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TRANSFORMER INDICATOR DIAGRAMS,

XXZXIV. On Transformer Indicator Diagrams. By THOMAS
R. Lyiw, M.A., Sc.D., Professor of Natural Philosophy
in the University of Melbourne *,

[Plate X.]

1. THE term “transformer indieator diagram’ has been
applied by Professor Fleming to any series of periodic
curves which gives the forms, relative phase-positions, and
magnitudes of the waves of current and E.M.F. on both
the primary and secondary sides of a transformer when
working. Such diagrams have been obtained by many
investigators in different ways, but by none of the methods
hitherto used has it been possible to determine directly and
independently either the wave of magnetic flux F iu the
core, or the wave of magnetizing-current turns usually
represented by the vector sum n,C, +n7,C,.

Both these quantities are of fundamental importance in
the theory of the transformer. When they are known for
any given load, all the other quantities (currentsand E.M.T %)
can be determined for the same load when the primary and
secondary turns, resistances, and leakage coeflicients are
known t.

In addition, since, as will be shown later, the integral

j'(nlCI +nyCo)d I

for one cycle is equal to the total iron loss per cyele, the
advantage of being able to determine both »,C; 4+ 2,0, and I
directly and accurately is apparent.

Theoretically, 7;Cy+ny(); can be obtained by the vector
addition of #,C; and n,{;, but as the latter quantities are,
when the transformer carries a load, approximately equal in
magnitude and opposite in phase, their vector sum is a small
quantity compared with either of them. Hence small crrors
in the magnitudes of =,C; and n,C; may cause a large per-
centage error in the magnitude of n;C;+ n,(ly, while very
small errors in the magnitudes and phase-difference of »,C,

#* Read February 22, 1907,

t See Lyle: “The Alternate Current Transformer,” Proc. Roy. Soc.
Victoria, vol, xviii, pt, 1.
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508 PROT, T. R, LYLE ON

and 7,Cy may render the phase of #,C; +n,C, calenlated from
them utterly unreliable.

By means of the wave-tracer * designed by the author not
only can the E.MLF. and current waves be accurately deter-
mined, but also the wave of magnetic flux pulsating in the
core of the transformer, and in addition, as will be shown in
the sequel, we can obtain by its means the magnetizing-
current wave, n;C; +7,C,, with the same accuracy as any of
the other quantities.

Incidentally will be given new methods of comparing
mutual inductances, and of measuring both mutual and self
inductances in terms of a resistance and a time.

2. In the paper just quoted I have shown that if a periodic
current C flows in the primary of a pair of coils whose
mutual inductance is M, and if the secondary be joined
through a suitably arranged commutator (running synchron-
ously with the generator of the periodic current), which
commutes twice per period, to a large resistance » and thence
to a galvanometer, there will be a steady deflexion v in the
latter which is connected with the instantaneous value C of
the periodic current at the instant of commutation by the

relation
MC= A—Z-:T s

where A is the reducing factor of the galvanometer and T
the period. :

By arranging so that the commutating brushes can be
rotated on a divided circle round the drum of the commutator,
commutation can be effected at any desired instant of the
period, and the corresponding galvanometer reading when
multiplied by the factor given in the above equation gives
the ordinate of the current wave at that instant.

Take now a triad (see fig. 1, T) of coils of which p, and p,
are to serve as primaries and the remaining one s placed
between p; and p, to serve as common secondary. Let s be
connected as before through commutator and resistance # to
the galvanometer, and let M, be the mutual inductance of p,
and s, and M, that of p, and s. Then, when a current C;
circulates in p; and none in p,, the galvanometer deflexion v,

* Lyle: “ Wave-Tracer and Analyser,” Phil, Mag. Nov. 1903,
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produced is connected with the ordinate of C; corresponding
to the instant in the period at which commutation takes

place by the equation
. w7
1\11(/1= "1 Y

and when a current C,, equiperiodic with C,, circulates in

Fig. 1.
1220w,
Lﬂv
G,

Transformer | P

oo

b,
y)
o

Flux

e,

le Commudalor

ps and none in p;, a galvanometer deflexion v, is produced

which is similarly connected with the corresponding ordinate
208
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of ('; by the equation

. AT
MQOF%%.

When both €, and C, are flowing in their respective

primaries at the same time, the galvanometer deflexion y will

be the sum of v, and v, produced by C; and C, separately;
hence

MG+ M= 2T,

If now ny and n, are numbers such that

MM,

=—=M,
n Ny
then G+ 2,C, = %11"}’5

so that if 4 be the galvanometer deflexion for a given
position of the commutating brushes when C; is flowing in
1 and Oy, correctly directed, in p,, the ordinate of the wave
which is the vector sumn of #,C; and n,C, at the instant of
commutation is the product of y by M T/4M.

The same principle can obviously be extended to the
determination of the vector sum of any number of equi-
periodic currents each affected by an independent numerical
multiplier,

In the paper already quoted it is also shown that if a coil
of v turns of wire is looped on a magnetic circuit in which a
periodic magnetic flux of period T is pulsating, and if the
ends of the coil are connected through the synchronous
commutator that changes twice per period to a high resist-
ance 7, and thence to a galvanometer as before, the ordinate
F of the flux-wave and the corresponding galvanometer
deflexion B for any position of the commutating brushes are
connected by the relation T

AP
F= B
Hence any desired set of ordinates of a flux-wave can be
obtained.

8. From what precedes it is obvious that in order to obtain
practically the vector sum of »,C; and 7,Cy, where n; and ny
are numbers and ) and C, currents of equal period, it is
necessary to have a triad py, py, and s of coils such that the
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mutnal inductance of p, and s is to that of py and s as »y is
to ng.  These can be wound in three grooves turned out of a
circular disk of seasoned wood that has been well baked and
then soaked in melted parafin. A rough approximation to
the required ratio of M, to M, can be obtained by attention
to the relative numbers of turns, and a preliminary adjust-
ment can most quickly be made by the wave-tracer as
follows : —Send a periodic current of suitable value through
the common secondary s. Join together one end from each
of p, and p, and connect the junction to one fixed brush of
the commutator. Bring the other ends of two terminals of a
two-way key, from whose moving tongue a connexion is
made, to the other fixed brush. Join the two movahle
brushes of the commutator through a suitable resistance » to
the galvanometer. Thus, when a current C is flowing in «
either p; or p; can be put in circuit with the galvanometer,
and the deflexions ¥, and v, due to p; and p, respectively for
every position of the moving brushes are in the ratio of M,
to M,, since . T T
= 4—M1’71 = iM, Vo

Obviously in making the comparison it is desirable to
place the moving brushes so that the deflexions obtained are
near the maximum ordinate of the current wave.

Otherwise we might put a resistance #; in the galvanometer
circuit when p; is in, and »y when p; is in, so as to obtain
equal deflexions; then we would have that

My n
M, " #»”

Hence the coils s and p; may be finished and their ter-
minals permanently fixed, and, using the latter (equal de-
flexion) method, a resistance #; found to give a large deflexion
when p; is in circuit and the brushes placed so as to give
approximately the maximum ordinate of the current wave.
Now substitute #, obtained by the above relation, allowing
for galvanometer or other appreciable resistance that may be
in circuit, and switch p; on to the commutator and galvano-
meter. An assistant can increase or reduce the turns (or
fractions) until the same deflexion is ohtained as was given
by py with »; in circuit. Spare wire should be left in cuse
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the further treatment of the coils causes any change in their
M ratio.

As it is necessary, if high accuracy with the wave-tracer
be desired, that the M coils used should have high insulation,
the triad should now be thoroughly dried in an oven to drive
off meisture from the cotton or silk covering and placed in
an iron dish that can be fitted with an air-tight lid that has
an exhausting tube through it. A layer of solid paraffin is
in the bottom of the dish, and on this the coil is placed and
weighted with a piece of metal. The lid is luted on with
melted paraffin, the air pumped out, and the dish then heated
%0 as to melt the paraffin it containg. The coil now sinks in
the melted paraffin, and as the air has been removed it
becomes thoroughly impregnated. We can thus obtain coils
of high insulation and permanent mutual inductance if, in
addition, proper attention is paid to the insulation of the
terminals.

A final and careful adjustment of the ratio of M; to M,
should now be made with the wave-tracer.

The absolute values of M; and M, must also be known,
and they can easily be obtained by either of the methods
just deseribed in terms of a known standard of mutual in-
ductance. An alternating current is sent through the primary
of the standard, and either p; or p, of the triad (the one
whose M is nearest in value to that of the standard) and the
gecondary of the standard and s of the triad arranged so that
either can be switched on to the commutator and galvano-
meter. Then for any position of the commutating brushes
the two deflexions are proportional to the mutual inductances
when the resistance in circuit is fixed, or if equal deflexions
Be obtained the inductances will be proportional to the re-
sistances. Obviously it will he desirable to make a number
of independent comparisons by varying the position of the
commutating brushes about the place at which the maximum
ordinate of the current is obtained.

The absolute value of a mutual inductance can be deter-
mined by the wave-tracer in terms of a resistance and a time,
as follows,  An altermating current is sent through a Kelvin
halance, and at the same time a number (usually 30) of
equizpaced ordinutes (y) of it embracing one, 1ull wave is
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obtained by the wave-tracer using the mutual inductance M

to be measured ; as
_ T

z—m’)’

the square root of the mean squares of C, which is the
Kelvin balance reading (B say), is M'T/4M times the squaro
root of mean squares (7 say) of the galvanometer readings,
hence "=

M=N17

4 B’

T is given by the chronograph attached to the wave-tracer,
and the ratio of N, the reducing factor of the galvanometer,
to B can be obtained as follows. Send a continuous current
=D through the balance and through a stundard resistance
p (usually *1 ohm). From the terminals of p lead a shunt
circuit through a resistance R to the galvanometer and let
the deflexion of the latter be d.

C

Tt -
1en hcl:p}}{,
and hence o Y
M=p1 ﬁgﬁ

4, The transformer, some of whose indicator diagrams
will be given, was a small experimental one of the ring type
of about one-half kilowatt capacity. It was used as a step-
up one of ratio 1 to 6 transforming from about 40 volts
(virtual) to 240 at about 50 periods per second.

Tts details are as follows :—

Core :—144 annular laminee annealed and paper insulated.

Laminge :—Internal diameter......... 1525 em,
External diameter ...... 2775 cm.
Thickness ............ove. e 047 em.

Primary coil :— No. of turns (n,)=100,
Resistance (warm)=0'0676 ohm.
Secondary coil :—No. of turns (n,) = 600.
Resistance (warm)=2'034 ohms.

Before either coil was wound a single turn of well-insulated
wire was looped on the core to serve as a search-coil for the
determination, by means of the wave-tracer, of the maguctic



314 PROF. . R. LYLE ON

flux pulsating in the core. The secondary coil was wound
next the core.

The primary current was drawn from the alternating side
of a small rotary converter that was supplied with direet
cuwrrent from storage-cells, The spindle of the connmutator
and that of the converter were in line and rapidly connected
so that perfectly synchronous commutation was obtained.
A chronograph took a continuous record of the period, re-
cording once every 200 alternations.

The arrangement of the transformer and the mutual in-
ductanees by means of which the different waves were
determined is shown in fig. 1. The primary current €y
from the converter enters by the two leads marvked U, In
ene of these leads is placed a two-pole switch a5, by which
Gy can be sent through the primary p; of the triad T, or
deflected through an equal compensating coil &y, leaving
completely disconnected from the live circuit in case the
triad is being used for the determination of C,.

E, is determined by obtaining the trace of the current wave
it sends through a non-inductive resistance of 1220 ohms.
The mutunal inductance mz; of 00061 henry is used for ob-
taining this trace. B, is similarly determined, the non-
inductive resistance in circuit being 8660 ohms and the
mutual inductance my *003535 henry.

The secondary cmrent Cy may, by means of the switch ay,
be directed through the primary p; of the triad T or through
the equal compensating coil &, When #,C, +n,C, is being
determined, both C; and C, flow through their respective
primaries p,, p, of the triad in the proper relative directions,
the common secondary s being joined as shown to the com-
mutator and thence through a resistance to the galvanometer.
When C, alone is being determined, C; is deflected through
its compensating coil b, : similarly when C; alone is being
determined, €, is deflected through 4. The mutual induet-
ance of p; and s was '0000485 henry, while that of p, and s
was '000291 henry, which bear the same ratio to each other
as 1, 10 ny, that isas 1 to 6.

The points marked I in fig, 1 represent the terminals of
the single loop of insulated wire wonnd rownd and close to
the transformer core.  When the flux-wave is heing obtained
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these are connected direct to the commutator, and thence
through a suitable resistance to the galvanometer.

By means of the key K either the flux leads or those of
any of the secondaries of the different mutual inductances
can be connccted with the commutator o as to obtuin the
corresponding wave-trace.

A glance at fig. 1 will show that the true primary current
is Jess than the measured C; by the small current by which B,
iy determined. To correct for this (if correction is necessary)
wo subtract from each galvanometer U, reading an easily
determinable fraction of the equi-phase E; galvanometer-
reading. A similar correction has to be applied to the C,
readings; but in this case the corrections have to be added.
The galvanometer-readings for »,C;+n,C; have also to be
similarly corrected, and in this case the corrections are of
great importance as the C; correction is affected by the
factor n; and the C, correction by the factor n,, and both
corrections are approximately in the same phase.

5. For the present paper three separate sets of connected
transformer quantities were determined, and they will be
given below by their harmonic expressions and also repre-
sented by curves or indicator-dia grams.

These are for the transformer :(—

(1) At no load.
(2) At (q.p.) full non-inductive load,
(8) At (q.p.) full inductive loud.

The method by which the wave-tracer galvanometer-readings
ave reduced to absolute measurce and the harmonic expression
for the periodic quantity deduced from them has been fully
explained in former papers *.

In the present experiments, for each of the periodic qnan-
tities determined, 30 wave-tracer galvanometer-readings were
tuken, each differing from the next in order by 12°.  The full
wave was thus covered. Corresponding deflexions in each
lialf of the wave were added, that is the Ist and 16th, the
2nd and 17th, and so on, and 13 equispaced ordinates per

% « Wave-Tracer and Analyser,” Phil. Mag. Nov. 1903, * Variation

of Magnetic Hysteresis with Frequency,” Phil. Mag. Jan. 1905, “ Expe-
ditious Practical Method of Ilarmonic Analysis,” Phil. Mag. Jan. 1006,
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half-wave obtained. These were subjected to harmonic
analysis, and the amplitudes of the different harmonics were
affected by their proper factors to reduce them to flux,
current, or E.M.F., as the case might be, in absolute measure.
The results obtained are as follows :—
(1) For the transformer at no load.
Period =-0201) sec. ; w=23118.
—1%}5 =577l sin (wt=—698) ~ 434 sin 3(wt —15'7) + 035 sin 5 (wt—29).
0, ='1804 sin (wt—44°23) + 0224 sin 3{wt—33) 4+ 0057 sin 5{wt~27).
I =184700sin (wt—97"11) +4300 sin 3(wt—105°9) —300 sin 5{wt — 84).

And as B, at no load = —772%1;, we find that
(10 R . q » SR 4
{(;&=340'.’) sin (wt—187"11) —24-1 sin 3(wt —195"0) + 28 sin 5{wt ~210)
(The different quantities arc in absolute units and the phase
angles in degrees.)
(2) For the transformer at (q.p.) full non-inductive load.
Period=-02053 sec. 5 w=300.
The load was a manganin non-inductive resistance of
104-7 obms,
"]J(’)g= 56 sin (ot —2'59) + 4°18 sin 3(wt—519) + 78 sin 5(wt—61°2).

C, =1945 sin (wt—571) + 145 sin 3(wt —50'1) + 034 sin H(wt—33'7).

7y Uy Ay Co== 1246 sin (wt—4521) + 267 sin 3(wt — 33°4) + 75 sin 5(wt — 30)

I =178900 sin (et~93'22) + 3900 sin 3(wt—83'2) —400 sin 5(wt—93).

Cy; =300 sin(wt—182-16) + 022 sin 8{wt—233:5) +-005 sin 5wt —216).
And as E,=1R,0,=104"7Tx 10%. Uy, we find that

};‘028 5255 sin(wt— 183-16) + 23 sin 3wl —233°5) + 52 sin 5(wt—216).
(3) For the transformer at (¢.p.) full inductive load.  Power
factor="73.
Period=-01835 scc.; w=3424.

The load wasa manganin non-inductive resistance in series
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with a copper wire inductance-coil. The total external
resistance was 76'52 ohms, and the inductance, measured
independently, was 212 henry.

<5413 sin (ot 10'5) = 5:36 sin 30t —12:5) + 197 sin 5(wt —13:2).

U =1-907sin (ot —52-1) =065 sin 3(ewt ~ 34:7) —*017 sin 5(wt—03-1).

Uy + 750y = 1118 sin (0 — 48°37) + 1-82 ¢in 8(wt —42°14) 431 sin 5(wi—35)
I =154900 sin (ot ~9%9)+5200 sin 3(wt~101°7) + 800 sin 5(wt—98).

'y =299 sin (wt—-232:38) =015 sin 3(wt-—2154) =002 sin 5(wt—235).

15y =312:9 sin (wt—189-08) — 31-8 sin 3(wt —183-5) —8'3 sin 5(wt—223)

6. The same wave-tracer deflexions were individually mul-
tiplied by their proper factors to reduce them to absolute
measure, and the products plotted as wave ordinates against
the corresponding wave-tracer divided-cirele readings (. e
against wt where w=2w/period) as abscissee. Tig. 2 (DL X.)
represents correetly in amplitude and relative phase the differ-
ent periodic quantities for the transformer at no load ; fig. 3
(Pl. X.) for the transformer at (q.p.) full non-inductive
load, and fig. 4 (P1. X.) for the transformer at (q.p.) fulk
inductive load.

Obviously in figs. 2, 3, and 4 the same periodic quantitics
are graphically represented as are analytically expressed in
gerjes 1, 2, and 3 respectively of the preceding paragraph.

In addition to the sets of related waves, there ig, in each of
the three diagrams, an area very similar to the well-known
hysteresis indicator-diagram.  In the present case these closed
curves were obtained by plotting the flux as ordinate against
the corresponding value of the magnetizing-current turns
(i. o, 1,0 +1,C5) as abscissa for a complete period.

Thus the area enclosed (A say) is

t+T )
JA (nl(jl + ng(_’g)dF7

where T is the period, and this integral can be sliown to be
equal to the total core loss per cycle due to both hysteresis
and eddy currents as follows :—

Neglecting 7¢* losses, the energy entering the transformer
on the primary side in any element of time dt is eCyd¢, where
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¢ is the back E.M.F. due to variation of the flux ; and us

e=mn dr
Vdt
this energy is equal to
ll
7110 ¢
Similarly the encrgy leavmg the transformer on the
secondary side in the same element of time df is cqual to

-—722@2@&

Lence in the time dt the transformer absorbs energy to the
amount

(4 +')7202>(~ZZ—E1 dt,
so that in one cycle, of duration T, the energy absorbed

is equal to 14T
j’ (mCy 420,y ) T dt = area A,

7. It is easy to show that when #2,C;+n,C, and F are
expressed in the forms

1y + ngCo=my sin (ot —py) +mg sin 3wt —ps) +m; sin 5wt —us) + &e.,
F=fisin (wt—¢;) +1; sin 3(wt—d;) +/; sin 5wt —¢;5) + &e.,
the integral or area A and therefore the total core loss, in
ergs, per cycle is equal to
7{myfisin (y—p) + g [y sin By = ps) + Sus /s sin 5(ps — ps) + &e. }s
which when divided by 10°T, where T is the period, gives
the total power lost in the core in watts.

This form of expression bas the advantage of giving
separately the power absorbed by the iron by means of the
harmonies of different orders, and from the analytic expres-
sions for E.M.F.s and currents we can also obtain for the
different orders of harmonics the input, output, and copper
losses. Hence we can draw up a debit and credit account
for the individual harmonies which will afford a good test of
the accuracy of the wave-tracer, as the account for cach order
should balance.

This has been done for the first and third harmonics of the
three series given in this paper and the results shown in the
following tables. The quantities for the fifth harmonies are
negligible. The figures represent watts,
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TaBLE I.—~No Load.

<

e

1st Harmonic, | 3rd Harmonie, Total.
OQutput ............ 0 0 ! 0
Iron loss ......... 2993 -28 | 2965
Copper loss, 1, ... 06 ‘002 ] ‘06
Copper loss, II.... 0 0 i 0
Sum e v 2999 —28 J 2971
Input.cvueenien... 29-95 —30 | 2965
TaBLE 1I.—Non-inductive Load.

j 1st Harmonie, | 3rd Harmonie. Total, }

H 1 i g
OUtpub vevvvrven ’ 49980 I 263 | 50233
Iron loss ......... 2563 24 ! 2587
Copper loss, I ...| 1279 07 1286
Copper loss, IT....! 971 05 976
Sum eeenieninn 54793 2:89 550-82 !
Inpuboe..eersvonen. 5438 302 r 546:82 }

TasLE ITL.—Inductive Load.

1st Harmonie, | 3rd Harmonic, Total, ;
| |

Qutput ..oeviveen. 3405 *51 34101
Ironloss ......... 2318 01 2319
Copper loss, 1, ... 12-29 01 12-30
Copper loss, IL... 913 02 915
Sum ... . 38510 65 38565
Input.ccvcenneiine 3860 69 38669

The output in Table III. is the mean value of E,C,.

A

second determination of it, obtained from the mean value of
RC,2, where R is the external resistance (76:52 ohms), gives

342:86 watts as against 341,

8. Other tests can be applied to the harmonic expressions
given in § 5, and though their results may not be so good as
those in § 7, yet they will prove fairly satisfactory when the
number of independent determinations involved in obtaining

each series is considered.

Thus the pressure drop from E; to Ey/6 is too small in both
series 2 and 3, and this is probably due to a common error
or errors. Moreover the speed never remained quite constant
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throughout a complete series. Again in series 3, knowing

the external secondary resistance, and assuming as correct

the value given for the external inductance (212 henry), Cy

can be calculated from B, When this is done we find that
="2966 sin (wt —232'58) —014 sin 3(wt —213)

—+002 sin J(wt —239),
which agrees well with the valune of (% obtained with the
wave-tracer,

Conversely from E, and C, obtained with the wave-tracer,
both the external resistance R and the external inductance L
can be caleulated, or if R is known two determinations of L
can be obtained from each order of harmonic.

If, however, as in the present case wL/R is considerable,
ihe first order is the only one suitable for this purpose; for
il Yy, ¥y, and 4 be the difference of phase of the first, third,
and fifth harmonics respectively of EB and C,, then, since

tanyry = @I%—, tan ¢y = R s tan Yr; = 99&,
and wL/R is large, a small error in the observed values of Yy
or ¥, will cause a large error in the value of L deduced
from them.

For the first harmonics, as $;=43%8, R=70'32, 0=23424,
we find from

that L.="2106 henry ; and from
O=— i
TG
that L="2084 henry.

These give a mean value for L of *2095 henry, which is as
likely to be correct as the value 212 already given and which
was obtained by the Wheatstone’s bridge method. As w or
27/T was determined by the chronograph attached to the
wave-tracer, the above constitutes a new method of measuring
an inductance in terms of a resistance and a time.

9. In Table I. § 7, it will be noticed that the iron loss for
the 3rd harmonic is negative (—'28 watt), This means
that all the watts put down as iron loss for the 1st harmonic
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are not dissipated as heat, but that some of them are trans-
formed by the iron to 3rd harmonic power; a portion of
these are dissipated as heat, while the remuinder 28 watt
are given out as electrical power by the iron to the copper
circuits.  This phenomenon has already been drawn attention
to in a former paper ¥ by the author.

10. In the diagrams, figs. 2, 3, and 4 (P1. X.), it is worth
drawing attention to the approximate permanence of form of
the magnetizing current wave, and to the permanence of the
relative phase relations of E;, #,0,+n,(,, and F, for the
three essentially different conditions of working for which
the diagrams were obtained.

Drscussion.

Mr. W. DuppELL said the paper was an intercsting and
important one, and congratulated the author upon the in-
genious double mutual induction method by which the vector
sum (n;C) + n,(y) was determined electrically. In the paper
the core loss was nearly constant for no load and full load,
but the author had used an E.M.F. wave which was practi-
cally a sine curve. He suggested that experiments should
e carried out using distorted E.M.IF. waves such as occur in
many generators and transformers.

Mr. A. CaypBELL remarked in respect to the title of the
paper that it seemed a wanton confusion of nomenclature
to use in this connexion the term “indicator diagram ” which
had such a definite and accepted meaning in mechanies; we
might as well talk of hysteresis loops as “iron indicator
diagrams.”  Prof. Lyle’s methods were interesting, particu-
larly that for obtaining the curve of effective ampere turns
(n;Cy + n,C;) by the use of a double mutnal inductance which
performed the vector addition. The author had wisely kept
the mutual inductance small: without that condition the
double air-core transformer might alter ¢, and Co. It would
probably be better to split it up into two separate pairs of
coils. The setting of the ratio of the mutual inductances on
the triple coil could be more easily done by Maxwell’s null

# « Vapiation of Magnetic Ilysteresis with Frequency,” Phil. Mag.
Jan. 1905,
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method, which was perfectly applicable to a pair of second-
aries having a common primary. If various values of ny/n,
had to be dealt with, the two primary coils might be fixed at
right angles and the secondary mounted so as to be capable
of rotation with regard to the primaries in order to allow of
variation in the ratio Mg/M;. In connexion with Prof. Lyle’s
methods of determining inductances by the help of the wave-
tracer, the somewhat similar method of Dr. E. B. Rosa might
be mentioned. It was interesting tosee the actual hysteresis
loops given ; a comparison of these with ballistic tests on the
same transformer would add valuable information.

Mr. A, Russerl said that the author’s results proved that
to a first approximation the magnetizing force acting on the
core followed the same law and had the same amplitude at
allloads. This theorem was the starting point in the ordinary
engineering theory of the transformer, but this was the first
time that a careful experimental proof for a particular case
had been given. The magnetic leakage in the transformer
experimented on must have been very small. The formula

4T dFf
f (711(11+71202)—Eclt only gave the energy absorbed per
¢

bcycle when the magnetie leakage was negligibly small. In
many commercial transformers it would not be safe to use
this formula. The core-loss dingrams were interesting, but
their value would have been greater if the transtormer had
been so constructed that the magnetic flux density was
approximately uniform over the cross section of the core.
The internal diameter of the centre-hole iron stampings
employed was only about half the external diawmeter, hence
the magnetic force to which the ivon was subjected was almost
twice as great at the inner as at the outer circumference,
As the values of the permeability of the iron at these forces
might vory widely, we could not tell the distribution of the
magnetic flux. This prevented us {rom muaking caleulations
as to the hysteresis and eddy-current losses in the core. The
complete solution of the transformer problem could not he
obtained until we knew more about hysteresis. Apparently
there were molecular “ frequency changers” in the core, and
any theory that would elucidate their action would be of
great value to electricians. In this connexion he referred
to a paper read by Prof. J. Perry in 1892,



