| hd |

NRC Publications Archive
Archives des publications du CNRC

Radio frequency high voltage power supplies
Mathers, G. W. C.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de I'éditeur, utilisez le lien
DOl ci-dessous.

Publisher’s version / Version de I'éditeur:

https://doi.org/10.4224/21273395

Report (National Research Council of Canada. Radio and Electrical Engineering
Division : ERA); no. ERA-147, 1952

NRC Publications Archive Record / Notice des Archives des publications du CNRC :
https://nrc-publications.canada.ca/eng/view/object/?id=453d3aee-9e72-457b-a5fa-fc07b546abcb
https://publications-cnrc.canada.ca/fra/voir/objet/?id=453d3aee-9e72-457b-abfa-fc07b546abcb

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’accés a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la
premiére page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

 Ld

National Research  Conseil national de
Council Canada recherches Canada Canada


https://doi.org/10.4224/21273395
https://nrc-publications.canada.ca/eng/view/object/?id=453d3aee-9e72-457b-a5fa-fc07b546abcb
https://publications-cnrc.canada.ca/fra/voir/objet/?id=453d3aee-9e72-457b-a5fa-fc07b546abcb
https://nrc-publications.canada.ca/eng/copyright
https://publications-cnrc.canada.ca/fra/droits

s H
R z;}gfﬁ
i
ﬁtg
A
oM
73::‘? .:.

(ks

g T4

&
£Y
£

ELIC 43

Sriy oy
ar N el

1
1

‘!#t:l-'l o
AT
o e

o 5e
4
Y

HE. g

-

Ser

Qe
A2

ELM-147
1952

y A2

REPORT NO. ERA-147

UNCLASSIFIED

LABORATORIES
OF
THE NATIONAL RESEaARcH CounNciL oF CANADA

RADIO AND ELECTRICAL ENGINEERING DIVISION

RADIO FREQUENCY HIGH VOLTAGE POWER SUPPLIES

OTTAWA, MARCH 1948
( REVISED NOVEMBER, 1952)

NRC NO. 2866



RADIO FREQUENCY HIGH VOLTAGE POWER SUPPLIES

by
G,W.C. Mathers,
with revisions by S.J. Buchsbaum, November, 1952,



ABSTRACT

The theoretical analysis of the
double-tuned, overcoupled air transformer, used
in radio frequency high voltage supplies shows
that the equivalent circuit will oscillate at
two frequencles — one above, and one below the
self-resonant frequency of the secondary circuit.
These frequencies can be varied, within limits,
around the self-resonant frequency of the secondary
circuit, by changing the tuning of the primary
circuit. The limits in the variation of. the opera-
ting frequency are imposed by the effective Q of
the primary circuit, which has a definite minimum
value for good operation of the oscillator. The
oscillator can be forced to operate at either the
lower or higher resonant frequency by reversing
the coupling between the secondary coil and the
tickler coil.

Starting from the required d-c output
power, a design procedure is outlimed which will
give all the circuit constants and operating con-
ditions to obtain this output.
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I
INTRODUCTION

Recently, considerable work has been done on
the development of high-voltage, low-power, direct-
current supplies, using a radio frequency oscillator and
a double-tuned, overcoupled- air transformer for obtaining
the high voltage. The usual output of these units is from
5,000 to 30,000 volts, at from 2 to 20 watts, and they
have been used extensively as a source of high voltage for
the accelerating anodes of cathode-ray tubes, where most
of the power output is absorbed in the bleeder resistance.

The chief advantages of this method of developing
high voltages are:-

l. At these frequencies (100 to 500 kc) a
small air-core voltage step-up trans-
former and one or two small filtering
condensers in the rectifying circuit
are sufficient, resulting in small size
and light weight.

2. Since the energy storage is low, and the
voltage falls off rapidly with excessive
loading, the units are comparatively
safe to handle.

3. Insulation; and other related problems
common to large iron-core transformers
and large condensers, are avoided.

Several articles (7, 8, 9) on the construction
and operation of these units have already been published.
It is the purpose of this report to develop some of the
theory and to outline a design procedure. A description of
the construction and operation of the unit developed at the
National Research Council will be included.

IT
THEORY

Because the source of power is a Class C oscillator,
the usual method of finding the output of a double-tuned trans-
former, using an equivalent generator and internal impedance,
is not very sadtisfactory and a new approach was found necessary.
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Essentially, the circuit is quite simple, as shown
by the typical example in Fig. 1.

EOUT
l . 4 O
Ve L.
Roc
A
=+
Fig | Typical R.F.HV. Supply Circuit
Here:=-
Vi - oscillator tube
V2, V3 - rectifier tubes
Tl - double-tuned, step-up transformer
Lt - tickler coil
C3, C4 - filter condensers
RDC = direct current load resistance

Tne equivalent alternating current circuit is shown
in Fig. 2.

ERA - 147



Fig. 2 Equivalent A.C. Circuit For Fig. |
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Equivalent Secondary Circuit

Fig. 3

RI?L’ the equivalent alternating current load resistance, equals

Boe e
—DE, where p equals the number of stages of voltage multiplication.
2p

* See *List of Symbols", pe. 50
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Consider the parallel combination of 02 and RL:-

Ry, 3%%?5 Ry, - J2nfOgRy
= = (1)

1 2,2 2
In practice, R; 1s large, and 1 <<4 w‘?‘fzcghf

Z

Therefore 1 J

Z= -
55
anle CSR? 2mec,, (2)

T
L
_TEC,

The equivalent impedance of the network as seen from the plate
of the oscillator tube is 4

5 2nfOlLl
Z = - Moty | £3 ,
e a2
t ry . 2tk (rL+rS)L2 Y ile (2ﬂka2) 6,

, - )
2 2 1 2 2
2ﬂle (rL+rS) +(2ﬂfL262) (rL+rs) +(2ﬂfL262)

If this equation is reduced into individual equivalent impedances,
the resulting primary circuit is as shown in Fig. 4, where:-

2

t

z"félLl
X B -
le 3
T 61

Xy = -

4 2 4

x = gtoaly lrprrgh” 2ol 0,

2e P k7128, £5k®
4.2

2
41 fOlLl

rry

1 rgl L

Rle =
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1 4 72 g4 g4 1
L o102 . . 1
Le 5 6 1 Lo -
K R
L
1 452 £l 1
01 5
R. = : L. L 6
Se k2 fa 1 —2 e 2
4
_ ! To1 I o2
RI..e k2 f4 1 2 RL
o2 Lo
L o
i \d
Xc

Rse RLE

Equivalent Primary Circuit Impedances

Fig. 4

The variation of the equivalent impedances with frequency, is
shown in Fig. 5 and rig. 6, for fixed values of fol and f02'

Instead of plotting reactance and resistance, the susceptances
and conductances were plotted, since the susceptance goes to
zero at resonance. The equivalent secondary resistances have
been combined into one, and are represented by the conductance
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Gzeo The graphs were plotted for the following circuit
constants which were obtained from an actual circuit:
foz = 200 kc. Ll = 0,15 mh,
f01 = 200 kc. and 210 kc. ry o= 2 ohms
Tg + Tp = 700 ohms ka = .05
LZ = 43 mh,

The capacitive reactance, ZL, (Fig. 4) was found to be

negligible for all values of frequency plotted. It will
later be shown that this is negligible in most practical
circuits. To simplify computation, the resistances T

rs, and r; were assumed constant for all frequencies.

There are three frequencies at which the equiva-
lent susceptance is zero -- fl, fz, and at or very near

to fozo The oseillator will operate at either fl or fz

but not at the other apparent resonant frequency. This
may be explained in the following manner.

Suppose it does start to operate at fozo It

the frequency lincreases slightly due to a small change

in voltage or Ioad, the equivalent susceptance will now be
inductive. Thus, the frequency will increase further,
since the susceptance of a parallel circuit i§ inductive
below resonance. Stable operation will be reached
finally at £f_. The reverse is true for a small decrease
in frequencyzfrom foz, in which case stable operation will

be attained at f,. At fl or fz, a change in frequency will
produce a change in susceptance which will tend to hold the
frequency constant.

If the coupling between the primary and secondary
is decreased, the two regonant frequencies (fl and fa)
approach foz, until at.critical coupling and for under-

coupled circuits, they colnecide. 1In this work, critical
or under-coupled circults, are not used because of the
poor efficiency of energy transfer from the primary to
secondary and the poor frequency stability.

As shown in Fig. 5, the resonant frequencies may
be changed by changing fOl’ other factors being constant.
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Theoretically, it is possible to operate at practically any
desired frequency since the oscillator works at the resonant
frequency of the equivalent primary circuit.

a0 .';_3

192 Be——

1% §Balale+:: _-—__—} soe /

12 éﬁe-ﬂlefﬂ: ;——:-} ,}"40’(0'

2 =
128 e
5 ,—/ ’ 220

3| vi— T
160

. ‘ 3
170 .
© 100
< BT £
e " €
- o El
o £ 75| €
.; 8
4120 g s
foo £ g
o -4
/i :g 3 H
7] 0 i 5 ©
{40 & f .
7 L Freq. 2
185 00 205
60_ // = gl [Ermimiia i S ESS e
-60 H 7 H . R T
80 70 180 180 200, 210 220 230 240
'g' Frequency in K.C./s
Fig.5 Eaquivalent Primary Susceptonces Versus Freguency For Two Fig. & Equivalent Primary Conductances versus Frequency for

Vatues Of fm,Thc Primary Resonont Frequency. 2 Volues of fu, the Primary Resonant Frequency.

The resonant frequencies can be found by putting the
imaginary term in the expression Ze equal to zero, again neglect-

ing the small effect of Xc. Thus we have:=-

2.2 .2

2
4 ™ £~ k L2 e,

0 (4)

- 3

R

2 2 .2
+ 4r f2L2 92
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As has been shown already, a trivial solution reésults if
6, =8, = 0 1i.e, f =14,

The expression may be simplified as follows:-
2 2a2.2,2 - 2,2, 2.2.2

6, (RS + 4n®r?r2e2) ame%ic® 2%

dividing by 4an®r?rZe?

¢} 1
8 Q2 -
2 2 anLz
where Qz = i ’
2
0
2 1 1
or 6, © = k® — : (5)

1l ~2 62 Qz

One interesting point shown by the equation is
the fact that the resonant frequency can never be in between
fOl and fozo If the resonant frequency was in this region el

and 62 would be of opposite sign. This would mean that the

left hand side of the equation would be negative and the right
hand side positive.

0 1
In practice, the term.-l— o =5 is negligible compared
© Q
2 2

with kz providing 61 is not large, and 62 small. The operating
frequencies are therefore given by

6, 6, = K2 (6)

Since the circuit will operate at the resonant fre-
quencies, the equivalent reactance at the operating frequency
is infinite,; leaving only the conductances c-le and G23° The

effect of varying the resonant frequencies on the conductances
Gle and Gze, by changing f01’ is shown in Fig. 7.
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Resonant Frequency in K.C./s.
1

160

Note: Larger G, for the same G,, at the higher resonant frequency

Fig. 7 Variation Of Equivalent Conductances, G, 8 G,e,With Resonant Frequency.

170

180

190

200’foz 2IIO

220

230

240

The equations for these variables, after substituting for fol

from equation 6, are:

1 r
Gi1e = = —33 2l A
e _ k2
Rig 4w =£7L, (1 e2)
1 k2 L,
G = =
2e 5 53.5 5
Roe (1 - X921 (r+ 4™ L5 8
3 1(By
2 R,
ERA - 147
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Since the value of Rz was again assumed constant, the
actual value of G2e should be greater on the low frequency
side of f02’ and smaller on the high frequency side of foa,
than is shown in the graph.

The power delivered by the oscillator to the
primary circuit is Eszle’ and to the secondary circuit
Ep Gzeo The fraction of the secondary power delivered to
the load resistance, RL’ depends on the ratio of the secon-
dary circuit resistance rgs and the effective series load
resistance Tye This ratio is established primarily by the

secondary circuit design but is not affected appreciably by
a change in operating frequency. Therefore, for maximum
power output, the power delivered to GZe should be a maximum.

How much of this power is converted to output power is a
matter of secondary circuit design which will be dealt with

later.

For a constant value of EP’ the maximum power out-

put will be obtained when Go, 1s a maximum, with G, @ mini-

mum for good efficiency. Referring to Fig. 7; this condition
will be realized if the circuit operates at a frequency just
below f02° On the high frequency side of foa, a higher value

of Gze is obtainable but there is also a much higher value of
Gleo

The resonant frequency at which Gze is a maximum
can be determined as follows:

1 1 K® 5 1 (2mfL.6,)%
1, 282
e 1 - —)° g, (9)
Putting f02 = f f A
f§2=f2+2A £+ a2
2 24
£
02 2 2
6, =1 - = - — (since 4% <<r?)
2 2 £

ERA - 147



1 1 ( szoz k2 ) 2 L, ( 16mo12 A2>
[ 1l + -— m—— R +
- 2 A 2 Ly 2 R,

4

Differentiating with respect to A and equating the result
to zero, the equation becomes

3 16ﬂ2L§ 5 5
A ° __E;— (2 - k ) = k foz R2
from which
2 e
[ KRy I /
lém L2(2 - k)

Other factors being constant, the efficiency is better at
the lower resonant frequency because:-

l. For corresponding values of G o’ the value of Gle is

lower. This is shown in Fig. 7.
2. The effective series load resistance, T1s varies in-
versely with frequency squared, since

2 2
4t o 1,
2 T
b RL
L
Thus the ratio T is higher and more power is delivered
S
to the load. At this point, it may seem possible, with any
reasonable value of circuit constants, to obtain any required
power output simply by varying the primary tuning (f l)’
(Assuming that EP can be kept constant by driving thg oscil-

lator tube harder for larger power outputs). However, there
are three factors which limit the range of the operating
frequency and make good circuit design essentiall.

These are:-

l. Effective Q of the primary circuit.
2. 1load resistance, = 1 . » Must match the oscillator tube.

le 2e
3. The phase of the grid voltage feedback.

ERA - 147
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These will be considered in detail, individually.

l. EHffective Q of the primary circuit.
Consider the simple circuit as shown in Fig. 8.

P

o &

Ié

o &

€ —

Fig.8 Parallel-tuned Resonant Gircuit,

2 = the power dissipation

The energy stored in the condenser per cycle = CV2

The energy dissipated per cycle = P/f

The ratio of the energy stored to the energy dissipated

per cycle =
CV2 _ 2foV2
F = Torp (11)
f
The circulating current in the circuit = 2rfCV
the energy stored/cycle . v
Therefore, the energy dissipated/cycle ~ 2 m P (12)
_ volt amp.

2 1 x power output

ZRa - 147



For good oscillator operation the energy stored per cycle
should equal twice the energy dissipated per cycle. If
the energy stored is less than this, operation will be
very unstable, and if the reverse is true, the efficiency
will be low. For the relatively small powers involved in
this particular application, the latter condition is pre-
ferable to the former; therefore, the energy stored per
cycle should be equal to, or slightly greater than, twice
the energy dissipated per cycle.

That is:- VI> 4P (13)
2
\')
but VI= zg
and equation (13) becomes
2
\'i
L= 175 (14)

If R is the equivalent parallel resistance of the circuit,
R:Qxllsqxc

2 2
R c
3
v 4 Vz
Therefore >
L = %
R = 4w (15)

Referring to Fig. 2,
the gcirculating volt-amps in the primary circuit

2

E
2
%61

2
2me L
0171

Thus from equation (14):-
EZ

Ry € P (16)

where PT is the a-c power output of the oscillator tube.

ERA - 147
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If the resonant frequency is approximately equal to f02’
(e.g8. at maximum Gze)’ £y and thus Xo1 will be very large.

As shown by the preceding discussion a limit is placed on
the value of X1 (equation (16)). Thus, depending on the

Plate voltage and power output required, the circuit will

not always operate at a frequency which will give maximum Gzeo
In the graphs and theory used so far, the reactance

of the series condenser xb (see Fig. 4) has been neglected.

The magnitude of this reactance is equal to Xcl’ and is there-

fore limited to a low value with respect to the other primary
impedances, Thus, in practical cases, it may be neglected
with respect to the parallel load resistance.

2. Load Resistance

This has a definite value depending on the power
output required, the voltage across the tank circuit, and
the oscillator tube or tubes used, in order to obtain maximum
power output and efficiency. In this case the total alternating
current load resistance across the plate of the tube must
2
equal EE °

P

3. @Grid Voltage Feedback

So far, it has been assumed that the oscillator
operates at the resonant frequency of the equivalent primary
circuit. Depending on the phase of the grid voltage, with
respect to the plate current, the actual operating frequency
will differ slightly from the resonant frequency. This diffe-
rence may be fairly large if the equivalent primary @ is low,
or if £ is nearly equal to f02° The efficiency will therefore

be reduced and, if the difference is too large, the circuit
will not operate. In practice, the operating frequency can be
taken equal to the resonant frequency, as the difference is
only of the order of 0.5 k¢ at maximum load, i.e. equivalent
primary Q equal to 4 ™, These factors limit the values of the
circuit constants and operating frequency. Thus careful design
1s essential to obtain the required voltage and power output.
To show how the theory developed above is used in the design

of a high voltage supply, the design procedure will be outlined

ERA - 147
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briefly. A more detailed analysis is contained in the design
section of the report and the various factors which influence
the selection of the circuit constants are more fully discussed.

Knowing the power and voltage output required and the
d-c plate supply voltage for the oscillator tube, a suitable
rectifler circuit and value of secondary inductance are selected.
The self-resonant frequency of the secondary circuit, is
- Amfoply
estimated and thus the approximate value of Q2 =
2

found. Assuming a value of Q of 100, the coefficient of

coupling k can be computed. For good efficiency k should equal
l [

20 kc’ where kc equals‘\/-qi-—@g° The secondary circult power is

can be

therefore known and the primary circuit power loss may be esti-
mated at about 25% of secondary circuit power. Thus, the
required total alternating current power output of the tube is
known. A rough calculation can be made to determine a suitable
plate voltage swing, Ep, for good efficiency with the oscillator

tube or tubes selected.
Now referring to Fig. 4:-

The resistances r and Tre in practice, are negli-

Se
gible compared with RS and RL s thus the required effective
e e’y
E
load resistance RLe is equal to ?n o
DC

There are still'three factors to be determined.
These are:-

l. The operating frequency, f
2. The primary self resonant frequency, fOl
3. The primary inductance, Ll

These factors are related by the equations:-

%) oz 2
(l-.f—f- (l-;g-‘): k (17)

ERA - 147



2 4 2
E 1 2t g £ 2
_E 01 In L Tos (18)
Rre Poo T %% E 1 <z Ry,
o2 Lg
2 2
2 o0f L E
X, - o™ < B (19)
£ 4P )

The solutions of these equations yield a cubic
equation for f, or any of the other unknowns selected.

The best method of solving this set of equations is to
use a series of approximations, taking for the first,

T = foz- 4A , where A is given by equation (10), foy and Ly

can therefore be obtained from equations (17) and (19), and
equation (19) checked. If satisfactory, the design of the
primary inductance, tuning capacity and the oscillator can be
completed. In this way it is possible to obtain an optimum
design for the circuit with resulting maximum efficiency.

Note: It was found from experience that the first approximation
£ = foz— 4 A worked very well in any circuits designed.

Now we return to the theoretical discussion. The
method used to couple energy from the output, to the grid of
the oscillator tube also determines the operation of the
circuit. This is usually done by mutual coupling between the
tickler and secondary or primary coils. Consider the equi-
valent circuit shown in Fig. 9. Since the equivalent plate
resistance R of the tube is large, the circuit may be reduced

to the one shown in Fig. 10 where:-

1
Ry =1 +
1 1 2 .2 2
-4 Cl Rp
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eg

g

i i
M
—y
Re
gm eg €p
Cy Ly Ly
ip i

|«

Fig. 9 Equivalent Oscillator Circuit

€q

€9

m, R

I |

Cz

Fig. 10 Equivalent Oscillator Circuit With Rp Included
In Tank Circult



The frequency at which eg is in phase with 5meg
can be found as follows:-

Putting o = 2nf,

v ety = 1g v i (20)
- jic
“E"G}JiL(Rl"j"’I‘l)iJ“’MiB (21)
e J
-= j‘i—&: - 1
J Iy By +Jwl) - =5=)t jwMi, (22)
w Cl 1
0 =12(Rz+3wL2-u-;la-z+_jwM1L (23)
1. Tickler coil coupled to the secondary coil:
Assuming negligible grid current flow:-
o = *Jeom i, (24)

also j w Ll - BIEI = § w Ll Gl
and j w L, - —13— = Jwl GJ
e w Cy 2 &

Equations (22), (23) and (24) can be combined and an expression
found in terms of eg alone,

&g _ _° ,
"G 1 wzﬁf RpRy) = w'Lply 0,0, +J(wly8)Ry + wLy0,R, )
1

(25)
2
1

For eg in phase with gmegs-

2
R, R, - wL,L,6,6 M
w M ml ml




Putting
M = kJLle
R, 1
“’fz 55
o S
© L) U

equation (26) becomes

= 12 1
61 92 k™ + W (27)

The circuit will oscillate at the frequency given by this
equation, which is very close to the resonant frequency

given by ei 6, = K® (6)

Let the frequency defined by equation (27) = fp

02 ~ fp = ‘Ap

and f01 - fp - ap

Let the resonant frequency defined by equation (6) = .

and let T

and let T - fr =A_and T

T o1 =~ fr = oy

20 02,02, 0%, << ana also letting

fp = fr = I since the difference 1s very small, equations (27)
and (6) become:-

4 A a 1
____22__2 = k2 4 (28)

02

Assuming A A

4 A a
r T 2
—_— = k (29)
£ 2
1 hig
thus A _ a_ =A_ a_ + o (30)

Therefore Ap a > A a



Since fOl and foz are the same for f_ and fr we can write

b

(31)

Therefore, on the low frequency side of f02’ the actual

operating frequency is slightly lower than the resonant fre-
quency and on the high frequency side it is higher. 1In both
cases, this frequency shift tends to lessen the load on the
oscillator, thus reducing the power output.

The vector diagram for the circuit at resonance is
shown in FPig. 11, for the resonant frequency both greater and
less than fog. Consider the case in which the mutual induc-

tance between the primary and secondary is positive. For
T < foz, the secondary current vector is shown as 10 ié(+M)°

For the grid voltage to have the right phase with respect to

gmgg, the tickler-secondary coupling must be positive 1.e.

eé = + jwmlié.

For f > fOZ’ a similar line of reasoning shows that
the tickler-secondary coil coupling must be negative, i.e.

eg = - jwmlig.

It is, therefore, possible to force the oscillator
to work at either the lower or higher reSonant frequency by
changing the coupling of the tickler coil. This gives stable
operation at one or the other selected frequency. As shown
in the vector diagram, there is a greater phase difference
between eg and gmgg for f > foz. This results in still

poorer efficiency at the higher resonant frequency.
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IO'i:(+M) "o 10 15(-M)

eg= L jWM, i,

SQMeIQ \ 5III e‘J‘-jWMliz
\ '/
e N i I

51, P . P
ei= T jwm,il \ o
\ Note: That €g & gueg
. are now nearly in phase.
» 1012 (-M)
191, (+M)
N ]
e b 101,(+M)
Fig. Il Phase relations in the circuit of 1
Fig. 9, at resonance,with the i
tickler coil coupled to the second- Fig.12 Phase relations in the circuit of
ary coil. il etc. for resonant Fig.9 ,after a decrease in trequency

of 0.3 K.C/s from resononce(f< fo2
and tickler coil coupled to the secon-
ant frequency > f., dary coil.)

frequency <fqo. i, etc.for reson-

In Fig. 12 is shown the effect of a frequency
decrease of 0.3 kc from the lower resonant frequency. This
small change is sufficient to bring eg and gmeg nearly into

phase.

2. Tickler coil coupled to the primary coil. eg =+ Jw mziL

From equations (23 and @3)-
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2 .2 3 2
- e m w™ M~ R w L,e,M
c g |1 ' R2402126° 1°1 R2+021.262 (32)
1 2 2°2 2 o%o
For e, in phase with g e
123 3 o m
w L292M
wL, - 2% = 0 (33)
R2+w2L292
2 272
- 2 & 1
This' reduces to el 92 = k¥ - 5,:, .+ 5~ (34)
%
ic
10 (M)
Sguel €o=+] WM, il
‘\
g WM, i\ 7’\2.'
5i,
IOi;(+M)

I

Fig. 13 Phase relotions in the circuit of
Fig. 9 ; with the tickler coil coupled
to the primary coil.
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The vector diagram for the primary coupled tickler coil is
shown in Fig. 13. Notice that circuit will operate only if
the tickler-primary coupling is positive and also that it
does not matter at which resonant frequency the circuilt is
operating, the phase angle between gmeg and eg is the samse.

The circuit will start oscillating at the frequency
which presents the least load to the tube; and if the circuit
is tuned to obtain maximum output, when the load reaches
some value at or near maximum, the frequency will suddenly
change over to the other resonant point which, for this fOl’

will load the tube very lightly. Sudden small changes in
load or voltage will also cause the frequency to Jump if the
circuit is loaded. As a result of this instability with
primary-tickler coupling, the secondary-tickler coupling is
used, unless 1t is specifically desired to operate with the
former, in which case a phase-shifting network is required
in the grid circuit.

ITT
DESIGN PROCEDURE

The principles developed in the theoretical dis-
cussion will now be applied to the design of a high-frequency
power supply. For convenience, the equivalent radio fre-
quency circuits used in the theory will be reproduced here
with a few minor modifications. Fig. 14 shows the equivalent

secondary circuit.

rL = the effective secondary series load

resistance
20,4 .2
_ Aol
T
r, = the a-c resistance of the secondary coil
rHW = the resistance coupled into the secondary
circuit from rectifier heaters.
rp = resistance coupled into the secondary circuit
from grid excitation loss and the power loss
in shielding.
Tg = Tg + Ty + Tpo
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Fig- 14 Equivalent Secondary Circuit.

Fig. 15 Equivalent Primary Circuit At Resonance

Fig. 15 shows the equivalent primary circuit, with the re-
actances omitted, since at resonance the equivalent reactance
is infinite. The resistances Tse and Tre shown in Fig. 4 are

neglected since the

neg ¥y are negligible compared with Rse and RLe’

RHW = resistance introduced into the primary circuit

by the rectifier filaments coupled to the
primary coil.

This circuit enables us to represent the various power losses
in the following manner. 2

B
Power loss in the primary coil -ER—
le
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Power loss in the rectifier heaters coupled to primary
2
E
coil ﬁB—
HW

Power loss in secondary circuit ﬁ-R
Se
2

E
Power output of the circuit £ = P

Bre

The steps in the design are as follows:-

1. The required output voltage EDC’ power PDC’ and resistance
RDC are known.

2. Selection of the rectifier circuit:

The rectifier circuit may be a half-wave, or a voltage-
multiplying circuit. 1In practice, the voltage drop in the recti-
fier tubes is neglected since the currents drawn are very small,
Some of the more important considerations in the selection of a
rectifier circuit are listed belows:

2:1 A half-wave circuit, requiring only one tube and
one or two condensers, will occupy much less space
than a voltage-multiplying circuit.

2:2 3ince the half-wave circuit uses only one tube,
there is only one filament to heat.

The low filament-power tubes (0.5 to 1 watt) usually used can be
readlly heated by coupling with a few turns of wire to the pri-
mary or secondary coil, thus eliminating large insulated filament
transformers. With a voltage-multiplying circuit more filament
power is required. With a half-wave circuit, it is possible to
use a filament transformer, if necessary, for higher-power fila-
ments, but with a voltage-multiplying circuit the insulated
filament transformer, if connected to the filaments which are

at r-f potentials, will act as a short circuit across the secon-
dary coil, because of its large distributed capacity to ground.

2:3 A voltage-multiplying circuit will increase the
efficiency considerably because of the lower
power loss in the secondery coil. PFor a half-wave
circuit, the secondary coil power loss will be
approximately four times that for a voltage-
doubling oireuit, with the same output. This may
be a very important consideration in a high-voltage
circuit, for in this -
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case the power loss in the secondary coil

may equal the power output with a half-wave
rectifying circuit. 1In some cases the maximum
safe power dissipation of the secondary coil
may be exceeded.,

2:4 For a high-voltage output and a correspondingly
high peak r-f voltage across the secondary coil,
there will be severe corona loss in the secon-
dary circuit unless extreme care is taken to
guard against this by using large diameter wire.
where possible, and smooth, rounded connections
With a voltage-multiplying circuit the corona
loss is considerably reduced, since only a frac-
tion of the r-f voltage is required.

2:5 Using a half-wave rectifier circuit, a large
ratio of transformation from the secondary to
the primary coils is required. Some difficulty
may be experienced in obtaining practical values
for secondary and primary circuilt constanmts.
With a voltage-multiplying circuit, the effective
load resistance is decreased considerably and the
ratio of the secondary to primary inductance
can be smaller.

2:6 In some cases, where two outputs are required
from a single secondary coil and oscillator, it
may be necessary to use a voltage-multiplying
circult for one, or both, rectifying circuits.

A full-wave rectifier circuit has not been con-
sldered because at these frequencies the ripple
voltage is very low, adequate filtering being
provided by ons or two condensers.

With these points in mind, and also the particular requirements
with respect to size and efficlency, a suitable rectifying cir-
cult oan be selected. The effective a-c load resistance, RL

(Fig. 2) oan be computed from RL = RDG
_p
where p = the number of stages of voltage multiplication
= 1, for half-wave
= 2, for doubler cilrcuit etc.
3. D-C plate voltage.

The &-c¢ plate voltage for the oscillator tube is
next selected, since this is usually limited. Other factors being
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the larger the d=-c supply voltage, the smaller the

efficiency, becuuse of ‘the higher secondary resonant frequency.

4. ©GSecondary Inductance.

A suitable trizl v:lue of secondary inductance is

selected from past experience and results, after comparing the
following factors - d-c plate voltage, power output, effective
a-c load resistance, and the type of oscillator tube or tubes.

constants,

are shown in Table 1.

some sample values of L2’ with various other associated

D.G. OUTPUT REGTIFIER RL PLATE VOLTAGE L2 TUBE EFFIGIENGY
10KV 25 MEQ 300 6L6 40%
10 WATTS DOUBLER ‘ : 45 MH 6Y6 45%
10 KY HALF - WAVE 5.00 MEG 300 M 6L6 25 %
10 WATTS - : : 45 MH 6Y6 30%
2-6Y6'S
30 KV TRIPLER — 280 45 MH IN —
PARALLEL
5 KV
HALF - . .
s watTs LF-WAVE 2.5 MEG 300 30 MH
{ 10KV
( 2WATTS DOUBLER 6.25 MEG. . 6L6
2KV 300 45 MH 30%
f 2K e DOUBLER .125 MEG. 6Y6

TYPICAL R.F. H.V. SUPPLY CONSTANTS

TABLE I

All the data was not available, hence the table is not complete.
It does show the variety of conditions over which the 45 mh. coil
It is not intended to imply that

will operate satisfactorily.
this size coil is best for all the above conditions.

ERA
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The secondary inductance should vary approximately
as follows:-

4:1 For constant power output.

(a) Lzoc 1;1.
(b) Ly ——
2 E%

4:2 For a constant load resistance RL’
Lapec Ppg

The author does not desire to specify any rigid
rules with regard to the secondary inductance. Rather, the
above statements are to aid in the selection of a secondary
inductance which will give the greatest efficiency and power
output under specified conditions,

5. Secondary circuit distributed capacity.

This i1s the most difficult factor to find, since
it depends on the actual construction of the secondary circuit
and coil.” It will usually vary between 10 and 30 pnfarads,
depending on the following factors.

5:1 Construction of the secondary coil: the
larger the individual pies (see next section)
and the fewer the number of pies, the greater
wlll be the distributed capacity.

5:2 A voltage-multiplying circuit, because of the
additional circuit elements and heater windings,
will increase the distributed capacity. The
heater windings tend to act as short-circuited
turns around the coil.

5:3 Shielding of the coil and circuit will also
increase the effective capacity across .the coil.

The distributed capacity of the 45 mh, 7-pie, secondary
coil used in the 10 kv supply is 9mpf. with a half-wave rectify-
ing circuit (no shield), and 15unf. with a voltage-doubling
circuit (shield and two heater windings). The distributed capa-
city can be estimated only with due consideration to the preceding
discussion. There i1s one consolation in the fact, that the dis-
tributed capacity, and therefore the secondary resonant frequency,
do not affect the output appreciably, if within +154 of the actual
value. -

Having estimated 029 it is possible to obtain some idea
of the efficiency of the secondary circuit, and thus check the
ERA - 147
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selected value of secondary inductance. The secondary coil
resistance varies approximately aS'WLz and is 270 ohms for a
45 mh. coil at 200 kc.

Referring to Fig. 14,

2.4 .2 2.2 .2
T s M fogle | Ls
L= —p— ! - (36)
£2 R By CoRy

The power output is known, thus the power loss in
the secondary coil can be computed. This is approximately
PDC P An approximate idea of the efficiency
r 2°

L
is therefore obtainable.

equal to

6. Design of Secondary Coil.

6:1 The main considerations in selecting and
designing the type of coil to be used are:-

(a) Allowable voltage between turns on the coil.
(b) Power dissipation.
(¢) Corona loss.

(d) Q value.

The best type of caell consists of a series of
equally spaced pies, wound on a hollow, insulated,
coil form. A Q of from 100 to 300 is readily
obtainable and a power dissipation of from 10

to 20 watts (15 watts for the coll used in the

10 kv - 2 kv supply built at NRC).

The voltage between pies should not exceed one-
half the needle gap breakdown voltage for air.
Several attempts may have to be made before a
satisfactory design is achieved, but since this
is one of the most important elements in the
circuit, it is worth the effort.

6:2 Consider the pie-wound coil with the dimensions
shown in Fig. 16.
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2 I 2 W A

Fig. 16 Construction Of a Secondary Coil With B pies.

Let the number of pies = B

The condition for maximum efficiency is never greatly
departed from if the relation 5¢ + 3p = D is satisfied for
the individual pies. The actual values of ¢, b and D are
determined by the ease of winding, mechanical strength,
desirable physical size of the coil, etc. In general, the
value of b should be kept small, consistent with winding
space, rigidity and ease of construction. Having selected
values of b, ¢ and D, the number of pies and the spacing
between pies must be determined. The inductance of a pie-
wound coil is given very nearly by

0.8 a2 B2 ng

L2 = uh (37)
6a + 9(B-1)T + 10c

with a, ¢, and T in inches. This formula is obtained from
the formula for the inductance of a single multilayer pie,
by considering the whole coil as a single pie.

Values of B and T can be substituted in the formula and
the value of n, found which will give the required inductance.
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6.:3 Second method.

The above formula is sufficiently accurate for most
purposes. Another method is included here, which is
more accurate, particularly for small and very large
coils (below 20 and above 200 mh. ).

From the formula given by Terman (1), the mutual in-
ductance between multilayer pie-wound coils can be
computed. '

For equal sized coils (Fig. 16) spaced a distance T,
center to center, and where b is less than T, the
mutual inductance will be given by

M = 2.54 a No2 nh
with 'a' in inches. N is a constant which depends on
T and a, and is listed by Terman (2).

The mutual inductance between coils spaced T, 2T ----
(B-1)T inches apart can therefore be found. If we let:-

Ml = the mutual inductance between colls spaced T
inches apart.
Mz = the mutual inductance between coils spaced 27
inches apart etc.
L., = self inductance of one pile
5 0.8 &2 o2
-8 a” n,
= = 1h
6a + 9b + 10C

then, the total inductance of the secondary coil will
be given by:-

Ly = B1Lg+ 2 [(B-l)Ml + (B-2)M, +---l -1J nh

If the individual pies are wide compared with the pie

spacing, the more complex formulae given by Terman (3)

nmust be used for the mutual inductance.

6:4 Best wire size.

Litz wire will give a better Q value at these frequen-
cies than solid wire. The exact number of strands and
wire size, however, may vary between 3 and 10 strands,
of from No. 36 to No. 41 B and S gauge wire, depending
on the size of the coil. The best wire diameter, d, is

found as follows:-

(a) For L < 10%, a® = 12899 p44333metres’
P £ P

(b) For & < 108, a® = 0.165 millimetres’
P
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(e¢) For lO4 < 5 < 108; d 1is obtained from Fig. 17.
p
5 (n)® s® 1
P o= o + 3 (42)
D

n' = the number of strands in the cable
g = glven in Table 2 for various n'

S = a constant, depending on the coll shape, given

in Fig. 18.
Lo

L = — = effective inductance of one pie in nH.
B

external diameter of the coil in om.

D

This will not usually give the best wire diameter, but the
a-c resistance of the coil can be computed for one or two
gauges on elther side of the value obtained using the above
method, and thus the lowest possible theoretical resistance
can be found. In the examples worked to date, one or two
gauges smaller than that given by the above method were
found satisfdetory. The winding space, b x ¢, should be
checked using a winding table, and,if not satisfactory, a
small change in b may be made without affecting the final
results appreciahly.
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TABLE II

No. of Strands n' 1 3 9 27 large

0 0.9 3.3 10.4 O.4 n°t

TABLE III

No. of Strands n! 3 4 7 12 19 37 61

o1

2,97 3.95 6.94 11.85 18.8 36.6 60,3

90
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A-C and D-C resistance.
am a B n2%9

r =
de o (43)
where 2= the resistance in ohms/inch of a single
strand.

a 1s a.constant given in Table 3, which cor-
rects the single-strand resistance for the
number of strands in parallel and the in-
creased length due to stranding.

The a-c resistance is computed from the formula
and tables given by Terman (4).

7. Coefficlient of coupling k.

7:1

8.

Approximate Qo
The total secondary series resistance

Rp = Tp+Tp +Ipgy + Ty (see Fig. 14) (44)

Take T % (45)
Prow

Taw = fBE X Iy, where PHW is the power used by the

rectifier filaments.,

r, = a-c resistance of the secondary coil.

P
= B
Ik - X Ty where PE is the estimated power loss in

DC
the shield and grid circuit. This latter is usually
of the order of .25 watts or less.
amw £ L
Then Q, % 02 2
2

For good stability and efficiency the coefficient of
coupling should be greater than 20 kc’ where kc equals
)

(46)

:7E£'Q « Since there is considerable freedom in the
A ]

design of the primary inductance, it is safe to assume
that a value of 100 will be obtainable for Qlo The
exact value of k is not critical.

Oscillator Plate Voltage Swing.

The oscillator plate voltage swing will depend on the

d-c plate voltage, power output required, and the type of tube

used.

It may be necessary to use two or more tubes in parallel

to obtain the power required.
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Since the a-c¢ plate voltage determines the opera-
ting frequency, primary inductance and equivalent load re-
sistance, it is advisable to make an approximate computation
to determine a suitable value for the tube or tubes to be
used before computing the above.

The power usad iy 4£he secondary circuit
P

DC
= EE- x R, watts (47)
Estimated power loss in the primary circuit = .25 x Power
used in the secondary circuit. (48)

The total a-c power output of the oscillator tube is therefore
knOWIl ° '

Let E = the peak value of the a-c plate voltage.

bp
I = the peak value of the fundamental frequency
bR component of plate current

_ 2 PT
Then the required Ipp = Epp (49)
Suitable values for E__, E (the maximum positive

bp gmax
grid voltage) and the d-c screen voltage, can be selected.

For pentode tubes, the minimum plate voltage (Eb - Epp) should

not be less than 15 to 204 of the d-c plate voltage. From the
static tube characteristics the maximum plate current can be
found and from the graph given by Terman (5) the required angle
of plate current flow Gpo The values of Epp’ Egmax and BP can

then be adjusted until suitable operating conditions for the
tube are attained. This will establish a good value for Epo

After finding Ll, fl and fOl’ the exact power output required
can be found and the oscillator tube design completed.

9. Operating frequency, primary inductance, and primary
tuning capacity.

The load resistance required to obtain the d-c output is

B2 - |
& =P (50)
RLe PDC
Also s
4 2
by L hig
Bo "7 & .- %R (51
k f02 Lz hig
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For good oscillator operation:

2 2
x,, - S N
1 f T 4w PT (52)
f and f are related by the equation
0l 2 2
g T
(- 5)(- B
g

'The solution of these equations for f, fOl’ and Ll

involves a cubic expression, therefore, it is easier to try
a successive approximation method to find f, solving for fOl

and L, from equations (53) and (51), then checking equation (52).

It has besn found from experience that a good first approxima-
tion 1s to to take f = foz - 4 A, where

2. 2 1/
s - [ K™ Ry” Tog ] 3
16m L% (2-k°)

10, Design of the primary inductance.

The primary coil may be a single pie, parallel to
the secondary coil on the same form, or a solenoid wound on an
insulating former, and placed over the secondary coil. Iitz
wire 1s preferable, the common sizes belng from 10 to 60 strands
of No. 36 to No. 41 wire.

The deslign of the coll is very similar to that of ‘a
single ple of the secondary coll, the best coll size belng
determined by the relation 5c¢ + 3b = D, The number of turns
n,, required to give the value Ll, as computed in section 9,

is found from s 2
0.8 a nl
1h.

Ll =
6a + 9b + 10c

The best wire diameter, and a-c resistance ry, are computed by

the same formulae and methods as used for the secondary coil.

1l1. Total a=-c power output PT

Referring to the equivalent primary circuit shown
in Fig. 15 and the equivalent secondary circuit shown in Fig. 14.

2

4

R - for o, Toz?

Le = 2 7E 1 2 R (54)
02 2
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2

4 fgl foz)z .
R = L IJ (l - o = (55)
Se kE fz 1 =2 ;2— Tg
an® % 12
_— o1 1 (56)
le - f2
5
2
E
P
W

where PHW i1s the power used by the rectifier filaments coupled

to the primary coil. It is now possible to find the exact
value for Tg» since the correct value of ry can be found.

an® pd_ 12
02 2
r; = 5 (58)
£~ Ry
The total effective load resistance RT is now known.
1 1 1 1 1

= + + + (59)
ﬁE RLe RSe Rle RHW
and the resulting total a-c¢ power output
2
E
=
P -1#%- (60)

12. Class C oscillator design.

The Class C oscillator design is standard but for
the fact that the load resistance is known. It is therefore
necessary to adjust the grid voltage or angle of plate current
flow to give the required plate current. This is done using
the method as outlined in section 8. Having obtained 6_, the
design can be completed using either the graphical or P
approximate method for a class C osclllator.

13. Tickler Coil Design.

From the previous section the required alternating
grid voltage is known. The grid excitation is obtained by
mutual coupling to the secondary coil.

Let:~ I, = the rms value of the secondary current
= mutual inductance between the tickler

coll and secondary coil.

the rms value of the alternating grid

voltage.

S

=
(10}
]
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Assuming negligible current drawn by the grid circuit,
then PDC
B =2mf M I,=2mfM EE- (61)
The tickler coil is usually a flat pie, wound parallel
to the secondary coll on the same form, with the spacing suffi-
clent to prevent arcing between the two coils.

Assuming a reasonable value for the mean radius of the
tickler coll (it 1is convenient to use the same radius as for the
secondary), the mutual inductance between the tickler and secon-
dary coll can be found by the method used in computing the mutual
Inductance of the secondary coll (see section 6:3).

Let:- a the mean radius of the tickler coil.

a, = the mean radius of the .secondary coil.

n, = the number of turns per ple on the secondary.
n, = the number of turng on the tickler coil.

m, = 2.54 N Va a, nh.

where N is the same constant as is used in section 6:3,

= the mutual inductance between the tickler
and the first ple of the secondary coil.

m.__n_n the mutual inductance between the tickler
02 2"t and second pie of the secondary.

= the mutual inductance between the tickler
and the Bfth pile of the secondary.

Then:- Mt' nznt(mOl+m02+m03+----m0B) (62)
The required value of n, can be found from equation (62).

Since the current drawn by the grid of the oscillator
tube is small, the -design of the tickler coll is not as criti-
cal with regard to efficiency as the primary and secondary coils.
From the results obtained for the latter, the best coil size and
wire size can be estimated.

To permit for ad justment and also to make allowance
for the neglected grid current, the number of turns used should
be 15 to 20% more than: computed.

14, Primary - secondary spacing.
Let:~ n, = the number of turns on the primary coil.

= the number of turns per ple on the secondary
coll

The required mutual inductance M = k\fiz-fgl As in
section 13,
M =) 0y (Mg + Myg+-—-Myg)
= 0 oy My
ERA - 147
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Also (m01+m02+m03+7""m03) will be approximately

equal to B x By where x will equal 1, 2, 3 --- or B.
For an approximate solution we can assume that

Mor = B Mo (Be1-x)° kVIT I,

The required value for MO(B+l-x) = E—EITEE-

From the formulae and tables, as used in séction 6:3,
the approximate spacing between the primary and secondary coils
can be found. It is advisable to leave the primary coil adjust-
able and to measure the actual coefficient of coupling afterwards.

15. Conclusion

The design values as computed by the above method should
be accurate to within + 10% of the actual operating conditions.
The followlng factors may be easily adjusted to obtain the correct
output after the circuit is built:

15:1 Screen voltage or grid bias.

15:2 Number of turns on the primary coil which may
be reduced.

15:3 Spacing of the primary and secondary coils,

15:4 Primary tuning capacity C.

IV
10 kv - 2 kv Supply

The circuit diagram for the unit built at the National
Research Council is shown in Fig. 19. The 10 kv-output is used
for the post-accelerating anodes of a cathode-ray tube, and the
negative 2 kv-output for the main accelerating anode, focus and
brilliancy control.

Both outputs can be varied simultaneously by the variable
grid-blas resistor, while the 2 kv output has a separate control
in the 250,000-ohm series potentiometer. The output power at
full load is 6 watts (exclusive of rectifier filaments) for an
input to the 6L6 oscillator tube of 21 watts.

Several photographs of the apparatus are shown in
Figs. 20,21,22,23,24,25. The main chassis is constructed from
3/8 inch Plexiglass, mounted in a sheet metal chassis. Thers is
a copper screen shield over the complete apparatus. The Plexi-
glass chassls was used to avoid high voltage insulation diffi-
culties. For connection to the secondary coil, rectifier tubes,
condensers and bleeder resistance, No. 14 B and S gauge, enamelled
copper wire was used, thus greatly reducing the corona loss.
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The leads from the secondary coil, which is wound with No. 3-41
Litz wire, were kept as short as possible. The filaments of

the rectifier tubes.Vi, Ve, and V3 are heated with r-f power,

by coupling to the primary or secondary coil with one or two
turns of No. 14 copper wire. Since the cathode of the other
rectifier tube, V4, is at ground potential, it is heated from

the 6.3-volt, 60-cycle transformer winding which supplies the
6L6 filament. The small associated supply delivers 300 volts
of regulated d-c¢ for the oscillator tube and also 6.3 volts
for the 6L6 filament,

The primary, secondary and tickler coils are wound on
a common form of slotted Bakelite and coated with insulating
varnish. The coils are constructed as follows:-

l. Secondary Goil.

7 ples - 200 turns/pie of No. 3-41 Litz wire.

c = 1/4n D=1 3/4n -

b = 1516" T = 1/44 3 see Fig. 16
Ll = 45 mh,

a-c resistance at 200 k¢ = 270 ohms

2. Primary Coil.

1l pie - 50 turns of No.50-38 Litz wire.
c = 7/16" D=2 1/8n
b = 3/16"

Ll = .15 mh,

a-c resistance at 200 ke = 1.44 ohms

Spacing between primary and secondary coils = 7/16", with a
coefficient of coupling k = .24%,

3. Tickler Coil.

1l pie - 100 turns of No.3-4l1 Litz wire.
c = 3/16" D=17/8n
b= 1/18"

Spacing between tickler and secondary coils = 1w,

There are several osclllator tubes which may be used
to replace the 6L6.

l. 2 - 2E30's in parallel

Supply voltage - 250 volts.,

Supply current - 84 ma,

Screen resistance - 1000 ohms.

Grid bias resistance - 36,000 ohms,
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2. 6V6 or 6AQS.

Plate supply - 300 volts.

Supply current - 70 ma.

Screen resistance - 6000 ohms.

Grid bias resistance - 25,000 ohms,

The circuit is adjusted for maximum output, by
tuning the primary coil. The tuning will vary slightly
if the screen voltage or grid bias is changed because of
the resulting change in effective plate resistance. This
partially substantiates the theoretical discussion regarding
the maximum output.

The supply operates very satisfactorily, giving
a stable output voltage. The output, however, is very
sensitive to changes in supply voltage; thus a regulated
300-volt supply is used.
v

ILLUSTRATIVE PROBLEM

Design of 18 kv, 250 microampere Supply

1.* Ppg = 445 watgs
RDC = 72 x 10~ ohms
2, Use voltage doubler circuit:
RL = zg—%—%gi = 9 X lO6 ohms
3. D=C supply voltage = 300 volts.

4. Jecondary inductance
4:1 45 mh for 10,000 volts, with RL = 1,25 x 10

Power = 10 watts
45 x 9 < 4,5

6 chms

422 Lz = T35 5 = 145 mh (section 4:1 and 4:2
Take L2 = 140 mh
5. IEstimate the distributed capacity = 20unf
fOZ = 100 ke
ry = 860 ohms (BEquation (36))
r, = 485 ohms

These values are satisfactory

* Numerical designations correspond to those used in Section III.
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6. Secondary inductance design.

Required LZ = 140 mh
‘Select b = 1/8", C = 5/16", therefore, D = 5C + 3b & 2n»

a = 084:3"
0.8 x .712 B*n}
Ly = s v o1y T+ 5.1z (Eauation (37))
Try:- B = 8
T = 5/16"
Therefore ng = 107,200
n, = 327 turns
Secondary inductance by computation of mutual inductances:
i
y = az
d 2
T
4 + =5
a 2
M= 2,54 x .843 N nz
= 2.14 N nZ
a = .8453 a® = ,712
M
X 1=5/16"
] o= 00977 y - 0181 M . 00308 n2
Ta 1 2
—2' =0137 Nl = 001443
a
M 10"
- T =1
7 = ,301 ¥ o= 0347 5
TZ Mé = ,0153 ngo
=5 = D49 Nz = ,007277
a
s o . 15"
- - I8
7% = 878 v = .485 5
o M5 = ,00905 ny
T _ =
:2 = 1,23 N5 = ,004229
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B

3

H

%

_ a0n
Tz = 16
T = 1,56 y = .594
=‘§' = 2019 N4 = 000260
a
_ 25"
T =16
™ = 2,44 = .679
e =
_E = 5043 N5 = 0001675
a
T - 50"
2
T = 8.52 Vo= 743
I = 4.04 N, = .001130
2 6
a
T - 55"
2 Yy = .794
T = 4,79
T2
= 6,73 N, = .000773
;E 7
2
0.8 x 0,712 nz
Ls = 5706 v oI5+ 5,18
_ 2
= 0,0612 n2
From equation (39)
_ e
L2 = 1,275 n2 nh
From which n, = 332
To summarize, Lz = 140 mh
n, = 330 turns/pie
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6:4 Best wire size:
Try 3-strand Litz wire.
Applying equation (40) and (42)

L = ;%g x 1000 = 17500 ph
o = 0.9 (Table 2) D° = 131 cm®
¢/D = .155 P = 2040
Loz
b/D = .0625 —= = 49.0
p
S = 1.3 (Fig. 18) P = 45.1

a® = 1.69 x 10°° m® (Equation (40))

d 4.69 mils -- No. 37 wire

it

Try No., 38 wire:
d 3,965 mils

do 9.9 mils, corresponding to No. 30 wire.
From winding table, for random wound coil with
75% space factor, the required winding space for 330 turns

of No. 30 wire = .0423 sq. in.

The available winding space = .0390 sq. in.
Try No. 39 wire:
d = 3,531
d = 8,83 mils -~ corresponding to No. 31 wire

(o)

Required winding space = .0337 sq. in.

6:5 ry, = 390 ohms {Equation (43))
r = 480 chms

3 .
No. of layers = 25
No. of turns/layer = 13
Qz (no load) = 183
This is satisfactory.
7. Coefficient of coupling k
r; = 860 ohms (Equation (45))
Ty = 480 ohms
Use a 1Z2 rectifier tube and supply one filament
by coupling to the secondary coil.
Power required for filament = 0.5 watts
Estimated grid excitation and shielding loss = .25 watts
.75 x 860

+ o= = 140 ohms

r E- 4.5

HW
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8,

R 1480 ohms

2
Qz = 29

Assume Ql = 100
1

Therefore kc B ot & (013
Vi, Qp
k =20k, = .26
5 c
k™ = .0678
Take k° = .068
Oscillator Plate Voltage PDC X Rg
Power used in the secondary circuit = ——
L

= 7,75 watts.
Estimated power loss in the primary coil = 2 watts.
Power required for rectifier filament coupled to
the primary coil = .5 watts. .
Total a-c power output = 10.25 watts

—I> 10 watts.
A 6V6 or 6AQ5 should be sufficient to supply this

power as a (Class C oscillator,

9,

Jelects- B__= 240 volts
Sele PP

Required Ipp = 83 ma.
Take Egmax = + 15 volts
E = 250 volts.

Sg
Then Ipmax = 205 ma., (from tube characteristics)

I

TRE = ,404
Tomn
Assuming a = 3/2 (see Terman p. 447)
the required ep = 145 degrees.,

This is satisfactory for Class C operation.

Operating frequency, primary inductance and primary
circuit self-resonant frequency

For a first approximation, select
-x¥ RSP £, 1/,
fog = 4 \_ R ]
0z 16m° L% (2-k%)

94,7 kc.

T
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Take £ = 94 kc.

£5, = 13400 (Equation (53))
fOl = 116 kc.
Required RLe = 6400 ohms (Equation (50))
Therefore, required L, = .216 mh, (Equation (51))
5 A
B
For good operation, X1 S-ng_ = 229 ohms

T
Actual value of XCl = 193 ohms.,
10. Design of the primary inductance.,

Try 2 - g;éi" Therefore, D = 2 3/8"
B = 1025"

Inside diameter of the coil = 1 5/8"
Mean radius a = 1%
.*. 02 = 3090,
n, = 55 turns
Try 27 strand Litz wire

Applying equations (40) and (42),

o = 10.4 P? = 1130

c/D = .158 P = 33.6

b/D = 079 d = 5.17 mils (Equation (40))
D° = 220 cm®

This value 4 corresponds to No. 36 wire.
Try No. 37 wilre.

Required winding area = ,0692 sq. in.
Available winding area = ,0705 sq. in.
No. of layers = 11

No. of turns/layer = 5

D-C resistance = .566 ohms

A-C resistance ry = 1.04 ohms

Ql {no load) = 130

11. Equivalent primary resistance.
Correct value of r, = 975 ohms (Equation (58))

L
Correct value of rHW + rE = 160 ohms
Correct value of rS = 640 ohms
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Rpe = 6400 ohms (Equation (54))
RSe = 9750 ohms (Equation (55))
Ry, = 36,200 ohms (Equation (56))
Ry = 57,600 ohms (Equation (57))
RT = 3300 ohms

PT = 8,7 watts

Class C oscillator design (Approximate method)
The results of the design, using the approximate

method as outlined by Terman (6),

Epp = 240 volts

PT = 8.7 watts
E&max = 4+ 15 volts
= 250 volts

Eb = 300 volts

8 = 120°

E = =70 volts

D-C plate current = 40 ma

D-C secreen current = 3.8 ma

Total power input = 13.2 watts
Plate dissipation = 3.3 watts
Screen dissipation = 1 watt

Screen resistance = 13,000 ohms
Grid bias resistance = 44,000 ohms
Power to grid circuit = 0.14 watts
Efficiency = 66%

Tickler Coil design
Eg = 60 volts rms = 85v peak
M, = 1.49 mh. (Equation (61))

Choose the radius at the tickler coil = .843n
Choose the spacing between the tickler coil and the
nearest pie of the secondary = 3/4" = Ty

The mutual inductance between the tickler coil and

each successive pie of the secondary coil works out to:

Myy = <0125 Dyg = .00214
Moo = . 00758 Lhg = . 00144
Dy = . 00458 oyn . 00108
my, = .00302 Lhg = 2000775
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Therefore, Mt = ,0331 n_n, 1h

27t
_ 1490 _
or nt = %3 = 350 - 136 turans

Take the number of turns on the tickler coil = 150
Use No., 3 39 Litz wire
with a = .,843"

c = 1/4n D=1 7/8"

b s 1/16"

14. Approximate primary - secondary spacing.
Required mutual inductance M = .,453 mh

= 0y pMyn
MOT % 8 MO ( B+ 1~ x)
= 8 MO5
= M =
Therefore M05 gm-; 00312 p1h

This gives T5 = 1.91 inches:

The spacing between the primary coil and the 5th coil
of the secondary (from the tickler coil end) - 1.9 inches.

The spacing between the primary coil and the nearest
coil of the secondary = .97 inches (center to center).

15. Summary of design values.

Voltage output = 18,000 volts

Power output = 4.5 watts

Oscillator tube plate supply = 300 volts
Type of oscillator tube = B6AQ5

Screen grid voltage = 250 volts

Maximum grid voltage = +15 volts

Grid bias = =70 volts

Grid bias resistor = 44,000 ohms

Screen resistor = 13,000 ohms

Power loss in secondary circuit = 2.95 watts
Power loss in primary coil = .8 watts
Power used to heat rectifiers = 1 watt
Plate dissipation = 3.3 watts

Screen dissipation = 1 watt

Grid excitation = .14 watts

Power input = 13.2 watts

Efficiency = 30%

Secondary resonant frequency = 100 kc
Primary resonant frequency = 116 kc

Cl = 870 mnf

Operating frequency = 94 kc
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DC

L]

f

fl

i

- 50 -

Coefficient of coupling = .26

Secondary inductance L2 = 140 mh
Q2 = 183

Primary inductance Ll = ,216 mh
Q, = 130

LIST OF SYMBOLS

direct current load resistance
equivalent alternating current load resistance

Rpg
across the secondary coil = —=
2p
the total number of stages of voltage multiplication
2 4. 2
4 Tos Ly

equivalent secondary series load resistance = S
Ry
the alternating current resistance of the secondary
coil

the resistance introduced into the secondary circuit
from rectifier filaments coupled to the secondary coil

the resistance coupled into the secondary circuit from
the grid circuit of the oscillator tube and shield

To ¥ Ty * Ty

Tg ¥ T,

= egquivalent primary resistance produced by r_.

See Fig. 4. =
the equivalent primary resistance produced by RL°
See Fig. 4.

the total equivalent secondary resistance in the
primary circuit

the alternating-current resistance of the primary coil

il

the resistance introduced into the primary circuit by
rectifier filaments coupled to the primary coil

the equivalent parallel primary resistance produced
by r
1

l/Rle
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= 1/R

GZe 2e
RT = the equivalent primary resistance
Ze = the equivalent primary impedance
E = the rms value of the alternating voltage across
P the tank circuit
= the peak value of the alternating voltage across
PP the tank circuit
EDC = the d-c output voltage of the supply
Eb = +the d-c plate voltage of the oscillator tube
Eg = the rms value of the alternating grid voltage
Egmax = the maximum positive value of the grid voltage
EC = the grid bias voltage
Esg = the d-c screen-grid voltage
I = the peak value of the fundamental fregquency
pp component of the plate current
Ip = the rms value of the alternating plate current
S = the total angle of plate current flow through the
P oscillator tube
PDC = the d-c power output of the supply
PT = the total alternating current power output of the
oscillator tube
PHW = the power loss in the rectifier tube filaments
PE = the estimated power loss due to grid excitation
and shielding
PSe = the total power delivered to the secondary circuit
Lz = the self-inductance of the secondary coil
Ll = the self-inductance of the primary coil
2w f Ll
Q = —g—
1 Rl
2 mf L.
U - R =
2
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L]

il

]

- 52 =

the mutual inductance between the primary and
secondary coils

the coefficient of coupling between the primary and
secondary coils =

VI Ly
the critical coefficient of coupling between the
primary and secondary coils = L
VQ1?p

the mutual inductance between the secondary and
tickler coils

the primary tuning capacity
the distributed capacity in the secondary circuit

the operating frequency

the self-restnant frequency of the secondary coil
1

2m/T;05

the self-resonant frequency of the primary circuit
1

il

l = Ed
the number of turns of wire on the primary coil

the number of turns of wire per pie on the secondary
coil

the number of turns of wire on the tickler coil

the total number of pies composing the secondary coil

the center-to-center spacing of the pies of the
secondary coil

diameter of one strand of Litz wire
total diameter of the Litz wire
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FiG. 22
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FIG. 24
BOTTOM VIEW OF SUPPLY



FIG 25
TOP VIEW OF SUPPLY



