the differential equation 1.15 is

v(t) k A, + K4 A, + K Ay + o 1,16

The unknown coefficients A‘I , A2, An are determined by substituting

equation 1,16 into 1,15 and equating coefficients of equal powers of
k, Consequently, the problem of solving the non-linear differential
equations becomes a problem of solving a set of linear differential
equations,

To put the voltage equation 1,8 into the form as in
equation 1,15 a cubical relation is taken for i = f( v ),

On subharmonic resonance, the first systematical experimental
work belongs to Fallou29, Rouelle‘lo determined the effects of
frequency variation on subharmonic resonance and gave a test circuit
by which it was easy to initiate the subharmonic resonance,

30 52

Travis” , Ang.;ello31 (analytically) and Spitzer

(experimentally) determine the initial conditions,

Hayashi19, Tﬁ.h:':'i'.gh__t33 and Shenl{:m,a.n34 give stability criteria
by means of Hill's equations,

Norimatsu et a135 introduce a method of prevention of
subharmonic resonance,
1.3.3 ° Previous Numerical Work on Transient Current

In all the calculation methods given by ;che authors
mentioned in the preceding section the analytical technique was

employed and did not produce accurate results because the representation

- 9 -



of the B/H characteristics could not be given by a function which

yields a differential equation capable of solution, But, since 1960,

the developments in computers and computing technique allow the use
of numerical method to solve differential equations, Thus, a wealth

of methods of representing the magnetisation curve and B/H loop by
36

complicated functions has arisen, For example, MacFadyen” represents

the magnetisation characteristic by an exponential series such as

_ b,
B1(H) = u,  H+ .21 Coi_1 (1 - exp (—025. . H)) 1.7
1=

and produces very accurate results, Without computer, it is impossible
to solve the differential equation containing such a representation

analytically,

Since this expression fails to represent the region around

the origin MacFadyen makes use of
AB = Cor .« H, exp (—08 . H.°9 ) e 1.18
for the difference,
AB = ‘B.{ (H) - B experimental
Thus, the whole expression 1s
B (H) = B, (H) - AB 1.19

and differential permeability

L) - &3 () © 4 (s B)

dH dH
or <
p, \
w(H) = ug + = Cpjq « Cpi + P (-eo; .B) .
211 .
- ¢, @©xp.(-c HCQ) (1 - c, C Hc9) o 1.20
7}. xp. 8. ® 8 9 e
where Cqas  eves 09 are coefficients to be determined and M

the final slope of experimental B/H characteristic,

- 'Ileape37 presents another method representing the whole B/H

loop in addition to maghetisation characteristic using the same idea,

- 10 -



i,e, the exponential series, In this method the basic idea is to

shift the particular part of magnetisation curve to produce a loop,

This method is also capable of expressing the minor loops,.

MacFadyen and Teape both study the transient current in
single phase and three phase transformers at the loaded and unloaded
conditions by their representatioh methods,

Yamashita et 3138 investigate the transient phenomenon by
signal flow graphs, and represent the transformer in the experiments
by a simulator, and B/H loop and magnetisation characteristic by

straight line segments,

1.%5.4 Previous Numerical Work on Ferroresonance

Teape37

studies the ferroresonance phenomena using his own
B/H representation method and, in the three-phase case, a model which
allows for inter-phase leakage flux thereby catering for unbalance
during transient conditions,

Reducing all the different combination of circuit to a single
phase form, Germay et 3,139 analyse the ferroresonance phenomena on
high-voltage power system applying Preisach Theory,

1.3.5 Preisach Theory

In the Preisach 'I'heorydro’,d“‘l 42 the magnetic material 1s
considered to be an assembly of dipoles, each of which exhibits a
square-loop hysteresis characteristic determined by two independent

parameters Hm and Hc' Hm represents the fields of neighbouring

dipoles and Hc the coercivity. It is assumed that the dipoles are
distributed statistically in the magnetic material, o, defining
the distribution function

Y (Hm’ Hc)

Preisach gives
B—_-uoH+ZBSJf Y(Hm’ Hc)'dHcde 1.21

- 11 -



for the calculation of the flux density, The essential principles

and basic theory are detailed in Appendix A3,

Felltkeller et al%® used the analytical expression

Hm 2 Hc 2
y (EpE) =exp (-((D)° + () )
(a, b constants)
for the distribution function, But they noticed that this

expression has two maxima for the soft material, However,

Girke et ald4 experimentally showed that some soft material also has

one or two maxima,

On the other hand, introducing new variables

H - H - H
1 m C
H2 — Hm + HC

which are independent from each other, A new distribution function

H, + H H. - H
— 1 2 Z 1
Y (H1 ’ H2) = Y ( 2 ’ > )

1is derived, Biorci and Pescetti®? separate this new function into

independent functions with one variable so that

Germay et a146 define ;1 and y» numerically from the
experimental B/.E{ characteristic, An example is given in Appendix A3,

Coulsonﬂr7 has given the following expression for y

m (c1i HC)n (_c H ) e (—C H
2Bs vy (HppB,) = 334 ¢q3 Cp; 34 nj expl~Cqz Ho)e @¥PU=Co;|Hyl)

1,23

where m : number of terms to be used

fficients,
°1i’02i’°3i and n coeill

For a hard magnetic material, Coulson found that one term gives an

- 12 -



acceptable representation but soft magnetic materials require

additional terms,

1.4 Purpose of the Present Investigation
In power system engineering it is well known that the

energy transportation can be economized by increasing the impressed
voltage of the transmission line, and the power factor of the
distribution system can be improved by a group of condensers, But,
increasing the voltage of the system consisting of generator,

transmission line and transformer may cause the operating conditions

to reachh critical points at which abnormal phenomena, such as
ferroresonance and subharmonic resonance, may occur, oimilar
phenomena are observed in distribution systems,

In order to protect the system from these abnormal
phenomena protection equipment, such as fuses, relays, are installed,
But these equipments should permit the transient current due to
switching of the supply, That means the designer should have some
information about the amount of transient current and corresponding
time,

Thus, it is seen that there are mainly two problems,

One the abnormal phenomena and conditions referred to above, and the
other the normal transient current,

As given in the sections on previous work, some authors
investigate these phenomena purely experimentally - for example,
references 1, 9, 10, 29, Some of them take the problems from the
purely mathematical points of view, as in references 15, 17, 21, 22,
However, in references such as 24, 25, 36, 37 and 39 the theory 1s

accompanied by experiments, and comparisons are made,



1t 1s the purpose of the present investigation to explore
alternative analytical solutions and stability criteria for these
phenomena, The possibility of applying Preisach theory as the
basis for allowing for magnetic non-linearities will be given
particular attention., By using the normalised loop, the perform-
ance equations will be generalised, thus more general solutions
will be sought, TFinally, comparisons will be made between

computed and experimental results for single-phase systems,

- 14 -



CHAPTER 2

2 GENERALIZATION OF THE PARAMETERS

In order to study the response of the circuit to any

change in the circuit parameters, the performance equations of the
circuit need to be examined, 1f the circuit to be studied is
composed of many parameters it is rather difficult to exhibit the

effects of the change in each parameter, However, using

mathematical rules it is not only possible to reduce the number of

parameters and to generalize them, but also much computing time may

be saved,

Plotting the results thus obtained, and analysing the

graphs, some general information about response of the circuit may

be derived, Therefore, first the normalized loop will be considered,

2.1 Normalized Loop

1f the H axis in Figure 2,1a is divided by Hc and B axis
by BS the Figure 1b is obtained, From now on this loop is to be
called the "Normalized Loop" and the coefficients to be used in the

representation of it "Standard Coefficients",

a) Actual loop b) Norm=1ized loop

Fig, 2.1



1 the normalized loop is expressed by

b = f (h) 2,1
then the corresponding actual loop becomes
B = B, .f (h) 2,2
where
B
b — B 2-5
S
h = H 2
: 4
C

that
a. 8 _ o af(h)  an
dH s * dh * dH
oT
B
" — £ (h) 2.5
C

Thus, knowing only the saturation flux density Bs and coercive
force Hc’ and using the standard coefficients given by Coulson47,
tabulated in Table 2,1, it is possible to transfer the actual loop
to a normalized loop,. Of course, the loop or magnetisation
characteristic obtained by using the standard coefficients will not
be as accurate as the one obtained using the actual coefficients
estimated over the actual loop, But, as will be seen in sections
of the later chapters where results are compared, the accuracy is
not too bad,

Since f(h), the function representing the non-linearity
and hysteresis, is now independent from the material, the results

of the performance equations only depend on parameters which include

B, H.,
s° C

_ 16 -



Coefficients

Terms First

0.599

0.478

0.254

s C

539 Cz; are the

51

coefficients of the

€11
equation 1,23,
Table 2,1 otandard Coefficients

2.2 Generalized Parameter for the Transient Current

For the numerical prediction of the transient current in
the single phase transformer with secondary open circuited, the
equations 1.6 are utilized, But for r\(H), the differential
permeability, either the actual loop representation or normalized
loop representation can be used, If the normalized loop 1s

employed, the main voltage equation

ﬁ_.Vsin (vt + «) = Ri +, g}-+Nd:

dt dt
becomes
: R,L.H, %2, 1L dH dB dH
1/21,,,,'V.Ts:Ln(wt+oc)..-=---‘-T\I-’---+---1'\T-- dt+N'A'dH'dt

by substituting 1 = ==




Using the relation 2.4 and 2.5 we get the following

equation

sin(ut + o) < ReLHe 4 {.1.H, _g_h%_ v ANBS 'g'h%' > &

ﬁ—V.N. ﬁ_V_N_ J2 . V.

Inserting the new parameters

T = Wt +
dr = wdt
p, . BeluFo
2 VN
W (.,,,L,,,,,Hc
P2 =
2 V.N.
w, A N.B
Py = =
2 V

The new form of the voltage equation is

£ (h) ] M

sin T =P1_h('r)+|:P2+P Tt 2.7

7 e
Thus we have reduced nine parameters such as the
construction parameters N, A, L, the material parameters Bs’ Hc’
the circuit parameters R, 5 and supply parameters w, V to only
three parameters P.I ; P2, P3 which are, from now on, to be called
the "Generalized Parameters",
It must be noticed that P,' . P2 and P5 are independent from
each other because each one has one independent actual parameter,
Another point to be observed is that ¢ is not in time
dimension any longer; its dimension is degree,
Since there is no analytical solution of equation 2,7
due to representing f(h) by very complicated functions, it is only
solved by numerical technique,

Once the results are produced by changing the parameters

P‘l . P2, P3 for one transformer, then the transient current for

_~ 18 -



another transformer can be eanily found by just calculating the

parameters P1 . P2, P5 from the actual parameters of the new

transformer, That means there is no need to run the programme

for the new transformer,

2.5 Generalized Parameters for Ferroresonance Circuit

With the same idea explained in the foregoing section we
can derive the generalized form of the performance equations of the

ferroresonance circuit,

From equation 1.8

3t = i 2.8
Substituting the relations 2.4, 2,5 and i = l’-ﬁ-ﬂ into the above

equation we have the equation

Sin(w'l: + o:) _—_'.I.{.:.]_".:_I?.?. , N +9'_L];'.:.]EI_°_ ah + A"'N""':BS'W f! (h) dh + %

/2 V. N, VR R AL a®.,

&y _ LH g 2.9

dt N

By the transformations

T = Wt + «
d‘l' = wdt
w,N
R R
C
P1 _ R,L.H,
2 VN,
P'2 _ wd L H,
- 2 VN,
P- — w-AlNoBS
> V2 .V,
L, H
P, = .



The equations 2.8 become

sin T=P1 h(T) + [P2+P3 fﬂ(h) ]%—(T—)-+P4q (T)

dg (1) _ (1) 2 10

dt

Thus ten parameters consisting of R, , C, N, A, L, Hc’ Bs’ w and

V are reduced to four parameters P.] ; P2, P, and P,, Again we call

3 4
these the "Generalized Parameters" for ferroresonance circuit,

It must be remembered that we cannot neglect any
generalized parameter because of it being smaller than any of the
actual parameters whereas external resistance or leakage inductance
may be neglected for the steady-state operating case because they
are small in such a circuit, The main reason for this is that the
generalized parameters are composed of more than one actual
parameter, For instance, even if R is small P1 cannot be neglected,
because for small V, P‘I will have a high value,

Within a restricted region it is observed that the current,
or flux, in ferroresonance circuits has two values corresponding to

one value of voltage.This is also true if w or C are considered as

the variables in place of voltage, Therefore, although we have

reduced the number of parameters, this characteristic feature of the

current is still valid in the equation 2,10 with the generalized

parameters,

Tt is obvious that the effects of new parameters on

performance are totally different from that of the actual

parameters? effects,
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3. TRANSIENT CURRENT
3.1 Numerical Solution

In the application of the mathematical model of the
system the equations 1,6 and 1,7 require the differential
permeability - (H).

In the numerical calculations there are mainly two

possible ways to get the differential permeability, These are:

that
dB _ 4B _ ‘o417
dH AH — H - H
n+1 n

where n is the number of points and p H must be very small,
B) representation of the B/H characteristic by
continuous curves using the stored experimental
points and one of the curve fitting methods,

In the first way which leads to the linear interpolation,
each point on the B/H characteristic will have two different
differential permeabilities, that is, if , were plotted against H
" there would be some discontinuities Jjust due to the method,

On the other hand, as is well known, the solution of any
differential equation by a numerical technique is strictly dependent
on the initial value of the variable to be solved, In other words,
the initial value must be unique and correct, Othervfise, any
incorrect initial value will affect the next step in the calculation

and consequently the results will be wrong., v

Now, in the light of this fact it is quite possible to
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have some unstable solutions during the process 1f the fivst way

1s followed, Therefore, the continuous expressions for the

representation of B/H characteristic will be chosen to get the

differential permeability,

3.1.1 oelection of the Method Representing the

B{H Characteristic

Although there are many methods of representing the B/H

characteristic by continuous functions, = number of them have been

6 . :
compa‘red3 with each other and it has been proved that these methods

are not able to represent this characteristic accurately,

In fact, the comparison should be carried out depending
on the purpose of using these representations. 1f it is preferable
to use the analytical techniques, the present mathematics may not be

sufficient to solve either the transient current or the ferro-

resonance problem using the expressions given by I-’Iaojf‘adyen36

51

Teape” ', Coulson47, even the polynomial form of higher order such

J

as
B = a -+ a, H + e o e + a Hn 9
O 1 n
oxr
n
H = bo +b1B + .. . +an , 5.1
or
Frohlich formula
Bs' H
S 2
B c, + C, H M, i 2

But, if a numerical technique will be employed, in this case, the
computing time for the comparison should be considered as well as
the accuracy of the methods,

In the present investigation, for the numerical
calculations, the Frohlich formula, which requires less computing

time compared to other methods, and Macfadyen's exponential
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expression, which is the best in accuracy, will be used for the

representation of the magnetisation characteristic,

In order to observe the effects of hysteresis on the

calculation, the Preisach Theory will be applied,

Since Frohlich formula j:'equires only t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>