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.io? TRhP;SFORMER INDICATOR DIBGI1ADIP. 

XXXIV. Ota I’ransfomer Iiiilicator Diayains.  By THOII.L~ 
A., Sc.B,, Professor of ilTutural Plilosopl~y R. LYLE, 

in the U7iivevsity of Melbozmae +. 

[Plate X] 
1. THE term ‘( transforiner indicator diagram ” has beeu 
applied by Professor Fleming to any series of periodic 
curves which gives the forins, relatire phase-poitions, a i d  
magnitudes of the waves of current and E.1I.F. on both 
the primary and secoiidary sides of a trnnsforiner w h  
working. Such d iagram have been obtained by inany 
investigators in different ways, but by none of the niethoils 
hitherto used has it been possible to detwxiine directly :An(! 
independently either the wave of magnetic flus F in tlrc* 
core, or the wave of Inagneti~ing-cL~rreut turns usually 
represented by the vector sum ?zlCI + nzU,. 

Both these quantities are of fundaineritnl iinportnncc in 
tlie theory of the transformer. When they are lrnown for 
an)- given load, all the other quantities (currents and E.M.B..) 
can be determined for the sanie load when the priinnry n l ~ ( l  

secondary turns, resistances, and leakage coeficicnt, :ire 
knorvn 7. 

In ndditioii, &ice, a i  will be sliowii later, the integral 
j(illcl + ? & 2 ) 1 i ~  

for one cycle is equai to the total iron loss pcr cyde,  ill(. 
advantage of being able to deteriniiie both n,C1 + nsU2 :uid I? 
directly and accurately is apparent. 

Theoretieally, wlC, + 7 t 2 C 2  can be obtained by tlie vector 
addition of nlCl and q12(i2, but as tlie latter quantities arc, 
when the transformer oarrics a load, approximately equal in 
magnitude and opposite iu phase, their vector sun1 is a .;ninll 
quantity cornparecl with either of them. Hence c,iiinIl ( w a r s  
in tlie inagnitudes of ?z,C, and n2Cz rnay cause a large 1wr- 
ceiitage error in tlie inaonitude of nlC1 t n8(l3, wliilv w r y  
sniall errors in the inagnitndes and phasc-diff‘crcaco 01 I ~ ~ C ,  

The Alternate Current Tinnsfoimer,” Proc. IZoy. SGC. 

9 

* Read Februayy 22, 1907. 
t See Lyle : 
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and nzCz inay render the phase of nlCl +nzCz calciilated from 
them utterly unreliable. 

By means of the wave-tracer * designed by the author not 
only can the E.il1.F. and current waves be accurately deter- 
mined, but also the maw 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 meam the magnetizing- 
current wave, n,C1 +?i2C2, 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 tern. of a resistance and a time. 

2. In the paper just quoted I haveshown that if a periodic 
current C flows in tlie priinary of a pair of coil5 whose 
mutual inductance ia 31, and if the wcondary be joined 
through ;L suitably arranged cominutator (running synchron- 
ou4y TI it11 the generator of the periodic current), which 
commutes tn  ice per period, to a large resistance and thence 
to a galvanonietw, there will be a steady deflexion y in the 
latter which is connected with the instantaneous value C of 
the imiodic current a t  the instant of coininntation by the 
relation X rT 

4 nfc = -- 7, 

where h 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 whichp, and p z  
are to serve as primaries and the remaining one s placed 
between p1 and p2 to serve as common secondary. Let s be 
connected as before through commutator and resistance to 
the galvanometer, and let MI be the mutual inductance of p ,  
nnd s, and BIZ that of p 2  nncl s, Then, when a current C, 
circulates in p ,  and none in p2,  the galvanometer deflexion y1 

* J,I le , l .  W,IT +Ti,icei a n d  A n n l y ~ e ~ , ”  Phil, 3Ing. N o v .  1903. 



p z  ancl none in pl, a galvanometer deflesion y2 is produced 
which is similarly connected with the corresponding ordinate 

3 0 2  



When both C, and Cz are flowing in their respective 
primaries at  the same time, the galvanometer deflexion y will 
be the sum of y1 and yz produced by C1 and Cz separately; 
hence 

1l.T 
4 M&1+ n!rzcz = - y. 

If now n1 and n2 are nuinbers such that 

SO that if y be the galvanometer deflexion for a given 
position of the coinmutating brushes when C1 is flowing in 
171 and C2, correctly directed, in  p z ,  the ordinate of the vave  
which is the vector SIIIII of iilcjl and 7ZzCz a t  the instant of 
commutation is the product of y by x~T/tlN. 

The same principle can obviously be extended to the 
deterinination of the Tector sum of any nuniber of equi- 
periodic curreuts each affected by an independent numerical 
mu1 tiplier. 

In  the paper already quoted it is also shomii that if a coil 
of v turns of wire is looped on a inagnetic circuit i n  which n 
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 ?*, xiid thence to a galvanometer as before, the ordinate 
I? of the flux-wave and the corresponding galranometer 
deflexion ,k? for any position of the commuttlting brushes are 
connected bv the relation 

Hence any desired set of ordinates of :L flux-maw can be 
obtained. 

8. Froin what precedes i t  is obvious that in order to obtain 
practically the vector siiiii of n,C, and nzC,, where 71,  and n2 
are numbers a n d  C1 and Cz currents of equal period, i t  is 
neccwry  to  have a ‘triad pl, p2 ,  and s of coils snch that the 
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11l~tunl inductance of pr and s is to that of p2 and s as nl i3 

to 122. These caii be woiind in three grooves turned out of a 
circular disk of seasoned wood that has been well baked ant1 
then soaked in melted paraffin. A rough a,pproxiniation to  
the required ratio of 11, to n$ can he obtained by attention 
t o  the relative numbers of turns, and a preliminary adjust- 
mcnt can most quiclrly be made by the mve-tracer as 
follows :--Send a periodic current of suitxble d u e  tlirougli 
the coiniiioii secondary s. Join together one end froin each 
of p 1  aiid p 2  and connect the junction to one fixed brush of 
the commutator. Bring the other eiids of two terminals of a 
two-way Bey, froin whose moving tongue a connesioii is 
inade, to the other fixed brush. Join the two iiio~a1)lc 
hrusliea of the commutator through n suitable resistnnce 1 2  to 
the gnlvanometer. 
either p1 or p 2  can be put in eircuit with the galvaiioinetc~i*, 
and the deflexions yl aiid y2 due to p1 ancl p 2  respectivoly for 
every position of tlie inoving brushes arc  in tlie ratio of 1\11, 

x1.T h7.T to &I2, since 

Obviously in making the comparison it is desiixble tu  
place tlie moving brushes so tlia t, the deflesioiis olhincil :ire 
near the inaxiinuiii ordiiiate of the current wavc. 

&herwise we niig1it p ~ i i  a resistance v1 in the galwioxneter 
circuit when p1 is in, and 7*2 n.hcii p2 is in, so ns to obtain 
c r p 1  deflexions ; tlicii wc wonld have tlint 

Thns, wli+m a current CI is flowing in 

C= - 4j& 71 = &I, % @  

Hence the coils s and yL may be finished and  tlicir tcr- 
niinals perinanently fixed, and, using tlic latter (rqoal de- 
flexion) method, a reeisiancc q found to givc n large tlcflexion 
when p1 is in circuit and the brushes placed so as to give 
approximately the ninsiinum ordinate of the current wa\-e. 
Now substitute 7a2 obtained by the above relation, allowing 
for galvanoineter or other nppreciable resistance that may be 
in circuit, and switch ~7~ on to the commutator and galvano- 
Inetcr. An assistant can increase or rednce the turns (or  
fractions) nutil the same deflexion is ohtainecl as was giwi 
by p1 with 1'1 in circuit. Spare wirc should be left in ciise 
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the further treatinent 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 If coils used should have high insulation, 
the triad should now be thoroughly dried in an oven to drive 
off Inoibture froin the cotton or silk covering and placed in 
an iron dkh  that can be fitted with an air-tight lid that lins 
an exhausting tube through it. A layer of solid paraffin is 
in t'be bottom of the dish, and o n  this the coil is placed ~ n d  
meighted with n piece of metal, The lid is luted on with 
melted paraffin, the air puiiiped out, and the dish then heated 
PO as  to melt the paraffin it contains. The coil iiow sinks in 
the melted paraffili, and as the air has been removed i t  
becomes thorouglily impregnated. We  can thus obtain coils 
of high iiisulntioii and pennaiient mutual indnctniice if, in 
addition, proper attention is paid to the insulation of the 
tenninals. 

A final and careft11 adjustment of the ratio of MI to ill2 
should 1 1 0 ~ 1 7  be made with the wave-tracer. 

The absolute mlues of MI and Df, mnst also be laiowii, 
and they call easily be obtained by either of tile methods 
inst dexcribrd in tcrins of n l ~ n o m n  i.txndarc1 of iiiut)ual in- 
clnctn~ice. An alternating current is $eat ilirougli the p r i m r y  
of the stnntlartl, nnd either pI or p 2  of the trind (the one 
whose $1 is nearest in ~alzie to  that of the standard) and the 
eecondtrry of the st:iiid:ird and fi of' tlie trind arranged so that 
either can lie switched on to  the commutator and galvano- 
meter. TIieii for :my position of tlie coiniiiutatiiig brnshes 
the two deflexions :ire proportional to  the mutual inductances 
n-hen the res-istnncc in circnit is. fixed, or if equal deflexions 
be  obtaiiictl the inductnnces xil l  be l)roportionnl to  the re- 

Ohiously it will 1)e dcsirable to inalre a iiuinber 
of iiidepentleiiC comparisons 1's 77aryii7g the position of the 
coiiiinutntiiig brudies about the place at which the maximum 
ordinate of the current is obtained. 

The absolute value of a iiiutnal iircludauce can be deter- 
iiiiiied by the wnre-tracer in tcriiis of a resistance and a time, 
as follows. An alternating current is sent tlirongh a Kelvin 
I ~ ~ t l : i ~ i c ~ ~ ,  :111(l :it tlic s:iiiie time n nninber (usnallp 30) of 
q i i i q ~ w c x l  ortliii:it(+ (y) uf' i t  m h r i i i g  on('. full w;ivc ii: 

' tnnces. 
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obtained by the wave-tracer using the mutual inductance 31 
to lie incasured; as 

the square root of the mean squares of Ct, which is the 
Kelvin balance reading (I) say), is XrTI4BI times the squnro 
root of mean sqiinres (7 say) of the gnlvanoiiieter readings, 
hence 

!I? is given by the chronograph attached to the maw-tracer, 
and the ratio of k, the reducing factor of the galvanometer, 
to 13 can be obtained as follows. Send a. continuons current 
=B through tlie balance ancl through a standard re,?istance 
p (usuitlly *1 ohm). Froni tho terniinals of p lead a 41unt 
circuit through n resistance R to the gdvanometcr :ind Ict 
tlic deflesion of the latter be d. 

Then c 
X d = p  &, 

arid hence 

4. Tlic transformer, soiiie of whose iiidicator diagrams 
will bc given, was a sinall expcriniental oiie of tlie ring type 
of about oiic-half' Irilowatt capc i ty .  I t  was used as a step- 
up one of ratio 1 to 6 transforming froui :thout '10 Yolt,s 
(virtual) to  240 at about 50 periods per secontl. 

Its details are as follows :- 
Core :-I14 niinular Ianiiiiz :Lunealed and paper insula ted. 
L:iiriine :-Internal clinnleter,, , . . , , . , 15.25 cin. 

Es temal  diarnetcr . ,. , . , 27.75 cm. 
Thicl;ncs,? , . , , , , , , . , , . , , . , , , -047 ciii. 

Res is taiice ( W R  rm) c 0.0 6 7 6 ohm . I'rimary coii :-No. of turns (?tl)= 100, 

Secondary coil :--No. of turns (n2) = 600. 

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 
detcrniinntion, by means of the wave-tracer, of the  ~nngnctic: 

Resistance (warm) = 2,034 ohnm 
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flus ptiI,wtii~g i n  the core. The secondnry coil was ivoiinrl 
1101 t the core. 

The priinary current was d r a m  from tho :dternating side 
of :L siiiall rotary converter tliat w:w sup1)lkvl with direct 
current from storage-cclls. The spiutlle of‘ tho coiuinutator 
:uid tlrnt of tlic converter m r e  in linc and rxpitlly coiinectccl 
so that perfectly sjiichronons commutation n-as ol)tnined. 
A clironograpl~ took a. continuons record of the l)crioil, re- 
cording once every 200 alternations. 

The nrrnngeiiicnt of tlle transformer aud t h o  inn tua~ in- 
ductiimes by nicaiis of wliich the different waves were 
clctcrniined is shoivii in fig, 1. The priiiiwy cnrront (II 
€row tho convertor enters by the two leads in:irkcd Cl. Iu 
Q110 of these Imds is placed x two-pole smit~cli al, by which 
c-ll c:ni be sent through t,he priirmy p1 of the triad T, or 
dcflcrtcd througli an equal compensating coil 61, leaving 171 

comliletely discoiiiiected from thc live c.ircnit in case the 
trinrl is boing used for the deterinhation of C,. 

El is tletennined by obtaining the trace of the current wave 
i t  scnrls through n non-inductire resistance of 1220 ohms. 
The i u n t i i d  inductance m1 of *OOOG1 henry is user? {’or oh- 
t:iinjiig this trace. E2 is siinila~ly determined, tlic 11011- 

inductive resistance in circuit beiitg 3660 o h s  and tlio 
niutn:tl inductnnce m2 *003535 henry. 

The scconclary carrent C, may, by means of the switch ilz, 

he clircctcd through thc priinary ~3~ of the tri:id T or though 
the equal compensating coil Ii,. IVlien n1O1 +izSCz is being 
tletermiiicd, both C, and c‘, flow through their respeet,ive 
primaries p l ,  p2 of’ the triad in the proper relntiuo directions, 
the c o n x n a ~ ~  sccondary s being joiiietl BY shown to the com- 
inutntoy :uiJ thence through a resistance to tbe galvanometer. 
Wlien C, done  is being deternii:ied, Cz is deflected throngh 
its comlmsnting coil l t ,  : siniilnrly when Cp aloiie is being 
tdctennined, C, is deflected througli bl ,  The mutual induct- 
ance oE p ,  :tiid s was *0000185 henry, while that of p z  and s 
was *000291 henry, which bear the same ratio to each other 
:IS n1 to n2, that is ay 1 to 6. 

Tlie points mnrlced F in fig. 1 represent the terminals of  
the siiigIc loop of imulated wire n-oiind round and oloso to 
tlic tr:iiisforuier corc, 1Vhen tIie fl LIS-W~TC is being uhtninecl 

I’liOl~’, 5’. R. LYLE ON 
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time are connected direct to  the coinmutator, and thcnce 
through a suitable resistance to  the galvanometer. 

Uy nieaiis of tlie key K either tlie flux leads or those of 
:my of the secondaries of‘ the different mutual inductances 
cui1 1 ) ~  connccted with the comniut.:~tor so as to  obtain the 
corrcuiioncling nave-trace. 

A glance :It fig. 1 will sliow that the  t r u c  primary current  
is less t1i:iti tlic measured CI by  the small current  by wliicli El 
is clctcrmincd. To correct for this (if correction is nccess,zryj 
we subtract froin each p lvanomcter  Cl rending a n  easily 
dctenninal le  fraction of tlie equi-ph:tae E, gnlvnnometer- 
I-ending. A siini1:w correction lins to be applied to the e, 
rt!adings ; but  in tliis ense the corrcctioiis have to  bc added. 
Ttic A:ilrniiometer-readiiigs for ??,,cl t 722(:3 hare also to be 
similarly corrected, and i n  this case the  corrcctioiis are of 
great  iniportanco as the  Cl correction is affected by the 
factor 11, and thc  C, corrcctioii by the factor 1 4 ,  and both 
corrections are approximately i n  the saine phase. 

5 .  For  the present paper three separate sets of connected 
ti:insforiner qiiantitics were deterinined, ancl they will hc 
giyeii below by their harnioiiic expessioiis and nlso rcpre- 
sciitcd by curves or indicatol.-tIi:ifil.:~ms. 

These are for the  trniisfornier :- 

(1) At no lontl. 
(2 j  A t  (q.p.) fa l l  non-inductivc 10:id. 
(3) At (q.p.) fidl inductive load. 

Tlie method by  wliicli the  wavc-tracer galvaaoiiiet,er-readiiiAB 
are  reduced to absolute inc:Lsiirc aiid the harinoiiic e x ~ ~ i ~ ~ s s i o i ~  
for the p r i o d i c  quantity deduced from them has been fiilly 
espliiiiiccl iii former p a l m s  *. 
In the  presenh experiments, for each of the periodic qiwi- 

t ities deterniincd, 30 wave-tracer gnlvarromctcr-rcndings wcro 
taken, ench differing froin tlie iicxt in  order by 12”. The full  
witye was thus covered. Corresponding deflexions in each 
11alt‘ of the \v:ive were :~dclcd, that is the  1st and l6tl1, tlie 
c.‘n(l :tiid 17tl1, and so 011, a i d  15 eqzrispaced ordinates per 

JH Wnve-Tracer aiid Bndyser,” l’hil. Mag. Nov. 3903. U Vnrintioii 
of Jlapnetic Hysteresis with Frequency,” Phil. Mag. Jan. 1903. I ‘  Espe- 
ditiotis l’racticttl I\Ictliod of  IIariuoiiic .iiidysiis,” Phil, J h g .  Jltu. 19O(j, 
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half-wave obtained. These were hubjected to harmonic 
nnal~-sis, and thc amplitudes of the different linrinaiiics werc 
affected h y  thcir proper factors to reduce tliein to flus, 
ci irwit ,  or E.M.F., ns tlie cn*e niiglit Le, in absolute measurc. 

Tlic results obtaiiicd arc as follows :- 
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wit11 :t copper wire iaductnunce-coil. The total estcmxal 
resistaim was 76.52 ohms, aid. the iadnctance, measured 
intlcpeaclcntly, \vas ,212 henry. 

I', ,=54*13 sin (wt-l10.5)-5.36 sin 3(ot-112.5) + 1.37 sin 5(ot-13.2).  I U 
(1, -1.'J07sin (w t -52 . l ) - -OG5 sin a(ot-31.7) -*017 sin 5(wt-G3*1]. 
~ ~ , i ~ ~ - t n , C : , = l l . l S s i i ~ ( o t - ~ S . 3 7 )  $1.82 sin3(wt -42*14.)+-3.1 Pin 5 ( w t - 3 5 ) ,  
F =154900 sin (wt- !99- '3) t5200 :in 3(w t -101*7 )$  SOOsiii 5(ot-98). 
('n =*233 sin (wt--2232*3S)--015 sin 3(wt-215.4) -*U02 sin 5(ot-235). 

1G2 =312*t, sin (wt-183.08)-31*8 siii3(ot-lS3-5)-8*3 sin 5(ot-2'323) 

6 .  The 8:me wave-tracer dcflesions were individnnlly mnI- 
tiplied b r  their proper factors to reduce thein to absolute 
ineasure, and the products plotted M wave ordiiintee against 
the corresponding rvavc-tracer divided-circle readings (i, e. 
againi?t ut where o = %r/pcriod) ns nhscissze. Big. 2 (PI. X.) 
rcpreaeiits correctly iii aiuplitude and relative pliwe the differ- 
cwt periodic quantities for the tmiisforn?cr a t  110 load ; fig, :$ 
(I>]. X.) for tlie transfoniier nt (q.1i.) f d l  non-inducti~-(: 
load, :~nd  fig. 4 (P1. X.) for the trnnsforincr at  (1.13,) f u l l  
inductive load. 

Obviously in figs. 2, 3, sild 4 the saiiie pciodie qt~antiiic.~ 
arc grnpliically represented as are nnn1ytic:illp expressed in  
series 1, 2, and 3 rcsl~ectively of tllc preceding pnr;igmph. 

I11 ncldirioii to tlie sets of related T V : L Y ~ B ,  therc is, in each oE 
tllc tllrec diagrams, an area very siiiiilar to  the well-linowia 
Ily,&rcsis indicntor-di:igr:ii~~. In the present case these closctl 
C L I ~ Y C ' S  were o1)taincd I)? plotting the flus as orc1in:ite ng::aiiiat 
tlie cor rq~ondi i ig  vnluc of the Inagnctizing-ciI~reiit turn3 
( i .  c., nlC'l+,,/2C2) as :ihsciesa for a coinplete period. 

Thus tlic area e n c l o d  ( A  s:ty) is 
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E is the back E.M.F. due to variation of the flus ; and 
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this energy is equal to 
flF clt, 4 2 

Siinilariy the energy leaving tlie tmnsformer 011 the 
secondary side in the s:im element of‘ tiino dt is q u a l  to  

liuiice in the tiiiie dt the trdiisforiner absorbs energy tci the 
ill11 oun t dF 

tit (111C, + )12c2) --tit, 

.CO thnt in one cycle, of duration T, tlie energy absorbed 
i, equ;tl to t + ~  d F  (nlC1 + nPC2) -(Et = area A. 

7. It i5 enky to show that when ) E ~ C ~ ~ + ) Z ~ C ~  and F are 
J1 dt 

expressed in the fortns 
n1C’1+u2C12=))z1 sin (wt-pL1) +?n3sin3(ot-p3) +nzjsiii5(wt-p5) +&., 

tlie integral or area A and therefore the total core loss, i n  
ergs, per cycle is equal to 

r{/)?,,fi siii (#l-pl) + 3 ? ) 1 6 ~ ~ s i l 1 3 ( ~ 3 - ~ a )  t 5))zjaf’5sin 5(+5-p5) +&c.) ,  
which wlien dividcd by lO’T, where T ia  the period, gives 
tlio total power lost in the core in watts. 

This forin of‘ expression bas the advantage of giving 
separately the power absorbed by the iron by ineniis uf (he 
harmonics of dieerelit oyders, and froin the analytic expres- 
sions for E.M.F.s and currents we can alqo obtain for the 
different orders of harinonics the itipnt, outl’ut, and copper 
losses. Hence we can draw 111) a debit :mi1 credit account 
for tho individual liarinonics which will aflord a good test of 
the accuracy of the wave-tracer, as the nccoirnt for cacli order 
shonld balance. 

Ttii5 has been done for tlie first and third hnriiionics of the 
three series given in this pnlw and the results slio\in in the 
following tables. The qiiantitieq for tlio fifth harmonics are 
iiegligible. The figures represeat \\.ntts. 

F=f, sin (wt -+J +j3 sin S(ot-$J +f5 siii 5 (wt -#J t &c., 
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TABLE 1.-No Load. 

I 
I 

Output ............ 
Iron loss ......... 
Copper loss, I, ... 
Copper loss, 11. ... 
Sum .............. 

1st Harmonic. 

0 
2993 

.06 
0 

29.99 

3rd Harmonic. Total. 
-. . 

1st Harmonic. 

0 
29.66 
03 
0 

29.51 
29 65 

3rd Harmonic. Total. 
- 

TABLE 11.-Non-inductive Load. 

1st Harmonic. 3rd Harmonic. 

I I 

Total. 
I i 

Output .......... ../ 499.80 
Iron loss ......... 25.83 
Copper loss, I. . . . I  1279 12.86 
Copper loss, I1 I 

Sum I 547.93 
.... 

550.82 1 ............... 

1st Harmonic. 3rd Harmonic. 
I 

Output ............ 3405 -51 
Iron loss ......... 23.18 *01 
Copper loss, I. ... 1229 .01 
Copper loss, I1 .... 9,13 .02 
Sum ............... 385.10 -55 
Input ............... 366.0 -69 

I 

I Input ............... 

Total. 

341.01 
23.19 
12.30 
9.15 

385.65 
386.69 

TABLE 111.-Inductive Load, 

Output ............ 3405 -51 
Iron loss ......... 23.18 *01 
Copper loss, I. ... 1229 .01 
Copper loss, I1 .... 9,13 .02 
Sum ............... 385.10 -55 
Input ............... 366.0 -69 

341.01 
23.19 
12.30 
9.15 

385.65 
386.69 

I I I 

The output in Table 111. is the iiieaii 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), giws 
342.86 watts as against 331. 

8. Other tests can be applied to the liariiioiiic espres4oiis 
given in $ 5, and though their resnlts may not  be EO good a- 
tltose in § 7, yet they mill prove fairly satisfactory when the 
number of independent deteriiiiiiatioiis inrrolved in obtaining 
each series is considered. 

Thus the pressure drop from El to E,/G is too sinall i n  Loth 
series 2 and 3, and this is probatily due to n coilii~~on cwor 
or errors. Moreover the speed never reiiiniiieil quite constnii t 
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throughout i~ coiiiplete series. Again in series 3, Iao\tiiig 
the external secondary resistance, and ajsuming as couect 
the value given for the external inductance (912  henry), c p  

can be calcuIateiI froin E,. 

rimr. T. TL I,Tr.c c m  

Wlien this is done n e  find that 

C2=.19GG sin (wt-232.53) -414  +in 3(ot-21:3) 
--002 sin 3(ot -239), 

which agrees well with the \aInc O E  ('If obtaiiiecl with tho 
wave-tracer . 

Conversely froin E:! and C, obtained with the wsve-tracer, 
Loth the external resistance R and the external inductance L 
can be calculated, or if R is known two determinations of L 
can be obtained froin each order of harmonic. 
If, however, as in the present case wL/H is considcrallc, 

the first order is the only one suitable for this purpose ; for 
i f  +,+, and 7ffg be the difference of phase of'tlie first, third, 
: i d  fifth harinoilics respectively of Ee and Cz, then, sincc 

W L  301, 5,TJ 
Iz , tnn q:, = - tan q3 c - It ' 1% ' tnnq1 = - 

and wL/R is large, a sinall error in the observed values of $r3 

or q3 will cause a lnyge error ia the value of L deduced 
froin tlieni. 

For tlie first liarinonics, as &= 43O.3, R = 76.52, w= 342.4, 
we fincl froin 

WT, tan jq = - IL 
t h t  Ls-2106 henry ; and from 

The,sc give a mean value for L of .2095 henry, which is as 
likely to  be correct as the value ,212 already given and wliicIi 
was obtained by the Wheatstone's bridge method. As w or 
2n/T was determined by the chronograph :ittached to the 
wive-tracer, the above constitutes n new method of measuring 
an inductance ia t e r m  of n resistance and ii time. 

9. In 'fable I. 8 7, it will be noticed tliat the iron loss for 
the 3rd harmonic is iiegative (-*e$ watt). This means 
that all the watts put down as iroii loss for the 1st harmonic 
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are not dissipated ab 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 reminder  *28 watt 
are given out as electrical power by the iron to the copper 
circuits. This phenonieiioii has already been drawn attention 
to in a former paper * by the author. 

10. 111 the diagrams, fig?. 2, 3,  and 4 (Fl. X.), it is worth 
drawing attention to the approximate perinniience of form of 
the magnetizing current wave, and to the perinanelice of the 
relative phase relations of E,, 7?1c1s??2c2, and F, for tlie 
three essentially different conditions of working for which 
thc diagrams were obtained. 

DISCUSRlON. 

3Ir. W. DUDDELL wit1 the paper was a11 interesting :tad 
important one, and congratulated the anthor lipon the in- 
genious double mutnal induction method by whicli tlie yector 
sum (?11c1+ 7 t 2 C 2 )  was determined elect,rically. In the 1 q x r  
the core loss was nearly constant for no load and f u l l  loatl, 
hut the anthor lint1 uwd an E.M.F. wave which was practi- 
c8ally a sine curve. He suggested that experiinciit+ slioultl 
I E  carried out  using distorted E.M.F. waves such :IS occur in 
niany generators :nit1 tr:uisformcrs. 

Mr. A. CA~IPRELL remarked in respect to tlic titlo of the 
paper that it seemed a wanton confusion of nomenclature 
to use in this connexion the term “ iiidicatlx diagram ” u-hich 
liud such a definite and accepted Ineaiiing in  mechanics ; wvo 
might as well talk of hysteresis loops :is “ iron indicator 
tlingrams.” Prof. Lyle’s incthods were interesting, particu- 
larly that for obtaining the curve of effcct,ivo aniperc tnrns 
(?11c, -t n2C2) by the use of a double inutunl inductaim t~liicli 
performed the vector addition. The author li:d wisely lrcpt 
the mutual inductance sinal1 : without that  condition thc 
double air-core traiisfornicr might alter a n d  C!:. I t  tvoultl 
probably bc, better to split i t  up into two separate pairs of 
coils. The setting of‘ the ratio of‘ the mutual inductances 011 

the triple coil could he inore easily done by Masv-ell’s null 
* U ViLriatioii of Magnetic IIysteresis with Frequency,” P h i l .  l h g .  

Jan. 1005. 



522  TRh?JSFOR!dRl~ ISUIC;\TOII 1)IAGliAhIS. 

inethod, nhich was perfectly nlqdic;ible to  R pair of scconcl- 
aries having a. common primary. If mrious wlues of 7l2/n1 

had t’o bc dcalt with, tlie two 1)riin:irr coils might be fised at 
right angles mcl the m o i x h r y  niountcd so as to be capnblc 
of rotntioii with refartl t.o the primnrics in ordcr to  allom of 
variation in the ratio M2/Ml. In conncsion with Prof. Lylc’s 
methods of determining inductnnces by tlic! 11~11) of tlic w:ive- 
trncer, tlie soiiiewhat siinilar inethocl of Dr. E .  B. 1 2 0 ~  iniglit 
be mentioned. It was interesting to see the actual hysteresis 
loops given ; R comparison of thme with ballialic tests 011 the 
s:inie transforiner would add valnable information. 

Mr. A. RUSSELL said that the author’s results proveil that 
t o  a first approximation the magnetixing f o r w  acting 011 the 
core followed the sane law and liad the saiiie ainplituclc a t  
all loads. This t,heorein was the starting point’ in the ordinary 
engineering theory of the transformer, but this was tlie first 
time that a careful experiineutal proof for a prLicular case 
l i d  beeii given. The magnetic 1o:ilrnge in the transformer 
cvpepiniented on inust have been very snmll. Tlie fonnuln 

[ (771~!i -+ 7 4 ~ ~  x(z t  only gnw the energy rib.<orbcc~ p r  

cycle when tlie in:ipetic 1e:iknge was negligibly sniall. I n  
maliy commercial tr:insformers it mould not  be snfe to  1i~5.c 

this forinul:). The core-loss cliagrnins were interesting, but 
tlieir .ilnluc would have been greater if the triinsforiner liad 
been so coiistmcted ih:it the magnetic f l u s  density was 
approxiin:~tely uniform over the cross section of tlie core. 
The iiitcrnal cliainctcr of the centre-hole iron stampings 
o~iiployed was only aLo tit hnlf  the external di:tiiietcr, lieiice 
the magnetic force to whicli tlie iron was subjected was almost 
twice as  great at tlie inner a3 n t  the outer circumference. 
As the values of tlic pcrnienbilitj of tlio iron at t.liesc fortxis 
miglit vary witlcly, we coulil not tell the distriI.)ution of tlie 
iiiagiictic flux. This prevented 11s from in:il;ing cnlculntioiis 
:IS to the hysteresis and eddy-current l o w s  in the core. Tlic 
c3,olnplete solution of the transfonncr probleni could noL I ) ( !  
obtaiiletl until we knew more about Ilystcresis. Ap1J:ircntly 
there were 1no1ccul:ir “ frcyuencp c11:uigers ” in thc core, a i i t l  
any theory tliot would elucidate tlicir :iction noulil  L e  ui’ 
great, v d u e  to electrici:~ns. I11 this conucsion 110 i d ’ ~ r ~ ~ d  
to :I p : i p ( ~  rcntl liy Prof.  J.  Pcrry in  1892, 

1+T dF 
L. 


