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Section 1 , Introduction

Felil wound inductors {(FWI) consist of 2 thin metal foil and an

insulating film wound together in a spiral configuration. In some
coils the insulation is a varnish coating on the metal foil, but inl
the coils used in this study the insulaticon is a separate polythene or
polypropylene film. FWI differ from ordinary wire wound inductors (WWI)
in one important respect; illustrated by Fig.[-l. A turn in a WWI is
adjacent to eight other turns, whereas a turn in a FWI is adjacent to
two other turns,

In a previous study (1), the coils were wound on a central core
of perspex rod. This type of core was unsuited to this study for a
numbey of reasons detailed in Section 2. Therefore the cores were
changed to cnes wound from the plastic inéulation. Both types of coil
are shown in Fig.i-2.

The FWI manufactured havé turn numbers in the range ten to one

wrag

thousand., The metal foil in all cases [’ aluminium. The thickness
of both the metal and plastic folls was of the order of ten micro-metres.
All the FWI were wound on a converted capacitor winding machine, described
in (1). |

Self-resonance in WWI is well known, yvet is poorly understocod in
detail. Welsby (2) describes how the impedance of a WWI may be represented
by the circuit in Fig.+3. Consisting of an inductance, a d.c. resistagce
and an a.c. resistance'iﬂ series, parallel by an effective capacitance.

The inductance resonates with the capacitance at a freguency given by,

)(::_L L}ix--!_'/‘ [~ 1-f
° AT \Lc g

Where @ is given by

Q (—’c‘-;)yl | [-1-2
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The photograph shows both types of coil,the older with a
solid perspex core and nore recent with a wound core,
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When Q is 1arge,‘f; is to a good approximation, given by,

11V
fo-ﬁ(z_) | C1=i-3

At frequencies below the resonance the circuit is inductive and at
frequencies above; capacitive. As the resonance is approached the

impedance rises, until at resonance it has a maximum value of
2 DY iy g
Z Q'R A=k

At thils point the impedance is wholly real.
When the impedance has fallen to %: of its maximum value, the
) X
frequency has changed by a factor,

of =+ L =15
[

At the same time the power absorbed by the‘circuit has risen by a
factor of 2. |

At d.c. the a.c. resistance is zero and rises as the first or
second power of the frequency depending on the geometrical construction
of the coil.

Althoughrin general this equivalent circuit is in general
adequate, certain types of loosely coupied, gingle laver WWI resonate
more than once with their self-capacitance, at frequencies higher than
the normal resonance. This is said to occur (2) bhecause the coil can
behave as a transmission line. This phencmenon appears to be ?oorly
understood as no references to a qﬁantitative theory have been found.

Work performed at Loughborough (1), has shown that similar multiple
resonant behaviocur exists in FWI. ‘This behaviour would not be expected
"from a transmission iine point pf view as a FWI is relatively tigﬁtly

. coupled. o -
The contacts to the FWI are made using thick Aluminium foil wound

round the thinner winding foil} the contact is held in place by pressure

and projects out beyond the plastic foil.

-3 —



- FIGURE 1-3

L Roe Koo

Bquivalent circuit of a wire
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Section 2 Multiple Rescnance in FWI

1, - An experimental analysis of multiple resonance in FWI with turn
numbers varying from 65 to 1000 turns was performed in (1). However
there are a number of criticisms of the procedure - used, therefore the
experiments are repeated.

The coils used in (1) were wound on perspex cores. This on the
winding machine used; resulted in poor packing of the c¢oil windings.
On average this meant that the turn to turn spacing was three times the
plastic thickness, Clearly this would result in a large experimental
"exrror and a poorly defined turn to turn éapacitance. Therefore it was
decided to wind the core of the ¢o6il from the plastic insulation. This
resulted in much improved packihg,‘although it did not entirely remove
the ﬁroblem, which will be mentioned again in section 4 .

The apparatus used to obtain the impedance/frequency spectrum is
shown in Fig.)-l. The noise generator produces a noise signal with a
spectrum flat to within : 1.0dB from 20.Hz to 10,0 MHz and to : 1,548
from 10 MHz to 20 MHz. As éhe noise is white the spectrum seen at the
spectrum analyéer corresﬁonds to the impedaﬁce spectrum of the coil.

Fig.22 shows the impedances of the situation. The output impedance
of the nocise generator and the input impedance of the spectrum analyser
are both 50/ . The cables are 500l , therefore théy can be ignored as
they are terminated correctly. The situation can be expressed as
EquationJi.l.' |
vm = 50 Vi 2-1-1

50+50+2

Where V&v is the output.from the noise generator and Méh ié the input
to the spectrum analyser. To simplify the situation the zera level on
‘the spectrum analyser is taken as that whgn the coil is shorted‘out.

This corresponds to

V° = 50V 2-1-2
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Thus on the 10dB power per division.scale of the spectrum analyser
dBM = 20 ,aog,(\_/_;) - 20 L,a,[(mmz)J 213
Ven oo
Wherg dBM is the measured scale difference between the levels with
and without the coil, 'This method, as can be seen from equationll.3
ié independent of VL& ; the voltage ocutput from the noise generator.
Rearranging equation 1.3 gives Z asg
Z = wy/(xuga_m) - 100 WL Q-4
Lo :

The accuracy of the frequency scale on the spectrum analysexr was
poor, therefore an oscillator and frequency counter were used for aécurate
frequency measurement. Thiguls done by .placing the oscillator peak at
the desired peint of the spectrum. With this method the accuracy was
limited by the width of the resonance.

The spectrum of a 1000 turn ceil is shown in Fig;IBJ The flat
trace at the top is the spectrum of the noise generator with the coil
shorted out, The Jjagged trace below is the spectrum of the noise
generator measured with the coil in circuit. The freq#ency séale goes
from O toc 7.5 MHz., A minimum on the trace‘corresponds to a maximum of
the impedance, as the analyser output shows dB loss w.r.t. the zero level,

Coils with turn numbers varying from 10 to iOOO were tested using
the method described. .These éoils had aluminium foil of 3.9 cm width,
S.QF m thickness, plastic film of 12}%ﬂ.m thickness made from polypropylene,
and a core radius of 0.71 cm. Fig.bl-shows the frequencies of the first
five orders of maximﬁm impedance resonances. The abcissal scale is from
VlO to 1000 turns, logarithmically. The ordiﬁate scale is 0,1 MHz to
20 MHz, logarithmically. Q

The lines join resonances of egqual order. The curve at the bottom
{order 1) represents the variation of the frequency of the fundamental
resonance with the number of turns. For low N the gradient of this curve

is approximately -0.53 and steepéns to approximately -0.99 for large N.

-7 -
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Therefore for small N
Foo L ‘ 21~
0 Ncrﬂ

and for large N

f oc_N'm - 2-1-

The frequencies of the various orders of rescnance do not form

~an harmonic series, although when N is large this situation is approached.

2. Although the experimental error in the measurement of frequency in
the previous experiment is small, no bound could be put on the
reproducibility of the results. Individual coils although wound to the
same dimensions using the same materials will show variations in the
resonant frequency, due to fluctuations of the winding tension and side
to side shifting of the metal foil.

To estimate a bound to this error, 5 coils each of 150 turns wvere
wound frem the same metal and plastic reels. The coils‘differed from
the 150 turn coil of the previous experiment, in that fhey had a core
radius of 0.7 cnm, instead of 0.7l cm. The 150 turn coil was chosen to
conserve materials, itwas the smallest coil to exhibit multiple rescnance
below 20 MHz.

The results are shown in Fig.2-8§. The fundamental rescnance has an
average frequency of 3.26 MHz; with a total spread in frequency of 0.17 MHz.
An estimate of the error is therefore, ¥ 2.6%. The secondary maximum
impedance resonance has an average frequency of 13,09 MHz, with a total

+
spread 1in fregquency of 0.27, giving an error of - 1.0%.

: 3. The fundamental problem with this method is that although the output
from the noise generator is high;-l Volt rms, the voltage per unit
bandwidth is not, the voltage being spread from O to 20 MHz. The maximum

signal to noise ratio at the spectrum analyser, with no coil in the circuit,

- § =
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Ffhe dBM scale represents the dB power loss w.r.t. the

reference level (coil shorted out).



is approximately 60dB. This means that for large coils, the signal
from the noise generator, at the maximum impedance resconances, will

be of the same order of magnitude as the noise of the spectrum analyser.
Differences of greater than 60 dB will be conpressed to a maximum
difference of 60 dB.

) This is illustrated by Fig.*6. This shows the impedance at the
fundamental resonance versus the number of turns, for coils with turn.
numbers Varying from 10 to 1000 turns. A maximum value of 59d4B is

" reached. Hence the Q of a Eoil with greater than 100 turns cannot be
measured accurately.

There 1s an instrument which can overcome this problem - The

Hewlett Packard Tracking Generator-Counter 8443A. This is designed
for use with the spectrum analyser. The tracking generator produces a
signal which can be swept from 20 Hz to 110 MHz. The tracking generator
also centres the swept filter of the spectrum analyser on the signal, to
an accuracy of I 5 Hz. The signal to noise ratioc of this method is
IQOdB. Tﬁe tracking-generator contains features which make accurate
fregquency measurement possible. Hence the Q c¢an easily be mreasured.

| The tracking generator replaces the noise generator in Fig.2l1l, The
output impedance is 50.A.

(The Electrical Engineering Department does not possessone of
these instruments. The one used in the following experiment was on
loan from Hewlett Packard for a short pericd.)
_ The O of the fundamental resonance were measured for the set of coih
[ on the eibt,iﬁseénaﬁlf.The accuracy to which the 3dB points could be found was
limited by reading errors on the scales of the spectrum analyser and
the frequency counter of the tracking generateor. The accuracy was
better than 1 xﬁz at 20 MHz and 0.5 XHz at 0.5 MHz.
lTherresults are shown in Fig.*7. The average Q is about 150 with
a peak value of‘2l4 at 60 turns. The large errors for large N are due

to the decreasind half-height width of the rescnance.

- 11 -
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The photograph shows the appratus uficd to determine
the impedance spectra of the foil wound inductors.A 1000
turn fWI 1s shown held 1n a perspex clanp,The spectrun
analyser is in the centre of the photograph with the

noise generator sitting on top.Visible on the right are
the signal generator and the frequency counter

- 13 -



Section 3 Equivalent‘Circuit

1. An exact theory of multiple resonance in FWI would undoubtedly
require an analytié field theory soluticon., However, the possibility of
such a solution would seem remote; the configuration of the coil is a
spiral, which is a difficult coordinate system to work in. A computaticnal
field théory solution may seem more practical, either in differential form

via finite-difference methods or in integral form through equation3i-1.

.U 2=“*0‘(B_A_ -YV) 3-1-1
. ) - 3L

Where J is the current, é_the'vector magnetic potential, V the scalar
potential and o the conductivity.

But finite-diffe;ence methods incur the same penalty as the analytic
method would, a spiral coordinate system is a difficult one to work in.
Also a very larée matrix would bhe recquired to attain any degree of accuracy.
The same size limitation applies to the integral method. The ccil would
have to be split into a large number of small sections, J and A would have
to be evaluated at each section. A would have coﬁtributioné from the currents
ip all the other sectioné. "Therefore the number of interactions to bhe
calculated per cycle of the iteration is proportional to the square of the
nunmber of sections.

Clearly the computer time.involved in either of these methods is
too long for either of thenm to.be considered practical. However, if we
neglect the extreme field theory situation, at frequencies whére the
wavelength is of the same order of magnitude ;s the width of therfoil, it
is possible that the current is uﬁiform aeross the width of the feoil and

that it has only a slow variation across the width of the coil. This

-14 -



granted, the current would have only a small variation of magnitude and
rhase round any one turn, therefore an inductance per turn and a turn to
turn capacitance could he defined,[ﬁurgatroyd |4IJ-

This leadz to the pustulated circuit in Fig.Sﬁh“ oo L/2 is the
induétancé of one half-turn and C is the turn to turn capaéitance. The L's
and C's will increase steadily from the centre of the coil outwards. ithen
the L's and C's are untangled the circuit is that of Fig¥lb., Part-turns
at the ends of the coil have been neglected; and a mutual-inductance 4
has been included to account for the magnetic coupling from turn to turn.
The M's are positive:aall the tﬁrns are wound in the same sense. The
elements Lu and cu are counted from the curcumference of the coil inwards

starting from LI and Cl.



FIGURE 3-{ I

L is the turn iInductance
C is the turn to turn capacitance

2 fvvo
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There are I + 1 mesh equations for this circuit. N of these have the form;

__J.wMu,;Il L +:)UMU.,U'I Iu,-[ (_)b.l"l_ uwc \I.. _
‘ 3-1-2

o --~-+'JurMu.,uIN=Io/J.W_C

h | ¢ w & N
The N + 17 eqguation has the form ‘

Vo = (IO-I')/jthI + - - -*(I"_I“‘%J’Cu,

- .f S (Io _ IN)/W. ‘. 31-3

YL T R I T

By dividing equations3l-2 and31-3 by I, and putting Tbb = I%ﬁ’/
I,

e Marg e Gele dog) e o

= - .'!ULYMUN tﬁ %,— Cq{ 3-1-4
. 1

S WLN

VO/I- = Z, =(|_f1‘)/3w-6, t -""‘f(, f/u,)/wcu’

IR B A v %wC 31-5

N

Egquation 3-1-4 represents N equations with N unknowns; which are in
terms of the q's. These equations can be solved for the q's, which can

then be inserted:in equation 3-~1-5 to obtain the impedance of the coil.

2. Some elementary approximations can be made to equation3l-4 to test
its validity. Wwhen N is small the turn inductances L can be considered to be
all the same, the mutual inductances 1 can all be considered to be equal to
the turn inductance L, and the turn to turn capacitances can he considered

to be all the same. Withlhese approximations equationil-4 becomes;

ot g s

—
~

3-2-1
- 17 <



All N equations are the same, therefore the currents are identical;
" (‘J“’NL f'y N ERS 3-2-2
Tw jw i ‘

Inserting this expression for qu in equation3l-5 gives

"Z":N/ch S-L, - 4293

CwNLe -t)

'Equation}2-3 is infinite at one frequency only, given by

.
NNLC
and

The circuit has only one fesonance, the impedance is infinite as there is

W, 3-2-4

no resistive element. W, is proportional to N + Which agrees with the
findings of the experiment in Section 2-1, where the graph cf the

frequency of the fundamental.resonance againét A has a slope of -0.53 when

‘N is small.

3. When a resistive element is included the equivalent circuit becomes

that of Fig.:3=1., With this addition equation3-1-4 bhecomes;

. _ ) ) . , V
Mg el e Ve s

- - ¢ JwMuJNﬁN :/l\)/w'(-u,

Making the same sinmple approximation for R as for L, M and C equation32-3

becomes

o L,=N il- |
e (wrCR Wl +1) 2

-18 -



Fipgure 3-2 :
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Equivalent ¢ircuit ineluding the turn resistance.
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Hodes of resonance of a set of coupled penduluns,
modes of resonance of order greater than one,show
bhase changes of 180 degrees in the displacenent.
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This is equivalent to the single parallel resonant circuit of Fig.l1-3,
which has only one resocnance.
4. Fig. 32 represents what is in essence a set of N, damped, coupled
oscillators. In general a set of N such coupled oszscillators has N
different modes of resonance; vwhich are excited at different frequencies.
A simply connected homogeneocus oscillator chain has.a particularly simple
mode structure. Fig. 3-3 shows tﬁe amplitude distributions of such an
oscillator chain for the fi?st four modes of }ésonance, I5|. The
displacement undergoes phase changes of 1800, or reversals of direction,
for modes of resonance of order greater than one.

Fig. 3~2 represents an'oscillatory system which is far from being
a simply coupled homogeneocus oscillator chain. However, it is possible
that é type of standing wave behaviour could occur, similar to that shown
in Fig. 3-3.
5. Equétions 3+2-3 and 3-3-2 do not tend to the correct d.c. limit.
When & equals zero the right hand side of equation 3-1-3 is infinite.

To obtain the.correct d.c. limit the path of I. in Fig. 3-16 would have

0
to be taken down the inductive side of the circuit rather than the

capacitive side.

-20-



- Section 4

-Inductance, Resistance and Capacitance per Turn

1. Inductance

The self-inductance of'a single turn of foil and the ﬁutual'
inductance.between two co-axial turns of foil are required. The situation
for the single turn pf foil is shown in Fig;kl, the total current I is
spread over the wid£h of the foil. This makes the problem 1look similar
tolthat of calculating thé inductanceof asingle léyer solénoid, which
involves the magnetic field of a ;urrent‘sheet. The similarity is
superficial as the curfent in a solenoid mﬁst have.fhe magnitude throughout °
the coil, whereas the current density in a foil may not be uniform across
the width. |

This can be shown by assuming, for the momeht, that the current is
uniform across the width of the foil. The magnetic field H of this
cur;ent sheet will vary along the 2 ;xis, points near the end-of the coil
are further‘away from most of the current than are points near the centre.
If we cut the width h/ of the foil into strips, each of width dz, each
strip has induetance given by :

Lo = 52 i
Jia)dz . '

Whgre §¢;0 is the tot;l fluxJ E' through the area the strip encloses,

- o JZ;) is the current per uﬁit width‘and LCz) is the self-inductance of
‘the strip. As flz) is depéndent on Z , L{z} will be dependent on
2 . If L(2) is dependent on Z , J2) will be dependent on Z ’

providing that thefe is a consﬁant voitage_ V on the foil.
Neglecting. the resistance of the foil, the gdmittance of the strip

of foil is given by

Vode - Jwdz i Y ST L
: J kr.ﬁ(;)
Where }r is the admittance per unit width. The total admittance is

given by‘__ v
- 21 -



Yr. = Y(z) Lz = J_('_’_J..d’__.z 4-1-3
‘ -h;a' . S ""}L Jw § (Z)
It would require a full field theory solution to establish the

" relationship between 'Tu-) . £(2-) and Y(.?-) . Such a solution has

~ been attempted (6), but met with severe difficulties. Therefore the

L

'simpler method has been adopted of making I {2) and .E ‘LIZ) independent
of Z . The obvious approximation for sz) is i-;o make the current
density uniform acr‘oss the width of the foil. The value c;f ﬁ at the

" centre of the foil or the value at the end of the foil could have been
used, but the former method would give a high value_ for L while the

latter would give a low value. So the average value of f_‘_f was taken

over the Widthi. of the foil.

- .u}L | | ' : '
...... H_ = "j- H, d=z I
27— 2 4-1-4

Wy |

This was used to calculate an average value of E z2)

f = K H, dx 21 . s

where 'Hz and ® are the averaged values.

When these approximations are inserted in equationil-3

| Y .
Y:f S e
W)W 5 '
fiving an inductance of A
L= B . o 4=

I

where I is the total current flowing in the foil.

2. The magnetic field _H is given by

e e H = 4 In x1, L7 L 42
. - _'J,'ﬂ' ' _1.1_ .
0

whzre J 4s a current element with dire_cfion M, d7T is the volume

element, and :ro is the length vector hetween the point where H is being

|t



- evaluated and the current element J . This is shown in Fig.x2.
H 1is evaluated at the point ( X v 2 ) and ) at the point

(x.,, y,l‘). 2. )

Therefore .

v LErlogz) -Gl f,2) b2

. 1 ’
M 1lies on the circle X * ¢ & >z jZ constant, in the direction
of J- « Therefore,

(-

X, " 0 | o 12-3
R o

As wnly the Z component of l_‘_l is of interest in evaluating § .we
neglect the JC and aV components. Equationj2-1 when combined with

2=-2 and 2-3 gives

s m:r{ J'L} &” - Lx oc)}d,z- pak

Equatiom-2-4 when transformed to cylindrical polar coordinates becomes

I‘I__

e Hz’f ﬂ?f =t &, (T am €7 T} @ 6, )
‘ 2 ‘

.. % 6,(rwd-y, 4 6) "4 dodz j-2-5
_ ‘T"
where the O ’é axis coincides with the X_ axis. The problem can
be simplif:.ed 1f we evaluate the Hz component in the &0 plane,
The situation has cylindr:.cal symmetry, therefore all points Ejy.ing on
dny circle T will have the same magnetic field. When @:=0 equation

-

425 becomes, _ .
e H= L gg)'(f wm O, - T Loo O, t T, 4o G)chr‘ctea(z h2-6

The limits on 2' are +% and - I'\,/f . The'limits on &, are O

A
and 27 . If the foil is taken to be infinitely thin, J  goes from
being a current per unit area to a current per unit length and the volume

integral over three dimensions becomes one over two; e‘ and 2.' .« As

the current is assumed to be uniform over the width



Pipure 4

Figure 4-2
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=1 - . e
: B
Now |

l"(x ;rZJ -.(06., .,2)] 4-2-§

Expressing T and ’f‘ in cylindrical polar form and remembering

that 9’0, Ty becomes
Te ® I(r- flwoe,' ) T, A @, ,z-z,)] ' ,;.-2-3
Taking the magnitude T, becomes
PN QU S S, o 232 % 42w
) TorT ree @ t{z-2,)%

Combining this expression for T, with equatilonsi2-6 andi2-7, H;

becomes
A Wy

5[ ('ﬂ-fm@,)r,cte,dz, A-2-l
1 Lo_ - £y 3/:,
0 -w i.'Tl‘ ST 1TWwe, x(2-2) 3

H,*=

k

W

The integral over 2' is of the form, (7)

S W

M Y RACURY'D 4-2-42
(ox* ¢ &x +f.-)y’ (L"'C"{r}(“’*a’rﬁ-fxv(_)y |
- Performing this integration over Z, in equation/2-11 gives
. o
H-I g [ﬂ(ﬁ -T2 ,)(z,-2)do, L-l-l3

(r* et .Zr,rwae)["‘ rrtlr g Y (2 2)]

~When the limits are inserted

T _ '
z=_T;.' (f,- Tweo,)do, { (M -2) ’
ATW ("tjlvrt- 26, ¢ s 6,) [T.‘rrl-lﬂfme,*(,z-hg)z]"
(4] )
- (Wa +2) : 4114

[r2or- 1r-rm9 —r(z+'%_)]

At this point we eliminate the variation of Hz WeLot. Z by

——
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averaging over Hz .

W, | |
Hy=Lt H oz A2 15
W " |

‘This integral is of the form, (7)

S f xdx | tax* o £ 2 -1k
! (x4 &) @ |

if the substitutions JX = '\/1 -2 and X = % +2Z are made.
Performing the operations of eguation42-15 and42-16 on the

expression for H;, equationi2-14, gives
' iy

0, -1 T,(f, - Two,) da,
1wt A (1’,1{7’&—21“,1‘&0’0 8,)

.2—
(e dnrws, + W) (6% T lnrawe 6,)e ) #2711

The self-inductance on the foll of radius 7Y;  is obtained from

the total flux El » which is given by

, T - ' :
I 2N f X T T O
: as 5h.owurm Fgd- 2
The mutual inductance of two foils, : s+, 1s obtained from
A
B * f a 1"/“‘0 2 & o h-A 19
- o - i 3
Combining equationsJZ 17 and4{2-18 gives
I T AT
Ez D [ doderclnra o) 1-2-20
I'v/’L A (’f""+"r -21'1-'m6) '

T e e 0, WAt 20r0m0, B

' Equation#2-20 could.be evaluated in terms of Elliptic integrals,.These
‘are infinite series ‘whi.ch ‘l-_:ave to be evaluated numerica.lly. Rather than
do this equationi2-16 would be better evaiuated using a numerical double
integratio;u. | However an approximation will be used whih

‘is derived by assuming that H is uniform over T  and equal to the

- 26 -



field at 7 =0 , This gives,

| ‘ AT | _ _ .
B Lue | dedr o J(wrertYr x| 42
! W.l 7 _
e g

When the integrations are performed

- v ' _ : _
[ R (i L I/U'“ (wher)> S NN SRR L3 S )
The self-inductance is given by _

Combining equations+2-23 and/2-22 gives Ll as

_L,=ﬁ:‘;& &(Wlt'f',")y’- - r'z ' ”___....__.____.-L'Q"Z.»; |

Wl
The mutual—inductancé from the foil radius T-, to the foil radius T:.,_ is

. given by

My =2 A2-25

1
where L 1is the current flowing in the foil radius 1"l .

-

Therefore

M. :Mﬁ& i(wl'« 'r‘,’“""-—_ﬁ} 4226

W

By the mutual—inductancé' reciprocity theorem,[:%f‘:tepperidix 1,]

Mll = Mll‘ o | T h-2-1Y

When W << 1"l r equationi2-24 reduces to

s et ST lewr Y -p A2-28
R e R
= __7”",2' §L_'. . hl_l L A=2-21
w20 - /4‘ W T, o
- MM . o 4-2.-30
L ‘ 3
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crude

Thu is the usual approximation for the inductance of a single
turn of wire. .
One poiny to ﬁote is that iﬁ an éctual foil woupd coll a large
volume of the outer turﬁs will contain the aluminium of the inner turns,
prever the relative permeabiiity of alﬁminium is close to l:ﬁéherefore

_ | _ ,
can reasonably be neglected. o

3. At low freguency the circui£ of Pig. ﬁflﬁgbt*ga-B reduces to a pﬁre

inductance; The impedance of the capacitances will be large. Since the
curren£ must then be the same through all the inductances, L, to l~~ .
the total inductance will be given by

N

e L= Z_ Mu,, ) 4371

U=t ¢ VR fw

By inserting the expressions in equations42-20 and{-2-21 for the self
and mutual inductancesland evaluating equationsi3-1 for anactual coil, a
measure of the accuracy of the approximations may be found. For convenience

.the coll chosen was the 150 turn colil used in Section 2-2. Numerical

evaluation on the computer gave a value for l_ of:
e L3 uH 432

The experimental values for the inductance were, for the five coils!-

- Self Inductance " error’
1090 puH 105y |
[o4-g5 » u
{to§-9 = ‘ " \
[o %G5 » "
lo1-0 . , 0"

valves were measured on a Wayne Kerr Universal R.F. Bridge (Sections B602 and SR268)
at 100 kHz., The frequency is far enough away from the first resonance

at 3.26 MHz.

" The average self-inductance for the 5 c¢oilsg is 108.1 /g,H with a

S——
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spread of } lﬂO/w** , giving an error of f1%. The calculated value is
1134 /,.H giving an error of +4.9%. From this Short example in the

relevant range of parameters we conclude that the approximations used

to calculate the individual inductances are in fact reasonable and can

give reasonable answers without further elaboration at this stage.

4, Resistance
The d.¢. resistance per turn is given by

e RemAWTAL, ket

BT e
..

Where 11; is the radius of the turn, W' the width and M- the

‘thickness of the metal. /O is the resistivity of the metal.

The a.c. resistance, which will be significant in the MHz frequencf
range, is difficult to calculate:ﬁgherefore it will be attempted later in

Section 7, :At Ehu‘sﬂﬁgé'" only the d.c. resistance will be used. Although

~ this will probably result in large errors in predicted Cg values, it

sﬁould be possible to tell if the proposed equivalent circuit has anyv

general validity.

5. Capacitance
Neglecting end effects and the curve of the foil, the turn to turn

capaéitance will be given by the parallel plate formula

s | Cu. = Gco A ve of £ Rloleo | 7'4_-5-1

For two turns of mean radius 11L width lm/ and a dielectric of

thickness d; . equationi5-1 beccomes

I . Ca_,-'- LU T Wﬁﬁ'o - ,{.*6-2,

——— .. P | . PR ! . . dJ

where ol is the dielectric constant of the plastic.

The problem with equations#5-2 is not that it .is fundamentally wrond,

but the winding tension and the side slip of the metal foil, when the coils

- A0 =



are wound , make the parameters V and A inaccu_rate.‘ A standard

method of tackling this i‘nAwound plastic and foll capacitors is to heat
them to loo°c for 1 hour. This shrinks the plastic,decréasing the foil
separation. To tesﬁ this; a pturn capacitor with polypropylene dielectric

of 12-5 mthickness, metal foil of 9 "Oum thickness and 3 fom widen vwas use

The core radius was 'O cn. The total capacitance is given by
W=t - - -
T A 2 A e W - h-5-3
: w=1 . d o _

Where N is the number of turns
As the core is large, the increase in radius is neglected and a mean radius
T used.

Inserting the dimensions in equationi6-3 yields a value for C of

_w.._C;.___oA.llS,L/A.F .

. The experimental value measured on a Hewlett Packard Universal Bridge

(Tyﬁe 4265n), at a frequen::y of 1 KHz, is
__.___C_.=,_071us/.F +t0-0 01/,.F

This value before the capacitor was heat treated is low by 6%. After

the capacitor was heated to 100°C for 1 hour the capacitance increased to
.. C= 023 04 wF & 0°002uF

This value is high, compared with the theory, by 2.2%. The heat treatment
has .over-compensated and the experimental value has gone from being low to
"being high. However the error, after the heat treatment, has been reduced

to+2.2%,; therefore heat treated FWI should have a better characterised turn-—

to-turn capacitance.

6. Heat treatment

It would appear that to obtain a calculable turn to turn capacitance

P [
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10 4B loss

per

divislon

Figure 4-~3

Fundenental
resonance

Second nax.,
imnpedance
resonance

__Eejorg heat

{realment
| Aj Cerheatl - )
Cvealmant

QBAMHZ

Effcet of heating to 100¢ for 1 hour on
a 150 turn coil, '

Flpure A-4

Coil No.

Freq.of first
resonance, iz

Frea.off second
nax.regonance,

Error *+0,01% ‘EHz,Error 0,01
Before After Before After
2 .16 .12 13,02 |12.85
3 .21 3.12 13.22 [13.00
4 3.33 2431 12,93 112.77
5 3427 3.25 13,08 [12.94
Average 5.26 3,24 13,090 112,87
Total 0.17 0.12 0,217 0.23
spread
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tﬁe coils require to be heat treated. To test the effect of this, four
of the 150 tuin FWI made for the reproducability test of section 2-2 were
heated‘to 100°c for 1 hour. Fig.43 shows the result for one of the coils,
the fundamental resonanﬁe has hardly moved, but the secondary resonance
has moved 0.4 MHz. Fig.¥4 shows the results for all four coils, The
frééuency of the fundamental resonance has moved-0.02 MHz, which is much
less than the spread of the results. The frequency of the second maximum
impedance rescnance has moved-0.22 MHz which is more significant, although
it is not much larger than the spread.

| The conclusion is that when comparing the theory with experiment

the coils shouid be heat treated first.

7. One point to note is that if the ﬁWI has foil of width much greater

than the radii of the turns of the coil, equation42—24 ﬁ
. z F 24 % -1
ng'h‘ﬂ M o (W *+177) -T ‘_L":l 2k

W2 -
can be approximated as
3 . -
- r L A-1 -30

L= MO

When equationi7-=1 is combined with the capacitance formula equation

4-5~2

= A7r W et o b5-2
L

the resonant frequency of one turn is given by

_1( d
T l/u,,etn“) 11

For colls with an outside radius much less than the width the

resonant frequency of the coils should be independent of their width,
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Section 5 HNumerical Sclution of the Equivalent Circuit

1. The equivalent circuit is described by N equations of the type

3-3-1, where the g's are the unknowns.

,“jhw“uﬂt,+ '-'f(}wLu ;Ruffbaw)tm t- -

B

X i
+ =
JwHu,U f/u | _.J/u,cu, ¢ wgn

These N equations can be expressed as a matrix equation of the fornm

s ) (e gt sis e

Where EAR] and[Ai] are N x ¥ matrices, [Aé] being thg real cqefficients
and EAI] the imaginary coefficient of the ILLH.S. of equation 3-3-1.
X. y and B are N vectors, x and y being the real and imééinary parts
of tﬁé q's respectively, Efbeing the R.H.S. of equation 3-3—1.'

Equation 1-1 could possible be solved by several different
nunerical methods; el}mination,iteration ér matxix inversion., However each
of these.methods is suited to a different type of matrix.' The matrix

[Aé] has the form;

RI - - - 1
* R:. - -
] . L - )
+ - R Rr“. . 5‘1"2
. - - . .
. ' N [} R" ¢

All the off diagonal elements are zero.

The matrix [A;]has the form

le"{fc' —_— — . uw'u — - W”

whey - -

LWty - Wi wly =Ge,, 513



The matrix [AI] is symmetricalsMu,v = HMv,u. At low frequency the matrix

is diagonally dominant, 1 >>wL. When the frequency is raised the matrix
' wC

bhecomes less diagonal, until the diagonal elements go through zero

in turn starting at (1,1}, which lies on the circumference of the coil

and has a larger L and C, at a frerquency given by

W, = SN _ : 5-1-4
. Lucw . ’ :

A e e

If all the[%u are grouped clqse together in frequency, the matrix
" will not be diagonally dominant. In this frequency range the matrix
equation will not be amenable to a straight-forward iterative solution [8].
Although an iterative scheme cquld be found an elimination or matrix
inversion method would seem more suitablé; as these are usabie ovef the whole
frequency range.

To solve equationsl-1 by an elimination method ;t is explanded

into a wholly real form,

(A x - [Ady = 0
. 5-1-5
[A ) *[F\a]a( = B |
This is equivalenﬁ to thé 24 x 210 matrix equation
- - 17 7 [ T
[A R], i [A I] 9\(: 9. 5-1-56

] L [Adlx] (8]

To solve equationtl-1 by a matrix inversion method, equations$li-5

~--- --are eliminated to find x anﬁ pd

(W« AT A 2
((ATTA] < (AT TAD) 2

- I ¥

u

(A&
(A8

5-1-7



Since the ccefficients of the L.H.sides of hoth equations§l-7 are the same,
the equatiohs can be solved at the same time by having two R.Hfsides to
the final inversion or elimination.

The elimination of equationél-6 ;eQuires'approximately' ] =~
computations whereas the matrix inversion, equation 1-7 requires
. approximately ngé computations, [9].

However,;before either method can be implemented one problem
still reﬁains. As it stands, the equivalent circuit is too large for
practical purposes, The matriceel[AR] and EAI] for a 1000 turn coil
would be 1000 x 1000 in size., To solve a matrix eguation of this size
the large number of times reéquired to form the impedance/frequency spectrum
would require ae inordinately large amount of.compﬁter time, Therefore
the equivelent ¢ircuit has.to be feduced:in size witheut destroying its

+

validity,

2. The reducting can be carried out by using a number of approximations.
The first is an extension of the approximation used to derive the equivaleet
circuit. It is essuhed that the coll can be divided intors sectiohs,
each composed of T consecutive turns, and that the magnitude end phase
of the current does not vary within any section. The second approxi-
mation is that in any section the inductance and resistance per turn
and the turn to turn capacitancc can be represented by an average value.
It follows that the turns within one section are perfectly c¢oupled and
that the mutual inductance from a turn in one sectien.to a turn in another
is the same for all turns in both sections. |

The situatiqn.is now that shown in Fig.Swl.The inductances, self
‘and mutual, cah be added to give a total in@uctance of TZLu} the re—

sistances add to give a total resistance of TR , and the capacitances

w

add to give a total capacitances of Cu/T. The mutual inductance from one

‘ : 2
secticn to another hecomes T v o

——
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Flgure 5-} i

There are a total
of ‘T turns per
section, The _
currents are
assumed to be the
sane for all the
turns, therefore the |
connectlion from |
" ecapacitance to
the inductance and I
reslstance 1s
redundent,

St
i

The turn to turn
nutual~inductance l
within a section
is equal to the |
turn inductance [
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As the total number of sections is &, the circuit equations 3-3-1

and 3-{-§ becone,

Jlenl‘ljl L' L + ('3VTLL"L+ .%u.r(u, ‘TRL) i’u.'r LR
o | §-2-1
+JlJT Mu,s 3‘ '4~Cm

and

| - e | . | o, 5272
"é’. 2 Zo= i')r/jwc, ' 5 ) At |

The average Lu, Cu and Ru are calculated using the mean radius of

,the particular section. The mutual inductance Mu, v is calculable using

the mean radii of the barticular sections in questibn.

3. The Gaussian elimination was finally chosen, although it takes longer-—
it is easier to implementfméany books deal with it specifically, e.g.]lol
The Gaussian method of solving simultaneous eguations is in essence

 simple, T£ we have a set of equations as shown below ..

S0, X, e, X, ] v aw;gc} : 4, 5-3-1
a,, x" A, X, v Q.,J_;_'.)C, = A2 5-3-2
i _‘L”x‘ T q";l JC;_ + ‘l-}}x, 5-'.46‘3 5-3-3

"Then To eliminate azi we multiply$3-1 by m,, and subtract fromé&3-2, where m2=a21/all

Ix + (a - m.a, .)

This gives; (a )%, + @32 M2%121% 23~ P23 %3

w3 Mt b R |
- ==b.-.m1.) . . ' ) o ' 75‘3_4

. Putting,

§=3-5



gives, when inserted in$3-4:

I !

.o -3-6
Lan Xyt &gy Xy = &y >
ketting m3 = ‘?31/&1ll and repeating the above procedure gives
for§3-3; '
! / §-3-7
Ty Xa T Bgy gz 4
Therefore, L
aluxt + a"n. Xa Ry, '6-' 73-1
' / . /
Lay A, + B, N T -5'1 5-3-6
/ ’ _ /
0- o 2 T 0-33 b y - '6' 3 5‘3"7

!

a
= 32/a22., gives,

-

‘Multiplyings3-6 by mg and subtracting from&3-7, where m3

o " 5.3-8
a'u x') : 1’3

Back substituting into#3-6 ad: $3~Jgives,
X 1"
X,z Ay
3 M
/0“33

2 ! ‘- ' .3=
Xyt ('(’a"“'ux's%t ' 5379

1

X4 = (,.(,-! - a.,.&)cl'-a.n;(‘)/a’
: "

- The equat16n55—3—9 give the solution. However if the element a,, or a£2
is small, then the corresi?Onding mul‘tiplier m,, my Or ma will be large

Clearly this would give rise to large errors or totally meaningless answers.
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Therefore the technique of Partiel Pivoting is used. This involves
" hunting the column to be eliminated for the largest slement and using
the row containing this element as the eliminating row..

The flow diagrams for eliminating a matrix of size H and form

'[a.]g = L | '5-3-10

are showr in Figs52,53 ands4.

After the matrix equation is solved for the currents, the g's,
.they are then inserted in equation 3-1-5,‘to find Zo the'imbedance
of the coil. )

The actual program used, written in 1900 Fortran, is showh in
Appendix 3. |

The program for calculating the values of the mutual-inductance,
'self-inductance, capacitance and resistance per section is shown

in Appendix 2,



Figure 5=2 The Flow Diagram of the Gaussian Elimination

I=zK+1

The partial pivoting
section of Fig.4is:
inserted here.

I=I+1

K=K+1

. YES
: To‘Back Substitution
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Figure 5-3

The Flow piagram of the Back Substitution

xH:bﬂ/aHH

L~

I=H-1

s

J=I+1 le

J=J+1

xg= (b =€) /a,_

=

YES

END
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1

' Figure 5-4 The flow Diagram of the Partial Pivoting Section

of the Program

| Interchange
g, and & u

J=J+l N fenr >

€S

Interchange
bK and 'bL

N2

I=K+1 [<

)

To Elimination
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Section 4] Theoretical Impedance -~ Frequenc§ Spectra.

1. - The first coil chosen for'study was a 150 turn coil, ﬁith the
dimensiéns shown in Fig.+l, thig coil hés only a-fundamental resonance
and one secondary resonance below 20 Miz. The equifglent circuit was

split into 10 sections, each of 15 turns. The average Lu’ Mu,r, Cu'

and R were calculated from equations 4-3-24, 4~2-26, 4-5-2 and 4-4-1

respectiveiy.
. 0 | 7 |
L = .fu -lo [(W2 +r 2)% -r j] : - 4-2-24
u 2 u u
w . , . _
2
. wr
_ v 2 2.1 : '
Mow = "o Ho [(w. + ru) - ru] 4-2-26
W . , .
Cu = 2mr Wee, .‘; : : _ © 4m5m2
o
Ru = 2:cru/o - R !
W om.

where'ru is t?e radius of the average turn of the section.
One point to note is that,‘ih the app?oximation adopted, ;he mutual
-‘inductancé hé; to be calculated from the larger turn tolthe'smaxler.
: The values of L,tq,C and R were calculated uéing the program in
o Appendix‘z, theh inserfed as data in_therGauSSian Elimination program.
 The output of the Eliminéfion program at.each frequency is in termg of
- the relétive current in eacﬁ éection, the impedance per section and the
total impedance of the cqil. The Matrix.wag solved atl a_sufficient
numbep of.points befween 0 and 20 Mﬁé to form the impeqance spéctrum.
Figs.t-2a andi2b show the lresults; Fig.('2a being the magﬁitude' of the
impedance and Fié;QZb‘the bhasé. VFig.bza is'piotted'on an inverted
log scale goiﬁg ffémlo t:o.llo7 ohms, the_scaie‘ié inverted to corfeqund
~with the output frém the épecfrum analyser. The épectrum shows a'
fundamental resonance at 3.201 MHz and what.is clearly a secondary

resonance with a maximum at 12.47 Miz. The experiment with the_fdur
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" Fipure ¢~/

Number of Turns 150
Thickness of Hetal Foil 5.0}.15
Width " ! " 3.9 cnm
Pernittivity of Plastic Foll| 2.2
Thickness " " " 12,5 an
Radius of Core o.,7 cn




% Theoretical Plot of Impedance versus

Figure L-2 | ' ‘
R . Frequency for a 150 Turn Coil. a/
0 — e LD MU ——— = v
l
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' The points marked ¢ and QO on Fig. 6-2a and
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heat treated coils, with the same dimensions, in Section 4-6 ghowed that
the fundamental resonance is at 3.24 MHz and the secondary maximum

' resonance is at 12.87 Miz.

Expt. Expt.Error Theor& % Difference
FﬁndamentalﬂeuMAﬁLe 3.24 +1.8% 3.201 +1.2%
Secondary Mex. 12.87 10.9% 12.47 +3.3%

Impedance Resonance

The theory and the experiment agree to'within the experimentai error
on the fundamental resonance, the error on the secondafy regonance 1g-
larggr than the experimenfal error. The aqcufacy is not poor considering
fhat the_appféximations used for the inductanceé and capacitanées are
accurate to+5% and-2% respectively. fhese results show that the
.equivalent circuit will produce reasonahly accurate mulfiple resonance,
#lbeit in a relatively simple caser |

As is expected Fig.&zb'shows that_the equivalent circuit is inductive
below the :updamental resonance'and capacitive above it. .‘Howevep,
'duriﬂg“thé gecondary resonancé the circuit becomes inductive again,
being atrits mogt "inductive!" midway between the minima and the maxima

of the resonance.

2. | The possibility was mentioned in section 3 that a qurrent.standing
wave couid occur at the secoﬁdary,resonances. This ﬁould mean that the
current would vary in magnitude and phase across tﬁe radius of the coil.
In the model used‘the céil is split into f;n sections across the radius,
so any-standing ﬁave would bé evident as a_variation of the-magnitude an@
':ﬁhase of tﬁe curfent from section to section.. | |

. Figs.kﬁa tot3h show the magﬁitude‘and phaée‘of the current in each
sectién relative to the current to the coil, for the frequency shown.

g5 obCained | .

‘ W
Fig.t-3a " : at a frequency just below the first resonance, the phase does

not vary signficantly, but the magpltude of the current already shows a
- AL _
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variation. Fig. 6=-3b was obtained at a frequency just above the fundamental
resonance; the phase of the whole distribution has changed by 180o as is
expected. However in Fig. 6-3c the current in section 10, at the centre

of the coil, is 180° out -of phase with the current in the other sections.

The current in section 10 is flowing in the o?posite direction to the
currents iﬁ the other sections. It might seem odd fhat.the current

changes in this manner; but the calculation is only giving the resistive-
'inductive'part and | when the bapacitive ;urrent is counted there is

constant sum. -

Fig.had, e and £ show that the phase difference moves out ffom
section 10 as tﬁe secondary resonance is approached. After the secondary
resonance,(Fié.sng and h;)the wholé distribution has shifted iSOo in
phagse without changing its relative shabe.

Thig type o behaviocur is that of a current standing wave. In the
'light of this it would be expected that for higher orders of resonance
the current d;stributibn will change phase_more than once. However,
as the number of sections into which the equivalent circuit is split
is limited,-£ﬁe order of resonance to which the model will be able to
follow the changes in the current distribution is limited. For this
reason the next coil chosen for study had 1000 turns and shows a large

- number of resonances below 20.0 MHz,(Fig. 2-3J

-

3.  The 1000 turn coil is that studied experimentally in sédtion 2.

Thé equivalent circuif was again split into 10 sections. Fig.¢4a and
k4buéhow the.impedance fréqueﬁcy spectra - » the frequency scale is to

7.5 MHz. The only significanf difference, épart from the number of

'resongnces, from the'iSO-turn coil is that at the'éecondary resonances

the model is inductive over a wiﬁér freqﬁency span.

The table in Fig.t5 comp#res the experimental results for the 1000
turn coil, after it had been heat treated, with tbe theoretical results,

up to tﬁé.Bth order of resonance. The éccuracy of the first 3 orders
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Figure (-6

Comparison of theory with experiment for a 1000 turnr
coill,maximumn 1lmpedance resonances only.
Crder of Experinent| Exror | Theory | Diffrence
Resonance lthz A ¥hz %

1 0.514 0,39 | 0.517 | +0.53

2 10344 !Ocls 11366 '+l. 65

3 20232 50¢09 2-216 “0072

4 3‘218 :0106 3.022 "6.1

5 4-101 tOlOT 3- 748 '8.6

6 5.005 10,08 | 4,375 | -12.6

T 6,008 0,17 45979 -17.2

8 6.888 0415 5740 1647
Flgure -6
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is better than 2%, but the aécuracy_of the 4th order has decreased to
6% and thereafter steadily decreases with increasing order until the
8th order where it improves slightly. As expected the order of
resonance to which the model is accurate is limited to the first orders
of resonance.

Now we examine the current digtribution near the various resonances,
Fig..6a fobﬁf. | Fig.(6a 1s just below the 2nd resonance, Fig.»-6b is
Just'below the 3rd resonance, ete, lWe see that thé nunber of phase
changes is eqné1”to the order of resonance minus one. But if we look
at the magnitude of the curreht.it is obvious that apért from the first
few resonances the modei canﬁot follow the changes in the current
distribution accurately.

'It would appear that té increase the accuracy for the higher orders
of resonance, the number of sgctions into which the coil is split must
be increaéeq. However, this will 1ncuf the penalty of increased

computgtion time, which increases as the cube of the number of sections.

4, To test'the accuracy of.tﬁe model againgt the size of thercore,
three 150 turn coils were constructed, the cores had radii of 0.2 cﬁ,'
| 0.5 cm; and 1.0 cm.;‘ The other dimensaions ére sﬁown in Fig.t-7. These
coilé were heat treateé. '

. The theory is compared with the experimental results, for the

maximum impedance resonances below 20 MHz, in Fig.(-8. The theory for .

the cbil-Qithithe 1aréést cére“fcoil 35 g};;;“;ésulté whiéh aré low;
for the coil Qith the smallest core (coil 1) the results are high, while
the results for thé intermediate coil (coil 2) are high for the fundamental
resonance and low for fhe secondary resonance.

The indication is thaf the theory will predict increasingly low

values for the resonant frequencies when the core radius is increased.

.-.53..



Figure (-9

Number of Turns 150
Thickness of Hetal Foil 5« Oum
Width " 3+9cm
Pernittivity of Plastic FPoil | 2.2
Thickness " " 12 .5um
Radius of Core ; Coll 1 0, 2cm
Coil 2 O.5cm
Coil 3 1,0cnm
Flgure (-8 .
Ordexr of |Experiment|Theory | “Difference
Resonance MHz
1 {2.17 t0,05|2,078 -4,25
2. 9.88 %0,01|9.154 -T7.35 Coll 3
3 18.3 *0,0%|17.35 ~5.2
1 4-72 tO-OB 4.738 f538 Coil 2
2 17.02+%0,01|16.689 -1.95
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5. The Q of a resonance is given by

_ e S
v . ¢ 5-;.

Q
VYhere fo is the frequency of the resonance and A £ ig the half height
width of the regonance in the power spectrum. On a dB power sgcale the
half height point correspond to the points were the dB loss has fallen to
3 dB below the maximum loss or has risen to 3 dB above the minimum loss.

Employing the method of Section 2 the Q of the fundamental resonance

of the 150 turn.coil- studied earlier in this section was measured at

172 2.0,

The theoretical é can be found from the impedance spectrum, the
half height points correspond to the points where the impedance h&;.s fallen
to :% times the maximum valve or has risen to JZ times the minimum
value. The theoretical Q for the fundamental resonance of the 150 turn
coil is 3,410.
o The theoretical @ ig too 1arge_by an order of magnitude, In an
ordinary L, R, C_?esonant circuit (Sectioﬁ 1) the @ is given‘by' -
o L b . , .
asz(3) 2
As L and C can be defefminedﬂreasonabi&_ééchrately,wthéﬁ'fhe'_ T
diScrepancy between theory and experiment must be due to the value of

R. As only the d.c¢. resistance is used, this suggests that the a.c.

losses cannot be neglected.
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' Seéction 7. A.C. Resistance

1. The thgoretical Q derived for the 150 turn coil studiled in-section 6
was a factor of 20 higher than the experimental value. This discrepancy
itovLL v due to the use of the d.c. resistance alone.

| When an alternating cgrrent flows in a wire the magnetic field of the
current induces eddy currents within the wire. These eddy currents
redistribute the 'current, causihg the density to be greater near the
surface of the wire and hence the resistance rises. .This is known as the
skin effect. Magnetic fields from adjacent wires can also cause a
redistribution which we formally distinguish by the term proximity effect,
though in a given problem both may be bresent. In FWI the magnetic field
cf a turn'and thé field of adjacent turns are largely parallel to the axis
of the coil. This enables the two effects, the skin and fhe'proximity
effects, to be combined and to treat the problem as one of a plate in a
parallel a.c. wmagnetic field. B2An analysis of this situation is performed
ip several books, thiz :ans iz Men Stoll (11). |

As the radius and the width of a turn are about 3 orders of magnitude
7 greater than the thickness of the metal foil, the problem can be

Approximated to that of an | infinite plate of thickness ™. . The
place is infinite in the x and 2z directions. The magnetic field is in the
z direction and is a spatial function of y alone. The magnetic field
varies sinuscidally with £ime. The eddy currents are inaucéd in the x

direction. The situation is illustrated in Fig.(-I.

As The metal foil is aluminium;equation’l-1 can be used.

VXE = =38 =-sm, MH -
—e e XX = /u/u < Hel~1

‘Also

CE =3 S o2

where 0 is the conductivity.

——
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Figure 7-1 Diagram Showing the Parameters Used in Detérmining '
. the a.c. Resistance of an Infinite Plate.

o The plate is infinite

Ay
In the x and z directions.
A
Ix. ~
®Hfz ég /’.x -
"2
Figure 7-2 Theory for a 150 turn coll including
the ac resistance
0. .-
1f doglz] S ]

[ [ i 4 [ o i 1. - '

0.0 o — . 1o.0 Frequency MHz 2G1
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Combining equations'?-l-l . aﬁd‘f~l—2

e o VxJ = -h‘/&/;. )_t_l , | 7 1-1-3
: S G

In this situaﬁion ja, and 32 are zeroj thergfore- Hx, and Hr

are also zero. Equation1-1e3 reduces to

2Tx

- . )H. -
¥y U'/L/L ¥t

From Maxwell's equations.

YL TR T R

o Ux ﬂ = 1- e _._____;___, e e e 11-5

which in this case reduces to

N B-}:I_Z = JJC. I | - "‘""(’
12— -

Partially differentiating w.r.t. y gives

)‘-_H_z; - _h_)’_a_c AN b
dy >

Combining equations?l-7 andfl-4 gives

o WH - Y Ha -1-8
- Vadie

As H,_ is a sine function of time
. o
M H, -_Jura'/u./l.o Hz_ , 4-1-1
5-3»"

The partial derivatives can be replaced with differentials, as F_i and I

have specified directions. Equation#l-9 becomes

d.a«"'

- J LJ'O‘/U-/AD= oL’“' M-1—-H
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and

(1 +'d)/6 | H-1-12

.

Therefore

* H-1-13

=
(o)

The function b is known as the skin depth.

Combining equationstl-10 and4#1-11 gives

H _ g*H S =114,

d,}"

This equation has a solutien of the form

H= K, & ¢ K, &7 Mol=1§

Be'fox"e K| and K, can be found the values of H at ?.: ™
and H. W are required. For this purpose it is assumed that a
constant current flows through the coil and that this current has a.
constant magnitude and phase throughout the coil. Ip section 6 it was

A d'15covered theﬁ in the theoreticlal model the currentrc‘ould reverse ite

direction, and this means that thel 8.Ca 'resistarlxce would berdependent on
the current dis,tribut:l{on. ' To calculate this is for the whole.coi'].. would
require an iterative procedure, so rather than attempt this the current
is lapproximated to be constant in magnituée and direction.

The problem can be g:_:eatly ‘simplified lif the‘ l_'_f field 1s regarded
as being‘ equai on both sides of the foil, ffhis means that the soLution,

equationyl-15, is symmetrical, Therefore

ﬁ-.-- .,_;..___._._,.-.-_K.ﬁ Ka = H*% | 2 H-m% | "'f‘l"lb_
. ’ e‘."’l + é‘%

- Combining equationstl-16 and%l-15 gives

I
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e+ H= H,,q, wah xy - ooalwc;f T-1-14

o« m cn&,ocm/

Remembering that J and H have fixed directions equationil-6 is

o ¥=d4 H-1~( §
dy

The current follows from equationf1-17 by differentiation.

I J=d Hfm 4«_04_43/ | I )

onkAi1n
l

The mean power loss per unit surface area is given by
Wl

N A j 1Ty e

“m
2

where J. is the peak value of the current.

Eqﬁation$l—l9 is an odd function of y, therefore the eady current

goes and returns inside the foil and the net. eddy-current is zero.

The peak value of J- can be obtained from equationtl-19 by

multiplying by the complex conjugate of the current and taking the

square root.

. R '}; : |
T T B ey by e iy
. - 8 ) _COOA.1E¢$ + LoD ¢%;

Combining équationsbl—Zl and?1-20 gives the total power loss per unit

surface area as

a N
P = f_‘i’% kY - o R, a(na/ " T-1-2%
c$ /.. anys + LMy :
S % b
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When the integral is eva_luated

_— .
PeHiwm awhiysy -amdys g2
ol -
b et co> My

The skin depth for Aluminium { § ) of 5 am thickness is given by.

o= 0-1la - molrte D O £5 JA

wa
As the fundamental resonance of the 150 turn coil in section 6, the
skin depth will be 49.0/u.-m ¢, which is an order of magnitude 'greater
than the thickness of the metal, 5.0/-4-1“.. Therefore an approximate
expression for P is valid:

P~ w‘r/f}u," Hz% m? H-1-25
L&

The simplest approximation to H +m, can be derived from equation
a,
4-2-17.

l-.-[z' = L T (Ti - {8, lde, o ‘ dh— L= |H
aw o (T2 + 7%= A1, w0 g,) '

: . ' ¥
Lntertelar we, twh) - (T Y- anrwe,)”

By assuming that the magnetic field is uniform across the area of the foil
_ and is eqgual to the field at the centre of the foil we can derive the

approximation

H_,kﬁz..z I.l. (1._‘1 + Wa' )’;— o T';J N m206
W )

Then by approximating f{/ >> ¢
l

L]

H,= L o | | -2
L _. | LY
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If we agsume that .a turn, radially, has no external magnetic field,
the 1.1th turn will only experience the magnetic field of the u-l turns that
are wound on top of it._ To ensure the solution is symmetrical the field

of the uth turn itself is neglected.¥wea Thisassomplionthe magnetic field is

given by

| ‘l-l.=a.~ I, : H, | H-1-23
— P A ( l) /h/ H'WL et | _

Combining equations?1-28 and¥l1-25 gives the power loss per unit surface

area for the uth turn as

P- wlﬁ'/f/'u.:" (.CL‘I):IQ-%?’ CH 129
. SEYIVE

The total power loss in the uth turn is given by

P, = Tr wt 0'"/u. oicu-l) i . __H%-1-30
/ 12 W |

4

where 'T‘,L is the radius of the uth turn.

Now, power dissipation in a resistor is given by

e P =1 e 1-1731

Therefore the equivalent A.C. resistance is

R

oz My W o-/x/u,‘(w-n ™ ' ’i-l'-32._

12 h/

The total resistance 1s given by

LR RE R L L wlEs

u ’ .
. where RM_- is the d.¢. resistance of the uth turn. As the a.c.

resistance is frequency dependent the resistance is better expressed as
“@ apfw . 1.
Ry, + w*R* 134
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4

2; The a.c. resistance R.;l was calculated for each section of

the coil from

I 2 2

TR “ - Tc‘ T Wt Tw (=1} M, - -]

T T /ﬂyﬁ&o S .
. 12 W -

where 1]; is now the mean turn of the section and T is the number of

turns per section, For aluminium /ﬁb is close to 1. When the values

are assignéd to the matrix L‘L] in the elimination program the total

resistance per section is calculated from

/

Riw mtin = TRy ¢ o TRY, 122

The‘a.c. resistance was tested on the 150 turn coil of section 6-1.
Without the a.c. resistance the Q of the fundamental resonance Qas found
to be 3416, When the a.c. resistance was;included the predicted ¢ was
‘reduced to 1780. The experimental value of Q is 173 % 5. Clearly the
calculated values of the a.c. resistance are not adequate, either the
approximafions used are too crude or other factors have to be taken into
account. The dielectric used is polypropyléne, the loss factor of this
does not incrééée greatly in the frequency raﬁge under investigation,

" therefore losses in the insulation and the core will be small. The major
factor would‘seem to behFhat the approximations used are too crude.

The Q of the secondafy maximum impedance resonance of the 150 turn

‘ ' prebably
coil is 162 t 2, the theoretical Q is 160. The agreement is spurious,
the result of two errors cancelling out. The approximations underéstimate

the magnetic field while the assumption that the currents in the coil all

‘flow in the same direction overestimates the total magnetic field.



~ Bection 8 Effect‘of the Cugrent Standing_Wave on the Extermal

Magnetic Field.

1.' To show the exlstence of the current standing wave in an actual F.W.I.
1s not altogether an easy task. One method would be to investigate the
' voltage distribution within the coil. Fig.él shows a plot of impedance,
section by section, of the 1000 turn coil in Sectioh 6-3 at‘a frequency
just below the fourth resonance. 'The axis of the graph-.are real and |
imaginary ohms., Although each section does neot have an independent
iméedance it does have a v/I. The impedanc;:crosses the imaginary axis
in two places, although the total impedﬁnce remains on the R.H.S. of the
imaginary axis. The voltage will follow‘the impedance c¢hanges.

Measufement of the voltage distribution would require a probe to be
attached to the coil and one could not be sure thaﬁ the probe would not
alter Fhe cﬁrrent distribution within the coil, or that the effects observed
were not due to impedance mismatching.

_ However fhere i1s a method that requirés ﬁo mechanical connection to the
coil and should cause a minimum of interference with the current distribution
within the coil. Fig.5-2 shows the general method. The standing'wave
iz a currgnt phencmenon and should be visible as‘a variation of the
external magnetic field.- This variation should be detectable by the search
coil,

The first gask is to caléulate the magnetic fieid of a given theoretical
current distribution for ﬁhe_S.W.I. cﬁbsen for the experiment,

2. " As the search'coil.wiil b; near the end of ﬁhe turn of foil, the magnetic
:fleld‘can bé appro#iﬁatgd'és ﬁniform and equal to‘the field onrthe”axis .

of the foil, The fieid can also ge.approximateé to be zerxo for :adii greater

" than that of the foil; that is, the foil is treated as an infinitely long so~ .
lenoid. | |

——
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The grarh shows the impedance,section by section,
of the 1000 turn coil of section 6-3,at a frequency
of 2.,9NHz{just before the fourth resonance-).
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' The magnetic field Hz is QiVen by equation 4-2-14,
T Am ) :
I [delr -twoo ), Ylwy-2)

AW ) (42 s ri 21 w0 g) | [N 20 08, + (27

<

(.W/:L ' Z) | 4-2-14
1 14
[fr. RSB T (z*“@)’“]’f
'Whén“rr;s pﬁt equal to zero HZ becomes,
‘ ' 27 . .
H =1 [ de(w-2) (wy +2) -
—— L b —— } — k ‘
3 ¥ 2 2 14
OL'RW A ['f; fcz-%)]; ['1_(2*_%)];
The integration over O, is trivial.
- = 1 Wy -2 Wo+2 )
L Hz - I ( > ) , ( /J. z) 8,2_2

1w [’f',li-(z-h}:)l]%' s [1_':. +_£Z-¢M;1)"]J’2—

The current I is a sinusoidal function of time. The current varies
in phase from section to section, however H 'figlds superpose, therefore it

is pdssible to add the magnetic fields qf the relevant turns. The magnetig

th

field between the U and the U‘+ lth turns will be given by

w .
H;L:z I (Ml-z) % 12)

23
ver AW e (z—%)"J‘i | [+ (z-rh;l)"]”z 3

where turn 1 lies on the circumference of the coil, and Iv and r, are the

th turn respectively.

current in the vth turn and the radius of thev
The currents calcﬁlated‘by thg elimination program are relative to the

' iﬂpdt cugreht?niherefqie any magnetic field déigulated from these currents

will be in term§ of g pér amp input. This is not a great disadvantage

as it is not intended to find the absolute'ﬂz experimentaily but Only-the

shape of the H# distribution over the radius of the céil. '

The subroutine toc calculate the magnetic field from a given current

——
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distribution is shown in Appendix 4, This subroutine was added to the basic
elimination program, The output is in terms of the radius of the turn
and the magnetic field at that turn for all the turns of the coil. The

field within the core of the coil will be that of the last turn,

3, . The coil chosen for the experiment was a 460 turn coi% with a core
diameter of 2.0 cm and an overall diameter of 6.0 cm, the other physical
parameters are showh in Fig.$%-3. The colil was heat treated. The calculated
impedance spectrum, using only the d.c. rgsistances,_is shown in Fig.8:4a

. The experimental impedance spectrum is shown in Fig.&=4b The freguencies
of the first 3 resonances, theory and experiment, are shown in Fig.8sjc

" the calculated frequencies-are in error by+33%. This'may be due to the
approximations used to calculate the inductances, Whatever is causing the
discrepancy, it prevents a direét correspondence between the theoretical
and experimental magnetic field distribution. However it is still possible -

to salvage something, ie, does the theoretical evolution of the'maﬁnetic

field with increasing ffequency correspond with the ekperimental evolution.

4, | The expérimental apparatus is shown iﬁ Fig.&?;thé 400 turn FWI is
, fed from a high output (36V) signal generateor and frequency counter.
The search coll consists of 100 turns of wire, wound on a 0.7 cm diameter
core, the total diameter being 1.0 cm. The search coil resonates aﬁ a
frequency of 8.5 MHz , ﬁhe highest frequency at which the search coil is
~used is 6.0 MH;; therefpre the coil never becomes capacitive. The voltage
aéross the FWI-was kept at }SV.
The FWI and the search coil were both mounted on a'meﬁal table; The FWI
was Held on a perspex base which could be driven in both hérizontal
-directions by screw drives with vernler scales. .The search coil was

mounted on a perspex arﬁ, which in turn was mounted on a micro-manipulator,

which had screw drives inlall three directions, each drive having a vernier
scale.-

The voltage from the search coil is related to the magnetic field by

——
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Figure 3-3

Thickness of Aluminiunm Foll }5,.,0uan
Width of " " 2.4cm
Permittivity of Plastic. Foil|2.2
Width - " " v« |3,0cm
Thickness " " " 45« 0um :
Figure g-. / T
a £
0 T 1 T ) T
1 + - o
2 i
4
5
6
{ L I i

!

0 1 2 3 - 4 2 6
- A Frequency MHz

a shows the theoretical impedance/ frequency

spectrum,and b the experimental impedamce/

frequency spectrum,of the 400 turn coil.

b/
o- 3 : - .
- : ‘Reference
. =lo- 4 - Level
dB - :
loss. ) L
=-30- |
"40 $ -
-50
-6 S .
-%0 / i . _
0 / 2, | 5.0
1,O0HHz 3 .
marker Frequency MHz
e/
Order of maxlinum Theoxy Experiment Errox
Inpedance resonance| MHz MHz %
1 143006 1,015%0,01 + 34,6
2 3.41 2.55 $0,01 ¢33.8
3 5517 4,256 +0,005| +29.8
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Where the double integral goes over the arealof.a particular turn aﬁd the
summation runs over all the turns of the cotl, The finite area of the search
coil means that the resolution of the probe is poor, | - it cannot re-
solve ev;nts which have a width less than that of the coil; |

One serious problem encountered was the.capacitive.coﬁpling between
the search coll and the FWI, this could at some frequencies produce a larger
sigﬁal than gﬁgl;;;hééic coupling. This could be éircqmvegted”byifibating
the two outputs from the search coil and theh subtracting the éwo signals.
The capaéitive signal should be’the same—on‘both outputs;ugkerefore should
be eliminated by the subtraction. The oScillecopg'used has the facility‘
for subtracting the input to amplifier B from thé input to amplifier A
and displaying the result, o

This pfocedure reduced the errxor to acceptable levels. The exrors
shown in Fig.8-(xto 6j were estimated at each freqpency;‘by replacing the Fwi
by a metal platé at an appropriate disﬁance from the search.coil and measuring

the resulting difference signal.

5.\_ The evolutionlof the predicted peak magnetia field over the first
three- resonances is showﬁ in Figs.Sdﬂto}Sh. The graphs show the peak
m;gnitude of the magnetic field, in terms of H per amp input, agaihst‘the
distance from the centre of the coll., The magnetic field has cylindrical
symmetry, therefore the field is shown over the radius and not ﬁhe diameter.

Fiq.Bﬂ@shows the field at a frequency of 1.0 MHz, just below the funda-

mental resonance, and at a frequency of 1,5 MHz. just above the fundamental

_ Yesonance. The interesting part begins at Fig.'?-5t At 2,0 MHz the field

begins to decrease and at 2,5 MHz has a minimum., At the second resonance -

3.0 MHz, Fig.J-5%<= the field has increased at the centre of the coll, at the

same time the maximum has moved outwards from the centre of the coil.
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Figure #-5
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Flgure 8-§
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During the second rescnance the field at the centre increases, Fig.8=8d
Betweén the second and third resonances - Figs.ﬁgcand 8-5f= the field
at thelce;tre again decreases and a second maximuﬁ moves out from the centre
of the coil. During the third resonance . the field at the centre. again
increases creating a third maximum - Figs.&§3and 8-5 §

The main characteristic of the evolution of the magnetic field with
increas;nj frequency is that the field at the centre of the coil rises and

decreases and that maxima and minima move outwards from the centre of the coil.

6.  The experimental results are shown in Figs §tato §¢;j The g#aphs in.
Figs §-f{.and §-blie at frequencies below the first\;esonance, Fig §flcand

6d lie between the first and second resonances, Fig,®&(elies on the second
resonance, Figs, ¥-i{to §-4vlie between the second and third resonances and i
lies above the third resonance. The errors shown arg-the estimated errors

due to the capacitive coupling. The reltative size of the search coil is

shown in Fig, §-{. it covers one third of the radius of the FWI.

To correspond with the theoretical findings the magnetic field shouid
have only one maxima below the first resonance, Figs ¢-écand f-tbshow that
this is indeed the case. Between the first and second resonances the £ield
at the centre of the ;oil should fall to zero and rise again, Figs.-#-tcand
£-63 show that the magnetic field does indeed fall and Fig. #-¢:shows that it does

increase again to form a second maximum. Between‘the second and third
‘feéonances the theory indicates that the field should fall a second time

to zero and rise againrto form a third maximum.at the third resonance,

Figs. §+{to $-tcshow that in fact the magnetis field does this. Above the

third resonance no more maxima could be found usinq the search coil, Fig. -

at the fourth rescnance shows onlyll large and 2 small maxima, This seems

to be due to the si.-zcla‘ of the search coil making it impossible to resolve

any more maxima.
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Figure 8-7 Photograph of the Experimental Arrangement for Measuring

__ the Magnetic Field.

v
i

’P |

The photograph shows the search coll in place above

the large (6.0cn) FWI to determine its magnetic field.
Thé.séarch coll is sbmewhat smaller than it appears

¢ to be on the photograph,the wire does not entirely 111
the former.The‘distance the search coill moves can be
read from a vernier scale,The signal is taken from the

search coill by the two coaxial czbles.

" The value of Z, the height of the search coil above the centre of

the coil, is 2 cm, This value was used in the calculation on page €8.°
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~ Section 9. Proposed Extension of the Model to Other Components.

1. One of the reasons for.initiating a étudy of the inductance of
FWI's is that if the inductance could be understocd, then this could
form the basis of an understanding of tﬁé inductaﬁce of wound foil
capacitors.

unﬁd foil capacitors fall into twoléétégories; irductively
wound and extended foil. Inductivily wound capacitors have a construction
gimilar to that of FWl's, extended foil capacitors have the conStructionl
shown in.Fig.Fi. The foills are brought out from either side of the
capacitors and soldered. - U

Inductively wound capacitors are more generally known as.

embedded lug capacitors.

igauctiﬁily wouﬁd capécitors (Iﬁcf aré expected toréxhibit mﬁltiple
resonance; their construction is so similar to that of FWI's. To
investigate the impedance spectrum of an IWC the experimental arrangements
of Figs.l2a and{2b were used. The arrangement of Fig.{-2a will show where
in the spectrgm the impedance is large compared with SOJL'. The
arrangement of Fig.?2b will cohversely show where the impeaance'is low
—_cpmpared with 50JL . The 200 turn‘IWC used in this preliminary
investigaticn had metal foil of width 3.9 om and thickness 5.0 m.
boiypropylene dielectric 6f Fhickness l2.5}&ﬂbi a core radius 1.0 cm.

’ The impedance spectrum using the arrangement of Fig.?-2a is shown

in Fig.?-3a, correspondingiy that using.the arrangement of Fig.f-2b is shown
in Fig.%Bb._ The referénce level in Fig.9-3a is with the capacitor shorted
out, the reference level in Fig.%éb is with the capacitor removed. In

: both.c;ses the traceé wi;h the capacitors iﬁ ﬁlace have been displaced
downwards by 10 dB‘from the reference 1e§el. _Fig;+3a shows that thg

impedance spectrum has maxiﬁa at 1.8 MHz, 5.1 MHz, 8.8 MHz, 12.6 MHz and

16.4 MHz, Fig.{-3b shows that the impedance spectrum has minima at
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Figure 9-/

Netal foll
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the plastic

insulation
at one.
end.

This diagram shows the construction of an extended
foil capacitor.The metal foils are soldered together at

the ends to reduce the self-induétance of the capacitor.

-This arrangement will show at what frequencles the
inpedance 1s large.

L
: // Caﬁééitor
Noise ‘ : Spectrum
Generator _ : Analyser
e
| @
| ) Capébitor

This arrangement will show at what frequencies the
--- impedance is small compared with 50ochns,

- 8



Figure 9-3
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This graph shows the spectrun of the noise generator using
the arrangement of Figl2a.The trace with the capacitor in

has been displaced downwards by 104B.
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This graph shows the spectrum of the noise geﬁerator using
the arrangement of Figi2b.The trace with the capacitor in has

been displaced downwards by 104B.
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-{0.1 MHz, 3.0 MHz, 6.9 MHz, 10.6 MHz, 14.5 MHz and 18.5 MHz., In neither
case are the dc values shown. Clearly this is a form of multiple

resonant behaviour.The?T&uks o} this expercment disag}ee weth The

bresenl theory of multiple resonance ¢n embe dded lug cakuitors,

2. To derive an equivalent circuit for an IWC we follow the same
procedure used to derive the equivalent circuit of a FWI. Fig.7-4 shows
the half-turn inductgnces 56' and the furh-to-turn capacitors & .

In the case of a capacitor the terminais can be connected anywhere.
Intuitively the placing of the termihals will influence the impedance
spectrum. There are two extreme cases; onelwhere the terminals are both
ét the same ends of the foils, the other where the terminals are at
opposite ends of the foils. To illustrate the difference the equivalent
circuits for these two cases afe laid out differently. The circuit in
Fig.95a has the terminals at the same ends of the foils. The L's and the
C's have been rearranged and the mutual inductances included. The circuit
resembles the transmission line equivalent circuit. For this circuit there

are N #! mesh equations, N of the form
N : : ’
) b Lo * (T =Ty
+(I¢L"Iu,-l)/‘-)w,cq‘ = O - . q9-1-1
IR | 4w ¢N

The N+t equation has the form
_Wz.uvozcl-o" I,')/J/“’Cl' | “ ._7;’_1

When the frequency is low ‘the inductances can be 'neglected and the
* equivalent circuit becomes purely capacitive, with a total capaéitance

of

C=) © BECE



Flgure 9-4
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This diagram shows the method of deriving the lumped

elenent equivaleht circuit for an inductive wound foill capacitor,



Fiﬂure i‘!SQ'
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Proposed equivalent circult for an intiuc{ive yvound
foil capacitor.The terminals are both at the same end of the
winding. .
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The equivalent circuit of Fig.!-5b illustrates the situation when
the terminals are at opposite ends of the foils, The L's and C's have
again been rearranged and the mutual inductances included. The circuit

resembles that of a FWI. There are N +| mesh equations, N of the form

1

N | | |
\rzzuu’JWMu.,u'Iv + JwL“-I“-' +(Iu.+lu-+!-:[o)/}wcu'”

T T <0 e

_ The N'I' I‘L mesh equation round the primary circuit is :
V= (LT ((I-T - e —
e e ')/:)w(,l (L EI I, )/3w'C,_ L

#(I,-1,." I”-)/'J“"Cu-l +(1,- IN)/EWth"'s

.

At low frequency the inductances can be regarded as equal to zero, and
the equivalent circuit becomes purely capacitive. The total capacitance

is

4

7-1-6

Provided that a method can be found for reducing the size of the
equivalent circuit, ﬁj;-fhout reducing its validity too much, it would be
possible to adapt the numerical methods used for the FWI equivalent’
circui1_: and derive the impedance properties of inductively wound

capacitors.

3. Foil Wound Transformers.

The exténsion of Ithe model from foil wound inductors to foil wound

A1

transformers is a simple one. The equivalent circuit will be that of
_ . Fl .
Fig.?-6. There are M turns on the primary and N on the secondary,

!
therefore there are N + N + 1 mesh equations, N of the form
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This equivalent circuit has the terminals at opposite ends.,

Figure 9-5,

Proposed equivalent circult for an

inductive wound foil capacitor
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VYA

) N . _ ) i
Proposed equivalent circuit of a foill wound
transformer, . '
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Ny’ _ ..
2 e Myl f Gelcdea)le = To gan
) . ¢ ¢ N
!
N of the form
uiw' ,
)U Mu\rr t (‘JULu.*-’/..,c')I“,“-'-' I .
Vel 2w J‘ -V ‘J w O/J/‘“’CK. . - 3-2
. - | - N<¢w N’

The equation round the primary is
V%= Y (ery, KRS
U= Jw'(”'"

The equation round the secondary is

’ N" ’ S | C _ _
IR =), -I.), - L - 9-3-4
o 'L %Z:N ,J/VC“' . |

The methed of reducing the equivalent circuit can be applied so no

difficulties are anticipated in predicting the impedance spectrum.

LN
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Section 10
Conclusions ) : : . .

The theory of inductive and capacitive componeéts can largely
be separated into two different approaches, the lumped element and the
transmission line approaches. These approaches are not entirely
different methods bhut are only different aspects'of one concept, that
of the electromagnetic field. The model of FWI ﬁsing turn inductanceé
and turn to turn'capacitdnces can be'dérivedintuitively from the lumped
element approach.or by approximation from the field approach using the
vector potential A. ' The mode%egggﬁi the.twdlapproaches._

Practical application of the model may be limited fo foil
components, wire cbmponents have an equivalent circuit that is-much

- more complex. In its applicatién to FWI the model has been broadly
succgssful, although there are limitations. The model can predict the
frequencies of a number 6f thé ;ower orders of resdnancé tbdwithin two
ér three percent, the 1imitipg factor being the number of sections used
in the model. Increasing the number of sections would increése the
range of thé ﬁodel, However, this increases the computation time, which
rises as the cube of the.number of sections. Tﬁe accuracy is also
linited by thé.radius of the core of the FWI, The reason in this case
‘beiﬂg tﬁe approximatibns used to calculate the inductances have a
1imited validity. The accuracy of the calculations could be iﬁproved
by using a numerical 1ntegrétion technique in place of the approximations
made to derive equation 4-2-21. Thé,fo#mula used to calculate the
capacitances have a limited accuracy, the reason being that there are
inherent difficulties associated with the winding technique. The

T ‘“;difficulties lie with the gtability o: the winding tension, side slip -

" of the metal foil and the slight air gap between the metal foil and the
ingulation. It is diffiéult to see how radical improvements could be

made in this direction.
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No direct compariéon has been presented between the theoretical
and experimental impedance spectra with regard to the actual magnitude
of the impedance. Good agreement cannot be expected until reasonbly
accurate calculations can be made of the a.c. resistance. The a.c.
registance largely determ;nes the magnitude of the impedaﬁce at the
resonances but not their frequency. The failure of the a.c. resistance
model was brobably due to the crudeness of the approximations used for
the magnetic field; A more complex médel may be successful.

A standing wave waé found tq exigt in thg current distribution

. at frequencies above thé fundamental resoconance. Theoreticallj it is
understandable ags a property of a set of coupled oscillators.
Experimentally the current wave was shown'fo exist gy analysing itg
effect on the external magnetic field.

Extensions of the theory to capacitors seems possible, enabling

i

some light to be thrown on the inductance of large electrolytic
capacitors.' The model would also lead to some undefstanding of multiple
resonance in inductively wound capacitors} The model can easily be

extended to‘fdil wound transformers.

These investigations have shown that there are applications in
signal filtering but these have been superseded by digital techniques.
waever'applications in interference suppression and filtering in power

oscillators have not been discounted.
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Appendix 1 Hutual Inductance Réciprocity Theoren

Consider tw_o coupled circuits
T
" 4!.‘
\T

\

\

the total flux through 2 due to I in 1 1is

é = &E—S'd—fz =§-YXA'¢£S = A
af - =2 -1 -~
2 2 T

Now A, is calculable from the current flowing in 1

61=§/‘.°I‘{;Qa

-Combining I_ "*7”".:.
@2‘ : §;§ Mo I é.‘e! ) d‘__éz
Hence ' LIt
M:u o f.‘_".S( L, '_‘l;!?l
4T Ta

The integral can be performed in either order and is dependent

only on the geonetry,therefore

Mn, = M:.l
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Appendix 2 - ‘ e e
The progranm is written in 1900 Fortran and
calculates the values of L,R and C per section also calculated

are the values of M from sectlon to sectlon.

" MASTER LRCANDM
"REAL RDC(20), RAC(ZO) MUT(20,20),C(20)
INTEGFR S

CONSTANTS OF THIS PROGRAM ARE .

- s K

LT U= ,257/ €10, #%6)
2. PY=2 0%ASIN(1.0)
. COND=3,53%10,%47
27 RESIST=2.828/(10,%%8)
P A st
C CONDUCTIVITY OF AL
. _ e

. E0=8,85525/(10,%#12)

LTI READR(T 13N

T READ(1,1M

R szN/M - - -

"0 N IS THF NO OF TURNS OF THE COIL
€ M 1S THE NC OF TURNS PER SECTION
“C7°S 0S THE NC OF SECTIONS '

T READ(Y1,2)YRADI i
C RADI 1S THE RADIUS OF THE CORE OF THE cot1tL
READ{1.,2W
€ W IS THE WINTH OF THE METAL FOIL
: READ(Y,2YTD
C Th 1S THE THICKNESS OF THF PLﬁSTlC FOIL
S READ(1.2)YTM
C TM IS THE THICKNFESS OF THE METAL FOIL
READ(1|2)F

'C E IS THE DTALECTRIC CONSTANT OF TH EPLASTIC FOIL
. 4 FORMATC(IN)
2 FORMAT(EDN.0)

c .
C T WRITE(2,3)N o | _ '
'3 FORMAT(1H ,'NO OF TURNS ON THE cOIL ©, =Y, 14)
. MRITE(2,4)M -
4 FORMAT(1H ,'NO OF TURNS PER SECTION =1, 14)
c A

e .. WRITE(2,5)8 '
- § FORMAT(1H .'NO OF SECTIONS I zt,14)
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OO0

: NR!TE(Z:&)RADI '
6 FORMAT(1H ,'RADIUS OF THE CORE OF THE COIL (CM) =t E10,4)

S WRITE(2,7)W | i
.7 FORMAT(IHW ,'WIDTH OF THE METAL FOIL CoM) =',£10,4)

- WRITE(2,0)TM ' ' :
¢ FORMAT(iH :'THICKNESS OF THE METAL FOTL (M) ="' E10.4)

WRITE(2.,8)TD
"R FORMAT(1H ,*THICKNESS OF THE PLASTIC FOIL (M) =V, E10.4)

WRITE(2.,25)E ‘
25 FORMAT(1H .'DIALFCTRIC CONATANT OFT HE PLASTIC 2, E10.,4)

THIS CALS THEF INDUCTANCE CAPACITANCE AND RESISTANCE

DO 10 IBA=1,S T Tyie gy Tea  MEaN
'-'R_-;mncu-(xnn-n.S)-m*(TonM) RADEJS OF THE SECTION
CCCIRAYRE+EQwW*2.0#PY*R/TD/M  — (A PACITAMNCE PER SEC(TION

- IXA=IRARM o S SECTYioN
IXe=(JBA-1)wM
RA:R

RAC(IBAYaCOND*URU/W/3, 0% TM+3 %2, 0*PY*RA/G, 0*((IXA-1 OywlixAx(2,0+
CAA=TL O ((IXBRTL O FIXR* (2,051 XR=1,0)))
CRACCIBAY=RAC(IBAY/R.O

\ NE. RESIeT pveE PER

DO 12 tRD=1RA,S - S _ GECTeop
RB=RADI+(N=(TRA~D S)Y+*MY ¥ (TM+TD)
RC=RADTI+ (N« (IRD=0,8)¥MIX{(TH+TM)
‘ MUTCIRA(IRD)= PY*RC*RC/W/H*U*(SQRT(N*U+RB*RB)'RB)*M*M
12 CONTINUF -

' INQUCETH MCE PSR SECTID
19 CONTINUE THUCE P & N

‘ AND .l"l RL CTANC® FROM Spe¢ v To
WRITE(2,20) WTvAL INODY P Seriov

CWRITE(2.47) SEC .
WRITECR,24) (Tion

Do 15 IBf=1,8%

WRITE(2,16)18F,MUT(IBF,18F),C(1RF),RDC(IBF),RACCIBF)
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14 FORMATCIH ,13,5X,E10.4,14X,F10,4,14X,F10,4,18%,F10.4)
17 FORMAT(IH ,YINDUCTANCE (HENRIES) CAPACITANCE (FARADS) th R
7 11STANCE (OHMS) AC RESISTANCE (ORMS/W/uWy )

1§ CONTINUE ‘ :

WRITE(2,20)
20 FORMAY(/2/)

"HRITE<2.71) : B " '
21 FORMAT(TH ,'MUTUAL INDUCTANCE MATRIX STARTS AT 1,1 AND GOES 7O
1 10,10 ' : A

‘DN 22 1RH=1,%

WRITE(2,73)(MUT(IBH,IBI),IBI=1IBH,S)

WRITE(2,74)

22 CONTINUE oo o ' o :
23 FORMAT(IH ,10(E10.4,1X)) o o ' ' j
24 FORMAT(/) IR :

- 8STOP .
- END

n
K
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APPendix 3 ' e

The program iswrittenin 1900 Foritran and is

basically an implementation of the flow diagrans in Section 5.

f,MASTEn ELIMIN '
REAL A(AO.AO):B(ZO);X(EO).LIN(ZO):C(ZO):RDC(ZO)cRAC(ZO);MUT(ZO 2¢

REAL WA(10,3)
- TCOMPLEX XCOM(20)
Sl COMPLEX 2027 -
C

~C THIS PROGRAM CONTAINS THE AC RESISTANCE SECTION
Lo ; e '
~ DATA NCA/10/ L ST
LTiE . M=NCA T L meT L
N . N=2+NCA
LR pYx2 0wASINCY, 0)
c
C THIS READS IN THE START AND FINISH FRQUENCIES
c ‘ ‘ .
P DO 60 TPA=1,10. T Twis Reaps v THE
 READ(1,E1IWACIPALT)Y, wA(IPA.za,wA(IPA.3)
o IPB=1PA o FREQUVENLY RANGES
. IF(WA(IPA,1).EQ.0.,0) Go T0 62
~ WRITE(2.,112) eVER WHitH THE
C WRITE(2,63)UACIPA,1) ,WACIPA,2}, wA(IPA.S)
61 FORMAT(3IC(FEO.0)) SPECTAVH (¢ REqQUuiRe

1FREQ=',E10,4)
WACTIPA,I)ZWACIPA, 1) %2, 0%PY
WACIPA,3)=WALIPA,3Y*2,0*PY
60 CONTINUE
62 CONTINUE - _
t . - THits R=RDS
. READ IN INDUCTANCE THEN CAPACITANCE THEN RESISTANCE

63 FORMAT(IH , " ATART FREQ= rE10.A:' FINISH|FREQ=',E10.4," STYEP

oo

N THE L's '
DO 115 IR=1,M ' ' L o
, READ (1, 116)LIL(IR)-C(IR)-RDC(IR),RAC(IR) AND THE Ry
2 TWRITE(20118)
_ WRITEC(CZ+117)YIR,LINCIRY IR, CC(IRY,IR, RDC(IR):IR:RAC(!R WHEN NOT
- -'115 CONTINMNUE . o .

o WRITE(Z2,114) NEEDFD THE Ac ﬁsusfnuca
416 FORMAT(L(EQD,OD)) _ -
117 FORMATCIH ,'LC, 12,'9=! ,B14,4,3X,"CC',12,%)=" ,E14,4,3X,! RDC(!,1]

V)=V L E10,40 RAC(Y,12,")=1,E10.4)
o IS $ BT EQUARL T0 ZERY OA
"~ THIS READS IN THE MUTUAL COUPLING MATRIX rya (w put DATA

3z 2z 00

... DO 118 IRE=1,M . ] Ty READS N THRE MVTVAR
B READC1,119) (MUT(IRE, IRF) ) IRFZTRE (M) ‘ -
“ 418 CONTINUE IndDveTAv e MATR Y

119 FORMAT(30(E0,0))
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s}

=Rz Rz

0100 J=)e

s 1 _
104 CONTINUE B

THIS SECTION WRITES OUT THE COUPLING MATRIX

VTHIS SECTION ASSIGNS VALUES

. DO 128 NVB=1,N

e o e e = PR ]

WRITE(2,114)
WRITE(2,122)

122 FORMAT(1H ('MUTUAL COUPLING MATRIX 1S1/)

DO 423 IRM=1,M

DO 123 IRD=1,M ' THERE AREBR AWUABER
MUTCIRD IRMY=MUT (1RM, 1RD)
. WRITE(2,124)TRM,IRD/MUT(IRM, IRD) OF FREQUE NCy RANGES
123 CONTINUE |
124 FORMAT(TH +13,2X.13,2X,E14, 4) OVSR Wil THE
901000 1pC=1,1pB ]- PRo&&Ar1 HAS To

W=WACIPC,1)

999 W= WACIPC,3)+W r..yc,t-.e, THE po

THE MATRIX L0oP (YCLES OUGR

DO 128 NVAs1, N THE AANGES NHILE

L A(NVA,NVB)Y=0,0 S THE &0 TO Loop
I=1 o S , . LYeLES OVEA THCEG
105 J=1 ' R e I :

102 ACQI+8,3)=WeMUT(T, ) Wev(puAnL RANECE

AT eI =AY 4N, )
TF¢I=M)10G0,701,101

60 TO 102

STA00 ACTAM, DY =W LINCIY =1, 0/ (W*C (1)) THiS PART ASSicws

A(T T+ MY==A(T4M,])

S AGY I ERDCCIIHRACCII wwW VaLvEs To THE [{ATRIEC!

O ACTAM TMY=ACT, ) ,
- B(1)=0,0 B [A] nwo (8]
B(1+M)%=1.0/ (UsC (1)) ‘ _

TF(1-4)103,104,104

GO TO 105
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THIS SECTION 18 THE ELIMINATION

1 K 1.

84
87

90

RN, NEV

.“ 0 N

10

WY

. THIS SECTION DOES THE PARTIAL PIVOTING

CACK ) =ACL, )

CB(K)Y=R(L)

CIF (1-N) 11.12.12

I K+1

—

L=K

IF C(ABRSCACI,K))m= ABS(A(L.K))) 82:81,8%
L=1

60 YO 82 :
1F (1=N) 83,84,84 THE coLvriny To
I=1+1
GO0 80 - Be BEL{MINATED
IF(L-K)85.,90,85%
J=K I SEARCHED
U=A(K:J)
T RoveH To

ACL,J)Y=U
IF ¢J=N)Y 87,88,88
J=J+1
G0 TO 89
U=B (k)

FInup THE LA G&eT
ELEHGENT  THEN

THE RPWS ARG
B{L)Y=U

I=zK+1

CONTINUE

AM=A(TI ,K)/A(X, )
ACY,K)=0

EXcHANGED

JEK+1 ‘\\\\\\“‘ AM

ACrT,J)=AL1, -AM*A (K, J)
IfF (J=N) 9,10%10
J=J+1

GO 10 7
B(IY=R({1)=AM»R (K)

ts Tne
MULTIPLIER 4m)rm>
is V$EO0 TO

- ELIHINATE THE

I=1+1
60 TO 4 7 ELEHEWNTS (N THIE

TF(KaN+1) 13, 16 14

K=K+1 | L PRRTICULAR cOL VRN K
G0 TO 2 _
CONTINUE



”fTHIs-secrlow BACK SUBSTITUTES

S0

T30 X(N)= B(N)/A(N-N)

;l}3* I=N=-1 S This section  00ES THE BACK
L 32 d=141 0 , '
33 8=0 , _ SUBSTIVTION

Y34 SESHACT ) WX
) 35 1F (J=N) 36,37,37
036 Jmaen : '

, GO TO 34

“37 X(I)=(B(I)=$)/ACL, )
- 38 IF (1-D) 39.ao 40
039 =Y. L R

- GO TO 32
.40 CONTINUE

¢ o ,
€ _THIS SECTICN OUTPUTS THE CURRENT AND IMPEDANCE PER SECTION
i G '

S WRITE(2,202) ' B o -
. 202 FORMAT(1H ,'CURRENT REAL CMPLX MAG ANGLE IJMPEDANCE,REAL CMPLX
S TAG ANGLE') S
ZT=CMPLX(0,.0.0.0)

CAMZT=CABS(ZTY T e T T TR
AAZT=ATANCAIMAG(ZT)/REAL(ZT)) 57,2958

T .
C C2T 1S THE LOG OF THE IMPEDANCE
L DZT IS THE LOG OF THE VOLTAGE OUT FROM 50 OHM INTO 50 OHM
c : ; '
: CZT=ALOG10CAMZT) .

- D2T=20,+ALOG10CAMZT+100.)~20,+A1L0G10(100,)

T WRITE(2. 205)?1.AMZT:AAZT:CZT;DZT

WRITE(2,113)
WXKV=W/2,0/PY .
-~ . - WRITE(2,206)WXKY 4
206 FORMAT(1H ,'FREOUENCY cMHz)--.F11 2)
S WRITE(2.412) ‘
DO 200 1J=1.M
S XCOM(I MY = CMPLX(X(!J);X(]J+M)) | Thes PvT¢ THE CURRENT N
- AMI=CABS(XCOM(T4)) )
. AATEATANCAIMAG(XCOM(IJ))/REAL(XCOM{IJ)))«57,2958 COHPLEYX
2R, 0=XCOMCTJIIRCMPLX (0.0 1.0/ CWWCLTUII) L FoRy
L AAZ=ATANCAIMAG(Z) /REAL(Z))%57,2958 \\\
AM2=CABS(Z)
2T=72T+2 : f , T
60 10 200 THE IHPEOANce
Y WRITE(2,201)XCOMC1J) (AMIJAAT,2,AMZ,AAZ
- 201 FORMAT(1H ,3(F14.8, 3x> F6.2:3X,3(F14,8,3X),F6.2) PER SECTION
200 CONTINUE :
WRITE(2.112) _
T WRITE{(2,204)
204 FORMAT(1H -'TOTAL IMPEDANCE REAL CMPLX MAGNITUDE AND ANGLE')

THIS CAL LULAT B
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"205 FORMAT(1H +3(F14,8, 3x).F6 2,2X,E14, 8.2X»E1a 8)

C O TF(WL.LT.WACERC,2)) 6O TO 999
1000 CONTINUE
301 FORMAT(3(I8)) ,
302 FORMAT(FS.2,FB.4)
303 FORMAT(F6.4,Fb.bsFb,4)
114 FORMATC///)
- 413 FORMAT(//)
112 FORMAT(/)
oo 8T0P
.....END_. e

PTL TR A
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Appendix 4
The subroutine is written in 1900 Fortran and
~ from a ‘gilven current current distribution calculates the external'
nmagnetic field of the coll in terms of H per amp input to the
coll, ' |

"MASTER ELIMIN
 REAL ACLO 40D, 8(20):X(ZO):LIN(ZO):C(ZO) R{20) MUT(20,20)
- REAL WAC100)
_COMPLEX XCOM(R20)
. COMPLEX 2,27 '
COMMON 2P,RADI M TD,TM
C ~ PUY “BATAAS TO NCA THE SIZE OF THE MATRIX IN HERE-
' DATA NCAZ10/
 M=NCA
_ N=2+NCA
L PY=2,0=xA8INC1,0)
READ(1.17)2P
READ(1,14)NUMBT
READ(1,17)RADI
READ(YI 17U
READ(1,17)710D
READ(1,17)TM

NCA 1S THE NUMBER OF SECTIONS INTO WHICH THE €OIL IS DIVIDED
ZP IS THE HEIGHT OF THE SEARCH COIL ABOVE THE CO1L

N IS THE KUMBER OF TURNS ON THE €OIL o

W IS THE WIDTH OF THE METAL FOIL

TO IS THE THICKNESS OF THE PLASTIC FOIL

TM 1S THE THICKNESS OF THE METAL FOIL

1 . -
IO OOOND

' 16 FORMAT(I0)
17 FORMAT(E(D,0)

- CALL MAGBRF(NCA,XCOM,NUMBT)
This statement inserted in the elinination prOgraﬁ‘at the -

—......end calls the subroutine,
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SUBROUTINE MAGBF(NCA,XCOM,NUMBT)

~ COMPLEX BY,B(1000)

COMPLEX XCOM(NCA)
COMMON ZP,RADI,W,YD,TM

 N=NUMBTY

=~

NUMT=NUMRT

uz=0,000001257

BTaCMPLX(0,0,0,0)

1A=t

LCaN/NCA

IM=1

IN2{lA=tY*LCeIM

RADAz(N=IN)*(TD+TM)+RAD]

BCINYSUZ«XCOMCIAY/ 2, FWx((ZP=W/2, G)ISQRT(RADA*RADA+(ZP W/2.0)%w2}-

4ZPeu/2.03/SART (RADAYRADA+(ZP+W/2,0)#%2))

20

vl N

[+

13
14

16
LH

IFCINLEG.1) 6O TO 20 L \

IXT=INe L THes CRLCULATES THE
BCINY=BC(IXT)+R(IN) '
CONTINUE
1F¢IM~LCY2,3,3

IM= 1M+

GO TO 4
IF(IA=NCA)S,6, 6
JA=TA+q

GO0 TO 7

CONTINUE

BTMAX=0,0

PO 8 LB=q,NUMT
XAUsCABS(B(LB))
TE(XAU,LT.BTMAX) GO TO 12
BTMAXEXAU

CONTINUE

CONTINUE .

HAGCNMETIC FIELD OF A TuRN , THT

VALVEY CALCVLRTEDG ARE THEN

INSERTED (N THE MATRI«x B

WRITE(2,13)
FORMAT(//)
WRITE(2,44) _ : |
FORMAT(1H +'TURN NO RADIUS MAG FIELD MAGNITUDE REAL
1 COMFLEX RELATIVE") ‘ .
, - THE FRINT 20T cCowTAIVS

DO 15 LC=1,NUMT,S
. THE Rpows AND THE HALNITVDE ©F THE
RADRE(NLMT=LD)# (TM*TDI&RAD]

BTR=CABS(R(LD))
BTRASBTR/BTMAX

HAGWET/c FIBLO AT THE TURWN

WRITE(Z2,16)LD,RADB, BTR B(LD),RTRA
FORMAT(1H ,3X, 14 1X E10.4,12X, E10.4:1X;E10 4 1X:E10 b, ZX E10,4)

CONTINUE

RETURN
END
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