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Investigation of an Alternating-Current Bridge for the
Measurement of Core Losses in Ferromagnetic
Materials at High Flux Densities

Irvin L. Cooter and William P. Harris

The wae of bridge methods for mersuring core losses in ferromegnetic materinls has

generally bean restricled to measurementa at low Bux denslty.

However, acoyrate values

can b obtaloed at higher flux densitica if they sre corrected by the application of & tarm

derived from the harmonic components of the exciting current.

‘This correction term is

obtaired by considering the ferromsgnetic material to absorb enemgy from current and
valtage st the fundamental frequency and te return energy to the eircuit At Lsrmoenie

frquoneice.

1. Introduction

A knowledge of the total core loss and its pom-
ponents is of vital importance to design engineers
who use farromagnetic materials that are subject to
chanres in divection or megnitude of magnetic flux.
Grenerally this information 1s obtained from measure-
ments meade on sirip samples in an Epstein {rame,
using & wattmeier. In many cases, however, there
are certain advantages, such as increased sensitivity
and greater frequeney range, in making these Joss
measuramenta by a b method. For measure-
tnenta ab low inductions (flux densities) and at high
frequencies, the bridge method= have been used
suceessfully for sevaral years [1, 2].* However, at
wduetions above 10 to 12 kilogagsses in nonoriented
gilicon steels or 16 to 18 lologausses in oriented
silicon steels, the distortion in the wave form of the
exciting ewrrent is considerable, and it has been found
that the results obtwined with the bridge methods
hitherto used differ from those obtained with the
wattmater, This difference increnses rapidly with
increase in indoction, the bridge method alwaye
indicating larger power losses.

The discrepencies between resulis obtained at high
flux density by the two mathods have heen attributed
to hermonic compenents in the exciting cuarrent
which result from the nonlinesr element [Jmn-mral:i
coill) in the cireuit. Beversl attempts [3, 4, 5, 6, 7]
have heen meade to resolve the differances and to
abtain 4 methad for correcting the bradge results in
order to determine the sctuel power loss in the iron,
Thess investigations hava heen only partislly

successful. The present paper deseribes & inethod
for abtsining a “harmonic’” correction term for the
hridge that results in excellent ment in cors-loas

measurements between the bridpe and wattmeter
cven when the flux density is high,

1 ¥igures In brackeks (odbcate the Hierabdn: referenees st Iha end of $his paper,

I[.1. Wattmeder Mathed

The generslly secepted way of measuring totsl core
lees in sheet Taatervial at power frequencies i= by the
Epstein method as specified by the American Society
for Teatnﬁg Materiala [1]. Tha 25-cm Epatein test
requiree Hat-rolled material cut into atrips 3 cm
wide and sl least 28 cm loog. The strips are assem-
bled in the four srms of t-hangstelu test frame, with
double-lap joints at the eormers. The diapram of
connections for the core-loss test iz shown in figurs 1.

The current coil of a wattmmeter, ¥, i= connected
in series with the primary W'indinﬁ of the test frame.
The voitage coil is connected to the secondary wind-
ing of the test frame. The average-indicating volt-
meter i= used {1} for detormining the maximam
induetion in the specimen in accordance with
Coamilli's method [3], and {2) in conjunction with
the root-mean-square-indicating voltmeter for oal-
culeting the form factor of the secondery voltage.

The wattmeter method & used principally for
messursments st flux densitizs ahove 1,000 gruz=es,
The chief limitations of the method mre its Inck of
sensitivity for small specimens, and the errors of the
wattneter at Lhe higher frequencies.
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Fratre 1. Canneclionz for corsless fexl, using wallmeter.
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1.2. Bridge Methed

Several different types of hﬁdﬁas [1, 2] have been
uzed for messuring core loss. For the present in-
vestigation, any bridge capable of messuring the
im ce of an irpn-cored coil conld heve been used.
However, for convenience, attention was eonfined to
the Maxwell-Wien eircuit illustrated in figure 2, in
which
It;, B.=product arms of the hridee,
2 Ly=measured values of resistance and in-
ductanee of the d (unknown) arm,
Ry Cy=bhalancing resistance and capacitance,
s=Teeistance of the source,
B ==reaistance of the lends contacts, ete.,
D=a detector, trned to the fundamentsl
frequency.
The quantities Ky and Ls sre determined from
the balanee equations

and  {b) Li=R.R.0h (1)

(n R.:I-R—ﬁ—?:

In order to use this bridge circuit for the measure-
ment of power Ioss, the Erin:m'_;r of an Epstein test
frame is connected in the bridge, as shown in figure 3.

The maximum flux density, Hu. i caleulsted
from the equation

Eli‘ =4melgNA X lﬂ'—"
where

Eorg=averagn ahsolute value of the secondary
Toltaga,
J=frequency in cycles per second,
Bygy=maximum fux deneity in kilogsusses,
N=rmmber of turns in the secondary winding
of the Epstein frama (700),
A=crosg-gectional ares of the terromagnetic
specinen 1N square cehbimeters.

The test frame may be represented by a series
combination of inductance and resistance, as shown
in the equivelent circuit diagram, figure 4, where

Bp,=ohmic resistance of the primary winding
of the frame,

Ey=increase frelative to an air-cored coil) in
the resiatance of the primary winding,?

Ly=measured inductance of the primary wind-

mg,
The bridge arms are selacted a0 that
Ru ﬂ,l.'l.d Rh}Rn—I_{Rd'—i_Rw}-

The current, I, in &, and &, is thercfore negligible se

compared to the eurrent, £, in K. and Ky The excit-

ing eurrent, f, depends upon the values of 7, K,

L; B., R, R,, and E,. [If Ry, is the total resistance

of the feat frame, then

By= Bar— Ry Rﬁﬂg
.4

T A moee oHoplate ornakderation of Lhe nabuwrs oF By b5 given {o sestlon 2.

-1 {2

Fioure 2. Marwell-Wien bridpe circuif.

S

|__'E_ R

Froune 3. Moowell-Wien bridge ofrcuit for measuring core

ioag, weing Epsiern fegd frome.

Balanee at fundamental frequency is obtained by
adriusting &y and (', s0 that the tuned detector
indicates & null. If the induction in the ferro-
ma%\etic ppecimen is low, awd i the output voltage
of the power source has » neg;]igible amount of dis-
tortion, the power dissipsied In the core 8 PR,
However,if there are harmonics present in the power
gource, or if the induction iz suffieiently high i the
ferromagnetic material, the total core loss in the
material may differ considerably from that cal-
culated from the incresse in apparent resistance,
K4, and the eurrent, I

2. Theory of the Harmenic Correction

In order to derive the rolationships invelved in a
bridge circuit containing nonlinear elements, let us
again  consider figures 5 end 4. The nonlinear
impedanee of the Epstein test frama caugses the

104




Fawt—CoH———
L= 5]

Frovhe 4. Epuiwaleni-circndt diggram of the civeudi shoun in
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exeiting current to be nonginusoidal. This causes the
voltage, V,, acto=s bridge arm & to have & nonzinuagis
dal wave form. If the bridge is balaneed at funda-
mentsl frequency, we have

VIFI RI'

where Vg and 7y are the fundamental components of
the voltage dropr across armsdand ¢ da V=1 R.=
L., the impedance of arm 4 at fundamental
frequency is

le

R.RE. | .
zﬂl_';r"l"_ ;5+ij¢3¢{:";, {4}

It 15 evident from eq (4) that arm o 18 equivelent
to & seriea combination of resistance and inductance,
such as Ky, and Ly in figure 4.

The powsr aszocieted with arm d 8 the time
average of the Emduct- of tha voltage across & and
the curtent in &, or, since the contkibutions of the
varipus harmonice may be separated, we can write

Py f VI dt= J:V,1I¢,-:£E+J: Veladi+ . .,

Pa=P, 1+§ Faa, {5}
where
Py 1=power assoclated with the fundsmental
{requency,

P;, y=power sssociated with cach higher har-
maonie, denoted by b,

From eq (4} we find
Pd'l I=E 1(%)=If 1{Ra+ﬁ'w}-

Now, by the prinaple of the consorvation of encrgy,

Pu=Pi1+Py
Po=Ly o+

=T
Fou=Py -l

1
whers

P=active power supplied by the source at
the harmonie frequenc
FPi s=power associnted mt.h t! E- arm d ab the
harmonic frequency A,
Fa=power dizipated in resisf.ance g, at the
harmonic  frequency A, where R,=
R+ Rt R,
As the voltage E, of the source has & pure sinu-
poidal wave form,

Pllmpd'l |+Pe1 [T
0—Poy 4P for K1 )
Therefore, for any harmonie greatar than 1,
Py y=—Fa=—1I% R,
Pus=—1I3 R, } ®

From eq {8} it is concluded thos erm 4 is defivering
rather than ebsorbing harmonic power,
The total power dissipated in the iron is

Pazpﬂ‘ uh-
Uaing eq (5}, we may write
Pd=Pdl 1+§Pdln_'RwH1_Rm§EL-

From eq (8),
Pa'r a=_ﬂaRss
and as

Pﬂ: |.=H1 RH+HJ.RE:
Fo=1} R R,gl: Hﬁ—ngl}Ih-

Or, because
R,=R.t+H,+EH.+R,,

— I _ 2
P;-—Ig;Rg RFEI{I'R' {g]

As the current in &, and &/, is negligible compared
Lo the current in arms , and 5,

Im.:Il:

where J, in the fundamental component of the
exciting current in the primary loop. Equation (9)
may then be written

P/=hRE—R p§ 1 {10}
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This equation has been derived on Lhe assumption
that the resistanee K, (. c., Ao, B, K, ond B 18
independent of cwrent and frequency. At power
frequencies thiz assumpiion mtroeduees no sigmuaficant
errors with respect to Ko, B, and K., However, the
resistance of the power source should be examined.
This was done for the equipment uaed for this inwvesti-
gation, end it was found that changes of B, due to
changes of current and frequency were small snough
to he neglactad.

In words, eq {10% means thet the power disaipated
in the iron core 13 the difference bebween the appacent
power delivered to it by the source at fundamenial-
frequency current, and the powsr dissipated in the
registive elements of the circoit due io harmonie-
frequency currents. It was noted earlier that the
term [ fl‘i: iz usnally taken to represent Py, the power
loss in the iron core. The second member of the
right-hand zide of eq (107 may be wiewed as a
correction term, This correction term is smell in
rages where the harmonic currents sre amall, but
it will be shown later that at high flux densities,
the ecorrection term may be seversl bimes as large as
the true value of Fu  In other words, the result
would be in error by several hundred percent if the
correction wae neglected. This applies to any
method of determining core Joss in terms of the
in-phase component u? impedance at fundamental
frequency, including bridgea and other alternating-
cwrrent potentiometers,

Uonsideration of eq (10) brings out & fact that
lies not been univers rec . That is, the
value of the core lom, &, depends on the valves of
Ky and I, resistive elements that are not inefwded
in ary ene of the fowr arms of the “bridge.” Specifi-
cally, the resistance of the source enters into the
determination of P, as doez the resistance of the
leads, ote., used to connect the source to the bridge.

For the cese of a coil containing ferromagnetic
materia]l undergoing symmetrically cyelic magnetiza-
tion, evan-order harmonics do not eppear, and cg
{10) may be simphfied to

PaeTIiRy— :EE,IEERW—I— RAR+R), (1)

where b can have only odd integral values. That is,
h=2n41, where # i3 A positive intcger.

A concept due to Peterson [9] may sl:o be used
in the analysis of ecirenites containimg noolinear
elements,

In Peterson’s method, the equivalent circuit for
the nonlinear element {iron-coved coil) would con-
mizt. of & resistance, sn inductance, and a series of
“harmonic generators.” The analysis on the hasis
of this concept would lead tc the same power equa-
tion, eq (11). Thea Lharmonic correstion term wonld
be interpreted as the power returned to the elrenit
by the harmonic generators,

The shove concepts are alse valid when applied
to nonlinesr resistsnces and impedances, as well 25
to coils contsining ferromagnetic materials. In
ganeral, the aquivalant circuit for nonlinear elements
mey be represented as consisting of energy-fissi-
pating elements plus energy-delinering elaments.

3. Experimental Procedure
3.1, Simultoneous Measurements

The calibraled wattmeter is very satisfactory and
acourate at power frequencies, and it is belisvad to
measure the truc core loss, even with a distorted
current.? The bridge circuit ussd in this investiga-
tiom was desipned to include s wetimeter as a
reference instrument, This wattmeter was of the
electrodynamic type, and had bheen calibrated at
seversl power factors and for a frequeney range of

G0 to 300 eps, The bridge cirenit 13 shown in figure
5. The current ooil of the wattineter 157 connected
1 Ttwm k= goma doabt exncstning the sccucscy of the watimekver omdet tondi-

tlons of extrame
the watkmeter 18 too £mall.
higher |1

Mlstordom.  Thers 18 evidencs that the core Jow lodiceted by
Lossap qund n acton) asparimen are sodirwhok

“b

— W ——(Es

LM __T

Ciroutf for measuring cors [osa wnk bridge cnd
wralimreter simalianeousiy.

Fizure 5

Frauorr 6. Eguirglent-cirenit dicgram a § fhe cireutd ahown i
Fegure &
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in series with the primary winding of the test frame;
the potential coil is eonnected across the secondary
winding, in paralle] with the average-indicating
voltmeter.

Thig circnit has several distinet advantages for the
study of bridge measurements, Measuroments can
be made on & specimen by using the wattmeter and
bridge sitnultaneously, with axaetly the same ndoe-
tion in the epecimen, and with the same excifing
current having identicol wave form. Furthermore,
the instrument losses * and form factor sre the same
for both methods, and for purposes of comparison,
it & not necessary to correct for them. Thus, this
cireuit permits a direct comparison of the two meth-
ods under identical eonditiona.

The sguivelent ecireuit for this arrangement is
shown in figure &, in which

o= resistence of the current coil of the watt-
mater,
F, = d-¢ resistance of the primary winding of
the frame,
mepsurcd increase in the resistance of
the test frame winding, resulting from
the power [oazes,
L; = mensured inductance of the bridge arm
contamming the test freme.

3.2. Equipment

Power was supplisd to the circait by a source
consisting of & 200-w amplifier driven by a low-
distortion oscillator. This source had & wvoltage
wave form with a total distorlion of less than 0.2
percent when delivering a current of 2 nmp t0 a8
resistive load. With the source connected to the
bridge circuit, the apparent voltege distortion did not
exceed 1.3 percent, even though the current distortion
was more than 50 percent in some casca, The in-
cresse in sppearent distorilon 3 atiributed to the
1R, drop.

The measurements reported in thi= paper were
made et & frequency of 68.5 cps. It was desired to
avoid the power fraquency of 60 cps and ity har-
monica, L order toe eliminate nterference, pickup
from stray magnetic fields, ete.

A 25-cm Epstein frame, built according fo the
specifications of the American Socicty for Testing
Materials [1], was used in the messurement of core
lose. The pritaary and sccondary windings each had
700 turns,

A mutual inductor was used to compenaste for air
flux, m the manner deseribed in (1], This inductor
iz not shown in any of the figures. The resistance
of its winding is included in K,.. As a resolt of the
use of this inductor, all valoes of induction nre the
mtrinsic values, denoted by the symbol 5,

A high-quality wava analyzer was uweed as the
bridge-balance detector. For this purpose, it was
tuned to the fundamental frequency. Then, wath
bridge balence established, the wave analyzer was
connected across K, and suceessive measurcments

B =

A Fower 18 dEtlpated o thea polantial sgl F the waltticder, pod In the nrerage-
indioalloy voltoeelsr. ThE piver Is inchided in the quaollly bunsre] by hgth
Live winetrinetat atid the bwldge,

worn made of the tundemental and harmonie voltage
drops. To attsin the sceuraey vequired for these
measurements, apecial methods of calibration and
torrection were used,

The bridge components, B,, K, and £, were high-
quality decade boxes, with securately known vnlues
and neglimible residual reactunces,

K, was 8 manganin standard resistor, capable of
carTving the large currents used, with sccurately
krown resistance, nepligible resrdusl inductance an
capacitance, and o temperature cocfficient of resist-
ance af less than 10 ppm/© C.

3.3, Bpecimens
Each specimen weighed approximately 500 g and

consisted of strips 2 em wide and 28 em long.  The
fiva types of material listed in table 1 were uaed.

Tapne 1. fdendification of specimens
AIBT dislg- Orade Approsiole
Aathin ton

*
M-15 Tvameformicr .o oo.oooo]  B5 Lo 5P
HM-19
M-z
M-36
M3

3.4. Meayurements

In arder to determine core loss by this method, it
i= necessary to rmeasure the guu.ntit-if'-a appearing i

o (113, modified to ineludo
P IR 2 iRt Bunt Bt Byt Re) (12
=

I is deteemingd frem the drop across B, ab funda-
mental frequency, measured with the wave analyzer,
M. is given by

Ri=FRy—(Eot Ras),

o relation thal is evident i fipure 6. Iy, I8 given
by the bridge-balonce cquetion. (K 4 R..} was
measured eavefully under various conditions of eur-
rent and temperatwre, and appropriate values were
used in the equation above.

The walue of the term Fl) It wos determined in

=¥
two ways. In one method, each harmonic current,
It was detertnined from the corresponding voltage
drop aeross resistor K., messered with the weve
enalyzer tuned to the approprinte frequency. The
magnitude of cach harmonie current was squared,
and the sum taken. In the altemative method,
the rma value of the current was measurcd by o
calibealed rma-indicating ammeter conneeted in the
supply leads to the bridge, and the fundamental-
frequency current, f,, was determined from the
LR, dvop, as in the first method, A= the square of
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the rms current equsls the sum of the squares of the
component currenls,

k
?Ig:ffml-_fi‘
=¥

I, 15 the sum of By, Ryw, B: B, und R,. The
cotmbined resistance of Ru. Run, B, snd Do was
megsursd and used in the same manner as K, 8.

fl, is more difficult t0 measure with aceursey.
However, as the sutput voltage of the power aouren
haz & negligible smount of dizstortion, the impedance
of the source, Z,, may be determined by measurin
the harmonic voltage drop across the terminals, an
alsey the harionic current. If the inductive resc-
tance, wl,, of the source is sufficiently small, the
ratio R,/%, i3 approximately unity, and the value of
Fiy can be determined from the more essily mensured

uanlity, Z,. It was found that ehinges of Z, with
changes of frequency were small for the souree used.
Hence it was concluded that I, was small.

Az an independent check on these measurements,
howewer, & method wos developed that measurea
both resistance and inductance of the zouree whils
it i3 under opersting econditions. For the power
source used, the valae of Z, obtained by this mothod
was the ssme, within experimental error, za the
value of Z, obiained with the volimeter-amimneler
method.  Ales, the valus obtained {or L, wos very
small, which is consistent with previous findings.

4. Results

An example of the measurements and ealeulations
required for the comparison of core losses as obtained
by the bridge and watimeter methods is given in
table 2,

Table 3 gives the magniiudea of the power terms
for the individusl harmonirs for threec gradcs of
materials, It can be seen thei in some cases,
harmonics as high a5 the 13th produce & power term
of measurable magnitude. However, as fhux density
derreases, the harmonic power tcrms deereasc also,
and become negligible at some Intermodiate fuox

denaity

Al and below this flux densiiy, the hridge

will give acomate results without applying any
correction for harmonic power losses,
Tabls 4 iz a condensation of the results of measure-

ments on five

grades of material. A

presentation is given in figure 7.
It is evident from &b inspection of Lhe curves and
the finsl eolumn of table 4, that the tweo methods

are in excellent agreemmont.

Tareyg 2. Erpwmple of mecsurentents *

graphical
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ed by the wettmeler and bridge for foe grader of stafericf =
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By M- )5, ZE30
EFFECTIVE WiBIGHT 3018
FAEQUEMNGY &30 cps
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Fueure 8. Py, Py, and Pyversus flug densdiy for one specimen,
5. Discussion

Figure 8 shows graphically the relative magniludes
of the terms of the power equation, eq (12), for one
typical set of mndmuna e?we let

P1=HR4,

the power supplted to the iron specimen at funda-
mental frequenecy, and

&
Pi=3 IER,

the power dissipated in the resistive elements of the
circuit Bt higher harmonic frequencies, then eq (123
Ties

PI=PI_PM'|

P, may be considered to be a correction term, to
ke applied to the measured loss, Py, in order to obtain
the core-loss wvalue, P,. The bridge method, as
penerally used, }'mlfis the value .

It can ba seen that the magnilude of Py, increnses
very rapidly as high inductions are reached, becoming

4.3 T T T T T T T
M—IR
FRECURRET—&8.8 Cps !
a0k Mp=4.5 ohme i
.-l
[
w~ 20 B
- B ]
Ls i
L i
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g 1 -] 13 L] 1] 1]
FLUX DENSITY , KRQSAUS5E3

Fiere O The ratte V[P s teraus fus démaily for four grades
af wmaleriala
. ——— —_ T T T 503
an ana
FREGMENCT 00,0 <00
(K+ np-n.a phm 1 o
& L - ma
2 20 =
- =
o« 9% 4 = £
E
oE | z =
K. T ’
oga |- s
ooz 2
Lz . !
k] [ ? ] g 0 n 12 13 AL v -
rLud GENSITT  mLOGBISSES
Fravere 10. The ralio Py Fe versns Sux densily for foar

grades of malerials,

equal in moguitude to the core loss, P, at about
14.2 kilogansses, in this example.

In i @, the ratio Py/P; 12 shown as a function
of Alux density for four grades of material. Note that
the general shape of the curves is Lhe same, although
the flux density at which the ratio reaches & given
value varies with the material. In general, the [ower
the silicon eontent, the higher the flux density that
can be reached before the ratio )P, exceeds any
piven value

As P, becomes larpe with respect to Py, errors in
the measurement of P, are multiplied in the deter-
mination of P;. For example, an error of 2 pereent
in the value of P, when the ratio P/Pa is 4.0 will
¥ield an error of & percent in the velue of Py, assum-
g thst there is no ervor in the measurement of F,.
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Of course, as Fy/Py increases, Py 1= also increasing,
and the need for accuracy in the value for P, is
increased.

In figure 10, tha ratio PafP, is shown as a function
of flux density. This curve is closely related to
figure 9, a8 Fy/Pe=(F,/F)—1. However, it is inter-
esting to note that (Pa/Fa)< 100 i3 the percentage
by which the value of P; would be in error if P, were
not taken nte account. This percentage is used as
the ordinate at the right side of figure 10.

We see bgain that, in general, for a given value of
error, the lowersilicon materials can be laken to
higher inductiens. For example, il we consider the
case where the bridge is used without correcting for
the harmonic Yower chissipated, and for the error to be
5 percent or less, the grade M-15 material can he
taken to sbout 12.5 kilogausses, while the grade
M43 specimen could be taken to over 14 kilogausscs.
i the M—15 specimen were measured at 14 kilo-
gausses, the error would be 70 percent.

Figures 8, 9, and 10 show clearly that the har-
monic power conversion must be taken into con-
sideration in order to make scearate measureinents
with the bridge at higher inductions. Figure 7 and
table 4 show that, if this correction is made, excellent
accuracy 18 possible.

It i obvicus that every parameter should be
exnmined with a view to reducing the magnitude of
the correcticn term and incressing the acenracy with
which it can be measured.®

In order to reduce Py, the resistance of the cireuit,
including that of the source, should be made as small
s possible. Ordinarily, it is desirable to work with
bridge arms that are approximately equal, but in this
caga 1h 1z better to make K, 6s low 8 possible, K, and

! For L sale of eonslieney, ll the reaults sbown wevs mede with e sae
ceruil realatanne.

1 P, waulkd also ba souall [or Jange Ry, ot Bt s Y of no practical Lioportane
hetsase the v qf Llw 20urce would have to be mads very high i order to

wiwln Wigh Auz densilis. 1o sddition, the asppeeesion of harmonle W the
pelLlng Cuerent o oot Lo g5 treme distorilan L the secondary voltage.

R, shoukd be high, in order to limit the current, snd
thercfore the dissipation, in them.

K., and thecefore P, can be measured more aceu-
rately if it is large with respect to B, and Rus, which
are measured along with K, Figure 11 depiets the
change of B, with respect to flux density. As hEh
inductions (14 Lo 15 kilogausses) ere reached, the
value of By decreeses to less than 10 chms. When
it has become ns =mall s 2 ohms, the accuracy
required in the values of By and Bon 35 difficult to
attain,

It ig interesting to note that when the hridge is
used &lone, without the wattmater current coil
included in the hridge arm, R, will be eliminated,
and the results should have improved accuracy. In
order to show the validity of the method presented
in thiz paper, the bridge waa used under conditions
known to be disadvantageous to it, and it is expeeted
that results abtained with optitnized conditions will
exceed i accuracy those reported here.

6. Summary and Cenclusicons

The use of an slternating-current bridge for
measuring the total core losses of ferromagnetic
materials has some advantages over the conventional
wattmater method, such as s wider frequency range
and better sensitivity. However, it has been found
thot the bridge method i subject to errors that may
he as large as saveral hundred percent if the effect of
distortion in the current is neglected. A eorrection
for thiz effect mny be derived by considering the
equivalent eirenit for the ferromagnetie material to
consist of nonlitesr elements of resistence and
inductence. This method requires that the resist-
aner of the entire circuit be detarmined, including
the apparent resistance of the power source.
method of measuring the resistance of the power
sourcs under sperating conditions was developed.

A, circuit was deviscd by which measurements of
core loss con be made by the bridge and wattmeter
sitnultaneonsly. By so doing, discrepancies due to
differences in frequency or induction are cbvinted,
and compnrisons can be made at identical values of
frequency and induetion.

cellent sgreement between the results of meas-
urements with the two metheds was obtained for
induetions as high as those for which the watlmeter
& constdered to De AccuTate.

It is concloded, therefore, that even for measure-
ments at higher inductions than have hitherto bren
considered feesible, the accuracy of an n-c bridge is
comparable with thet of the wattmeter, provided
that the corrections for hermonic components in the
exelting cuerent are determined and applied with
care.

It is also concluded that the results of the snelysis
as presented are valid when applicd not only to
bridge eircwits, but also to other electric rircuits that
rontain nonlinear resistances and impedances.
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