Web: _http./www. pearl-hifi.com 86008, 2106 33 Ave. SW, Calgary, AB; CAN T2T 1Z6
p E-mail: custserv@pearl-hifi.com  Ph: +.1.403.244.4434 Fx: +.1.403.245.4456
— Inec.

Perkins Electro-Acoustic Research Lab, Inc. ¢ Engineering and Intuition Serving the Soul of Music

Please note that the links in the PEARL logotype above are “live”
and can be used to direct your web browser to our site or to
open an e-mail message window addressed to ourselves.

To view our item listings on eBay, click here.

To see the feedback we have left for our customers, click here.

This document has been prepared as a public service . Any and all trademarks
and logotypes used herein are the property of their owners.

It is our intent to provide this document in accordance with the stipulations with
respect to “fair use” as delineated in Copyrights - Chapter 1: Subject Matter and
Scope of Copyright; Sec. 107. Limitations on exclusive rights: Fair Use.

Public access to copy of this document is provided on the website of Cornell Law School
at http://www4.law.cornell.edu/uscode/17/107.html and is here reproduced below:

Sec. 107. - Limitations on exclusive rights: Fair Use

Notwithstanding the provisions of sections 106 and 1064, the fair use of a copyrighted work, includ-
ing such use by reproduction in copies or phono records or by any other means specified by that section,
for purposes such as criticism, comment, news reporting, teaching (including multiple copies for class-
room use), scholarship, or research, is not an infringement of copyright. In determining whether the use
made of a work in any particular case is a fair use the factors to be considered shall include:

1 - the purpose and character of the use, including whether such use is of a
commercial nature or is for nonprofit educational purposes;
2 - the nature of the copyrighted work;

3 - the amount and substantiality of the portion used in relation to the copy-
righted work as a whole; and

4 - the effect of the use upon the potential market for or value of the copy-
righted work.

The fact that a work is unpublished shall not itself bar a finding of fair use if such finding is made
upon consideration of all the above factors

¢ PDF Cover Page ¢


Owner
Highlight

http://shop.ebay.com/merchant/pearl-hifi-com_W0QQ_nkwZQQ_armrsZ1QQ_fromZQQ_mdoZQQ_sopZ14
http://feedback.ebay.com/ws/eBayISAPI.dll?ViewFeedback2&ftab=FeedbackLeftForOthers&userid=pearl-hifi-com&iid=-1&de=off&items=200
http://www.law.cornell.edu/uscode/text/17/107
http://www.pearl-hifi.com
mailto:custserv@pearl-hifi.com

¢ Verso Filler Page ¢



http://en.wikipedia.org/wiki/Verso

Distortion

1N

Transformer Cores

Part 1.

OSCILLOGRAMS AND WHAT THEY REVEAL

B¢ N. PARTRIDGE. B.Sc. (Eng.) A.M.LE.E.

HERE are two distinct types of
distortion in audio-frequency ap-
paratus, (1) frequency distortion
and (2) harmonic or amplitude

distortion. To achieve ultra-high-quality
reproduction it is necessary to study and
eliminate both. Obviously, it would be
useless to construct an amplifier having
a perfect frequency characteristic if it pro-
duced, say, 10 per cent. harmonic dis-

|
o

Oscilloscope

o——x

50cps, 230VAC,
zero impedance
mains

(a) (b)
Fig. 1.
equivalent valve circuit.

tortion at normal volume! Yet, strange as
it is, this very one-sided treatment seems
to be accepted as adequate when referring
to output transformers.

That iron introduces harmonic distortion
has been known for a very long time.
Textbooks and periodicals, not omitting
The Wireless World, make frequent, if
obscure, references to it. ‘‘ The core must
be operated at a low flux density’; ‘‘a
large core should be employed,’’ etc., are
typical observations. But how low must
be the flux density and how big the core?
Above all, what percentage harmonic dis-

Fig. 2. A typical oscillogram obtained from the
circuit arrangement of Fig. 1(a).
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At (a) is shown an easy method of observing distortion of the
current flowing in the primary of a transformer, while (b) illustrates an

tortion normally’ occurs in an output trans-
former? A little reflection wili bring home
the fact that such figures are never called

HIS is the first of a scrics of articles

tn which the guestion of amipiitude
distortion arising in the ircu core of a
transformer will be deait Wit on a
quantitative basis. Injormation on tiis
subject is scarce and
e d:ssign data
giien s the curcoms
or original vrscarch
by the a:thor.

Secondary
open circuited

into question. Hazr-

Valve of zero monic distortion
impedance has been com-
pletely  overshac-

owed by considera-
tions of frequency
response.

The simplest way
of making the
acquaintance  ot:
iron distortion is to
connect the pri-
mary of an output
transformer across the 230 v. 50 c's
mains with an oscilloscope in series with
it as in Fig. 1 (a). A typical oscillogram
is reproduced in Fig. 2.

The sine wave represents the mains
voltage applied to the transformer, and
the distorted curve represents the current
flowing through it. The latter lags behind
the voltage, as would be expected with an
inductive load, and is badly out of shape.
True, the circuit is not the equivalent of
that in which output transformers are
usually employed. First, the secondar:
is not loaded, and, secondly, the mains
must be regarded as having zero imped-
ance. Fig. 1(b) indicates the corre-
sponding valve circuit. But although the
arrangement is not representative of the
usual conditions of operation, it will bu
seen later that it provides a key to all
cases. The next step. therefore, is to put
our somewhat haphazard experiment
upon a more scientific footing.

There is a well-known formula which
1s as follows:

3
Volts x 10 0

i 4.44 x Frequency x Core area x Turns

Fig. 3. A series of oscillograms illustrating how
current distortion varies with flux density; ‘B’ is
the value of the peak flux density. The core
material was Silcor 2.
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“B’ is the peak value of the flux
density reached in the core during a com-
plete cycle. All the constants on the right-
hand side of the equation are easily de-
termined. The volts will be 230 or what-
ever the mains voltage happened to be
when the photograph in Fig. 2 was taken,
the frequency 50 ¢/s, the core area (in
sq. cms.) can be measured and the turns
upon the primary of the transformer can
be counted. Thus the peak flux density
is readily deduced and our photo is at
once elevated from a typical example of
distortion to a specific instance of dis-
tortion at a known flux density.

Auto-transformer supplying

/ test voltages
Output
transformer
under test
_°4 ; ] Oscilloscope &
o i x
EH‘O
= —0
e e mg
50cps
230V
° Mains

Fig. 4. A modification of the circuit of Fig. 1;
(a) that allows observations of distortion at
various known flux densities.

An extension of this idea can be added
by turning formula (1) round the other
way, thus:

~ 4.44 x B x Freq. x Core area x Turns
10°

By selecting a pumber of values of
“B’" for which we should like distortion
curves, the required test voltages can be
calculated.  An auto-transformer will
serve to step the mains voltage up or
down as necessary and enable us to pro-
duce a range of current oscillograms show-
ing how the distorticn
varies with dirferent flux

Volts @

ignored by the reader; the distorted
current curves are all that matter for the
moment. The maximum flux density is
marked on each photograph. The par-
ticular material used for the core of the
transformer was Silcor 2, supplied by
Messrs. Magnetic and Electrical Alloys.
Ltd., of Wembley. This grade of iron is
commonly employed for speech trans-
formers, and can be taken as representa-
tive of general practice. Obviously,
different grades of iron are likely to pru-
duce different degrees of distortion. This
aspect of the problem will receive fuil
attention later.

With a modicum of mathematical know-
ledge and unlimited patience one can
analyse the curves of Fig. 3 and produce
a graph showing the magnitude of the
various harmonics at all flux densities.
Fig. 5 gives the result of this labour, and,
as will be seen in due course, is a highlv
important addition to our knowledge of
the characteristics of magnetic materials.

The harmonics are expressed as a per-
centage of the fundamental i.e., of the
true 50 c/s current. Only odd harmonics
are present, as would be expected from
the symmetrical nature cof the oscillo-
grams. Even harmonics result in an un-
symmetrical wave shape. The analysis
was in all cases extended to the eleventh
harmonic, but only the third, fifth., and
seventh were found to be of importance.

The meaning of Fig. 5 must be
thoroughly understood before proceeding.
It shows the harmonics, expressed as a
percentage cf the fundamental, present in
the current flowing through an unloaded
transformer when the said transformer is
connected across a low-impedance source
of such voltage and periodicity as to pro-
duce the corresponding flux density. The
figures give no direct indication of the
distortion the transformer would produce
in normal use, but rather represent a
characteristic of the core material. e

have to find out how these figures may be
used as a basis for calculating the per-
formance of the transformer in any speci-
fied circuit.

Fig. 6. Showing how a medium impedance, such
a valve output stage, in series with the transformer
causes both current and voltage to be distorted.

Increasing the impedance of the AC
scurce i.e.. the mains supply—would
bring conditions more nearly into line with
those found in practice. Normally, a
valve can have an AC impedance of any-
thing.from a fraction up to many times
that of the transformer primary. The
former case occurs when a low-impedance
triode is used, and the latter when high-
impedance tetrcdes or pentodes are em-
ploved. )

Fig. 6 shows the effect of introducing
an impedance of approximately equal
value in series with the transformer
primary. The flux density was, in this in-
stance, approximately 7,000 lines-per sq.
cm.. and the photograph may be com-
pared with the corresponding oscillogram
in Fig. 3. Note that both voltage and cur-
rent have become distorted. This is to be
expected, because the transformer draws a
distorted current, and therefore the voltage
drop across the series impedance must of
necessity be distorted. Hence the voltage
across the transformer, which is the mains
voltage minus the distorted drop across

densities. Fig. .4 outlines
the circuit sugzested. Itis
very important to note

that a transformer #must be
used for regulating the test
voltage. It a series resist-

ance or potentiometer
were employed it would
act as a series impedance

\

and render the results in-
consistent.

Working on these lines,
the oscillograms repro-

‘duced in Fig. 3 were ob-
tained. The sine curves,
in phase with the voltage,

were taken for calibration
purposes, and can be

moms

/!
e
s3>
M

Harmonics: as percentage of fundamental

Fig. 5. The graph obtained
by analyzing the oscillograms
of Fig. 4. The harmonics are

//
T ="
.//

expressed as percentages of
the fundamental.

This is a very important
series of curves and forms

the basis of transformer
distortion calculations.
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the series impedance, must also be dis-
torted.

Evidently an extreme case could be
arrived at by making the series impedance

Fig. 7. Avery highimpedance, such as a pentode
output stage, results in distortion of the voltage
while yielding a sine wave current waveform.

very high compared with that of the trans-
former. Fig. 7 shows what happens under
these circumstances. The current be-
comes a pure sine wave, and the distortion
is transferred to the voltage curve. The
flux density during this experiment was
again maintained at a value of about 7,000
lines per sq. cm. (See Appendix.)
To sum up, at one ex-

the resistance of a piece of wire or the
capacity of a condenser. Actually, it is
entirely dependent’ upon the test voltage,
or, what comes to the same thing, the
flux density. A test taken at around 5,000
lines per sq. cm. will give an inductance
value perhaps three times as great as that
measured at 100 lines per sq. cm.

Impedance Calculations

Definite figures can readily be obtained
by replacing the oscillograph shown in
the circuit of Fig. 4 by an ammeter. We
have already seen how to work out the
flux densities corresponding to the several
tappings on thc auto transformer by using
formula (1). The voltage divided by the
current will reveal the impedance at each
density. The graph of Fig. 8 shows the
values obtained plotted against ‘* B.”

It is true that impedance is equal to
the voltage divided by the current, but
in view of the distorted shape of the
current wave form we ought to think care-
fully how it should be measured. The
true impedance to 30 c/s will be the
voltage divided by the 50 c¢/s funda-
mental of the current. The sine curves
in Fig. 3 were taken with a known
current, so that the analysis of the dis-

of the transformer and upon the number
of turns on the primary winding. But
whatever the design may be, the im-
pedance or inductance will vary in the
same manner as the flux density is
changed, providing the transformer has a
closed iron circuit of the same magnetic
material 1i.e., Silcor 2. By taking a
single test at any known flux density, the
inductance at any other density can be
obtained by reference to Fig. 8.

In Part II it will be shown how the in-
forrnaton expressed in the graths of
Fig. 5 and Fig. 8 can be used to caicu-
late the distortion produced by any push-
pull transformer (providing it has a
closed magnetic circuit of Silcor 2! when
used in any specified circuir.

APPENDIX

An analysis of the wave form illus
Fig. 7 gave 33 per ceatr. third harm .
per cent. fifth harmonic, and 39 pser cent.
seventh harmonic. These fgures are very
much higher than the corresponding percent-
ages present in the distorted curren: :zucrves
(see Fig. 3 and Fig. 5). This is reascnable,
because if the distorted current can be repre-
sented by:
I =A sin (0= B8,) — A, sin (3¢+ 8,) - A, sin

(56 8)), etc.,

one would expect distortion of approxmately
the same order in the Jdistorted flux curve when
a sine wave current is passed through the coil.

treme, where the impe-

|
|

dance of the AC source is L
zero, the current is dis- //

torted while the voltage y

remains a pure sine curve. ‘ /

At the other extreme, /

where the source has a
high relative impedance,
the reverse is true i.e.,

the voltage is distorted and
the current a pure sine
wave. Clearly, the rela-
tive impedance of the

transformer compared with
that of its associated valve
is of considerable import-

ance. A valve impedance
is reasonably constant and
can be estimated from

figures supplied by ‘the
manufacturers. But the
impedance of a trans-

Normalized inductancel/inductive reactance

former, even at a fixed fre-
quency, is anything but

Fig. 8. lllustrating how the in-

ductance/inductive reactance of
atransformer with a closed core
of, for instance, Silcor 2 vary

with induced flux density.
Inductance/inductive reactance
is normalized.

constant, and we must look into this ques-
tion more closely.

A good many years ago it was the
custom of certain manufacturers, and, I
believe, of The Wireless World as well,
to state the inductance of chokes and
transformers when tested at a specificd
alternating terminal voltage. This was a
very excellent idea, but it has died out,
and only the inductance figure is men-
tioned nowadays. One tends to imagine
the inductangce of an output transformer
as a fixed and constant thing, rather like

The Wireless World; June 22, 1939
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torted curves could be converted into
actual current values. It was found that
the impedances obtained by using the
50 c;s fundamental taken from the oscil-
lograms were practically identical with
those given when the distorted current
was measured with a rectifier-type meter.
This class of instrument gives a reading
proportional to the mean current.
Returning to Fig. 8, the scale of im-
pedance or inductance is an arbitrary
orme. The specific values in any particular
case will depend upon the size of the core

But the induced voitage is proportiona} o the
rate of change of flux—i.e,, j—? and the pro-
cess of differentiation changes the ratio of the
constants to A, 34a,, 57,, etc., thus acceatu-
ating the harmonics.

No such simple relationship is found ir prac-
tice. When the flux is distorted the iron
losses increase, owing to the presence of third,
fifth, and seventh harmonic eddy currents,
etc. These losses mav be represented as re-
sistive loads across the primary of the trans-
former tending to reduce the apparent volt-
age distortion. Hence the accentuation of the
h:gher harmonics in the voltage wave form is
not so great as might be expected.
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Distortion in | ransformer

Part II. THE “PARTRIDGE DISTORTION
INDEX” AND ITS CALCULATIONS

T can be shown both experimentally
and theoretically (see appendix) that
the harmonic distortion appearing in
the voltage across the secondary ter-

minals of an output transformer, having a
closed magnetic circuit not polarised by
DC, is:

Distortion (per cent.)=x x ZE- ......

(3)

F
where x is the percentage distortion taken
from the curves of Fig. 5, R is the parallel
impedance of the valve and its external

By N. PARTRIDGE, B.Sc. (Eng.),

-
AM.LE.E.

load, as calculated in this manner, should
normally be the optimum load for the
valve.

Zy and x are both variable, and are de-
pendent upon the frequency and the flux
density (B) in the core of the transformer.
The way in which ZF varies with flux
density in the case of Silcor 2 has been
illustrated in Fig. 8. 1If the iron losses are

overlooked, the

TABLE 1 simplest method of

‘ - ™ determining ZF s

| z from Fig. 5 zx 7 (R = 2500 to measure the in-

i ductance of the

B Zr | i transf i-

| ansformer pri

i 3rd , Sth ’ Tth 3rd Sth Tth E Total mary at any

known flux den-

2,000 16,000 11.0 5.3 45 | 172 083  0.70 3.25  sity. The value of

4,000 21,800 17.2 9.5 7‘2 3).9; {.23 rl)zlag 3.3.3 inductance at any
6,000 22900 223 131 0. 2.4 F . 5.02 o

8000 21200 27.0 160 156 | 318 188 184 690 gthder . de’(‘jsf‘t} C;“

10,000 17,300 31.0 187 203 | 448 271 28+ 1013 Dededucediromthe

information  con-

anode load taken together, and ZF is the
impedance of the transformer primary to
the fundamental frequency.

The reader is advised not to worry too
much about the origin of this formula.
Mathematical reasoning is very fas-
cinating, but must not be allowed to
interrupt the major line of thought. Our
immediate interest is centred upon the
behaviour of output transformers, and
formula (3) will vield the desired informa-
tion providing it is used properly. Let
us examine the various terms one at a
time.

‘“R " is the combined impedance of the
AC resistance of the valve and its effective
anode load when connected in parallel.
The former is a reasonably constant figure
which can be ex-
tracted from the
data given by the 10

tained in Fig. 8,
and the impedance, to a sufficiently close
approximation for the present purpose,
is:
Zr = 2= x frequency x inductance (4)
The values of x can be taken directly
from Fig. 5, providing the core material
is Silcor 2. It can be the percentage con-
tent of anv one harmonic at the chosen
flux density or, alternatively, it may be
the total harmonic distortion. It is, of
course, absolutely essential that ZF and x
be evaluated at one and the same flux
density.

Practical Examples

To examine the degree of distortion that
may be found in practice, three different

WATTS OUTPUT AT 30c/s
[ 3 4 8 8 10 12

valve manufac-

turers. It depends
upon the charac-

teristics of the valve

and the manner in
which the valve is

T

z

o

(3

&

z L

e o !
used, but is quite E By I
independent of the S N A [
transformer design. 2 0¥ | ]/
The external anode « 4 g T ' :
load will be the H — | ‘. ,/1/ i‘ |
true load connected ] anames | 2
across the second- : 2 = — i} ’/ |
ary of the output 3 - sin "“‘ﬁﬁs"' i

transformer multi- =

plied by the square o

T

of the transformer 2,009

ratio. The anode
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Cores

N Part I of this series of articles
the author showed that the tron
core of any output transformer can
gite rise to serious harmonic distortion.
Part II explains by a number of
examples how the magnitude of this
distortion may be calculated in
practical cases.

transformer designs will be reviewed.
The calculations relating to the first

example will be given in full so that the
reader can see exactly how formula (3) is
used in conjunction with Fig 5 and Fig. 8.

Example 1. Take an output stage con-
sisting of two DO24 valves in Class “* A"’
push-pull, giving a maximum output of
12 watts. The optimum load given by the
makers is 5,000 ohms, anode to anode,
and the AC resistance per valve is 2,500
ohms.

A transformer having a primary wind-
ing of 2,200 turns upon a Iin. stack of
No. 4 stampings of Silcor 2 will have a
measured impedance of approximately
21,800 ohms at 50 ¢/s when the flux den-
sity is 4,000 lines per sq. cm. Given this
one value of the impcdance at a stated

TABLE 2
| i
Frequency[ Watts ' B | 2fr | =z R

cs ‘ l | i (X 75

| : |
10 12 12,000 8,180 110.0 336
50 12 10,300 16,7060 71.0 108
70 12 73530 30,900 54.5 4.4
9 12 3,720 41,300 44.3 2.563
110 12 4,650 49,500  37.8 1.99

flux density it is easy to deduce all the
other values by reference to Fig. 8. Table
I shows the impedance at five different
values of B. It should be nnted that the
primary impedance varies between three
and four times that of the optimum load
and, therefore, the attenuation at 50 c/s
will be very small.

Columns 3, 4 and 5 of Table 1 contain
the values of x for the third, fifth and
seventh harmonics respectively. These
are taken directly from Fig. 5. Assuming
the ratio of the transformer has been cor-
rectly chosen, the anode-to-anode load will
be 5.000 ohms. The total valve imped-
ance is also 5,000 ohms (2.500x 2) and
hence R becomes 2,500 ohms. This
figure is constant throughout the ensuing

Fig. 9. The distortion produced at 50 c/s by the
transformer described in the text above, for use
with two DO24s in push-pull. Table 1 shows how
the distortion figures are calculated.
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calculations, but ZF is different for each
flux density.
Returning to Table 1, columns 6, 7 and

8 with the results of multiplying x by %__

while column g shows the tctal distortion,
i.e., the sum of columns 6, 7 and 8. These
figures have been plotted in Fig. 9 and
the curves so produced tell the whole story
concerning the distortion caused by the
transformer at 50 ¢/s. By repeating the
calculadons similar sets of curves could be
derived for any other frequency.

In addition to the flux densitv scale, a
scale of watts hus been added to Fig. 9.
This is derived by using the formula:

Volts= /Anode Load x Watts .. (3)

The voltage across the transformer ter-
minals at any output can thereby be cal-
culated and substituted in equation (I) to
discover what value of B corresponds to
the output in question.

Another very informative graph is
shown in Fig. 10. The derivation of this
curve mav be traced from Table 2. It
defines the total distortion that would be
produced by the above transformer when
delivering 12 watts at various frequencies.
The total distortion has dropped to 2} per

38

Fig. 11.  High imped-
ance valves such as

WATTS OUTPUT AT 50c¢c/s
2 4 [J 3 10 12 14

pentodes and tetrodes 50
accentuate the trans-

former’s distortion gen-
erating proclivity.

These curves apply to
a transformer working

in  conjunction  with
push-pull KT66s.

cent. at 9o c/s. But

below about 60 ¢/s
the distortion in-

creases very

rapidly. This is due
to the combined

TRANSFORMER DIBTORTION (PERCENT)

effect of higher flux
densitv and lower

impedance (ZF).

swTToo == i RA : - ! : !

—‘am‘ol“c’

The foregoing 0 7,000
outline of the cal-
culations  relating

to the problems of iron distortion have,
perhaps, made this section of the article
a little heavyv. The reader is asked to
forgive this, because the subject matter is
quite new and a full explanation was
therefore unavoidable. However, having
shown the method attention can be turned to
the lighter side, that of discussing the results.
The transformer selected for Example 1 is ob-

viously useless as far

as high fidelity repro-

- T — duction is concerned;
i A N somewhere  around
P o i 10% distortion at 50
2 L 1 : ’ ¢/s is far more than
T } N can be tolerated. But
H i g | the reader should
o ! f ' observe with special
s \ | Lo | care that the trans-
?_'é T T former would classed
€5 \ ! - ! as very good if
50 \ l judged by normally
SE \ - accepted standards.
g; R ! Taking the usual
Ex \ | “selling points” one
sk f , at a time we find:
z \\ | (1) Frequency
b N | Response: This is
. \\ excellent. The
) | 0 5 B
F N primary impedance is
P i three to four times the
. - load impedance at 50
o P ' ! | L c/s.
< I 70 ® o % 50 Tio (The Wireless World
FREQUENCY IN CYCLES PER SECOND has often recommended

Fig. 10.

a ratio of two as

Showing how the total distortion at full

load varies with frequency. The origin of this curve

is indicated in Table 2 while the transformer to which

4.000 6,000 8.000 10,000 12,000

PEAK FLUX DENSITY (LINES PER SQ.CM.)

being adequate), hence the bass is well
lookec after. The high-frequency re-
spons¢ depends only upon the method of
windizz the bobbin and can be taken as
level up to 20,000 c s for the sake of
argument.

(20 Ratio. Our  calculations  have
assumed that the ratio was exact.
(3) Resistance of  Windings. The

primacy resistance would be in the region
of 8o onms total. which is commendably
low for an optimum load of 5,000 ohms.

Defining Performance

The author has frequently made deroga-
tory remarks concerning the present craze
for lauding frequency response as a proot
of excellence. And here we have a typical
exampie of its very limited indications.
The tansformer examined above passes
the much vaunted ‘‘straight line" test
with fiying colours, in spite of being in
fact a very third-rate article.

Obviously, additional tests are indis-
pensable. A statement of harmonic dis-
tortion is imperative for the purpose of
comparing the merits of various output
transformers. The author suggests that a
very simple scheme would be to state the
total percentage distortion produced at 50
c/s when the transformer 1s delivering its

Fig. 12. By careful design, output transformer
harmonic distortion can be reduced to very low
levels. Below is the performance of a trans-
former working with two DA30 valves in push-pull.

WATTS OUTPUT AT SO0c/e

2 4 8 3 10 12 14 16

0.8
it applies is the same as that analyzed in Table 1. * l | | | | ! ) |
' : S —
TABLE 3 £ I ; N P
& 06 1 i :
O - ; L 1 ;
. R z | . [ T
z from Fig. § T X 75 (R = 4.000 approx.) ,9. ‘ : >
o . | i | i /
B Zr | 2 o0s ! ' ‘ TOTAL DIS“'O“T‘O ' :
3rd Sth Tth 3rd 5th Tth | Total H | / o !
l = ‘ : —
£ L AT 11 . ismmome ——|
2,000 9,630 11.0 5.3 45 457 221 187 865 z o2 3-4 HARMON !
4,000 13,000 172 95 7.0 | 528 292 215 1035 2 N _2'_—_1__"_,
6,000 13.600 223 131 106 | 655 3.84 311 13.50 - . |__sin wasmomic =
8,000 12,7 27.0 16.0 15.6 8.50 5.03 4.92 18.45 -3 " l |"'h'n'.‘¢'ﬁy‘uo~|5 l
10,000 10300 31.0 18.7 20.3 12.0 7.26 7.90 27.16 r ° . !
12,000 7,400 350 2.0 230 | 19.0 108 124 422 ) .09 3,000 S.009 8000 L)
PEAK FLUX DENSITY (LINES PER 3Q.CM)
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full rated output into a resistive load, of
value equal lo the nominal secondary load.
The corresponding figure for the above
transformer would be 10.6 per cent. It
must be remembered that such a distor-
tion index is arbitrarily chosen and, in
order to emphasise this and to avoid con-
fusion with other possibilities, it will be
referred to as the “ Partridge Distortion
Index.”

Example 2. As a second example we
will try two KT66 valves in push-pull,
operating with an anode-to-anode load of
4,000 ohms. The AC resistance is very
high (about 25,000 ohms each) and the
output 17 watts.

Again keeping the No. 4 stampings and
winding 1,700 turns upon a Iin. stack, the
impedance will be as indicated in Table 3.
The distortion curves are reproduced in
Fig. 11, which corresponds to Fig. g of
the previous example, and it can be seen
that the Partridge Distortion Index is too
high to be estimated. Note that once more
the frequency response curve would pro-
claim the transformer as good.

It will be appreciated from this example
that high impedance tetrodes and pentodes

0.5 per cent. which is very satisfactory.
In Part IV of this series it will be shown
how even better results are possible by
using a different magnetic material and a
modified design
technique. Fig. 13
shows how the dis-
tortion at full out-
put varies with
frequency and cor-
responds to Fig.
10 relating to Ex- 4
ample 1.

When reviewing
the latter curve
(Fig. 13) it must be
borne in mind that
the full output at

Fig. 15. At (a) is
shown Fig. 14 ()
inverted. Itis analo-
gous to the usual

APPENDIX
To prove that the percentage distortion pro-
duced by an output transformer is equal to

R consider the output transformer as a

z X
ZF

J

-

valve circuit illus-
trated at (b).

(a)

30 c/s can never be expected in normal
use. If the full output is devoted to one
frequency, nothing can be superim-

accentuate transformer distortion. With posed upon it without overloading the out-
put stage. But
) music consists of
| many frequencies
g% all reproduced at
£3f one and the same
geo ’ time. Hence the
I:f | amplitude of the
F2s ! bass notes must be
35 T ! | small compared

ke N | : 5
osy — | with the maximum

a< B 0 5

| i , amplitude permis-
°% % % = ™ % % sible. In the
FREQUENCY IN CYCLES PER SECOND opinion of . the
writer the distor-
Fig. 13. These curves relate to the same transformer as Fig. 12 and tion on full load at

show how the distortion at full load varies with frequency.

triodes the value of R is usually consider-
ably less than that of the optimum load
because of the effect of the AC resistance
of the valve. In the present case R is ap-
proximately equal to the optimum load
since the valve impedance is too large to
have much effect.

Example 3. As a final illustration
which can be taken as representative of
good design, a
transformer for use
with two DA3os
will be described. p
These valves re- i
quire an anode-to- ]I
anode load of 9,000
ohms in  Class
“A,)”’ and give a
speech output of
17 watts.

The transformer
uses a 1}in. stack
of No. 4 stampings
and is wound with
4,400 turns on the

primary. Fig. 12 (a)
shows the distortion
at 50 c¢/s. In this Fig. 14.

case the Partridge
Distortion Index 1s
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50 c/s can be taken
as the maximum
distortion likely to be encountered in
practice.

As a parting reflection, how can the ob-
vious superiority of the transformer
described in Example 3 be detected by the
tests usually applied to this type of com-
ponent? Clearly it would be judged as
simply another good transformer. What
further proof is necessary to demonstrate

R\.

Rv

(b)

(c)

Circuit (a) is the usual output transformer diagram which
can be represented as at (b) by suitably choosing the value of RL.
(c) is the equivalent of (b) if the transformer is considered as a generator.

(b)

generator of harmonics. Fig. 14 (@ can be re-
duced to Fxg_A 14 (b). which is equivalent to
Fig. 14 {c}. Next. turn Fig. 14 {c) upside down.
This has been dome in Fig. 15(a) and the
similanty between this and the usual valve
circuit of Fig. 15 {b) becomes at once apparent.

Falling back upon the well-known valve

calculations, the harmonic voltage appearing
across the load will be :

External Impedance

HX
Generator Impedance — External Impedance
...(6)

Vv

where Vi is the open circuit harmonic voltage.
Let Zr = primary impedance to fundamental

frequency.

Ir = value of current at the fundamental
frequency.

Zu = primary impedance to any specified
harmonic.

VH = internally generated voltage of speci-
. fied harmonic.

z = bharmonic current produced by Vhu
expressed as a percentage of the
fundamental current (IF) when the
external impedance is zero. Values
of x were gwven in Fig. 5.

VH = short circuit current X primary impe-
dance.

x
= —1IF x Za
I00

I

Normal External Load = ———— = R (say)
(see Fig. 15ia;.) RN T
Rr " Rv

Total impedance of the circuit = R =~ Zn

(see Fig. 15 (3).) = ZH approx.

This approximation is justified in normal cases
because ZF is at least equal to R in any reason-
ably well-designed transformer, and Zu will be
several times ZrF since impedance increases
almost in proportion to frequency. The addition
of R and Zu must be vectorially performed and
is numerically approximately equalto y'R¥ — Zu?
which is nearly equal to Zu because Zu? is large
compared with R* Therefore:—

Harmonic voltage across load by substitution
in equation (6)

Zy 100’
Fundamental voltage across load = IFZF.
Therefore the harmonic voltage appearing across
the load expressed as a percentage of the
fundamental voltage becomes :
zIFR/ 100 R
W X 100 = x E
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the immediate necessity for a statement of
the Partridge Distortion Index or some
other figure that will serve as a reliable
guide? It is the only way the genuine
article can be distinguished. A ‘‘straight
line "’ response is not a passport to the
land of high fidelity. The elimination of
harmonic distortion serves a more useful
purpose than the retention of frequency
bands beyond the range employed for
radio or gramophone.

The Wireless World; June 29, 1939
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Distortion in | ransformer

Cores

PART III —-DC POLARISATION:
INTERMODULATION EFFECTS:

CHOICE OF CORE
By N. Partridge,B.Sc.(Eng.),A.M.LE.E.

HE examples considered so far
have all assumed a resistive load
on the transformer and also that
the anode currents of the push-

pull valves were accurately balanced, so
that the core was not polarised. In addi-
tion, only one grade of magnetic material
has been examined analytically.

A loud speaker does not behave so con-
veniently as a resistance when constituting
an outpat load. A resistance maintains
the same ohmic value at all frequencies,

iron distortion in
output trans-
formers have been
discussed in the two previous instalments.
This article deals with the secondary |
effects that have to be considered before |
a reasonably complete understanding
of the subject can be claimed.

130,

120|
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L)

3 [‘

3 " ‘A

§ 70 ,ln\\

é ,] \ FIELD cTE0 /]
; 0

= . \\ /

N
X

\
8

WATTS

1,000 10,000

FREQUENCY IN CVYCOLES PER BECOND

Fig. 16.—The impedance of a moving coil speaker varies considerably with frequency and the

field strength.

biit a speaker varies enormously. Fig. 16
shows the impedance curves of the Celes-
tion Es5 speaker. These curves were
given to the author by Messrs. Celestion,
Ltd., and indicate the vanation of speaker
impedance with frequency and how this
curve changes with the speaker field
strength.

The sharp rise of impedance at around
50 to 60 c/s, which is common to all
speakers, is serious. It causes the value
of R in the formula (3) to increase and
the transformer distortion will be accentu-
ated as a result. An cxample on the lines
of those given last week will illustrate the
point.

Consider an output transformer for

The Wireless World; Julv 6, 1939

The rise around 50 to 60 c/s accentuates transformer distortion.

two KT66’s in push-pull, having 2,800
turns on a 13in. stack of No. 4 stampings.
This is a more lavish design than that
given in Example 2
in Part II, and
Table 4 shows that

B
3 A
>
,5_ -
o
~ / A 2L ™S
2 A ;’ s —~IN
MATERIALS W2 4P < =
5 2/~
8 e
HE basic cause E
and nature of § 9 2,000 4,000 6,000 8,000 10,000 12,000 74,000

PEAX FLUX DENSITY (LINES PER 8Q. Cm)

Fig. 17.—The relative inductances of a trans-

former with varying degrees of polarisation

are shown for all values of B. The core
material in this case was Silcor 2.

replaced by the E55 speaker (or any other
for that matter) the value of R will be-
come much higher than 4,000 at 50 c/s.
The AC resistance of the valves is far too
high to help very much. R is almost the
same as the spcaker impedance multiplied
by the square of the transformer ratio.
Columns 5, 6 and 7 of Table 4 show the
total distortion at 50 ¢/s, when R is equal
to 8,000, 12,000 and 16,000 ohms respec-
tively. Although the transformer appeai's
passably good with a resistive load, con-
siderable distortion will be produced in
practice when using a speaker in conjunc-
tion with high-impedance valves.

It is well known that direct current
passing through the primary of a trans-
former polarises thc core and causes a
drop in ‘the inductance. One of the ad-
vantages of the push-pull arrangement is
that the anode currents of the two valves
traverse the transformer windings in oppo-
site directions and cancel each other mag-
netically. But an exact balance of these
currents is unlikely unless some special
precautions have been taken to ensure it.
An examination of the influence of the
small out-of-balance currents likely to be
met in practice is therefore of interest.

Fig. 8 in Part I showed how the induct-
ance or impedance of a transformer varies
with the AC flux density in the core.
Fig. 17 repeats this curve together with

TABLE 4

the resultant iron
distortion is notice- Distortion (per cent.)
bly less when th vas
ably less when the B | output [ zr
anode to anode load R=4,000 R=4,000 | R=8,000 | R=12,000 | R=16,000)
is 4,000 ohms.
Column 4 applies to
this condition and 1,000 0.5 28,000 1.85 3.7 5.5 7.4
states the total per- 2,000 2.0 39,000 2.1 4.2 6.3 8.2

5 8 3,000 4.6 48,000 2.3 4.6 6.8 9.2
centage distortion | 4000 8.1 52,500 2.5 5.0 7.5 10.0
at 50 c/s. If the | 5,000 12.7 65,000 2.9 5.8 8.8 11.8
resistive load be 6.000 18.0 55.000 3.3 6.6 10.0 13.2
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three additional curves which show how
drastically a polarising current reduces the
impedance. The values of the DC mag-
netising force are marked on the curves
and .they corresporid roughly to out-of-
balance currents of 2.5, 5 and 10 mA in
a transformer such as that analysed in
Table 4. Obviously, the effect of even
a small out-of-balance current is not
negligible. Formula (3) states that the
etfective distortion will be increased in in-
verse ‘proportion to Zr.
some means of securing equality of the

VAR VAN

Hoc e+ 3

7 \J |

Hoce Q-6

"Fig. 18.—Small out-of-balance between the
anode currents of push-pull valves is sufficient
to reduce the transformer inductance and to add
even harmonics to the existing iron distortion.

anode currents should be provided in high

fidelity push-pull amplifiers. -

Nor is the loss of inductance the only‘

result of polarisation. Fig. 18 gives
oscillograms showing the production of
even harmonics. At (a) is the current
wave form at an AC flux density of 2,920
lines per sq. cm. (no DC component).
This oscillogram is the same as the corre-

It follows that -

resulted in the wave- T4

form at (b). The cur-
rent is larger owing to
the lowering . of the
inductance and also
the wave form is not.

HT2+)

symmetrical about the
zero line. The latter
points to the presence
of even harmonics.
The third oscillogram
(c) shows how both
effects are magnified
by doubling the DC
field strength (H=

50"+ 500"

OSCILLOSCOPE

AAAA
- VVVV

0.6).

i+ it

AA
A\ A4

The preceding con-
siderations relating to
the effect of DC lead
to an interesting line of
thought. Imagine two
widely different fre-
quencies (DC  ex-
cluded) being fed into A N |

1 ]

=]

Fig. 20.—The type of
circuit employed to ob-
tain the oscillograms
reproduced in Fig. 2r.

a transformer simultaneously, as must
often occur in a normal programme.
Periodicities of 50 and 500 c/s would suit
the case. How can the higher frequency
distinguish between the peaks of the 50
c¢/s current and a direct current?  Fig. 19
makes the similarity between the two con-
ditions easily seen. If the current at the
lower frequency behaves in the manner
of DC when at its peak values, we should
expect the higher frequency to be modu-
lated by the lower frequency.

To show that such an effect does indeed
take place, a circuit similar to that shown
in Fig. 20 was set up. The important
points to note about it are: (1) high im-
pedance valves are used, and (2) the
transformer is virtually unloaded since
the oscillograph has a very high input
impedance. The resultant oscillograms,
therefore, show the wave form of the open
circuit voltage, which exaggerates distor-
tion to a maximum as was mentioned in
the Appendix to Part I of the series.

Fig. 21 (a) shows the wave form of the
50 c/s output voltage
when the flux density
in the core of the
{ransformer was of the
order of 300 lines per
sq. cm. At (b)

N || 7 shown the wave form
~ P of the 500 c/s output.

I“‘ B 'I The flux density in

this case was very

small owing to the

(3)

Fig. 19.—Showing the similarity between (a)
a high frequency superimposed uponthe peak of
a low frequency and (b) superimposedupon DC.

sponding one in Fig. 3. but the current
scale is smaller. Superimposing a DC
magnetising force of H=o0.3, roughly
equivalent to 2.5 mA difference in the
anode currents of two push-pull valves,
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(b higher order of the fre-

quency, and, . there-
fore, little iron distortion can be observed.
The next oscillogram (c) depicts the state
of affairs when the two frequencies were
applied together. Note that the 500 c/s

Fig. 21.—The magnetic characteristics of iron
are such that high frequencies can be modulated
by low frequencies. It is shown in the text that
the effect is not very important in practice.

wave is not simply added to the wave
shown at (a), but it has been modulated
as well. The variations of amplitude are

(3)

i A

(b




easily detected, but to make it still more
obvious, a device was rigged up that
allowed the low frequency voltage to be
taken out, leaving only the distorted or
modulated 500 c¢/s wave. This is given in

(3, SILCOR 1
()] *‘SILCOR'2
AN
5 (]
i .
i
(c) SILCOR. 3
/\ A /‘ \
{ : ' ]
d) SILCOR 4
(e). VICOR g

Fig. 22.--The current distortion varies widely

with different magnetic materials. The above

oscillograms were taken at a flux density of
4,680 lines per sq. cm.

Fig. 21 (d). The sine wave marks’ the
phase relationship of the 50 c/s current
through the primary, which was respon-
sible for modulating the 500 c/s wave.

1n reality the facts illustrated in Fig. 21
(c) and (d) are not quite so simply ex-
plained as it might appear from the above.
But this is of no immediate consequence.
The point is that high frequencies are
modulated by relatively lower frequencies.
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Fortunately, several factors are present
that prevent this type of distortion from
being prominent in practice. The modu-
lated wave can be looked upon as the
original frequency plus a number of others
superimposed. Using the radio analogy,
the 500 ¢/s has acquired ‘‘side-bands.”
The transformer can again be accepted
as the generator of the unwanted fre-
quencies and a method of calculating the
distortion in normal conditions can be de-
duced. Space does not allow of a full
description, but it will suffice to say that
the effect is negligible compared with that
of the harmonic iron distortion to which
this article is mainly devoted. i

The laminations or stampings for trans-
formers can be obtained in a number of
different magnetic materials. All the
results described up to this point - have
applied to the alloy known as Silcor 2,
manufactured by Messrs. Magnetic and
Electrical Alloys, Ltd., of Wembley.
Other possible materials supplied by the
same firm are Silcor 1, Silcor 3, Silcor 4,
and a rather different alloy known as
Vicor.  The magnetic characteristics of
each are different and it would be reason-
able to anticipate variations in the degree
of distortion caused by these alternatives.

To investigate this matter, current oscil-
lograms were taken for each material at a

TABLE 5

Percentage Harmonic Distortion

(Current). B = 4,680
Material

3rd I 5th ! Tth Total
Silcor 1 ... 17.3 9.3 10.9 37.5
Silcor 2 ... 20.0 11.1 8.6 39.7
Silcor 3 ... 18.2 9.2 6.3 33.7
Silcor 4 ... 15.6 7.8 3.2 26.6
Vicor 14.9 8.0 5.6 28.5

flux density of 4,680 lines per sq. cm. The
photographs are reproduced in Fig. 22 and
the results of the harmonic analyses are
given in Table 5. These oscillograms and
the distortion figures obtained from them
may be compared with Fig. 3 and the
point on the curve

R is a constant of the circuit, but x and
ZF depend upon the characteristics of the
iron. The values of x are to be found in
Table 5 for B=4,680, but ZF is not dis-

TABLE 6

Total 2

Zr Distortion 73

(per cent.) ¥

Material ]
B = 4,680

Silcor 1 460 37.5 .0086
Silcor 2 420 39.7 .0100
Silcor 3 340 33.7 .0105
Silcor 4 265 26.6 0107
Vicor 490 28.5 .0061

closed. A curve similar to that given in
Fig. 8 is required for each material. These
will be found in Fig. 23. Using the latter
curves in conjunction with Table 5 some
idea of the merits of the several alloys can
be obtained and also some information on
how they should be used to the best
advantage.

First of all, we will consider the result
of substituting one in place of another
without altering the windings or core arca
of the output transformer. Obviously,
such a proceeding would change the
values of both x» and ZF in formular (3)
and the excellence of any particular core
will depend upon the ratio Z—)CF In Table
6 the total distortion produced by each
grade of iron has been set out, together
with the relative values of ZF extracted

from Fig. 23. The final column shows
the relative distortion figures <»7£F>

To make the significance of this quite
clear, an example will be given. Suppose
an output transformer has a core of Silcor
2, such as any of those described earlier
in the article. If the iron be removed
and, say, Silcor 4 substituted, two major
changes in the characteristics of the trans-
former will be brought about. First, the

of Fig. 5 corre-

sponding to B= £ P ™~ v‘vcon!
4,680. The condi- 3 ~ O eon 1
tions of test are the 3 A A {( siLcon 3
same, but the core E / ) \( ' ;
material is varied. S AN
Onecomeriumy o £ | Y7 | AT FENN

- -y
clusion as to the § // / | \k\
relative merits of g ///' AN
these materials & 2H // f/ \\\
merely by consult- ¥ //‘ /] N\
ing Table 5. The § / 7
basic distortion is u/
not so important as 1
the actual distortion %
under normal con- @
ditions of use and 2 o 2,000 3,000 6,000 8,000 10.000 12,000 14,000

formula (3) told us
that this depends

upon % X L
ZF transformer.

PEAK FLUX DENSITY (LINES PER SQ. CM.)

Fig. 23.—This graph illustrates the relative inductances that would
be obtained by substituting five different grades of iron in a
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inductance of the primary will be reduced
in the ratio of 420 to 265 (see Table 6)
and secondly, the percentage distortion
caused by the iron at a flux density of
B=4,680 will be increased to 1.07 times
its original value. Note carefully that the
won distortion will be only slightly in-
creased, but it is possible under certain
circumstances that the loss of inductance
may considerably increase valve distor-
tion owing to the anode load falling below
its optimum value.

Looking at each of the samples men-
tioned in Table 6 in a similar way to that
just described, it will be noted that Vicor
is outstandingly good. The concluding
part of this series will deal with the appli-
cation of this material to ultra-high fidelity
output transformers.

Instead of substituting one type of core
for another, the design of the entire trans-
former might be modified to accommo-
date the new material. For example, sup-
pose we have a well-designed output trans-
former with a core of Silcor 4 and, being
attracted by the high permeability cf
Silcor 1, we decide to employ this alloy
for the production of an electrically
similar transformer. The substitution of
Silcor 1 for Silcor 4 would increase the
inductance from 265 to 460 (see Table 6).
Hence one would be justified in reducing
the core area in the same proportion in
order to end up with the same inductance
as the original transformer, which we
assumed was adequate. The usual fre-
quency response test would show the new,
smaller transformer to be as good as the
original large one. But the Partridge Dis-
tortion Index would tell a different tale.
Since ZF has been made the same for both
transformers, the figure of merit given in
Table 6 no longer applies, and the ratio
of the basic distortion figures (26.6 per
cent. and 37.5 per cent.) must be used.
Actually, the position is very much worse
than this because by reducing the core
area the flux density has been correspond-
ingly increased and, therefore, a much
higher distortion figure must be taken for
the Silcor 1.

These illustrations show that the substi-
tution of a higher grade of core material
results in a small improvement in the iron
distortion produced by a transformer.
But to employ a high grade for the pur-
pose of reducing size and;/or weight re-
sults in a substantial increase of distor-
tion. It would seem that a good output
transformer must be large. Also, a large
transformer using low-grade iron will give
rise to less harmonic distortion than a
small transformer having the same induc-
tance but using high-grade iron.

In fact, the terms ‘‘high grade’ and
““low grade’’ are not at all applicable
as far as speech transformers are con-
cerned. The terms originated with refer-
ence to mains transformers, where core
losses are so very important and one must
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guard against wrongly imagining that
what is good for a mains transformer is
necessarily good for a speech transformer.
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Distortion in
T ransformer Cores

Part IV —REVISED DESIGN TECHNIQUE TO

MINIMISE HARMONIC DISTORTION

By N. Partridge,B.Sc. (Eng.) A.M.I.LE.E.

N designing a transformer for low
distortion the first step is to select a
‘*good’’ magnetic material for the
core. In last week’'s instalmeut
reasons were given for accepting Vicor
(manufactured by Magnetic and Elec-
trical Alloys, Ltd., of Wembley) as
our starting point.  An oscillogram
showing the current distortion produced

40,

1

1

|

: HE nature and extent of har-
[

! monic distortion in . push-pull
]

i output transformers has been examined
) . . . . . .
i in detail in carlier instalments. This
i

t

'

i

]

!

article, the last of the series, will be
devoted to the consideration of ways
and means of keeping this distortion
under control.

8
N

about  Silcor 2.

/ /4‘ HARMON!

ment 1s a curve

connecting  induc-
tance with flux den-

W°

sity.  Such a curve

v

is contained in Fig.

th HARMONIC 23, but for com-

| L~ /§

plcteness it is repro-
duced here in Fig.

The final rcquire-

PERCENTAGE HARMONIC DISTORTION
{cunrenT)
3

ALy

Q

L
/000

2,000.

4,000

PEAK FLUX DENSITY

(Lines Per 8Q cm)

26.
. Having fixed
3,05 10,000 12,000 upon the core
material, the

Fig. 25.—The graph obtained by plotting the result of an harmonic
analysis of the wave forms of Fig. 24. The harmonics are expressed as a it

percentage of the fundamental.

by this alloy at a flux density of
4,680 lines per sq. cm. was reproduced in
Fig. 2z, but to perform dcrailed calcula-
tions the distortion at all densities must he
known. A series of current oscillograms at
various flux densities is given in Fig. 24
and the graph ob-

second step is to
consider how best
may be used.

One could design a
{ransformer in the conventional manner
and claim an improvement by virtue of
the better core. But-there would still te
one or two rather disconcerting criticisms.
For one thing, the wntrinsic distortion
would be high. As can be seen from Fig.

tained by analysing '

these wave forms

\\

is shown in Fig. z5.
These two illus-

o N

trations correspond

™N

to Fig. 3 and Fig.
5, which give the

same information

Fig. 26.—The f{ull

curve indicates the
change of inductance

(or impedance) with
flux density in the

VICOR PLUS AIR QAP
b

case of a transformer

—
[

having a closed mag-
netic circuit of Vicor.

The dotted curve ap-

INDUOTANCE OR IMPEDANCE (ARBITRARY UNIT3)

plies to a composite

core of Vicor plus an 2,000

air gap (see Table 7).
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2,000 6,000 8,000 10,000 12,000

PEAK FLUX DENSITY (LIN!B PER 8Q. CM)

B =925

| !
\ $

B = 10,700

~

B =12,500

Fig. 24 — The oscillograms show how the
current distortion varies with flux density in
the case of Vicor. *“ B ” is the value of the
peak flux density in lines per sq. cm. The
photographs should be compared with Fig. 3
(Part 1), which gave the same information
about Silcor 2.

30



25, appreciable distortion occurs at quite
low densities and it is only the somewhat

fortuitous circuit conditions <%) that

keep the working distortion within reason-
able limits. It would be more satisfying
if the transformer in itself could be made
distortionless apart from the external cir-
cuit. Again, a small out-of-balance be-
tween the anode currents of the two push-
pull valves will be sufficient to upset all
the calculations. And there is still ihe
little matter of frequency modulation
which depends upon the external circuit
for correction.

There is an extremely simple device
whereby most of the troubles and worri=s
mentioned above can be substantially
lessened. That is by putting a suitable wr
gap in the magnetic circuit. Gaps have
always been used for chokes and trans-
formers carrying DC, but as far as ihe
author is aware, such a technique has not
been deliberately used by manufacturers
to reduce intrinsic distortion apart from
the question of polarisation,

magnetising current required by the air
gap, which is proportional to the flux den-
sity. The total current is tabulated in
column 5, from which the
new relative impedances can
be deduced. It must be 1e-
membered that this method
is only - approximate be-
cause the magnetising cur-
rents for the Vicor and the
air path are assumed to Le
in phase, and this is not
strictly truc.

The new impedance curve
is drawn dotted in Fig. 26.
The inductance has been
greatly reduced by the gap
but this is not necessarily
important. The earlier
examples have shown that
any good output trans-
former has a far higher in-
ductance than is strictly re-
quired for the preservation
of the bass. Our new curve at. least
approximates to a straight line. In other

FLUX

words, instead of having an induc-

tance that wvaries

enormously  with

o | ‘/ the signal voltage,

zt | o / we now have an

gg . N % inductance that re-

<3 - mains sensibly con-
T 0 L Z :

wz e ) '/)/ stant. Another im-

.2_.9_ L~ ) ~ portant advantage

ze o is that any normal

= AN

E g // /.( Wi HARMONIC out-of-balance be-

s 2 — A I tween the anode

= 7th NIc currents will be far
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Fig. 27.—The intrinsic distortion of the core is materially reduced by an protected in this

air gap. This graph should be compared with Fig. 25 which shows the

distortion without a gap.

The cfféct of a gap can be easily under-
stood with the aid of Fig. 26 and Table 7.
Suppose a transformer, giving the relative
inductances shown in the graph (Fig. 29)
has a gap made in its core of a length such
that the inductance at B =1,000 is reduced
from 3 to. say, 0.73. These figures are,
of course, purely relative, and the actual
inductances may be anything, depending
upon the core area and the numbcer cof
turns on the primary. Since the imped-
ance has been reduced, a greater magnetis-
ing current will flow. But the iron circuit
still requires exactly the same current to
magnetise it and to supply the various
losses, from which it follows that the addi-
tional current must be that required ‘o
maintain the flux in the air gap. This
additional  current will be undis-
torted ,and will vary directly as the flux
density.

Table 7 shows an approximate method
of estimating the inductance and distortion
curves for the composite core consisting of
Vicor plus the air gap. Column 1 contains
selected flux densities for which the rela-
tive magnetising currents taken by the
Vicorareshownincolumn 2. Thesefigures
were obtained by testing the Vicor with-
out a gap. The third column indicates the
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respect by the gap.

Turning to the
question of harmonic distortion, a change
has occurred here, too. The curves in
Fig. 25 give the distortion as a percentage
of the fundamental. The air gap has in-
creased the fundamental without altering
the magnitude of the harmonic currents,
and, therefore, these harmonics will he
noticeably smaller when cxpressed as a
percentage of the augmented fundamental.
Columns 6, 7 and 8 show the revised dis-
tortion figures in the case of the particular
gap chosen for the purpose of Table 7.
These values have been plotted in Fig. 27.

(a)

F13. 28.—(a) shows the relationship between the instantaneous
flux density and current in a closed core of Vicor.
approximates to the hysteresis loop.
formation in the case of a gapped core.

almost proportional to the current.

Because the basic distortion (x) has
been reduced to less than one-third of its
original value it must not be assumed that

+ +

FLUX

+
CURRENT

(§-3]

This
(b) gives the same in-
Note that the flux is

a corresponding improvement will be
found in the performance of the trans-
former. Actually, the working distortion
has not been altered at-all. Unfortunately,
ZF has been reduced just as much as a
and the final result remains the same. But
what we have done is to reduce the in-
trinsic distortion and make the perform-
ance of the transformer less dependent
upon the external circuit. This modifica-
tion is strongly reflected in the curve show-
ing the relationship between the flux in the
core and the magnetising current. Fig.
28 (a) shows this curve, which approxi-
mates to the hysteresis loop, for the nn-
gapped transformer and Fig. 28 (b) re-
peats the curve for the gapped core. The
latter is brought very close to the ideal,
which would be a straight line.

The reader may be wondering why the
gap chosen was one which reduced the in-
ductance at B=1,000 in the ratio of 3 to
0.73. At first sight it looks as though a
much larger gap would still further reduce
the intrinsic distortion and make the trans-
former behave as though it were air cored.
This reasoning is perfectly correct, but
there are practical limitations to the pos-
sible magnitude of the gap. The larger the
gap the lower the inductance, and hence
more turns have to be wound upon the
primary in order to keep the inductance
up to the minimum allowable value. In-
creasing the turns means using finer wire

TABLE 7
Distortion of Gapped Core (per cent.)
Peak Vicor Air Gap Total Impedance
Flux Magnetising | Magnetising | Magnetising of the
Density Current Current Current Gapped 3rd 5th 7th
Core Harmonic | Harmonic | Harmonic
|
263 4.2 7.8 12.0 71.0 —_ —_ —_
537 7.0 15.8 228 75.7 — —_ —
925 10.5 27.4 379 79.0 1.5 0.8 0.6
2,920 22.0 86.3 108.3 87.0 1.84 0.95 0.71
4,680 33.2 138.0 171.0 88.0 2.65 1.50 1.17
6,800 48.2 201.0 249.0 88.0 3.87 2.37 1.94
8,650 69.8 255.0 325.0 86.0 5.62 3.50 3.10
10,700 107.0 317.0 424.0 82.0 8.15 5.10 4.95
12,600 168.0 373.0 541.0 75.0 11.2 7.4 6.9
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and obviously the wire gauge cannot be
smaller than that which will safely carry
the current. Also the DC resistance of the
winding must not be permitted to reach
too high a value.! Again, the leakage in-
ductance must be kept within manageable
proportions, and this limits the number of
turns that can be employed.

With a view to showing the type of rc-
sult that can be obtained with Vicor and
the gap technique, a transformer was de-
signed on a 1}in. stack of No. 4 stamp-
ings to operatc with two DA3o valves in
Class A push-pull. The harmonic distor-
tion given by this transformer at 50 c/s
is indicated in Fig. 29. This should be
compared with Fig. 12, which gives similar
data relating to a wecll-designed trans-
former with a core of Silcor 2. Nofc that
the Partridge Distortion Index* for the
latter was 0.5 per cent., whereas the
gapped Vicor reduces this figure to 0.2 per
cent.

All the examples so far have employad
the No. 4 stamping. The reason for this is
that it is a very popular stamping and
serves for the purpose of illustration as well
as any other. But the No. 4 laminations
are not necessarily the most suitable oncs
for audio-frequency transtormer design.
Greater iron scction would be an advan-
tage and so would be a slightly restricted
window space. The former makes it pos-
sible to work at a lower flux density and
the latter aids in the reduction of leakage
inductance. The No. 56 stamping (Mag-
netic & Electrical Alloys, Ltd.) is a very
good one. The dimensions of both the
No. 4 and the No. 56 stampings are shown
side by side in Fig. 30 for comparison.

WATTE8 OUTPUT

2 4 6 8 10 12

former would not produce harmonic dis-
tortion. But theory and practice do not
collaborate harmoniously in this respect.
The larger the transformer the more diffi-
cult it becomes to prescrve the high-fre-
quency response.  Also, owing to the
shape of the distortion curves in Fig. 5
and Fig. 25, it requires a very consider-
able reduction in the flux density to bring
about any worth while improvement in
the transformer distortion.

The design of a good output trans-
former is beset with conflicting desiderata.
The final solution must be a compromise
and the best design is that which gives a
wecll-considered balance of evils. The un-
pleasantness resulting from the loss of
top, the iron distortion, etc., should all
be approximately equal as judged by the
ear. A superb frequency response is of
no avail if harmonic distortion is high; a
distortionless core is wasted if all the high
frequencies are attenuated.  To achieve
such a balance requires not only technical
knowledge but a wide practical experi-
ence as well.

Conclusion

Looking back upon the information
brought to light by these investigations,
perhaps the most striking thing is the fact
that the articles should have been written
at all so late in the development of
clectro-acoustics.  Amplifier technique
has been subjected to the most rigorous
analysis in the cause of fidelity, and has
long since reached a very high standard.
Speech transformers were used in com-
munication work years before radio was
invented and yet, apart from vague

apprchensions, no-
body seems to have

14 16 seriously  worried

very much about
the extent of the

harmonic distortion

TOTAL OISTORTION

they produce.
As far as so-
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Fig. 29. —The distortion obtained under working conditions from an
output transformer using a gapped Vicor magnetic circuit. The Partridge
Distortion Index is only 0.2 per cent., which is very low considering the

size of the component.

If expense is no grcat objection, the
size of the transtormer can be increased
and, theoretically, the iron distortion can
be reduced to as low a value as one wishes.
‘A large core section with ample window
space will permit the winding of a primary
with a very high inductance and a large
air gap will be possible without jeopardis-
ing the bass response. The intrinsic dis-
tortion will, by this means, be made ex-
tremely low, and, no matter what the
external circuit conditions, such a trans-

1 See ' Output Transformers--The Effect of
Resistance,” Wireless World, January 12th, 1939.

2 See DP’art II, June 29th issue and also last
paragraph of this article.
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5,000 It occurs only at

1 o w frequencies,
and if true bass is
not catered for in
the amplifier, then
it can do no harm
in the transformer.
But the subject must be studied with the
utmost seriousness by those secking really
high-quality reproduction. Distortion at
low frequencies is more dangerous than
perhaps the reader has, as yet, appre-
ciated. The characteristics of the ear are
such that the sensitivity increases very
rapidly from the lowest audible notes up
to around 500 or 600 c/s. The effect of
this is that 2 per cent. seventh harmonic
contained in a 50 c/s note can sound as
lowd as the fundaimental itself.

This statement is truly amazing, but a
few figurcs will prove its validity. A dis-
tortion of 2 per cent. means that the volt-
age of the seventh harmonic (350 c/s) is

2 per cent. of that of the fundamental
(50 c/s). In other words, the seventh
harmonic is 34 db bclow the level of the
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Fig. 30.- All the exampoles in this series have

used the No. 4 stamping but this is not neces-

sarily the best one. The No. 56 presents certain

advantages mentioned in the text. The num-

bers are those of Messrs. Magnetic and
Electrical Alloys, Ltd.

fundamental. But at a loudness level of
20 db the sensitivity of the ear increases
by approximately 34 db between 50 c/s
and 350 c/s. Hence the harmonic will
sound to the ear as though it were 100 per
cent.! One is, of course, assuming that
the sensitivity of the loud speaker is the
same at both frequencies. If it happens
to be greater at 350 c.p.s., then the posi-
tion is even worse.

Obviously, something must be done
about iron distortion. A transformer
response curve is only a snare and a de-
lusion when examined alone. The response
is important up to a point, but it must be
considered in conjunction with the trans-
former harmonic distortion. To do this a
simple and standardised method of ex-
pressing the distortion is required. and the
Partridge Distortion Index is put forward
as a tentative suggestion. It may be dc-
fined as the arithmetical sum (not RMS)
of the percentages of the third, fifth, and
seventh harmonics produced under work-
ing conditions at 50 c:/s when the trans-
former is delivering its full rated output
into a resistive load of value equal to the
nominal secondary load. By substituting
a resistance in series with the primary to
take the place of the valve AC resistance,
the test can be taken using the 50 c/s
mains as the source of power. This
scheme eliminates all possibility of valve
distortion masking the transformer distor-
tion. and avoids the risk of polarisation.
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Letters to the Editor

The Editor does not necessarily endorse the opinions of his correspondents

‘¢ Distortion in Transformer Cores”
IN reading the first instalment oi Mr.

Partridge’s article in the June =22nd
issue o The Wireless World, it occurs to
me that onc section might cause some con-
fusion in the mind of anyone not very
familiar with the subject. On page 573,
column three, the author says ‘‘ Note that
both voltage and current have become dis-
torted. This is to be expected, because the
transformer draws a distorted. current, and
therefore the voltage drop across the series
impedance must of necessity be distorted.”

That is clear cnough, but he goes on to
say, ‘* Hence the voltage across the trans-
former, ‘which is the mains voltage wninus
the distorted drop across the series impe-
dance, must also be distorted.”’

One would, I think, assume from this
- that the more distorted the drop across the
series impedance, the more distorted would
be the voltage across the transtormer,
whereas the reverse is true under the condi-
tions stated.

Proof of the latter statement is provided
by the extreme case referred to by the
author in which the series impedance is
very high compared with that of the trans-
former. He says ‘‘ The current becomes a
pure sine wave, and the distortion is trans-
ferred to the voltage curve.” But his pre-
ceding remarks would lead one to argue
that if the current becomes a pure sine
wave, thus producing a pure sine wave vol-
tage across the series impedance, then the
transformer voltage, which is stated to be
the mains voltage minus the drop across the
series impedance, should also be a pure
sine wave. Or, conversely, that if the trans-
former voltage is distorted the voltage
across the series impedance muost be dis-
torted. ’

Actually, of course, assuming sine wave
mains voltage, the curreint does not be-
comie a perfect sinc wave, so long as an
iron-cored impedance is in the circuit,
althsugh it cay approximate to one. Har-
monics must, therefore be vresent in .the
voltage across the scries impedance, but
the percentuge is so small that thé wave
appears to De a true sine wave.

If we assume a true sine wave of current,
then the transformer voltage harmonics
must be present in the applied voltage.
The voltage across the series impedance
would then be a true sine wave.

I think it should also be made clear that
the subtraction of the voltage across the
series impedance from the mains voltage
to give the transformer voltage, refers to
instantaneous values, or the subtraction of
one wave from another, as so many people
are ‘used to thinking in terms of RMS
values. .

The article in question, and any that
follow on the same subject, should be most
useful in emphasising the importance of a
fundamental cause of distortion that receives
far too little attention.

T. A. LEDWARD.
Huyton, Nr. Liverpool.

The Wireless World, July 27th, 1939

The Author's Reply

IT is perhaps possible that some readers

may find occasions to become a little
confused in the course of reading the
articlss in question. This is unfortunate
but arises from the necessity of compressing
a book full of informatipn within the limits
of four bricf instalments. To do this one
must present short and simple explana-
tions, and assume that the technical man
will amplify the theme for himself . . . as.
indeed, Mr. Ledward has done.

My statements are all accurate and dc
not in any way disagree with those of Mr,
Lecdward. The voltage across the trans.
former is the mains voltage minus the dis-
torted drop across the series impedance.
When the series impedance becomes infi-
nitely great compared with the transformer
impedance, the current distortion becomes
infinitely small and the current wave form
can be as pure a sine wave as we care tc
itnagine it. But in these circumstances,
the drop across the series impedance is
almost the same as the mains voltage itself.
Hence subtracting one from the other
leaves only a minute fundamental plus the
said infinitely small distortion. But these
two ‘‘almost nothings’' are comparable,
and hence a large percentage distortion
appears in the answer. In other words, a
pure sine wave minus a wave of equal mag-
nitude containing an infinitely stnall har:
monic content will leave only the said har-
monic content which, although infinitely
small, is nevertheless 100 per cent. ol
things its own size, so to speak.

I thnk that Mr. Ledward’s letter in con-
junction with my own somewhat sketchy
observations will clarify the point in ques-
tion and materially belp readers vho have
found it to be a stumbling black.

N. PARTRIDGE.
London, S'W.1.



Letters to the Editor

The Editor does not necessarily endorse the opinions of his correspondents

« Distortion in Transformer Cores”’

NO\V that the series of articles by Mr,

Partridge on ‘‘ Distortion in Trans-
former Cores’’ is completed, I feel I must
add to the letters of commendation that you
and he are no doubt receiving. It is a
notable contribution to the art of good re-
production. Theé amount of painstaking re-
search and the data presented must arouse
the admiration of all readers. I hope it will
help to deflect a proportion of attention from
frequency to amplitude characteristics. Inci-
dentally, I agree with Mr. Owen Harries'®
in preferring the term amplitude distortion
to harmonic distortion, because I am unable
to accept Mr. Partridge’s summary dismissal
of intermodulation products—at least until
he brings forward evidence more convincing
than that of Mr. Harries® and ‘' Cathode
Ray’s’’ experiment.®

This raises the vexed question of how to
establish a criterion of amplitude distortion.
Mr. Harries has suggested one in the article
referred to. Messrs. Callendar and Clarke
employ another,’ based on weighting har-
monics according to known physiologico-
acoustical data. The R.M.A. has prescribed
another, called the distortion factor, em-
ploying a less scientific but simpler weight-
ing of harmonics, to recognise in some de-
gree the relatively greater offensiveness of
those of high order. Total harmonic dis-
tortion is another term with a definite
accepted meaning, being the RMS sum of
all the separate harmonics. It is a pity,
therefore, that Mr. Partridge should have
used this term in quite a different sense,
because it is liable to cause confusion in an
already complicated subject.

The ‘‘Partridge Distortion Index’’ ap-
plies only to output transformers under
certain specified conditions, and so is not
competitive with various existing standards
of amplitude distortion in general. Mr.
Partridge, therefore, has a perfect right to
define it as it seems to him to serve the pur-
pose best, and in view of his intense ex-
perience of transformer design I hesitate to
question the reasons underlying his choice,
yet I wish he could explain why he departs
from the usual practice by adopting an
arithmetical sum rather than RMS. And,
more particularly, why he should attdch no
more weight to the 7th harmonic than to
the 3rd, seeing that he is fully aware of its
much greater offensiveness.

And that leads me to say that although
I agree with him in the emphasis given to
the relatively greater effect ol the higher
harmonics, the figures he gives to prove the
point are chosen a little unfortunately for
the purpose. In the first place, “a loud-
ness level of 20 db’’ is a contradiction in
terms: intensity is measured in db; but
to avoid hopeless confusion it is absolutely
imperative that loudness should be stated
in phons, The context shows that phons
are meant. But 20 phons is an altogether

1 The Wiveless World, July 21st, 1938.
2 The Wireless Engineer, February, 1937,
3 The Wireless World, May 19th, 1938,
& The Wircless World, August 25th, 1938,

The Wireless World, July 27th, 1939

unpractical loudness for sound reproduction,
being below the background noise of even
quite a quiet room.

Moderatcly quiet reproduction is around
70 phons, and at that level the 34 db. differ-
ence in intensity between 50 and 350 cycles
has diminished to 10 db. Moreover, the
50-c/s fundamental is more likely to mask
the 350-c /s harmonic than vice versa.

These comments on certain details do not
in any way intend to distract attention from
the value of the series of articles as a whole,
outstanding.

M. G. SCROGGIE.
Bromley, Kent.
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Letters to the Editor

The Editor does not necessarily endorse the opinions of his correspondents

“ Distortion in Transformer Cores”
BEFORE replying to the technical points
raised by Mr. Scroggie in his letter of
last week, I should like to express my appre-
ciation of the exceedingly nice things he said
about my articles on ‘ Distorton in Trans-
former Cores.”” And at the same time may
I be allowed the space to thaink the many
other readers who have  written to’ ine
privately about the same matter?

Mr. Scroggie’s first point relates to ampli-
tude distortion and intermodulation pro-
ducts. The reason for my ‘‘ summary dis-
missal ’* of this matter is that it did not
seem quite so important in the case of a
transformer as in that of a valve (for
example) because of frequency discrimina-
tion in the former. Only spurious fre-
quencies of a low order can find their way
to the external load. However, it is quite
possible that I have under-estimated this
evil.

The next item, which deals with my use
of the arithinetical sum of the harmonics, is
very important. The ‘‘ Partridge Distortion
Index ’’' is intended to fulfil two purposes:
(1) to provide a simple means whereby pro-
fessional engineers and amateurs alike can
make relidble comparisons between trans-
formers, and (2) to provide the transformer
designer (as distinct from the circuit designer
or transformer user) with a convenient
means of dealing with distortion calcula-
tions. As Mr. Scroggie states in his letter,
it is purely an index number associated with
output transformers, and therefore does not
in'any way come-‘into conflict with existing
standards.

It is well known that the offensiveness of
harmonics varies considerably with their
order. We are particularly concerned with
the 3rd, 5th and 7th harmonics, and .of these
the 3rd is the least harmiful, while the 5th
and 7th are suspected of being vastly more
sinister. An exact measure of the relative
‘“ pastiness ’’ is not possible, and therefore
the only really sound-method expressing the
total distortion is by a statement of the per-
centages of each separate harmonic. This re-
quires three numbers and three calculations
to obtain them. Clearly a single ihdex num-
ber would be preferable if one can be found
that is easy to derive and that is not too
misleading in its indications. But there is
no point at all in going to any trouble to
obtain a figure that is of academic interest
alone.

Consider two possible examples of distor-
tion. One consisting of 6 per cent. 3rd har-
monic alone, and the others of 2 per cent.
3rd, plus 2 per cent. 5th, plus 2 per cent.
7th harmonic. There are reasons for believ-
ing that the former will be the more pleas-
ing. But the RMS sum of the harmonics
gives 6 per-cent. for the former (least harm-
ful) and 3.5 per cent. for the latter. To what
purpose have weé squared three numbers,
added the results together, and then taken
the square root of the answer? The straight-
forward arithmetical sum is cvery bit as
good as a guide to effective distortion (better
in the.example given), requires no aptitude

-dne wareiess ‘woria, August 3ra, 1939

for mathematics and saves a lot of time. In
addition to this, there is another thing that
adds to the usefulness of the ‘‘Partridge
Distortion Index.”” A glance at the trans-
former distortion curves given in the
articles will show that very approximately
the 3rd harmonic is generally about 50 per
cent. of the arithmetical total, while the
sth and 7th harmonics are cach around 25
per cent. Thus one always has a very fair
idea of the whole story. In brief, the RMS
summation involves more work and pro-
cuces a less convenient ‘‘ Index’’ than the
arithmetical sum.

Lastly, there is the affair of the 20 phons.
I fear that my imagination was so fired by
the discovery that 2 per cent. 7th harmonic
could sound like 100 per cent. that I told
the world about it without stopping to con-
sider the subdued nature of the experiment.
However, we agree ‘about the principle of
the thing, so perhaps I may be forgiven for
this unintentional exaggeration. But I am
not so sure about the masking effect. The
fundamental might mask the harmonic as
such, but would it cover beats against a
near-by frequency?

N. PARTRIDGE.
London, S.W.r.
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BWritish Institution of Radio Engineers

AN INTRODUCTION TO THE STUDY OF
HARMONIC DISTORTION IN

AUDIO FREQUENCY TRANSFORMERS
by
N. Partridge, Ph.D., B.Sc.(Eng.), M.Brit.I.R.E., A M.LLE.E.

A paper read before the London Section
of the Institution, at the Federation of
British Industries, London, on March 7th, 1942.

The non-linear characteristics of the magnetic materials commonly
employed in the construction of audio-frequency transformers give rise to
harmonic distortion. This is well known. Nevertheless, very little work
specifically relating to this subject has been published. As a result, the
present paper is concerned with fundamental principles rather than with
the elaboration of a subject already partially developed.

The importance and diversity of the functions performed by audio-
frequency transformers, in both their commercial and scientific applications,
make it clearly desirable that the performance of such transformers should
be readily calculable. Many of the factors involved, such as the frequency
discrimination, efficiency, etc., can be deduced by known methods. But,
so far as the author is aware, there is no recognised procedure whereby the

Fig. 1.—Oscillograph trace showing

current and voltage waveforms asso-

ciated with an unloaded trans-

former. Harmonics are present in
the current waveform.

harmonic distortion produced by an audio-frequency transformer can be
predicted with the same accuracy and certainty as, for example, the bass
attenuation can be predicted.

The main purpose of the work to be described was to make good this
technical deficiency. The result has been the evolution of a reliable and
essentially practical method of estimating the harmonic distortion produced
by an audio-frequency transformer from a knowledge of the core material,
the transformer design data and the operating conditions.
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HARMONIC DISTORTION IN A.F. TRANSFORMERS

Theoretical Considerations

Harmonic distortion produced by an
audio-frequency transformer can readily be
demonstrated by means of a few simple
experiments. Let an unloaded transformer,
preferably of the output type, be connected
to a low frequency, low impedance A.C.
source such as the 50 c/s power or lighting
mains. The relationship between the voltage
across the transformer winding and the
current through it can be examined with an
oscilloscope. An oscillogram recorded
under these conditions is shown in Fig. 1.
The voltage wave-form is approximately
sinusoidal, but the trace of the current is
far from being a simple harmonic curve.

The foregoing experiment can be
extended by using a test sample of known
turns and core area together with a variable
voltage source of low impedance. A series
of oscillograms can then be obtained
showing how the distortion of the magnetis-
ing current varies with the value of the peak
flux density (Bm). Such a series is repro-
duced in Fig. 2. It will be observed that
the current distortion is clearly a function
of Bm.

Audio-frequency transformers are nor-
mally employed in conjunction with a
source having an appreciable impedance,
such as a thermionic valve, for example.
To simulate this condition, let a resistance
be interposed between the supply and the
transformer. The effect upon the wave-
form, when the resistance is comparable
with the impedance of the transformer
winding, is shown in Fig. 3. Bm in this
instance was approximately 7,000 lines per
sq. cm., and was the same as obtained in the
case of Fig. 1, with which the present wave-
forms should be compared. The distorted
current is producing a distorted voltage drop
across the series resistance, which is
reflected in the voltage across the coil. Thus
the voltage, as well as the current, has
become distorted.

When the series resistance is made very
large by comparison with the impedance of
the transformer, the current becomes
approximately sinusoidal and the voltage
extremely distorted. This is illustrated by
Fig. 4. The explanation is that the trans-
former impedance, forming only a negligible Fig. 2.—Series showing increase
proportion of the total impedance, cannot  of  cyrrent distortion  with
exert any considerable influence upon increased flux density.

7



N. PARTRIDGE

the current wave-form., The circuit becomes, in fact, substantially resistive
and linear. Therefore the voltage across the coil must adjust itself to
accommodate the sinusoidal current. The known shape of the hysteresis
loop results in a distorted flux wave-form together with a correspondingly
distorted voltage waveform, By, in the case of Fig. 4 was the same as that
applying to Figs. 1 and 3, namely 7,000 lines per sq. cm.

Two things can be seen from these preliminary experiments, First,
the current distortion is a function both of B, and of the series resistance.
At any one value of By, the current distortion is a maximum when the series
resistance is zero and vanishes when the latter is infinite. Secondly, the
voltage distortion, which is the aspect in which we are primarily interested,
is also a function of B, and of the series resistance. But, unlike the current
distortion, it is a maximum at any one value of By, when the series resistance
is infinite, and vanishes when the series resistance is zero. It should be noted
that the resistance of the transformer winding must obviously be regarded as
forming a part of the series resistance.

The behaviour of the circuit will now be considered in greater detail.
Let Z¢ (see Fig. 5) be the impedance of the transformer primary at the
fundamental frequency, excluding the resistance of the winding. Also let
I and V be the r.m.s. values of the current through the coil and the voltage
across it respectively. These will be made up of fundamental components

Fig. 3.—Oscillograph obtained under
the same conditions as Fig. 1, but
with a resistance introduced in series
with the transformer winding. Both
traces now contain harmonics.

It and Vi, plus a series of harmonic components which can be represented
by In and Vn for any one harmonic frequency. Since the total harmonic
voltage in the source is zero, it follows that at any one harmonic frequency
the voltage across the coil (Vi) must be equal and opposite to that across the
series impedance, i.e. In Zs, where Z; is the series impedance at the harmonic
frequency under consideration and includes the resistance of the transformer
winding. Therefore :

Vi = —InZs
also Vg = 1f Zs

M (T ot R R .
ROOCE' =11

Expressed in words, the fractional voltage distortion at any one
harmonic frequency is equal to the fractional current distortion at that
frequency multiplied by the ratio of the magnitudes of the series impedance
at the harmonic frequency in question to the transformer impedance at the
fundamental frequency. The minus sign evidently indicates that the
transformer is the generator of the harmonic voltage.

The effect of a load upon the secondary of the transformer can readily
be deduced. A modified circuit is shown in Fig. 6. The load has been
transferred to the primary in accordance with known and well-established

8



HARMONIC DISTORTION IN A.F. TRANSFORMERS

principles. When the secondary load is added, the harmonic content of the
current flowing through the coil divides between the two parallel external
circuits Z3 and Zj, (see Fig. 6). The magnitudes of the harmonic currents

flowing through Z3 and Zp, will be I .

and In . ;—°
8

= respectively,

VA
Zy+ Zy

Fig. 4.—Oscillograph showing the
effect of making the series resistance
large compared with the impedance
of the transformer winding. The
voltage trace is distorted, and the
current trace sinusoidal.

(Zg+Z1) being the vector sum of the two impedances at the harmonic
frequency under consideration. Remembering that the total harmonic voltage
in the source is zero, it follows that :

Z;
Vh ——Ih. ZS+ZL . Zs
=—InhZ
Zs ZL
where Z Zot Zf,
or ]— = L-}-L (vector sum)
Z ~z,z r
as before Vi = I Z;
Vh In Z
therefore ™y ORI 3T Tt (2)

Equation (2) is of fundamental importance and repeated reference will
be made to it later. Comparing equations (1) and (2) it will be seen that the
case of a loaded transformer can be reduced to the simpler case of an unloaded

Zf Fig. 5.—The general arrangement of an
& W | 1 unloaded transformer in an audio
"""""" frequency circuit.

transformer by substituting an equivalent series impedance equal to that
of the actual series and shunt impedances taken in parallel. It should be
noted that, when the load and/or series impedance is non-resistive, Z is
variable with frequency and the value assigned to it in equation (2) must be
that corresponding to the particular harmonic frequency being considered.

The Basic Experiments

From the viewpoint of practical utility, equation (2) suffers a serious
disadvantage. Although Z and Z; might be computed for any given case,

9
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In/If is not so readily determined. It has been demonstrated that the current
distortion is a function both of By and of Z, hence a vast amount of data
would be required to cover all the possible cases arising in practice.

There is, however, one group of problems for the solution of which
equation (2) can be employed, namely that in which Z is small by comparison
with Z;. The current distortion (In/If) can readily be measured and plotted

Fig. 6.—~The general circuit
applicable to a loaded trans-
former. The load has been "\
transferred to the primary in

the accepted manner.

—r=
N
w—ry
<—>
VWAV
N
—

as a function of Bm for the particular case when Z=0. This amounts simply
to analysing the oscillograms of Fig. 2 and plotting the fractional current
distortion at each harmonic frequency against By. If a series impedance
be introduced into the circuit which is very small by comparison with Z;,
the current relationships will not be seriously disturbed and the values of
In/It determined when Z=0 will remain substantially true. In other words,
when Z is negligibly small the fact that I;,/I; is a function of Z can be ignored.
Thus for small values of Z/Z; we may write :

Vi In Z

vV Iy Z

I 2
N b T RS e, @ el R L Bt roare e o e S, 3
=—i 7 3)

The symbol Ix has been used to denote the particular value of I, when
Z=0. The difference between the true harmonic current (I,) when Z is
finite and the measured harmonic current (Ig) when Z=0 determines the degree
of approximation involved.

It is clear that equation (3) will yield good results when Z/Z; is extremely
small. But it is not at all obvious how large the ratio Z/Zi may become

Distortionless
~F Supply Transformer

Fig. 7.—The circuit em-
ployed fer studying the effect

of a series resistance upon
I at constant peak flux
) { R densities.
A_Wave
Analyser

before the equation ceases to be Of practical use. The only method of
elucidating the point appears to be by direct experiment.

The limits within which the investigation may be confined are suggested
by the following three considerations. First, it is usual to specify the per-
formance of transformers (and of amplifiers, etc.) with reference to a resistive
load. Also, the nature of Z normally met in practice is substantially resistive.
Hence Z may tentatively be replaced by a pure resistance R. Secondly, the

10



HARMONIC DISTORTION IN A.F. TRANSFORMERS

bass attenuation of a transformer is determined by the factor R/Zs. It will
not be necessary to study the resultant harmonic distortion in those cases
where the value of R/Z would result in an excessive degree of attenuation.
If 3 db is taken as the limit of acceptable attenuation, the maximum value
of R/Zs is restricted to unity. It follows that our intended experiment can
be limited to values of R/Zs between O and 1. Thirdly, the harmonic distortion
acceptable in practice is small, say less than 5 per cent. Since voltage is
proportional to dB/dt, it follows that the flux wave-form will be markedly
less distorted than that of the voltage. It will, in fact, remain approximately
sinusoidal within the scope of the present enquiry.

The circuit used for the experiment is shown in Fig. 7. It consisted of
the transformer under examination (Zs) in series with a variable resistance (R)
and an adjustable source of sinusoidal voltage of low impedance. The latter

T
~<_
3rd harmonic+—" s
Fig. 8.—Results obtained for .I_h !
Bw = 1,400 lines per sq. cm., I |
using the circuit shown in Fig. 7 !
opposite. Harmonics of a higher
order than the third are small
and can be neglected. [ [
_—-5th harmonic
¥ S [ -
7th harmonic __|__~Qth "harmonic —
1 T e P ———
{ 1 1 & 1 l
0 0-2 0'4 0-6 08 10
Rz,

was an adaptation of the 50 c/s lighting supply. An electrical wave-analyser
was arranged so that the currents flowing in the circuit at the fundamental
and harmonic frequencies could be measured.

The first series of measurements was made at a constant peak flux
density in the core of the transformer of B;m=1,400 lines per sq. cm. Results
were recorded for ten values of R between 0 and R =Z;, i.e. for ten values of
R/Z¢ between 0 and 1. The procedure consisted of setting R to the desired
value, adjusting the voltage of the source so that the peak flux density within
the sample reached the required value, namely 1,400 lines per sq. cm., and
then observing the magnitudes of the currents flowing in the circuit at the
fundamental and harmonic frequencies. The result of the experiment is
shown graphically in Fig. 8. Several important facts are revealed.

(@) The 3rd harmonic current is so much larger than those of higher

order that I, :::\/ L+LE+L ... -FK. This suggests that when studying

the total harmonic distortion (r.m.s. summation) of the current it is necessary
only to observe the distortion at the 3rd harmonic frequency.

(b) The true 3rd harmonic current (I,) approximates to the 3rd harmonic
current when R/Zs=0 (Ix) for values of R/Z; between O and 0.2 with a
maximum error of 5 per cent.

(c) The true 3rd harmonic current (I;) at any value of R/Z; between
0 and 1 can be estimated from a knowledge of the said current when
R/Z:=0 (Ig) by means of the following empirical relationship :

In = Inm (1—%) .................... (4)
11
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It is important to understand that the results of the foregoing are
applicable only to the particular core material empioyed in the transformer
tested and are limited to the one peak flux density of 1,400 lines per sq. cm.
at which the test was conducted. In view of the widely differing properties
of the various magnetic materials in normal use, and of the changes in the
shape of the hysteresis loop with variations of peak fiux density, there is no
obvious reason to suppose that the above deductions should be of universal

application.
Encouraged by the success of this initial experiment, it was decided to
TABLE |
— l —
Trade I Silicon Sheet Max. loss Spec. | Equivalent material by
Name Content | Thickness at 50 c/s Resist. y
H Bm= 10,000 | x2/cm? | Sankey | Armco
| |
Vicor 339 | 0-020 in. 1:26w, 56 \ e o
Silcor 1 4 % ‘ 0-014 in. 1-30w. 56 Super Stalloy —
Sticor 2 339% 0-014 in. 1-40w. 56 Stalloy Tran-Cor 1
Silcor 3 2§% | 0-018 in. 2-14w, 41 42 Quality Special Elec.
Silcor 4 1 % 0:-018 in. 3-17w. ‘ 18 Lohys Armature

Note 1.—The materials in column 1 are manufactured by Messrs, Magnetic & Electrical
Alloys, Ltd., of Wembley, and the figures quoted in column 2 were supplied by them.

Note 2.—Vicor is subjected to special rolling and annealing processes, and is obtainable only
in the one thickness, 0:020 in. Vicor is at present unobtainable.

extend the investigation to other peak flux densities and also to a variety of
typical magnetic materials. Accordingly, the silicon steels detailed in Table 1
were each examined at peak flux densities varying from 430 lines per sq, cm.
up to 8,500 lines per sq. cm. The rather surprising result of this work was to

210’

o —
100 \\\
4 \\

]|/ -3
el 1/
s y ' Fig. 9.-—Variation with Ban of
€ ot the impedance at 50 cls of a
¥ [ choke consisting of 4,000 turns
s wound upon a 1%} in. stack of
2 i No. 4 laminations in Silcor 2,
E [ 0-014 in. thick.

/
20
°3 2000 4000 6000 8900 10,000

Peak flux density {lines per sq. cm)

establish the fact that the original deductions (a), () and (¢} hold good in
all cases. In particular, the empirical equation (4) was found to remain
accurate (within 5 per cent.) in every instance.

The discovery is an important one. The approximation contained in
equation (3) can now be avoided by substituting in equation (2) the value

of 1y given by equation (4). The new equation becomes :
Vh _ Im R R )

vi 1z 173z

12
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Z, appearing in equation (2), has been replaced by R for reasons already
discussed. The minus sign has been omitted because we are concerned only
with the relative magnitude of the harmonic voltage and not at all with its
direction or phase relationship. Of course, the new equation is subject to
the same limitations as equation (4). It may be employed with certainty
only for silicon steels operating below a peak flux density of, say, 10,000 lines
per sq. cm. Also, the equation is applicable only to the third harmonic ;
but it has been demonstrated that the distortion at the third harmonic
frequency approximates closely to the total (r.m.s.) distortion.

Method of Generalization

Given a transformer of known design operating under stated conditions,
the factors appearing to the right of equation (5) can be determined. R can
be calculated without difficulty. Zg¢ is a function of By, and can be measured
at a number of values of Bm and recorded in the form of a curve. The general
shape of this curve will be similar to that of Fig. 9 which applies to a 1% in.

0 /4/
. T
& 5 ot
Fig. 10.—The current distortion g 02 L~
at the third harmonic frequency 8 ”
produced by the choke under 3
circumstances similar to those . A
described for Fig. 9. ] L 4 r
o 7
0

2000 4000 6000 80a9 10.000
Peak flux density (lines per sq cm)

(=]

stack of No. 4 laminations of Silcor 2, 0-014 in. thick, wound with 4,000
turns and tested at SO c¢/s. Finally Ig/Is, which again is a function of Bm,
can be obtained by analysing oscillograms such as those of Fig. 2, or by
means of an electrical wave-analyser, and subsequently plotted as in Fig. 10.
The latter curve was obtained under the same conditions of test as those
relevant to Fig. 9.

Nevertheless, equation (5) does not offer so complete a solution as one
would wish. The curves of Ig/Is and Z; obtained as just described will be
applicable only to the one transformer and, furthermore, only at the one test
frequency. Both Ig/If and Z; are dependent upon eddy losses. Any change,
such as that of frequency or lamination thickness, which alters the relative
eddy loss may at the same time invalidate the original test figures. The
employment of data having such limited application is inconvenient and
therefore unsatisfactory. The need is clearly for a method of working from
data appertaining to the core material and independent of the design of the
particular transformer in which it is used.

Since It Z;=Vj, equation (5) may be rewritten in the following form :

Vh_IER (l R)

Vi Vi \' 4z

And, because we are concerned only with small distortions of the flux
wave-form, V¢ can be expressed by the well-known formula :

v; = 344BaNAF
5= 108

13
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where 4-44 =7 /2
N=the number of turns,
A =the core area in sq. cms,,
and f=the fundamental frequency.
By substitution in equation (6) we get :

Vh _ ImR 108 R )

~Yh -
Vi 444BnNAf 4Z;

This equation is not very useful as it stands. But, by multiplying both
numerator and denominator by 10.N./ and rearranging, the following
important expression is obtained :

Vn Ig N 109 (1 ) -
Vf 0 56 Bm l 811‘- NZA f 4Zf ------------
here 0-56 =
where e \/2
and / =the length of the magnetic
path in cms.

It will be noted that the fractional voltage distortion is proportional to
four factors, excluding the constant 10%/8#2. The first contains the data
relating to the core material. This factor is of special interest and will be
discussed in detail in a moment. The second (//N2A) relates to the transformer
design. The third (R/f) is determined by the conditions in the external
circuit, while the fourth and final factor is the correction made necessary
by the use of Iy in place of In (see equation 4).

The Distortion Coefficient
Return now to the first factor appearing on the right-hand side of
equation (7). A brief diversion will help to make its meaning clear.

Magnetomotive force = 4%
- 4 w N Img 2
hence B = ——i0 I

Apf)]ying this to the case of a sinusoidal magnetising current we find ;

B _41r \/ENImg.}i
= 10 '}
where By, = peak flux density,
Img =r.m.s. magnetising current,
and p=the effective permeability.

-56 B
therefore Img = 9—5%“—!]]1

It follows that the magnetising current required to produce a peak flux
density of Bp lines per sq. cm. in the core of a transformer employing a
purely imaginary magnetic material having a hypothetical permeability of 1,
would be :

1 B 0:56 Bm /
But the factor in which we are interested can be rewritten as follows :
IgN Ig
056 Bmi 056 B (
L
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It is at once apparent that this factor is the ratio of the harmonic current
contained in the actual magnetising current drawn by the transformer to the
imaginary magnetising current (at the fundamental frequency) that would
be drawn if the core material had a constant permeability of 1. It can be
shown that this ratio is constant for any given material operating at one value
of Bm. It is dependent only upon the shape of the hysteresis loop and is
independent of test frequency, lamination thickness, winding data, physical
shape or size of the transformer tested, etc., always providing the flux density
is substantially constant throughout the magnetic circuit and the frequency
is below that at which skin effect becomes important, say below 100 ¢/s for
laminations of the normal thickness. This specific quantity, which is a
function of Bm, can be defined, both logically and conveniently, as the
distortion coefficient of a magnetic material (Sg). Equation (7) thereby
becomes :

NE o 108 R( E)
Vi H" g7
_IaN
where SE = 5ot B

= distortion coefficient

Every material will have a number of distortion coefficients associated
with it. Apart from Sy being a function of By, it will be different for each
harmonic frequency taken separately. The presence of a polarizing field
changes the magnitude and the nature of the distortion, as will be seen later.
Thus a fresh series of distortion coefficients arises with every change in the
value of the polarizing field. An appropriate suffix will indicate to which
coefficient reference is made.

Equation (8) is exact at any one harmonic frequency in the limiting case
when R=0, providing the distortion coefficient appropriate to the chosen
frequency is employed. When R is small by comparison with Z; the equation
becomes a close approximation to the truth at any harmonic frequency.
But when R is appreciable by comparison with Z;, the equation is true only
in the case of the third harmonic frequency and only when R/Z; is less than I,
i.e. equation (8) is subject to the same limitations as equation (4).

It is interesting to note in passing that the product of the three factors
81—?:-92’ b_Ié_A RTis the ratio of the equivalent series resistance (R) to the
reactance of the transformer at the fundamental frequency when using the
above mentioned imaginary core material having a hypothetical permeability
of 1. This will readily be seen from the following :

I ~0-56 By /
mg M:I_" ‘T

_444Bm NAf
o 108

(see above)

Vs

444B, NAf N
~ T 108 " 0'56 B /
8 #¢ N2 A
=S
R 100 1

I
therefore : I .
erelore . oL ok 8 22 N2 7 e

-l
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This consideration suggests that the constant 109/8#2 should properly
be associated with the factors //N2 A and R/f and that it was correctly
excluded from.the definition of the distortion coeffcient.

Application to Practical Problems

The distortion coefficients, applicable to the third harmonic frequency,
for Silcor 1 and Silcor 2 are given in Figs. 11 and 12. These refer to the
normal cyclic condition, i.e. the non-polarized state. The method of measuring
the coefficient is simple. It requires an arrangement similar to that shown
in Fig. 7 except for the resistance, which is notrequired (R=0). Ig is measured
by means of the wave-analyser, By is calculated from a knowledge of the

x10™°

100 = /[
B g /
=
” — —
'§ / Fig. 11.—The distortion co-
g 60 7 efficient of Silcor 1 at the third
: /) harmonic frequency shown as
5 // a function of Bw». (Normal
‘5‘ 40 - cyclic condition.)
@ //
a

-—-*"'/
20
0
0 2000 4000, 6000 84000 10000

Peak flux density {lines per sq cm)

test sample and the fundamental voltage across it, while N and / are known.
There are, of course, certain minor technical difficulties and a number of
precautions that must be taken when making these measurements. Unfor-
tunately, space will not permit a review of this aspect of the subject.

The rise in the curves of Figs. 11 and 12 at low flux densities is a rather
surprising feature and one which causes much inconvenience. This peak
appears to be typical, and there is reason to believe that having reached a
maximum the curve falls rapidly away, reaching zero at zero flux density.

Equation (8) can be employed to solve any practical problem so long as
the appropriate distortion coefficient js available. Assume a transformer of
known design to be operating under stated conditions. N, A, / and f are at
once known. R can be calculated as already discussed. To obtain Sgit is
necessary first to determine the value of Bp. This is readily discovered
from a knowledge of the voltage across the transformer winding and of the
transformer design. The only awkward factor is Z;. There is a method whereby
the impedance can be predicted rapidly and with accuracy. But that is another
story, and one too long to relate now. Since Z; is needed only for the
correction factor, no serious error will arise by substituting «wL in its place.
L can be calculated by means of the well-known formula :

L _47TNEAL
B 109 /
So far we have considered the normal cyclic condition, and therefore
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only odd harmonics have appeared and the third harmonic alone has assumed
importance. But many transformers operate in the polarized condition.
Even in the case of push-pull transformers, the out-of-balance current is often
sufficiently large to vitiate the use of the curves of Figs. 11 and 12. It is
essential therefore to mention, if only briefly, the effects of polarization.

The presence of a polarizing field causes the hysteresis loop to become
unsymmetrical. Hence even, as well as odd, harmonics are present in the
magnetising current. The second and third harmonics are the only
important ones. Experiment has shown that the total (r.m.s.) harmonic

current approximates to 4/I;+1., Iz and Is taken individually do not follow
the law expressed by equation (4), but the composite current VI: + I’ does

so with sufficient accuracy for practical purposes. Hence equation (8) can
be used by substituting the appropriate distortion coefficient, which is :
VvI;+IIN

0’56 Bm !

Fig. 13 gives this distortion coefficient for Silcor 2 in the presence of

polarizing fields between 0 and 1 gilbert per cm. The importance of minimiz-
ing lack of balance in push-pull transformers is at once evident.

S2+3 =

Control of Distortion

A curve showing the harmonic distortion produced by a transformer
as a function of the power handled by the transformer will be similar to the
curve of the distortion coefficient of the core material. This follows from

equation (8). The only factors which vary with load areSg and (l — 4% ) . The

latter will approximate to unity at all loads in the case of a well designed
transformer in which Z; is large by comparison with R. Hence, if the
correction factor be ignored, the Sy—By curve can be converted to the
distortion-load curve by merely altering the vertical and horizontal scales.

«0°
100 /
W
+ 80
5 Vi
o
'E "4
Fig. 12.—Curve obtained under L B /
similar conditions to that in © p:
Fig. 11, but relating to Silcor2. 5
=
5 40 -~
k7
)
0
0 2000 4000 6000 8000 10000

Peak flux density (lines per sg cm.)

Regarding the curves shown in Figs. 11 and 12 in this light, it will be
noted that the peak value of the distortion is liable to occur at very low loads.
For example, if Silcor 1 be used for the core material (see Fig. 11) and if the

17



N. PARTRIDGE

maximum load occurs when By, =2,000 lines per sq. cm., then the transformer
distortion at this maximum load will be :

Vh
Yh _ . 10—6 -
Vf~251 k

109 ! R

wherekzs—ﬂ_z N—-2A '—f;
If now the load be reduced until Bjy =50 lines per sq. cm., the distortion

will be increased to :

Vh
Vi
At any one frequency the power is proportional to the square of the
flux density, hence in the present instance reducing the load to 0-0006

= 35-10—6 .k

2
( = 2—?—.002) of its maximum does not lessen the distortion produced by the

transformer, but actually increases it. In other words, reducing the flux
density at which the core operates does not necessarily reduce the harmonic
distortion produced by the iron.

For a given transformer operating in a given circuit, the distortion is
equal toSH- k. It would appear, therefore, that the harmonic distortion could
be controlled to some extent by choosing a material for which the value of
Sy is low. Unfortunately, there are two reasons why this procedure is not
very profitable. Firstly, the distortion coefficients of the silicon steels do not
offer a very wide choice. At 3,600 lines per sq. cm. the highest value recorded
by the writer is 52 x 10—6 and the lowest 30 x 10—8, Secondly, it must always
be remembered that the distortion coefficient indicates the merit of a material
from one point of view only. Air, for example, has the ideal distortion
coefficient of zero. But its substitution in place of the more orthodox
materials is not without attendant disadvantages.

Dependence upon Frequency Response

A second method of controlling distortion is suggested by equation (8).
This is by modifying the design of the transformer and thereby altering the
factors N, A and/or /. In this connection it should be observed that Sq is a
function of B, which is itself a function of N, A and f. Thus in addition to
the explicit variation of distortion with N, A and f shown in equation {8),
there is also an implicit dependence on N, A and f through the intermediacy
of the variable B. In other words, the distortion does not vary as 1/N2 or
1/A, but as Sg/N2 and Sg/A. Sy may be increased or diminished by a change
in By, depending upon which portion of the Sy— B curve is in question.

Apart from this minor complication, a more important difficulty arises.
Suppose, for example, we double N, and for simplicity let it be further supposed
that this change does not materially alter the value of Sg. Equation (8)
shows that the distortion will at once be reduced to a quarter of its original
magnitude. Furthermore, the initial inductance (Bm=0) will be increased
fourfold. Hence, considering any one low frequency, the change has proved
highly beneficial. But if a band of frequencies be considered the picture is
not so good. The leakage inductance, also, has been increased fourfold.
Hence, in effect, the frequency response curve of the transformer has been
moved down two octaves towards the bass. The attenuation of the higher
frequencies may render the transformer useless for its intended purpose.

The above limitation must always be present. The initial inductance
(Bn=0) is proportional to N2A//. It follows that if the frequency response
of a transformer is to remain unaltered, the factor N2A// must be kept
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constant. This being so, the only change in distortion that can be brought
about by modifying N, A or / will be an indirect one due to a resultant change
in the value of Sg. An example will make the point clear, and at the same
time will bring to light the fallacy of certain widespread ideasabout transformer
distortion.

Everyone has heard the almost traditional saying that ‘‘ an adequate
core area should be employed if distortion is to be minimised.” Let us see
how this works out in fact. Consider a transformer of known design working
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in a stated circuit. The harmonic distortion produced by the transformer
wiil be (by equation (8)) ;
R~ | S 1_0..9 . __1_ .R
Al =Sy 872 N2A f

For simplicity it has been assumed that the transformer is a good one,
and therefore the correction factor approximates to unity and need not be
taken into consideration. The A\’—Bm curve for the transformer will be the
same as the distortion coefficient curve for the core material, but with new
horizontal and vertical scales. Let us imagine that the transformer in question
has Silcor 1 for its core material. Fig. 11 to suitable scales will give the
distortion characteristic of the transformer.

To ensure the *‘ adequacy ™ of the core of our transformer, let the cross.
sectional area be doubled by doubling the number of laminations in the
stack. The frequency characteristic of the transformer at once slides down
an octave. To put this right, the turns must be reduced from N to Nv2.
The distortion produced by the modified transformer now becomes :

100 / R
A= Qe 3 s e
(D) 2A
V2
= §¥ 1_09.._._1_ 5
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The only change brought about has been to alter the flux density at any
given load and therefore the value of Sg. The new flux density can be expressed
in terms of the original flux density as follows :

AvV/2N A

BL=Bh "N ia
_ B
V2

This means that if at a particular frequency the original transformer
reached a peak flux density of, say, 2,000 lines per sq. cm. at its maximum
load, then the modified design will reach only 1,400 lines per sq. cm.
(2,000/ 4/2) at the same maximum load. Referring back to Fig. 11, the full
load distortions produced by the two transformers are :

a\ = 25106 -k
and A/ =23-10-6 -k

But the peak distortion does not occur at full load. When By =50,
both transformers produce the same distortion, namely :

AB"—"«’)O =35-10-6 .k

It will readily be seen that to reduce the peak distortion the transformer
must be made so large that the maximum flux density attained falls below
the density at which the peak distortion occurs, i.e. certainly below Bm=50
lines per sq. cm. in the present example.

Working along the lines suggested above it has been found thart to lessen
the peak distortion produced by a certain 12 watt output transformer
manufactured by the author, the overall dimensions would have to be

Fig. 14.—a) shows the
relationship between the
instantaneous flux and cur-
rent when the core is not
gapped. (b) indicates the
effect of introducing an air
gap. The current scale is
reduced in the latter case.

increased from 33 in. cubed to 5 ft. 5 ins. cubed, and the weight from 4% lbs.
to 16 tons !

Distortion can be lessened by adjusting N, A and / providing the bass
attenuation is also reduced. Whether or not such a procedure is practical
will depend upon the desirability of retaining the treble response or upon
the possibility of restoring this response by more closely linking the primary
and secondary windings.

Effect of an Air Gap

It has been suggested that an air gap in the magnetic circuit of a trans-
former increases the linearity of the impedance and therefore reduces the
voltage distortion produced by the transformer. This is not correct. Fig. 14(a)
shows the relationship between the instantaneous flux density and the current
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in the case of a transformer having a closed magnetic circuit. The effect of
an air gap in the magnetic circuit is shown by (4). The current scale in the
latter case has been reduced in order to limit the size of the oscillogram.
It is obvious that the linearity of the impedance has been much improved.
But to assume a corresponding improvement in the performance of the
transformer is not justified.

Equation (2) shows that the distortion in the case of the non-gapped
core will be :

Vo _In Z
AV TR 7
In [
T It Vi Z
Vv
since Zg = L
Ig

The effect of introducing an air gap will be to increase the magnetising
current at the fundamental frequency by the amount necessary to maintain
the flux in the gap. Let the new current at the fundamental frequency be

I{. The distortion becomes :

Vi In Y
S e
In
V¢
In Z
kA as before

since V¢ = IiZs

This result can be reached in another way. A gap improves the linearity
and therefore reduces In/Is. But the gap also reduces the impedance (Z¢)
in exactly the same ratio. Hence the distortion, which is proportional to the
product of Ip/If and 1/Z¢, remains unchanged.

Negative Feed-Back

The employment of negative feed-back is very advantageous for the
purpose of reducing transformer distortion. It is well known that negative
feed-back, from the plate of an output valve to its grid, reduces the effective

) Y R .
dynamic plate resistance from Ry to l—::k‘ Also, harmonics generated
within the output stage are reduced from A\q to llégﬂ(' k is the fraction of

the output voltage fed back to the grid, and is assumed to be negative when
the feed-back voltage opposes the signal voltage. p is the amplification
factor of the valve and m is the effective amplification of the stage in the
absence of feed-back.

The effect upon transformer distortion is therefore twofold. Firstly,
the generation of harmonics is reduced since the lowering of R A automatically
lowers the value of R. Secondly, the curtailed harmonic content is still
further reduced by partial cancellation. The extent of the improvement will
depend upon the relative values of the load resistance and the valve A.C.
resistance, as well as upon the characteristics of the valve and the value of k.
It is of no consequence whether the feed-back voltage is taken from the
primary or the secondary of the transformer.
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