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high-voltage electrode is i &
] insulated from the gas vessel b
zlf“utrilcea‘i:agssg{)rcelgm Eﬁn(il ; a paper tube mougted onsihe}) {o;” :
_carries the h.v. terminal. The gas is agai 4

gé)rlz at about 12 atmospheres. The overall height ogf trlllel\(I:ogr'
‘ .sir is 386 cm., the floor space 70 cm. by 70 em., and th-
weight 175 kg. (3851b.). Careful tests on a condens.:er of thi:

frequently used i
f transformer test circuits,
f- angle between the primary an

alue, of very low loss and phase-

~ well-made mica condensers,
are best arranged in plug- or swi
capacitance of 1-11 uF sub

In good mica condensers the phase-defe

former. Such condensers must be accura
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4. Capacitance standards for low voltages. Condensers are
n the low-voltage portions of instrument

usually to compensate for the phase-
d secondary sides of the trans-
te and permanent in
defect from exact quadrature
between the p.d. applied to them and the current they carry;

in a phrase, they should approximate to true standards of zero

power-factor. These qualities are possessed in a high degree by
which, for ease of manipulation,

tch-operated decades. A total
divided into three decades of 1/10,

1/100 and 1/1 000 uF per step is very convenient in practice.
ct from quadrature may

and 5 minutes, the smaller condensers

should be in shielded
be made definite and

forcelann lie between 1 minute
Shield = having the higher angles; very good condensers may have
Electrodes k£ 1 Eectode defects one-third of these values. It is preferable that all con-
D densers, especially those of small value,
‘ cases so that earth-capacitances can

— Gas vesse/——

measurements. Below 1/1 000 x
- rotary variable air-condenser,
F1e. 195. ComprEssED (GGas CONDENSER FOR 140 xV ;

~ properties of mica and air condensers

pattern h ; .
ave been made by Jimbo and Sakimura (loc. cit.) A.C. Bridge Methods.

;‘;121(1')&?1};0:1; tl;gt the defect from quadrature is about 0-8 x 10~
radians af : cycles per sec.; pressure gas condensers may
g Oo,nde;ﬁ?ra(i(;d Izz g:riectifa%acitances. This and the pre
edi artm ;
similar types are constructeg by the ?\?:tr% %ﬁigﬁj‘f@?eW}é@
a),ngl })y the Cambridge Instrument Co. P e
compressed-gas condensers are tested to a i s
%Iitla:rt:risgisé I%relsi;z;llre O{,haun thaft with which they norcr(r)lgﬁse;?)?
¢ danger of explosion; wi i
su%l .rar}(: failures as ha\i;e taken II))I;):;O;r:e l‘;vatilg:i) or Dushid
pressel:i ! ardly possible to compute the capacitance of a co
prossed. ega;:s c((i)nder}ser with high accuracy from the dimensio
of its tg ro ;e]s, since the cqnstruction does not lend itself s
rea c()3I71(ierlsuc ! precise locat.lqn of the parts as is the case in
wr o adtasers, and in addition there is a small dependen
measgred iIrllcte upon gas pressure. The capacitance is rea
measy 1 terms of a standard air condenser by means 0
Schering bridge operated at the rated voltage.

suitably disposed in the network to cause little error in the
F it is usual to use a shielded

giving an infinitely fine grada-

tion of capacitance below the least mica unit. The general

are fully treated In




CHAPTER X1
A.C. POTENTIOMETERS

L. Introductory. The d.c. potentiometer is an invaluable
instrument for the accurate measurement of direct currents
and voltages in all classes of testing, and its construction,
principle and application will be familiar to the reader. Volt-
ages up to about 1-5 volts are directly compared by the poten-
tiometer with the voltage of a standard cell ; higher voltages
are measured with the aid of a potential divider or “volt-box,”
and currents by testing the volt-drop across a suitable four-
terminal resistor through which the current to be measured is
passed.

The convenience, accuracy and long range of a d.c. poten-
tiometer have led numerous workers to design various types
of a.c. potentiometer possessing similar qualities. Some of
these are now only of historical interest, but others are com-
mercial articles and are very widely used in general a.c. labor-
atory testing. Such an a.c. potentiometer must contain some
transfer device by which the readings may be standardized in
international volts by reference to a standard cell ; the com-
monest devices in use are either dynamometer instruments or
thermo-junctions. .

A.C. potentiometers are very useful for testing instrument

transformers, since they can be used to compare in magnitude

and phase the primary and secondary voltages of a voltage
transformer or the corresponding currents in a current trans-
former; the technique of the method is mentioned in Parts 3
and 4. It is not our intention to enter into a detailed discussion
of a.c. potentiometers and their uses since this has been ade-
quately done elsewhere ;* we shall confine our attention to &
few of the principal types, referring the reader to the authorities
mentioned and to various original papers for further details.
Since a.c. quantities are vectors, an a.c. potentiometer must
have means for measuring the size of a vector and for locating
* C. V. Drysdale, “Progress in the design and construction of electrical
instruments,” Journal Sci. Insts., vol. 4, pp. 288-299 (1927); “ Alternating
current potentiometers and their applications,” Journal I.E.E., vol. 68, pp-

339-360 (1930). See also D. C. Gall, Alternating current potentiometer measure-
ments (in the press), and Campbell and Childs, loc. cit. ante.
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inds: polar poten-
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e the n magnitude and phase
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n. The instr '

which measure the voltage 1
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ponents, & = 7 COS 0 and y = 7sm b
tative instruments of both kinds wi

tiometers,
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F which measure the com
of the voltage. Represen
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mzt.ef ?s thgt due to C. V. Drysdale,
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best known polar potentio-
rysa * manufactured by H.

Fta. 196. DiacRAM OF DryspaLe’s A.C. POTENTIOMETER
eneral principle being illustrated in Fig.
ter has two dials on the well-known

: i inci first dial has eighteen coils
Kelvm-Vaﬂeyhdi;’iﬁigﬁuvlfilg})}ez; sf;lr?dard current of 50 mA g&}rels
. 2(§)hmfS (?-aic volt per coil. Two brushes move over thf hl;l .
%rip(i {no two coils, and are connected to Pen COﬂsé O\fa,(]) toothat
eachg; ‘%he parallel comb&paitiondh:}featé‘gelmsstt:;cih 1(113 e bon

b oyt ial an s d
321211:&(?}(1)11 Xl stllil((laeﬁ\fsﬁe of 0-23 ohm with a 115_d1Vﬁign s::llle—

gives a dI:op of 0-001 volt per division; by Shun:s'l:ls%ance% s
. tiometer with a resistance Rf10 and a.ddmg a rain anco O
in series with it to restore the total resistance :g'n L fo c()’ils rore
R is the potentiometer resistance, the curren dlown o
. slide wire is reduced to 5 mA and voltages

-~ can be measured on the wire. .
The potentiometer is supplie

¢ f the pote 1. 63 )
* C. V. Drysdale, “The use o Do 572 (1910); Elecn., vol. 63, pp
i N I ; . 21, . 561 &~ k K
csu';ults, P“"f’{[‘}l: hg{;s;eS:fc‘.,t 1:;01a1ter“§$" current potengllometeé'sgcll(‘; 91(1)1??3‘;1:‘39).
m_e t(lgogt)él B fil and telephone cireuits,  Fllect, YiOLd i’ers)fr-ument,” Elecn.,
“T?Aes g.llltern(:a,gtz pcurrent potentiometer as a standar
vol. 75, pp. 157-160 (1915).

Tinsley and Co., the g
196. The potentiome

from the secondary of a

ntiometer on alternate current
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i s RI and

i which has the components
('ii‘fl{e)lc’u;‘;erllct I must be maintained constant
in addition the frequency must be

phase-shifting transformer resembling a small, carefully E 9 the voltage (B 4

designed two-phase induction regulator. The stator has a e o M1 respectlvel{{- .
laminated core with two windings distributed sinusoidally, so. - and accurately KDOWI; Lo voltage
that the air-gap field is as uniform as possible; the windings - JE known. 'o instrument is that the voltag
are displace(% }I))y 90° round the peripiery. One winding gi: g The qlsadvantag}:? Of, Lizrsenr(s)ggrtion to the frequency. This
supplied directly from the 100 volt a.c. source which also . calibration of M changes i P

feeds the circuit which is to be tested; the second winding
is joined to the supply in series with a resistance and condenser,
the values of which can be selected to make the currents taken
by the windings equal in magnitude but differing in phase by a
quarter-period, so that a uniform rotating field is set up in the
air-gap. The rotor core is also provided with two windings,
one of which is connected by tlexible leads to the potentiometer;
the second winding is joined to a circuit having a resistance
and inductance equal to that of the potentiometer and thus
ensures that the armature reaction of the rotor is the same in
all positions. By means of a worm-wheel the rotor can be
turned within the stator and the phase of the voltage applied
to the potentiometer shifted by any desired angle, which can
be read upon a scale. The voltage to be measured is balanced
by setting the dials and rotating the phase-shifter, balance being
indicated by a tuned vibration galvanometer.

By means of a change-over switch the phase-shifter is
replaced by a 4-volt battery and the vibration galvanometer
by a moving-coil galvanometer; by regulating the rheostats .
balance can be secured against a standard cell. A sensitiv
dynamometer D should then indicate 50 mA, and the pointe
can be brought to this mark on the scale of D by means of it
zero adjuster. On changing over to the a.c. supply the rheo
stats are adjusted until D again reads 50 m4, thus standard
izing the instrument ready for use.

3. Rectangular co-ordinate potentiometers. The earliest, and 43
in many ways the simplest, co-ordinate potentiometer was
introduced in 1910 by Larsen,* and is an application of the
mutual inductance-resistance pair used a few years earlier$
by Campbell for the testing of impure mutual inductances
As shown in Fig. 197, a resistor and the primary of a variables
mutual inductor are joined in series and supplied with ang
alternating current i (r.m.s. value I). By varying M and the
position of the slider on R the test voltage may be balanced by

To ac sup,c_/y

B
Zarsens

Phtentiomeler.

Campbells

Potentiometer:

Current_S) fandardising
Circeuif.

STT
IAGRAMS OF (CaMPBELL-LARSEN A.C. POTENT

OMETER
Fie. 197. D

1 *
come in the instrument designed by Campbell

1 and made by the Cambridge Instrument Co., by ;};e sg;ngﬁz
. device of arranging the current throug_h t{uz I;rﬁznfrg;uency;
' mutual inductor to be inversely proportiona t.o 1 to M only.
b then oI is constant and the e.m.f. propor (lionaThe in-phase
Fig. 197 shows the farraig}i;n Sliger?rgl}?g&g. the resistor R,
i n irom . :

L (s\?li?flflliznt}(;isn:gk?n series with a current-measuring device

« . 3 . type.”
* A, Larsen, “Der komplexe Kom tor, A t zur messung von E " i ent potentiometer of Larsen
Wechselstromen durch Kol;)npexlsatioi?’nz?le?clt‘. eZTils.}Dr::::)ll‘f!t 3T?pp. 1039-104 4 * A, Campbell, “4 mlaw “lt%ri‘;t;nﬁg;é)r, P

(1910); Elecn., vol. 66, p. 736 (1911). Proc. Phys. Soc., vol. 41, PP-

., defect is over
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CMD described below; a loop shunt of total resistance S - 7'

completes the arrangement. Let § be the resistance of the :
upper portion of the loop between the sliders A and B, and .}
let 7' be the resistance of the lower portion between the same
points. Then at balance the measured voltage will be

v — Ri + joMi,

! i g¥* i % js shown by Fig. 198.
‘nciple of Geyger’s* instrumen :

1 Thi?erliil':ilgmgter connected direct to the a.c. supplty .gn(rle;sr i‘trgg

": p?;a,se component; the quadrature co;n(;l)ogiergh 12 ngh a_

o imilan i ter coupled to the

: lar potentiomete _ ' t

g;)llé ?nflet?arﬁns(i?cltamg M. By conneetlnglthe Iilll(i"-pon(;fagf

ine i it i ible to explore all four -

A tentiometers 1t 18 possib e

"tgfxtzw;gi‘f}(l) the aid of the sliders. Since the secondary of the

i surrents
o e, ¥ mutual inductor is loade:i(i, the primary and secondary cu
B J L ] will not be in exact quadra- et
so that v=_§R+ joM[(S + T)/S1}i will ot be i exact e ;o/é;;e

inductor and the provision
‘of compensating devices
Geyger has succeeded 1n
reducing the difference_fr.om
quadrature to a negllglple
amount and in producing
g reliable instrument, which
'is manufactured by Hart-
mann & Braun and widely M
- used in Germany. _

' Qall'st potentiometer 18
illustrated in principle by
Fig. 199. Two separate
units are used, supplied ,
with currents in exact qua‘d' Fra. 198. DIAGRAM OF Geverer's A.C.
rature either from a two- POTENTIOMETER

hase alternator or from a o . o
single-phase supply with a phas(?-sphttmg dlevu':g}.1 ’f}lll: Z;dpl;? °
‘potentiometer is first standardized on d.c. Wi

If the sliders 4 and B are now set so that S/(S — 7T') = ofb,
v = (R + jbM)i

which is independent of frequency; the constant b is chosen
to make the inductor part read the same units as the resistor
part. The current [ is 10 mA and is standardized in the
following way. A thermopile 74 in Fig. 197 is joined in series
with a galvanometer across a low resistance K; a heater-
resistance and battery complete the circuit. The shunt K
can be chosen so that with 10 mA in the heater the voltage
of the thermopile balances the drop across K, as indicated by
the galvanometer reading zero. The heater is now replaced by
an equal resistance, to keep the direct current in K at the same
value as before. By putting the heater in the a.c. circuit at
CMD and adjusting the current through it until balance is
again indicated, the a.c. is standardized at 10 mA and can be

held at this value by keeping the galvanometer deflection to
zero.

Quadrature component

B ac.suoply

In the actual instrument the in-phase component is read from & .
potentiometer containing two dials and a circular slide wire; the rang
is up to 1'8 volts and can be read to 0-00001 volt. The same case con
tains the frequency-setting and current-standardizing devices, d.C
galvanometer, selector switches and rheostats. A reversing switch
indicates automatically the quadrant in which the measured phase
angle lies. The quadrature component is read on a separate mutual
inductometer with a scale of constant percentage accuracy; it gives &
range up to 1 volt readable to about 10uV.

» Arch. f. Elekt.,
“Ei We hgelstromkompensator, .
L1, Geygeréz F9u214)1}el‘l‘%in e'u(:ifacher Wechsels.t:romkom}:.er'xsa,t,0réSSIIILZegI:;i.1
; (23;813’ (x))lp:igo;)p §348——1,349 (1924); «Wechselstromkompensationsm
- + VOIL. 40, .

567 (1925);
A » Apch. f. Elekt., vol. 14, pp. 560-56] )}
= ‘g' l{‘eufgm\rfl:f(gglg?;z%ekundii,rbglasteter Lufttransfoir_nf;éﬁgr‘(’ilg};?) Wg(lz\?sss-
b strombomponsationsmessungen,” tbid-, ol 15, PP EESIT0 Too) 17, pp.
E ungen mii?e dem Schleifdraht-Wechselstromkompqns}? or, » d;;r e aerian
f21§—241 (1926); “Messung der héheren Harmo.msc en an.s b dor o behsel-
 tionamthodo,” bid., Vol 1% PP Vo Loz h (fer I%ompensations-
 stromkom on,ente von Gleichrichterstromen :1%0‘ A g dos o
!nethode,”Pibid., vol. 18, pp- 641-65% glgzzgekt!‘ils%hen Untersuchungen,”’
e 1‘ggc}‘selslt(l;gx—nlli%ﬂ(lf)gggil?o‘{%ine];oxgnplexer Wechsglstromkompensator
., vol. 23, pp- ; X ‘
ir hii}(x)ere Sp%lr)mungen,” ibid., vol. 23, pP- 447 5158 (193V 0)1. 60, pp. 360-361
£ D. C. Gall, “A now a.c. potentiomsh [0 7y 5. vol. 3, pp; 202-
L (1923); A portablo a.c. Pé)tentiorr,r;)%g;’t,i’oing)rfn&l)eszé. potentiometer,” ibid-
204 (1926). T. Spooner, ‘' Some &

. vol. 3, pp. 214-221 (1926).

Other types of a.c. potentiometer based on the Larsen prin-
ciple have been designed by other workers, notably by Geyger
and by Gall, but in which the mutual inductance has a fixed ;
value instead of being variable, the quadrature component
being taken from a second set of dials similar to those used for
the in-phase component. '
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standard cell, a sensitive reflecti ]
; : ing dynamomete indicati
r}}::o S}jﬁ(;t‘;:n;;gmgt'er current. On switching ovretho1 n;llgat
theostat beforz ]\i‘s’ced 80 that‘ the dynamometer readin ; i.s :ﬁe
s vonpled g o standardize the quadrature potent?omet;ee
AL theie m-lphase potentiometer by a mutual inda tr
ance, so that tha,It:, x;)o ltagesrare then in opposition. The val(:l-
it e alance can be obtained with the co :
nt in it at a given frequency for some chl;)r::rf

% st
loltage

Change-over -
Switch

| G——

Check T ot

g

Quadrature ‘m;_]’

Componert

AC Supply
ACS,
Phase] oeid

Fic. 199. D 3 A
IAGRAM OF LI A (0] M
GaLl’s A.C. POTENTIOMETER

oint

}é)ycles (;?ert}sl:cifill? %{1 ;hfil Pozentiometers, e.g. 0-5 volt at 50
ona; rheostats of th :
met . e quadr
0 M 3 )

magnitude.* units will be in quadrature and equal in

Th :
sistinz ct)}V;) dI;Zfen'tlom-eterS are contained in a case, each con
slide wire of IV)VIth eighteen coils of 2 ohms each an’d a circuls
Reversing swicﬁulG 24 ohms subdivided to read 0-001 volt,
that the four qu gﬁ are provided on each potentiometer :
all the nece quadrants may be tested. The case also conta:
inductance Siary selector switches, terminals, the mut
instrument’ ilf z Messrs. Tinsley & Co. mar’mfacture the
usefal for tra 11 s normal fo_rm and also in a portable patte.

ck-circuit testing, geophysical work and the like

* Several i i . .
in Japan; selenltf.r%gtrég 98 dlgf ations of Gall’s potentiometer have been made,
meter,” Journal I.E E’ 7 n the two-phase source for the co-ordinat tentio:
Muto, “On & new n.c. potents No. 465, pp. 434439 (1027); linato Poind T
489- . e ntiometer,” J v
500 (1927); Proc. Physico-Math. Soc. %gzﬁ,l\;ﬁ.%‘;};ga?"%% (‘igg’())p d

1. Theory. The magnetic pot
~application in instrument trans

and construction wi

 as far back as 1888 and independen

* let [ be the lengtlt of any path joining

CHAPTER XII
THE MAGNETIC POTENTIOMETER

entiometer has received some
former testing for the measure-

‘ment of exciting ampere-turns and the determination of wind-
ntly, a brief discussion of its theory

ing turn ratios. Conseque
1l be given here; its uses are explained on

pp. 416 and 419. The instrument was introduced by Chattock*
tly discovered by Rogow-

skit in 1913; it is not nearly so well known as its usefulness

warrants.

In Fig. 200 let 4, B be two points in a magnetic field and

them. At any point P
let H be the component of magnetic force tangential to the
path; then, by definition, the line integral of H from A to B
is the difference of magnetic potential ./ between the points, L.e.

/é:f Hdl.

. Now let the path be the axis of a tube of small but constant

ectional area a, SO that 4 and B lie in equal small plane areas;
if 7 is the average magnetic p.d. between these surfaces,

— 1
u/éslfu/[da:lf Hdl.da:—fHdv
a a a

where dv is an element of volume of the tube. Let the tube be
wound with a uniform helix with » turns per cm. and let the
> Proc. Phys. Soc., vol. 9,

. * A.P. Chattock, “Ona magnetic potentiometer,’
¥ pp. 23-26 (1888). A. Campbell and D. W. Dye, ““The magnetic testing of
» Jowrnal I.E.E., vol. 54, pp. 3546 (1916).

. bars of straight or curved form,
. T W. Rogowski and W. Steinhaus, “Pie Messung der magnetischen Spann-
i ung (Messung des Linienintegrals der magnetischen Feldstarke),” Arch. f.
Elekt., vol. 1, pp. 141-150 (1913); W. Rogowski, * Ueber einige Anwendungen
3 des magnetischen Spanmmgsmessers,” ibid., vol. 1, pp- 511-527 (1913); F.
- Goltze, “Ueber die Verwendung des magnetischen Spannungsmesser bei der
g Prifung der magnetischen Eigenschaften des Tisens,” ibid., vol. 2, PP- 303—
p 313 (1014); W. Rogowski, ‘ Die Messung des elektromagnetischen (Poynting-
schen) Energieflusses (Messung des lokalen Eisenverlustes),” ibid., vol. 4,
> 6); W. Wolman, “{Jeber ein Verfahren der Eisenpriifung
mit dem magnetischen Spannungsmesser. Messung an
: l?"d-,_VOI. 19, pp. 385-404 (1928). L. and P. Lombardi, «Misura delle dis-
L sipazioni locali di energia entro una parte circoscritta del circuito magnetico,”
e L Elettro, vol. 16, pp. 142-148 (1929).
387
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then the e.m.f. ing i
uced in the helix Is, and B; thus the instrument can be used to explore the

ribution of ampere-turns over the various parts of a mag-
ic circuit. It has been used by Rogowski and his associates
B the investigation of leakage phenomena in magnetic testing
pparatus (the Epstein square in particular) and in electrical
chinery. In the same way, Alberti and Vieweg have used
git to measure the exciting ampere-turns in a current trans-
Hormer, their method being described on p. 416. To increase
fthe sensitiveness these workers provided the instrument with
Bih iron core; while this vitiates the simple theory it is quite
easy to calibrate the instrument to take into account the
sturation of the core.
2. Construction and calibration. Chattock’s original instru-
ent consisted of a piece of solid rubber cord 1 ¢m. in diameter
d 37 em. long uniformly wound with a double layer of insu-
ted wire with » = 20 turns per cm. To ensure the cord
maining of constant section as the flexible potentiometer is
oved in the field, the turns are separated by cotton thread.
e suggested that a core of flexible gas tubing made of plaited
d varnished canvas would be better; it could easily be
ound in the lathe with great regularity by mounting the tube
n a suitable mandrel.* Rogowski’s potentiometer is a press-
hn strip 60 em. long, 2-5 cm. wide, and 0-1 em. thick wound
§With a double layer of 0-2 mm. diameter wire. This form is
fparticularly suitable for work on transformers and similar
fhagnetic circuits.
It is essential that the sectional area @ and the number of
8 per centimetre n be constant. Also, in order to avoid
ouble due to stray fields the ends of the coil should be at the
quiddle of the length of the potentiometer and there attached
g0 twin flexible leads. The simplest way to secure this result is
start the winding at the middle and wind to one end; then
0 return in a second layer to the middle, proceed thence to
phe other end, and then return to the middle in a second layer.
¢ The constant na can be easily found by the method shown

X, {md to this alone if externa]
against by winding the helix

Fre. 200, Tug MagnETIC Porg

NTIOMETER

with an eéven number of | .

due to alt ! Ol layers of wire. If the ch L=,

or to the errr.la:f?io " of a steady current from one Vah?: %g ;g T;f .

the ends of p 0}111 of permanent magnets, then by con Ot,er,

be obtained Wiicﬁhizsc ;)(; . ba;;l-ﬁ stic galvanometer ayreé"dil;legcVt’rilﬁ ;
. _Proportional to th '

made in the magnetic p.d. between 4 er(lilaggegl %ﬁ;l attisell:ie 6} :

steady and the end B
' i
Point B’ while 4 1 ﬁxed,st }Slgg(iigly moved from B to anothe

roporti X galvanometer gj i g A !
(I)’ tll)lgrixllo?al to the magnetic p.d. between B anrdgg es Sa reading g0 Fig. 200. A coil with 7', turns and the primary of a variable
Strument were described by Chattock - Such uses fMutual inductor are joined in series to an a.c. supply; the

fecondary of the mutual is connected in series with the magnetic
Potentiometer and a vibration galvanometer. By varying M
13 possible to balance the mutual inductance between T,

* For particulars of a number of rubber cord potentiometers see J. E.
> ]“Wv “Design and behaviour of magnetic potentiometers,” Elec. Rev.,
YOl 102, pp. 678680 (1928).

e_tllllleasqred. But .4 is, by definition,’
s impressed on the field between :

.




p. 419. » Will be further referred to on
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coil and { ‘the latter is fink .
. uniafgr nitsoigid; 1?121 :rought Into contact, }ll%nenignfﬁg?;ghtﬁhs 1
S 3

between 7', anqd T, will If,z external field, the mutual inducgtan::
. CHAPTER XIII

STANDARD TRANSFORMERS

General. In the routine testing of instrument transformers
it is common practice to employ a relative method, the char-
acteristics of the transformer under test being compared with
‘those of a standard transformer by a differential process. The
ratio error and phase-angle of the standard transformer are
themselves determined by an absolute method and are fre-
quently retested.

A transformer, whether of voltage or current type, that is
to be used as a reference standard of ratio and phase-angle
must be chosen for the permanence of these quantities and for
the smallness of their magnitude. This necessitates great care
in the construction of the transformer, particularly of its
¢ magnetic circuit. In addition the transformer should be care-

fully used, always with its proper secondary burden, and fre-
quently re-calibrated ; the core should never be magnetized by
direct current in the windings and the secondary should not
= be opened when the primary is connected to the supply. It
g is found in practice that with proper attention to its choice
g and maintenance a standard transformer is a very permanent
E and reliable piece of apparatus. .

" Standard voltage transformers do not present any serious
f difficulties and are widely used in works testing of transformers -
£ Up to about 20 kV. In order to cover a wide range with the
E minimum of apparatus, multi-range transformers are usually
 provided, generally in a portable form. Numerous examples are
f described on p. 236, to which the reader is referred. Current
¢ transformers, however, warrant further discussion.

g 2. Current transformers. Standard current transformers are
f required for two purposes, first, in relative methods to serve
£ a3 reference standards and second, in absolute methods to
| eliminate the use of high-current resistors. For both purposes
¥ multi-range portable transformers are desirable and these usually
i take the form of ring cores with toroidal secondary windings,
| the primary being a cable looped through the ring a suitable
f 'umber of times. Suitable transformers are made by many
f makers (see p. 143) and are very reliable, especially since the
f adoption of nickel-iron cores for high grade transformers.
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4m(Ty[h)aT,10-9 henry.

Equating this to the balancing value of M gives

S na = Tyaf] ~— 109]”/4777'1.
i Ig(;x(aj—tul'ns calibration ig easily found :
ke 54 o \ de ampere-turps with which ,tl
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For very large currents the ring-cored tra

cable primary is exclusi
: usively used. At the i i
}[;:foratory a tran'sfo?mer for 5000/5 with ?r?;lonal oyl
S an accuracy within 0-01 per cent for ratio an%mén 2&L I'y_turtg
"2 miny

see p. 119). With

CHAPTER XIV
SOURCES OF SUPPLY

1. Alternators and transformers. For tests in the laboratory

and test-room the best source of supply is an alternator direct-

. coupled to a d.c. shunt motor run from a storage battery.

By this means the greatest flexibility of speed-control is

possible and the frequency can be maintained very accurately

constant,* an important consideration when using vibration

galvanometers. In works testing the alternator is often driven

by a synchronous motor fed from the local a.c. supply mains,

but it is not so easy in this case to guarantee absolute constancy

of speed and of the test frequency. The alternator should

preferably be of polyphase construction with a winding capable

of giving three-phase and two-phase supplies, thus giving a

variety of single-phase voltages as well as the polyphase

voltages often required by some of the methods of testing.

Where a single standard method has been adopted, as in
routine testing, it is sufficient for the alternator to give only
the system of voltages required for the method. The wave-
shape of the machine should be sinusoidal and the alternator
should cover the range of frequency met with in practice, say
25 to 60 cycles per second. The output and voltage necessary
cannot readily be specified and must depend upon the range
- of testing to be undertaken.

f  The supply is taken to the test-circuit through a suitable
g transformer. In voltage transformer testing this may con-
, Veniently be a voltage transformer similar to the one under
g test, but used in an inverted sense as a step-up transformer.
E Similarly, in current transformer testing the circuit is connected
£ to the alternator through a step-down transformer giving 4 to
. 8 volts at its secondary terminals; an inverted current trans-
former often suffices. When the current transformer under
b test is the sole load on the alternator, care should be taken
E that there is no serious wave-distortion which would upset the
# characteristics of the transformer (see p. 141). If this is likely
f to occur, the alternator should deliver a considerably greater

* A sufficient amount of flywheel effect in the rotating parts is an important
factor in maintaining constancy of speed.
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output than that required for the test, consuming the excess o small imoto

a series resistance so that the effect of the test transformer i
swamped thereby. Regulation of the current is most con-
veniently achieved by use of the alternator field regulator in 7
conjunction with resistors in the primary circuit of the step- -
down transformer; alternatively, if the test current is not too
great, regulation can be effected by an adjustable iron-cored
reactance and carbon resistances in the test circuit. The
connection of the test circuit to the alternator, through a trans-
former, both in voltage and in current transformer testing, has
the further advantages of isolating the test circuit from the alter-
nator and in providing freedom for its appropriate earthing;
this is an important factor in precise work where earth-capaci-
tance effects may be troublesome. Individual instances are
dealt with later in discussing the various test methods.

For tests of instrument transformers on site the supply must
be taken from the available a.c. network, suitable transformers
being interposed to bring the voltage to a value convenient
for use in the test circuit. In current transformer testing it is
often impossible to remove the transformers from their circuits;
they must in such cases be tested while normally connected,

e DcC fixed
- Agfrgee motor  Framé

.,,:heel\*l i ¥

[y

] §Eml§!—t ‘\?%—E%I“-u.l-‘
e

i | ]
1

/// Z 7

ble alternator set.

Diagran of dou

I )/

Three-phase resistance phase-shifkm

: )
using as the testing current that flowing to the load on the &m;ffh/—/fi’g 70 4 load
supply network, Transformer. Supply

2. Phase-shifting devices. In many methods it is necessary
not only to supply the transformer to be tested but also to
apply to certain parts of the test circuit amxiliary voltages
bearing a known adjustable phase-relationship to the voltage

Single-phase phase-sh//"/en

N

of the main supply. The ideal device for this purpose is that 4

frequently used for the testing of meters by the method of "

artificial loading, namely, a pair of similar alternators coupled %’g

directly to one another and to a common d.c. driving motor Jo0 vvsv ol

Fig. 201. The stator of one alternator is mounted in bearings; Nt transformer

8o that it may be moved around the axis of the machine by a W hiter
worm gear. By this means the voltages induced in the arm - Ring wound phase-Shz:

tures of the two alternators can be adjusted relatively in phas ng DEVICES
without change of magnitude, by any desired electrical angl
the amount of which is at once obtainable from the-observed:
relative angular displacement of their stator frames and the
number of poles in the machines. This angle can be measured,
by a suitable scale and vernier attached to the movable stator,
or for the precise measurement of small angular movements &
mirror and scale device is easily applied. The worm gear can be 3
operated by hand; where the machines are at some distance.

Fia. 201. PHASE-SHIFT.

i irable
and not portable, but its flexibility makes it a most desir
vl Well-equip}:ii cllast? Zaif‘:al,‘i}r’;ing an auxiliary vo}ltage

llent metho tan : B .
Wi?}?(;?erd?s(ii?ad phase relationship 18 prov1doefd&bg testi% oy
Shiftingytra,nsformer perfected for purposes .
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L . the arms on the two rings are
Dr. Drysdale;* this apparatus is portable and can be used not " iogtalcajﬁ}; as to keep the voltage constant
only in the test-room but also on site. In principle it is identica] g linked together in su¢ .ed. Another device consists of an iron
with an induction regulator and resembles an induction motor- 4 while its phase 18 Va‘lt;lh a'layer of insulated wire like aGr@mm?c
in the arrangement of its parts. A somewhat similar, but con- - b ring closely wound wi ed from the central portion O
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siderably smaller device, is used in Drysdale’s a.c. potentio- ¢ ring. The msulamontls rceirlf(lz?l‘rrnference of the ring; at three
meter (see p. 382). The stator is wound with a polyphase wind- the wires on the ou (gle inner surface tappings are _taken tc;
ing, which can be connected directly to the main source of oints 120° apartf Onthree—phase supply. An arm pivoted ad
supply if this be polyphase, or through a phase-splitting circuit the three lines ol & rries two brushes which touch the bare .
for use with single-phase sources; the currents flowing in this the centre of the ring C'?lrface at diametrally opposite pOlntlSl,
winding set up a rotating field in the air-gap of the machine. wires on the Ot‘;t;:(‘l :he phase of the voltage tapped off by the

is 10 : 3 tant.
%i&?ﬁe?i? ‘lfbaried’ while the magmtu(}etizms?:;l;lzgél SdZdvices* is
: inole-phase supply one o . nal
Wn}h ?itsgilgolﬁn}: in Fig. 201. The two Coniinielt;e?er;%ain
thedctllllm two resistors are linked together " Etx”the apparatus
o 1 tf) one another. Provided the 1mpedamce(jlowith that of the
' ?q'uzd to the output terminals is high compar}?; noes very little
: ]Olgdenser—resistor combination, the P'd‘ggc’ 2&1% be obtained.
. €0 nitude and a phaSe-shift of about 120 e ation of
" Xll?gthe above devices provide for conmm}ll(())livever hifting
3 ases, ] b
f the voltage; in many ¢as . This 18
t;l;le Pﬁgzz ';)hrough a definite angle 13 quite a}clleqeua;fif oy, one
ef :moly done with the aid of & polyp '135 o pa,ux,iliary
ml(l)s Slnflpvgrhich feeds the main ecircuit ngne ous methods
phase Ol ¥ f the other phases. umer ;
mﬁulit ltiels%ﬁzi; ?nolg:n?ts 3 and 4 in which this artifice is used.

will be

2 4).
* C. R. Cosens, Proc. Phys. Soc., vol. 46, p. 821 (193 )

The rotor is provided with a single-phase winding and can be
moved by a worm gear about its axis in the stator bore. The
phase of the voltage induced in the rotor winding by the field
can then be adjusted to any position relative to the main
supply without the magnitude of the voltage being altered;
the angle is read upon a suitable scale. A sinusoidal secondary
voltage is secured by careful distribution of the stator and
rotor windings. The phase-shifting transformer is much
cheaper than the double alternator and is widely used.

The example illustrated in Fig. 201 is manufactured by the Zenith Co.

Tt is wound for a three-phase supply up to 460 volts and has an output
of 600 volt-amperes, which is ample for all usual testing purposes.

Cases often arise, especially in testing on site, where a much
simpler device than either of those mentioned above is quite
satisfactory. If a three-phase supply is available, two slider
resistancest connected as shown in Fig. 201 provide a ready
means of varying the phase of the p.d. between the sliders
without changing its magnitude. With the arrangement shown
a total range of 120° can be obtained; this can be extended
to 360° by changing the sequence of phases by manipulating
the plug in its socket. An even simpler arrangement uses a
single slider resistance joined across one pair of lines, the
voltage being taken between the third line and the slider. The
change of phase is 60°, but the magnitude of the voltage is not
constant. To overcome this latter defect Sharp and Crawford
use two auto-transformers. These consist of toroidally-wound
iron rings; the insulation is removed from the wires on the
end surface and an arm pivoted at the centre of the ring makes

* C. V. Drysdale, “The use of a phase-shifting transformer for wattmeter -
and supply meter testing,” Elecn., vol. 62, pp. 341-343 (1909). Also see,
S. Numakura and H. Fujiki, Res. Elect. Lab. Tokyo, No. 306, pp. 1-69 (1931)-

1 G. W. Stubbings, Elec. Rev., vol. 94, pp. 604-606 (1924).

i C. H. Sharp and W. W. Crawford, Trans. Amer. I.E.E., vol. 29, pp. 1517~
1541 (1911).
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E methods are discussed on pp. 440 and 541. Owing to its special
- construction and to the difficulties attending its set-up and use,
f the clectrometer has not been much adopted for this purpose
b elsewhere than in these national standardizing laboratories.
i 2 (b). THE SEPARATELY-EXCITED DYNAMOMETER. This in-
¢ strument is the same in general construction as an ordinary
k dynamometer wattmeter with fixed current coils and a moving
i fine-wire system; indeed for some of the rather less refined
tests a good wattmeter serves admirably. To attain sufficient
. sensitivity for laboratory use, however, the moving system
is suspended and its deflections are observed by the usual
mirror and scale.

If 1, be the current in the fixed coils of the instrument and
I, that in its moving coil, the torque on the latter is propor-
tional to I, [, cos ¢, if ¢ is the phase-displacement between
these currents; with a uniform suspension the deflection is
proportional to the torque. In using the dynamometer, I,
may be the current to be measured, while J, is supplied from
a phase-shifter; the choice will depend on the magnitudes
involved, since the moving coil can only carry a small current.
By adjusting the phase-shifter until the deflection is zero,
I, and I, are put in quadrature; then when the phase is
hanged by 90° the resulting maximum deflection is a measure of
- I, assuming I, to be constant. In order that [, shall be in
- phase with the voltage applied to the moving coil it is necessary
E that the reactance of the coil be small in comparison with the
separatoly-eur E resistance joined in series with it; or the reactance can be

oo oy-exclted dynamometer, the d annulled by a shunted condenser in the way often adopted in
S -C. galvanometer with recision wattmeters. When this adjustment is correct the

: ynamormeter can be used to set an auxiliary volfage applied
Independently to resistance and to reactance adjust ; j o the moving system in any desired phaseyrelation t%p the

' E current flowing in the fixed coils.

L When used ign null tests the moving coil is usually connected
t to the network and the fixed coil to the phase shifter. The
E balancing network must be adjusted until the dynamometer
¢ reads zero whether ¢ is 0° or 90°; this can only occur when
f either 7, or 1, is zero. During the balancing process the instru-
# ment will be sensitive to resistance changes at one phase
[ Position and to reactance changes when the phase is altered
by 90°; hence the deflection of the instrument indicates
Independently the amount and direction of each adjustment

b to be made to attain balance. .
2 (¢). D.C. GaLvaNOMETER WITH RECTIFIER. This detector

CHAPTER XV

INSTRUMENTS

L. Indicatin |
i indicatiighilgsmtrlumnfgg.s Sfln }f,ll methods of transformer test b
g, ] ¢h as ammete i
ters, ete., are required for the purposercs)%vri)lgll{l;flzerssl;"tvag ,
; g suitable

to the purpose for whi
which the i
foe Pt Y are intended, g,
met)errselcjil;rgzeoeli&te fre%u?nt intervals, Am;itﬁlgsgfg srali(:
) be r of the dynam tho
mo‘dex . moving-iron design withya nic(l)(ltlalﬁit:snp;?\?gl OrtOf the
ment,

ed watthour meters,

S Cla “ adJuste(l f()r thls art]cu[ ur ose l l elr use 18
pe s’ y p ar p p . 1
- C. OI'S. 5 y 3
| 2 Dete t III IllOSf/ best 1}leth()(is as a«llea«(i ]llelltlolled
t]le 580011(:13115/ CUI'Ient or V()Itage 18 Opposed tO a pOl‘tIO ()fthe
i n

ment t i 10N method, ing i
2 the r;zifg;mfr; bot.h at the Reichsanstilzfifleslglf;% I?Stru‘
3 Fhysical Laboratory af, Teddincrt;onlftl TEIL‘E

* For a detailed di i
A.C. Bridge Methods, 1seussion of various detectors the reader is referred to

1 E. Orlich, Elekt. 7,;,
Inst., vol. 27, p. 65 (19317??’ Vol 30, p. 435 (1909); also H. Schultze, Zeits. f.

C. C. Pate
p. 204 (1913, rson, E. H, Rayner ang A. Kinn
) es, Journal I.E.E., vol. 51
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consists of some type of rectifier used t
to be measured, after which it is passe
vanometer; by this means the g
sensitiveness of the galvanometer
testing.

In its simplest form the
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considerable trouble in pra
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3 .. and others (loc. ci - SHivity com-
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ibed by Cosens
instrument, has recently been descr S S only the

2 %O}nzfl];de by the Cambridge Instrument Co.
v:;llerrlrslo-junction has been applied
I +o transformer testing, see p. é84.
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zgggrﬁzter is the detector I}‘(llogt
frequently used in m}ll metI o s
of transformer testing. tth}s
particularly well S\.n-te_d for this
work since its sensitivity 1s very
high at industria% fre(}llll:;ileiss.

i i alvano . |
rrlx‘(k)lf ‘Ir)l}?;:;_lscgec%ive, nor does Campbell Moving Coil

rectifier is a commutator driven
upply, but it is apt to give rise to
ctice owing to the difficulty of
ush contacts on the commutator,
al em.f., and so on. These troubles
rcome in Sharp and Crawford’s*

Fermanent Magnet

For
the deflection of the instrument Galvanometer.
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Briefly, a vibration galvano- — ,yp Movmci }(33)};1;5 ;I;*SRATI E
meter }cr(,)nsists of a movin(gl Gary
ystem which is set _mto ;‘;‘;ﬁt of the alternating current to
K vibrati he action u L : movin
b &bra:;zﬁrzg .thigh sensitivity is secured by tung}fgt%};e movin tg,
€ s sfcrel)m to be, in resonance with .the frequene};na,ximum. Two
] vg’hen the resulting deflection nguenk;i;fn\ll(;ea the moving-iron
4 nometer are In g ; ing-coil type
iy ol e by Wien ad he moring il 1o
- bell. The construction, . 0e Methods,
: g;;e:oagagllﬁy discussed in Chap. III of 4.C. Bridg
to which the reader is referred. -
Fig. 203 shows a diagrammatic plan of the Schering

moy ng-1ron instrument in w \'4 i 11
i i tem consists of a sma

: i i i i hich the moving sys )

: i oot ft iron suspended in the polarizing field of an electromagne

L Plece of so t

s of these types the phase-
selectivity is obtained by arranging for rectification to begin -

at different points in the cycle; this can be done by changing

the setting of the brushes around the commutator or by moving *
the key relative to the cam, as the case may be.
A type of mechanical rectifier

the diagram. An exam
will be found on p. 495,

Of non-mechanical rectifiers the vacuum thermo
the copper-copper oxide element and the thermionic valve may
be cited. Applications of the former have been di

scussed by
* F. Bedell, Journal Frank, Inst., vol. 176, p. 385 (1913); C. H. Sharp and
W. W. Crawford, loc. cit. .
T H. Pfannenmiiller, “Uberblick iiber die Messverfahren mit Gleich-
richtern,” Arch. f. Elekt., vol. 28, Pp- 356-384 (1934).
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CHAPTER XVI
BURDENS

y instrument transformer is the
g r{%zazuzgz?leﬁegnto the secondary termmals;das
o GXtGI}']H‘d n on p. 141 the amount and nature of the bur eln
o OZV influence upon the ratio error and phase-angle
o e B former. Consequently, when transformers tﬁri
ot ust bé loaded with a burden equivalent to tha
te§t6d t}'leg trllll will be used under normal working condltzotnhs.
Xllflllnzai(c)ds o?‘zesting involve the inclusiog 01_.} so:;?ngageczh()d:
: i circuit. In hoc
e appara?rlj lc?setclll issifce(;r;d:;imll and can be neglected 1ri
o bllr_den xsvoith tIl)le actual instrument which 'f01?ms the norm:lxS
‘ lcé)afl(;pgfl: lsﬁ: transformer. In other met?}(l)ds tb}t;lstlss‘l?é]_ n‘(‘),irgllfa,an
must then :
: th:_ﬁC%SEf ba{g(}ietlhzoz;gzggrgfe;esistors and inductors com(ll):rllec(i
:g ;i\Sfleain conjunction wi’&h the 'ttehStin}%i :}?I;;zag: I;?Olﬁln%i ance
: en with w s t
; z%lelj;tzo t\lafegfegfmzltlirng the burdein (()111 a tra;s;fi?lrflir"; Oltizz
: into account the leads connecting
::5(?18133;1?; ti?lsﬁﬁfmlent; these leads are oft}elp }?1111112:3 lgggezzr;l(:
oot of pompprecten loa(lil (Seﬁals)é-leﬁz)rwofl (fohe ‘crz;nsformer.
eﬁgCtNOiigf:ltlgtalzrllg;iﬁl.nthhee r%ted burden of a transformg,;
st e orora b whn the secondary szt oupplie
i i whe I
‘ ﬂg agtleﬁpsgfrgﬁ liI; Ot};lr:scase of a current transform%,i t;)lrtllil::
' rated voltage in the case of a voltage traniflom;iﬁ.o Yith the
rated burden connected to the trans‘:,forr.ne.r e }f to error and
Phase-angle must not exceed certain limits w lcjntended rod
in the national specifications for transforr?elrls ntended for
P different purposes; these limits have been 15 ﬁrere
; P. 16 ef seq. and need not be further mentione O Eloctro.
2 (@). CurrENT TRANSFORMERS. The Internfz:,}tfotnat lectro
- technical Commission (I.E.C.) recommends ! :hould Tated
burden with a 5 ampere rated secondary cux}'lr.en. should not be
less than 5 VA for all grades of accuracy ; this is eq

“Calcula-
* For a discussion of the choice of burgens see 'll‘ Akgarr:’rglonéi‘i, P(;:T ula-
3 tion of instrument transformer burdens,” Gen. Elec. oy .
126 (1931),
403
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strument burdens. The burden imposed by

e, XV1]

an impedance of 0-2 ohm and it is further recommended that the 3. Typical in

. A
i widely in practice,
. S instruments varies very e
power-factor be 0-8. In many cases the instrument with which Ouls t}:}}iﬁr :)If £Cating ents varies very v B ording
eas

' i ils. The following figures give
lays and trip coils. y ures give

-rurlnifz;l?;ezefoz different types, l.)ut co:mc{l:g;]@efor iation

4 lcﬁe expected in instruments of dlﬁei:eil vrgftage, Jor carrent

e is 5 amperes 10

Rircui ted current is . ts the

' Culltsoﬁ}tlsureai: 110 volts the frequency being 50 cycles p

d voltag

when the burden has any value between 25 and 100 per cent of

- T
. . . . — | ! ]
its rated value. The following table gives particulars of the rated poova - i
burdensasspecified in the national standardsof several countries, ‘ h ]
I S S S
_ . 0-6
Rato Limits of . 2 t(: 10 1
. ' Rated Burden Power IErrox' to ‘Ammeter, Sth Tron . 15 1
Specification || Class Purpose I Factor of hold for , Dynamometer . 1 N 340 0-5
f Burden cl;;mg(:ie.ot 7 Hot wire . 8 to 16 0-3 to 0~
VA, | Ohms urden w o - Soft iron 18 1
i between Recording Ammeter, S0 $ 4 i(()) ]
| Aboratory - - ltmeter, Soft Iron. .
A | Laborator 7 ! o or . 0-9
B | Metering © | 5,15 } » » Dynamometer . 1o 30 09 to 1
Great Britain || C Switchboard | 5, 13, 40 ifro , Induction ’ 15 to 0-6
| Relay : L Voltmeter, Soft Iron . 3
| b ibeter | 0 ‘ Y'B]::ordmg seter, Reed . 3to 5 0-7to 1
;_ Rl o —_ e ency I ’ .
02 | Hign : Dyr(}:mmgetex wattmeter, current colﬁ 6to 8 0-8 'zo i
~ | Precision 5,15,30 | 02, 06, 1-2 25% 10 100% »  voltage co 2to 8 01 te
Germany 0'1" {‘[é]ggrr;:fgr y SEIEEY G ¥ S ” Power factor meter, current CO}{ 12
16 | pmmeter e 50% t5100% w s Voltagocdl 2 05
elay N, . i " & A" -
- N et SRS S . rent eircuit 1to 10 0-1 to 0:3
France Al from 15 VA. not specified . ;Wa.tt-hour me,ater,“c(‘;lliage circuit. 5to 15 82
U.S.A. Meter 2:5, 15, 50 09, 09, 05  Relay, Overload VI 10 to 18 '
I ) Y Reverse-power, current CO% 15 0-2
2 (b) Vorracr TRANSFORMERS. The 1.E.C. recommendation voltage col

] ”» »”

for voltage transformers is g burden of not less than 10 VA
at the rated secondary voltage, the power-factor being 0-8. -

The specifications of the various countries are as follows—
Single-phase Three-phase

inci lculation. The calcu-
rinciple of bqrden ca. bo o
é;)IF‘ i)efn:;(}agt%s%ituents of a given burden follows the us

; eb110(18 Of a.cC. t}heOI 3 b\lb lb ma be a'dvaJlbal eous t-/O eb

V4 iefly the principles upon W d polyphase
Class A 10 VA_/I.) hase Xfé ;bﬂgjet};iled IaJ)}_)plicaJtlon to Osliggﬁ?}é?se and. poyp
Great Britain » B15, 50,100, 200 25, 50, 100 08 ¢ = fburdens has been made byn?aglaﬁllsfor;ner of which the ratecz
- . e
{ N Dl Z . bu(;g:il%zr Vﬁ;l‘StV(?itibﬁrperes at the rated secondary curren
[Class 02 5, 15, 30, 60 VA, jl»s and power-factor cos ‘f, ATlle;z 7
Germany » 05 15,30,60 VA, cos ¢ = 0-8 3 . . impedance Z of the burden. Its
» o 1 ” hich determines the total Imp: e from
» 3 ” sistance and reactance are then toun

2 _ R?) = Z sin ¢t
R =Zcos¢ and X = \/(Z ' fj )p 29 (1920(;% For more
* For American practice see Elect. ng;ltvt(;!é ms;nufacturers’ catalogues.

1 i . be given here co - densers.
pr:c%(}o?oat;qt?% i(;a]lslosibi%e for coils and negative for con

France. Single-phase, from 30 VA. Three-phase, from 30 VA/
phase. cos ¢ = 0-5 to 1. ;
U.8.4. 6900 volts and under, 25, 50 and 200 VA. Over 6 900
volts, 200 VA.
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PART 3

LTHE TESTING OF CURRENT TRANSFORMERS
FOR RATIO AND PHASE-ANGLE

CHAPTER XVII
INTRODUCTORY

» Ix Chapter VII, forming the conclusion to Part 1, a preliminary
- discussion of the testing of instrument transformer character-
istics has been given; it is now our purpose to return to this
subject with particular reference to current transformers,
leaving voltage transformers for consideration in Part 4.
Of the various characteristics by far the most important
-are the variations of the ratio error and phase-angle with
current, secondary burden and frequency.* For this purpose
& considerable number of methods has been introduced ; these
-are described and classified in the following pages. Other
_characteristics, such as the measurement of turns-ratio,
. exciting current, leakage reactance and resistance of windings,
are particularly investigated with respect to the indirect
Method of ratio and phase-angle testing described in Chapter
XVIII. Properties such as polarity of terminals, mechanical,
ermal and dielectric strength of current transformers, and
§ the like, are examined in Part 5 and will not be further referred

Z = ’\/[(Rl + R .
| s+ .2
1ts power-factor js S e "
COS ¢ = (R, - R +. )z
and the total volt-amperes 2 !
VA =1r 7 Vi I?
ns - ns(R R'
MG )

Le. V4 = Vi(sum of act; +-
active 2
amporeys] Walls)* 1 (sum of reactive volt-

W 11816‘ tlle &Ctlve W &ttS are tllle COIHPOIIerltS I 11] (O] ¢]; ] 143

Ci (252, .y - p 1 n ¢1
C

0S8 el;() a;]l(l 1/he lea()blve V()lt am eres are I 14. S1 )

Cl]) t!le case ()f a V()ltage tI aIleOI mer W hlch 18 1()a/ded a»t Ia’t'ed

Se Ollda'l,; 'Olba’be ] ns» b‘he ‘ul]peda‘n'ce 18 dEbe’IInlIXSd :)

VA= 2 y7 - p y

here ¥ i i
Is the admittance of the burden, the components* o

Ww.
which are the c
relations onductance ¢ and Susceptance B given by th

i to here.
. The Indirect Method, in which the ratio error and phase-angle

¥ are computed from the results of open-circuit and short-circuit
 tests made on the current transformer, is treated in Chapter
& XVIII. Direct Methods, both Absolute and Relative, receive
fattention in Chapters XIX to XXII. Classification is made
¥ according to the arrangement of the apparatus used in them,
¢ 4 process that seems to lead to a greater measure of correlation !
and a reduction in the number of classes and sub-classes than
E 1s obtainable in other ways. It will be realized that absolute

methods are based on the principle of testing the properties
01 a transformer in terms of calibrated impedance standards
and instrument readings, while relative methods, as the name
* To some extent also with the primary current wave-shape.

407

¢ =EBIZ* and B = _ yz

When several p;
pieces of apparatug joi i
across the secondary voltage ¥ the tota?r:dgr?;aixic;nispaml

Y:ﬁ%+%+nﬁ+@+&+”ﬂ

and the total volt-amperes are

* Noto that ifz — p 4. ;
=R 4 ;X) = (p. ot /X andy = @ L iB then « ;
B o e O X e e v .44
coils and positive for condensers.+ ) =142 Noto that B s ;ega,tiv’e ®
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ite where the

of transformers on st
I’;% at a dangerously high vql‘?age abo}:ie
very large current. In addition to this

408 INSTRUMENT TRANSFORMERS [Cuaep. XVIi ,

implies, compare the characteristics of one transformer with aluable for johe testt
those of another. ; primary winding may
The Absolute Deflectional Methods of Chapter XIX utilize, b earth or may carry a the necessary apparatus is not bulky,
with few exceptions, two main principles: (1) in which the dvantage of safety, ent,s never exceed 5 amperes; the fact
primary and secondary currents are separately measured and L gince the secondary Curremethods enables high precision t0 be
the phase-angle between them computed from the readings f that they are dlfferiﬁce ointer instruments.
of appropriate instruments; and (ii) in which drops of voltage obtained with portablé P ison of the two nearly
at the potential terminals of four-terminal resistors inserted It is worthy of special note tl_latftl{; ?&Tgﬁ:ﬁs{;ormers by a relative
into the primary and secondary circuits are adjusted to approx- equal secondary currents of tab I;a:'a‘{) s(s)iute test on a 1 : 1 transformer.
imate equality, their vector difference being measured by the . method is precisely Slmtlll;i ;ny transformer with a ratio ofll fnl cta}n)r;
readings of suitable instruments. The great majority of the : Conversely, it fou(;«:,litive method, the primary c“‘gi{‘bnre:ﬁlagleg cus-
methods are based on this opposition principle; in some cases - be tfls';fél :;’;oﬁiry current in bl hod ; fu;t?lilelisospecially useful
the method becomes “semi-null” since a preliminary adjust- i?nlia:Y absolute methods are aval,ﬂabli-n aTril:SS i(:l which, by a suitable
ment recduces the reading of one instrument to zero before the in those transformers with cal:ii (I:);n be made unity for the purpose
scales of the others are read. One or more of the instruments is choice of primary turns, the Tat
a dynamometer, since the phase-selective property of this type
makes it peculiarly valuable for the purpose. This being so, a

of the test. s is
It has been shown in Chapter I that the phase-angle f s
phase-shifting device or a polyphase supply forms an essential
feature of such dynamometer methods.

ower-
ually positive, 1.e., I leads on — I P for aIH va:;gfc Slfaf s s
lflasc‘cory1?311&1137 encountered in ‘pm%}l(ﬁ{en nSiI;we the }’British
The Absolute Null Methods of Chapter XX are essentially always positive for a non—reactll";)e27 1;equil".es tests to be made
opposition methods in which the vector resultant of two Standard Specification No- 81— fuotor, B has been shown
approximately equal voltages, proportional respectively to the with a burden having }m‘ty PO‘;’%‘ha teré XVIIT to XXII.
primary and the secondary currents,* is balanced exactly by positive in the vector diagrams O P
an auxiliary voltage, adjustable in magnitude and phase,
balance being indicated by null indication of a suitable detector
such as a separately-excited dynamometer or vibration gal
vanometer. The auxiliary voltage is, in some cases, derived
from a phase-shifting transformer, but more frequently from
a suitable auxiliary mesh of adjustable impedances; in this
latter case the method becomes analogous to an a.c. bridg
or to an a.c. potentiometer of limited range. E
In'Chapters XXI and XXII Relative Methods, respectively
Deflectional and Null, are discussed. The deflectional methodd
are essentially opposition processes for comparing the secondary
currents of an unknown and a standard transformer, t
difference between them being measured by the readings ©:
suitable instruments. The null methods are also oppositioni
methods in which the difference between the two secondary:§
currents (or volt-drops proportional thereto) is annulled by
adjustable auxiliary circuits. Since in relative methods 1o
measurements are made on the primary side, they are especially

* These voltages may be taken from the potential terminals of fouf

terminal resistors or from the secondaries of mutual inductors. 28—(T.5722)
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CHAPTER XVIII

approximately expressed by the equations

(ZKT+

and

tan f =

where K, is the t .

I, and I urns ratlp _(secondary turns/prims .

primary ox ;I,;?n;hiu?;gﬁﬁe]m“?g and loss con/lgo:ll;?:;)s, Zlflnéi)é

$, is th . s s is the seconda

O uced (i?n}ig}llﬁése displacement between I, a;}ci Ctlilr:em,ltand

these various SeOor%d.ary winding by the main core-ﬂvo agﬁ‘

RtV i ](}uantltles can be determined, by ex elrli}; t

expressions ; ’ this ai)r;iceiscan 1;(-3 calculated, from t}i abgz’le

the meas ’ 58 cons itutes an indi

upon the 131;1;%1;0 0{‘ ratio and phase-angle, Sl;fl(éz Iirtlbegg ol()ia 1:(3)(11‘
nation of these other auxiliary quantities SIt

Im sin (}Ss + Iw cos ¢’s
3

1

]”l cos ¢'s w Iu,- sin rf)‘

K1,

i
s, however, seldom used nowadays

In early days the indi

transformer . n ll‘eclt method was the .

for testing th?i?;fl; tt;c;llllo(v;\;‘mg closely the We(l)].l}}glgvr;i ?ffc;:sg:r E::g
superseded i power transformers; i

described inbgh;;nt?rlserxand more exact dirercs;;, rﬁ?e?}?sahowever, -
as revived & fo yon IIX to XXII. Interest in the mfiijucgl asthaorg‘
on current transformerr-: a..ter when it became necessary toe,; ;n ete tsf
mary currents of 2 000 with very large primary currents v;he e
methods suffer from t}ha.mpere's or more are to be dealt W'.th i en pri
tion of four-terminal o e‘practlca.l difficulties inherent in éhe he dtlre
prim&ry circuit: the u6515t0rs OI.' other standards to be ins tggn's rélh %
to be overcome, since se;l of the indirect method enables ther t lnbh;
in the measurements only the very small exciting curre te.s °. roul od
however, that even fi upon which it is based. It shouldnb g vd
has been supplanted gl‘ tt}};ls particular application the ind.e r:mm:;f
resistor or other sta, dy ¢ use of direct methods in whi hu;};c g
former of the nick fl. ard is replaced by a high-ratio lg e pnma,ry .
standards on its s: mron corﬁ.}d type, carrying low-cus anda,rd’ trans-,

condary side. Consequently, the &?ﬁ&?ﬁfﬁ?ﬁ‘ﬁ :
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egarded as primarily of historical and general interest

‘jmust now be I
E cather than of immediate practical value. Some of the auxiliary
‘mea,surements involved in it are, however, of interest in the analysis

4 Briefly, the principle of the indirect method is as follows:
' By means of a suitable process 1, and I, are found as functions
of the induced secondary voltage. Assuming the resistance

and the reactance of the secondary winding and its associated

external burden to be known, it is possible to find ¢, and the
impedance of the secondary circuit; hence the value of the
induced secondary voltage required to circulate any desired
secondary current I, can be computed and the appropriate

values of 1, and I, taken from the test-curves. If the turns-
ratio K, be known, then K, and f§ are at once calculable
from the formulae on P- 410,* or by the use of Mollinger and

Gewecke’s diagram (p. B0).
The application of the indirect method involves, therefore,
. the following processes: (1) the experimental determination

either of the magnitude and phase of the exciting current
ts I,, and Lu; (i) the evaluation of Kz,

I,, or of its componen
either from the design data or from an appropriate mea-

surement ; and (i) the estimation of the impedance and
phase-angle és of the secondary circuit. Of these, (i) and
(iii) correspond respectively with the well-known open-circuit
and short-circuit tests commonly used in testing power trans-

formers.
2. Measurement of exciting current. In the testing of power
. transformers the components of exciting current are deduced
¢ from the open-cireuit test, in which the primary voltage,
~ current and power are measured for a given 0.C. secondary
voltage. In the case of current transformers some modification
j of this procedure is necessary, since all the o.c. quantities are
E small and cannot be accurately measured with ordinary pointer

instruments. The primary voltage and power are usually

E too small to be measured withoub the aid of reflecting dyna-
. mometers of some delicacy. Consequently, the modified o.c.
test for a current transformer consists in a direct measurement

* For applications of the method reference should be made to the following :
C. V. Drysdale, Phil. Mag., 6th series, vol. 16, pp- 136-153 (1908); L. T.
1005-1039 (1910); A. Barbagelata,

“Y

Robinson, Trans. Amer. 1.E.E., vol. 28, PD-
1. 14, pp- 639654 (1910) ; C.H. Sharp and W. W.

& Atti dell’ Assoc. Elett. Ital., vo
Crawford, Trans. Amer. 1.E.E., vol. 29, Pp- 1517-1541 (1911); P. G. Agnew,
Bull. Bur. Stds., vol. 7, PP 493474 (1911); A Barbagelata, L' Elettro. vol. 8,

pp. 185-175 (1921).

E of the design of a transformer. A

e e e
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of the components of I, by the use of a dynamometer or other
suitable instrument and a phase-shifter; 7, is seldom more than
a few milliamperes. By this means the measurement of a small
primary voltage and power is avoided. The secondary o.c.
voltage is usually under 10 volts and can be measured by a
high-resistance dynamometer or nickel-iron type voltmeter;
still better, by a reflecting electrostatic instrument;” best of
all, by some potentiometer device.

K. L. Curtis* in 1907 deduced values of 7,, and [,, from ballistic
tests on a ring-type transformer, but these are far from being the cor-
rect values when the core is carrying an alternating flux, since no
account is taken of the iron losses due to eddy currents or the faet
that the dynamic hysteresis loss may be different from that estimated
from a static hysteresis loop. E. L. Wildert in 1904 measured approx-
imatelv the exciting current with an ammeter, the secondary being
open, and from these values and the o.c. secondary voltage was able
to make an approximate calcilation of the change of ratio with various
resistance burdens. A. G. L. McNaughton? in 1915 used a similar but
more precise form of the method by adopting the ordinary o.c. test
with voltmeter, ammeter and wattmeter in the primary circuit, pointer
instruments being employed.

The use of the separately-excited dynamometer in the open-
circuit test seems to have been suggested first by Sharp and
Crawford,§ being later improved by Agnew.| Referring to
Fig. 204 the secondary voltage can be set to the desired value
by means of a sensitive, high-resistance reflecting dynamometer
voltmeter V; this instrument can be calibrated on d.c. by
throwing the switch 8, from the right to the left. The primary
exciting current I, is passed through a suitable four-terminal
resistor R,. With 8, up and 8, to the left, the phase-shifter
is adjusted until the reflecting dynamometer D reads zero,

showing that the voltage across the primary winding and the

current [ in the fixed coils of D are in quadrature, i.e. I and the
flux are in phase. By throwing S, to the right D will give a
reading proportional to II, cos &, i.e. to I,, the magnetizing
component. The phase of I is now advanced through =2 and

* K. L. Curtis, “The current transformer,” Trans. Amer. I.E.E., vol. 25,
pp. 715-734 (1907).

t+ E. L. Wilder, “Operation of the series transformer,” Elect. Club J-
vol. 1, pp. 451-455 (1904).

1 A. G. L. McNaughton, “The current transformer,” Journal I.E.E.
vol. 53, pp. 269-271 (1915).

§ C. H. Sharp and W. W. Crawford, “Some recent developments in exach
alternating current measurements,” Trans. Amer. I.E.E., vol. 29, pp. 1517~
1541, discussion pp. 1542-1551 (1911).

II P. G. Agnew, “A study of the current transformer with particular refer-
ence to iron loss,” Bull. Bur. Stds., vol. 7, pp. 423-474 (1911).
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hen A gives the second-

@ indicates balance; b
and B are now adjusted

S to the right A
he primar

alvanometer vV
¥ory 0-C- voltage. With
o balance the drop Ryl across t
if Vo y, be the settings 1n volts,

y resistor R,; then

The volta
ge V read
drop across th on the voltmeter is adj .
to the desirede :g pping 7, namely, rV[R Ji:SItl?ﬂnunm the volt..
Pl‘imary current i COnda,ry VOltage of the tra (;‘I‘l(}a,ﬂy eqlla,l
is adjusted until on cl lated in magnitude and e oo The
3 C
mains undeflected : thOsmg the key K the galvang ase of ¥
5 € SeCOnda,ry Volta,ge is then ergst;fllr reri : Iw: VAIRP and Im _ VBIRp
an
the loss and magnetizing compo-

opposite to rV/R. T
. he : A
switch 8 is now closed; the resulting 1
g
; nents respectwely.

~ A
: D It z
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\, \'J—
| Vbltage
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! l shifter

; Gall* has made & slight modifi-
“cation which 18 useful not only in
- testing but also for the
cral problem of iron testing
Let the secondary power-
hen the formulas on

) 7w'1th a.c.
* factor be unity, t
- p. 410 become
Kc : I{T + (Ilrlls)
tan f = 1,0E1s

The iron loss is

P = Epr = Est/I(T’

and

volg-amperes are
= E sI m/ I{T »
olt-amperes are

the reactive
p; = Byl

and the secondary v

Fra. 205. Ta ‘L
: KaTSU’s METHO .
p oF MEASURING ExcIrting CURRENT P, = EJ,
reading of D wi Th
will clearly b en
c o .
v be proportional to I,. If W, be th K, = KL+ @Prand
w e tan =P AP
Fig. 206. SPOONER’S AMETHOD OF
XCITING CURRENT

and E; be measured in
-
MuasurING B

- terms of their components along an
E perpendicular to any datum direction.
et | be a upit datum vector, io
1 secondary voltage vectors then

fo= (@ + jbx)l’ es— (az + jbe) 1 and ep
are measured by A and by, b DY B. The pow

reading in watts, [, =
the phase y Iy = W,/V. The ke .
W ratte ;oftline}}an%ad by =f2, the n);\f rﬁagglw Ogened a.nd  Now 1ot Io
?’;Ci;ing current 1, is _&esirrg{ivi.t (}I: t}ll)e magnitudeg 0(; tfl)e 2?)1;?1 :
om . n . ~
regulatiﬁgnteﬁgs};h;r it may be meassrlf:iadgly ((: alculated from
which will be se-shifter until D gives a y opening K an
In another I‘)’;(;Porzlo?al to 1. maximum reading
potentio variant of this metho s :
Ga]l lnsgillff_‘[?:;ts zlsed- SI).Ooner* hasdslﬁlolsvr?‘]':ﬁrréatlng_c.urren 1
as shown in Fig. 21)(;64?;? is very convenient foaxi tt}fle Tinsley
can easily be adapted t"“gh any other type of the purpost;
instrument consists of o the measurement. Ion'en fomete
B, supplied in qu é)r two component potentio ig. 206 th
switch § being t(lllrgw ature from a phase~shiftr:etgs’ A4 and:
meter 4 and the Phasré tO.the left and B set to r PST. The ;
-shifter are regulated unti?etli(l)é p'()tfel}t'lo ‘
vibration :

and e, the exciting current and
= es/KI‘7
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p=©€p"* I = (@102 + bxbz)lKT’

the vector product

the volt-amperes are
- bxaz)Z/K 4
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gnitudes of these products gives
wer factor
. (012 + b,bs) L o — bas)
¢ - K\ 1+ <P, and tan 8= P,
» Jowrnal Sei. Insts., vol. 9,

“Note on testing tran
32). Fora correction se€ 362 (1932)-
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for a transformer working ab unity po

sformers,

* D. C. Gall,
ibid., P-
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. DPOO > Some app. p! y
tenti ter Jou
* N S ) P. (

I
nsts., vol. 3, pp. 214-221 (1926)
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o the primary ampere-turns. Since the exciting ampere-turns
Fare at right-angles to the voltage induced in the potentiometer
[ths direction of I,T', is known; then if the secondary ampere-
Eturns are known in amount [T, the magnitude of I,T, is
freadily found, and hence 1,. It will be noted that a knowledge
gof the primary and secondary turns is assumed. Results
btained by the method are in good agreement with those
ound by other means.
It is as well to point out here a precaution that may usefully be
bserved in all open-circuit tests. Although it is supposed that the
"normal core-flux is not exceeded, it is often difficult to ensure that
this actually is the case when a transformer is put into a measuring
‘eircuit with its secondary opened. In order to guard against effects of
_accidental excessive magnetization it is best both before and after the
test to subject the core to a thorough demagnetization, as on p. 125.

3. Determination of the furns-ratio. The turns-ratio, K,
cof a current transformer is, in some cases, obtainable from the
“design data in the possession of the manufacturer. It is not
uncommon, however, either for the ratio to be unobtainable in
this simple manner or, if obtainable, to be unreliable ; the latter
circumstance may arise in a transformer in which some
‘adjustment of turns has been made on test so that the actual
E turns, in consequence, differ from those postulated in the

¥
b,

jdesign data of the transformer. In such cases K, must be

und by experiment.

Duff* has described a method for the measurement of K,
 Dased on the following principle. If the primary and secondary
gWindings are joined in series to act in the same sense upon the

[Caar. XyIp

Alberti i
entirers tzﬁ ?fgfe‘;lew?g*' have d.escribed a method bageq V
Jisory (il 31} 3£;1n01ple, using the magnetic po‘centiogjn .
linke E > . '._I‘he flexible magnetic Ppotentiomet, et(?r
g gh the primary and secondary windin s
er and its ends are brought into contact a%: iszt‘;'h
s ig.

207. The instrum
. ent th
motive force of the ot erefore measures the re

potentiometer

phase
shifter

F1 207 ALs R’ V ? Mxer D
. 207, ERTI AND IEWEG’S Mg HO OF

M IRIN
EXCITING CUnRmsy IEsASURING

ampere-turns I,7 .. To i sultant is the exciting :

Vieweg provi deot o magilr;ill“gasetthi sensitiveness, Alberti and £core, an alternating voltage applied to the combination will be

The voltage induced in the gi?e etr-,l' lometer with an iron core fdivided between the windings in proportion to their numbers of

adjustment of the fraction r/II)E Onntllignetgrtls.balanced by th I?I‘E:, provided that the windings are without resistance or
: resistance & and regul jleakage reactance. In this ideal case the turns-ratio could be

tfound by joining a resistance in parallel with the windings and
ﬁnding a point thereon at the same potential as the junction
of the windings, i.e. by a simple Maxwell inductance bridge
fmethod. Tt is further clear that this principle would hold
19Xactly in an actual transformer if both the winding resistances
rand reactances were proportional to the turns, which is,

* E. Alberti and ; «
nd V. Vieweg, Untersuchungen an Stromwandlern. : unfOrtuna,tely’ not the case.

Magnetisierungsstrom »
T ) Areh. f. E|
hardt, “D J- Elekt., vol. 2, pp. 208
Pensations:ghzg We"f{m‘lg' des magnetischen Sll))fnm?n 216 (1914); V.
Steinid, vol. 11, pp. 198-202 (1995): Yo Grorse g
; . Geyger, ‘‘Me

ungen mit dem Schlej .
213 214 (1926, ¢ elfdraht-Wechselstromkompensator ? 4bid., vol. 17, p)
s " .17,

3 ‘_C- K. Duff, “Determination of turns-ratio of current transformers,”
.gnw_ of Toronto Eng. Res. Bull., No. 2, pp. 211-215 (1921). For a method of
E Cotormining the number of turns in a winding before assembly see C. Dannatt,
3 Tl‘ar_lsformer coil winding. An accurate equipment for measuring the turns
.00 coils,” Klecn., vol. 107, Pp- 218-219 (1931).
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: ; turns. At
: in the same ratio as the
b tPPlematelyfgl{,, 68 and 75 the settings of r;and 7,

60 cycles per sec.

In any actual transformer the resistances of the windings can be: ' were 30059 ohms

made approximately proportional to the numbers of turns by adding k- ltages O determining Kr to within
a compensating resistance in series with one winding, usually the ;l:lg 7 3‘2783.03 ohms, so that ryfr, = 14-80,, thus de
mary. If R, and R; are the resistances of the primary and secondary ‘%1 per cent.

windings, the amount to be added in series with the former will be:
(RJKr)— R,, which is very nearly (R /K, ,)— R, since the nomina]
or marked current ratio K, seldom differs more than 1 or 2 per cent
from K,. If this addition should prove negative, resistance of amount-
K,.RB,— E; should instead be put into the secondary. By effecting
this adjustment any error due to the resistances of the windings can
be made very small.

The influence of the leakage reactances of the windings is important
and cannot be corrected for in any such simple way as is suggested
for their resistances. The path of the leakage field is largely in air, so
that the leakage flux is practically proportional to and in phase with
the current in the windings. If an alternating current galvanometer
of the Stroud and Oates type, in which the field magnet is excited by
a current in phase with the current in the transformer windings, is
used as a balance detector, the instrument will be insensitive to volt-
ages in quadrature with the current, i.e. to voltages induced by the
leakage flux, and will have its greatest sensitiveness to voltages in
phase with the current.

Compensating resislance

To phase
shifter

Referring first to Fig. 208 («), one coil of a dynamometer or
wattmeter D is joined in series with P and 8, the other coil
being supplied from a phase-shifter. With various applied
voltages on P and 8, read by the voltmeter V, the settings of
the phase-shifter requisite to bring the reading of D to zero
are noted; then the current in the transformer windings is in
quadrature with that supplied by the phase-shifter, i.e. is in
quadrature with the phase-shifter voltage, very nearly. Th
resistances 7, and 7, should be set to their expected values
that small adjustments only will be necessary later.

In Fig. 208 (b) the moving coil of the a.c. galvanometer !
joined across A and B. The field magnet windings of th
galvanometer are put in series with the current coil of D ang
with a variable resistance r and inductance . With the sa.
voltages and phase-shifter settings as before r and I are adjus
to make D read zero; then the current in the galvanome
field is in quadrature with the phase-shifter voltage an.d
consequently in phase with that in the transformer windin,
The resistances 7, and 7, are then adjusted to make the galve
meter read zero; then K, = rJr, when balance is indicated

To illustrate the use of Duff’s method a test was made on a 150
volt switchboard type current transformer having K,, = 75/5 and
turns-ratio K, = 296/20 = 14-8, The value of B, = 0-0085 ohm &

of R, = 0-455 ohm, so that additional resistance of (0-455/15) — 0-00
= 0-0219 ohm was added to the primary to make the resistance dro

7o phase
shifter

Fig. 208. DUFFE’s MerHOD OF FINDING TurNs RATIO

ding K, can be used if a mag-
Oil?lg. Ogne of the windings 1({)f 1;{712
ansformer is joined in geries with a co11d ha,vmtg:ir1 ea,turIL(; n
fnumber of turns, preferably of the same order anr e e etio
Fthe windings, the other winding being left opextl. da,:d ingnotic
 potentiometer is linked in turn through th((el s aixhe xd coil ant
lthe winding under test, the voltages induced 1n

h
iwhen an alternating current of cpnsta::)t 22&1;:;& ftlgv:i: };(I;(s);egc-
ithe coil and winding 1n series being prop can be conveniently

'tive numbers of turns. These voltages

f A much simpler method
Metic potentiometer 18 avail
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Boglected. The results are shown by the crosses in Fig. 210
Bhere the circles. show the values obtained by an absolute
Rcthod to be described later (see P. 431). Tt will be seen that

efagreement between the indirect and the absolute methods
has an abnormal

very satisfactory. Since the transformer
jo curve the agreement 1S particularly gratifying; the
have been discussed

culiarities of this type of ratio curve

Jier on p. 120. Agnew and others, who have used the
direct method, give results on normal transformers in which
¢ agreement is no less good ; see P- 49 for example.

As we have seen, the principal difficulty in the method s

at of determining the secondary leakage reactance ; experience

ows, however, that errors introduced on this account are

ually small, especially if the external burden be fairly large
in practice. In the case of

nd inductive, as is often the case 1

bar-type transformers for very large currents, in which the
secondary winding is wound toroidally upon & ring-shaped core,
he secondary leakage reactance is almost negligible and the
ndirect method gives excellent results (see P- 131).
The indirect method may be used in an inverted sense for

the determination of the Jeakage reactances and turns ratio

a transformer, as has been fully discussed on p- 54.
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i 1 meters

B in the respective circuits. By using reﬂectmg %Z?zmgrimary
b’ . ossible to attain quite high accuracy ; f%h rimary
o IS r?ts can be dealt with by parallel grouping of the
Boils of D, and proper choice ]
of R, Since the currents . . A
o proportional to the ) @’
square-roots of the dynamo- ———l \
fmeter readings, the ac-
acy is low at low loads,
ough some improvement ' )
ay be obtained by series @
grouping of the current coils

D, and by increasing the
value of R,. Care should
be taken in selecting the
secondary instrument that
excessive burden Is not
imposed. The test burden
PB in Figs. 211 (a) and ()
Eshould be chosen to make,
Lwith the addition of the
condary instrument, a
ttotal burden equal to that
with which the transformer
will be loaded in service.

CHAPTER XIX

ABSOLUTE DEFLECTIONAL METHODS FOR THE
MEASUREMENT OF RATIO AND PHASE-ANGLE
ERRORS

1. Two-ammeter methods. The ratio of a cu
is most easily found by the use of two ammeters,* 4, and 4,
connected respectively in the primary and secondary circuits 4
as shown in Fig. 211 (a). Then K, is given by the ratio of the 8
readings of the primary and secondary ammeters; no measure 4§
of the phase-angle is obtainable.

The accuracy of the method depends upon that of the two 1
instruments and the precision with which simultaneous readings 4
can be taken upon them. Moreover, the scales of a.c. ammeters 4
are usually non-uniformly divided, the division being crowded 3
at the lower readings; hence at low currents the accuracy falls
off very considerably. At rated current the ratio may be
determined with care to 0-5 per cent when the ammeter read-
ings are situated upon the best parts of the scales; this is
probably adequate for quick ratio tests, such as are frequently,
required when checking ammeter transformers on site. The

accuracy at low loads usually cannot be improved by the
substitution of a lower

rrent transformer -4

Two Ammeter
Method

0

reading ammeter in the seconda E 2. TWO-dYnamom?ez
circuit, since the burden imposed by the windings of an ammet jnethods.  The prece m"f @)
for a range of less than 5 amperes is quite considerable ai ethods give the mtlfcf). Od Robinson's
would make the ratio of transformation quite different %he'trajnsf(')rmer l?ut ah or Shomten
the true value. The method is limited in the upward directiol 0 Indication of its p haSS‘ Dynamometer
by the fact that self-contained a.c. ammeters for use in i pogle ; a number Ofn.letdo-s Method
primary circuit when the currents exceed 500 amperes are Il now be described in
readily procurable.

fwhich the ratio error and
Phase-angle are found from
phe readings of two dynamo-
fueters used as separately-
xci These _
Fnctho amm?ters. ili a.c. supply of variable phase, by
Mmethods require an auxiliary a.c. 2 the dynammometom
ta goeans of which the voltage elements of - 0| amomotors
* SeeR.S.J. Spilsbury, Beama J., vol. 6, Pp. 505-513 (1920); F. A. " i‘.n be excited: this supply may be derlv(? ' . o
Elec. World, vol. 75, Pp. 1368-1370 (1920); F. B, Silsbee, Trans. Amer. I.EA ;4 ex d’ ! aototad by the test ciccuit, o }‘Om
vol. 43, pp. 282-294 (1924). . 2 [Phase-shifting device R o wupply of which one
+ L.T. Robinson, “ Electrical measurements on circuits requiring 05_1 - {, leiliary phase of a two- or thljee-p A
azlilgl(})))otentxal transformers,” Trans. Amer, 1.E.E., vol. 28, pp. 100 g hﬂse is used to deliver the testing current.
29‘(T.5722)

The same principle applies to the use of shunted dy 0
mometers, as suggested by Robinsont and shown in Fig. 211 (3
The current coils of D, are arranged in the primary circuit agg
those of D, in the secondary circuit; their voltage coils are ¢
nected in parallel with suitable four-terminal resistors Ry, A

Fig. 211. TWO-AMMETER METHODS
ForR RaTio TEsTS

424
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of D, is reduced to zero. Then V
g. 212 (¢), and the read-

426 Al hl AN A :
INSTRUMENT TRANSFORMERS [Chap. XIX

Aadjusted until the reading
fand 1, are in quadrature as shown in Fi
fing of D, will be

; W, = VI, cos[(37/2) — Bl = — VIssin B watts.

ow turned through 7/2 until the reading
since V and I, will be in phase.
(b), the readings of D, and D,

The si .
the pril‘*:ﬁplisfttirrangement is shown in Fig. 212 (a), whepe'
source in szrie e transformer is connected to a suitajblw oy
o dynamomet:rwllgh an ammeter 4, and the current co(iallsi)“c
sooondary is olosed” of suitable range and sensitivity: ¥
coils of ay closed through an ammeter 4, and th y; the

second dynamometer D,, any desired make ui) %‘:,Ifgnt*’ :
. on

F The phase of V is n
of D, becomes a maximum,
 As can be seen from Fig. 212

B will be

W, = VI, watts,

W, = VI, cos (7 —
From these three readings
K, = W,J(W2+ Wt = W, W,

p)y = — VI, cos B watts.

and

tan g = W/ IW,=8
which give the ratio and phase-angle of the transformer.

The method is simple and quick, an accuracy of 0-2 per cent
being attainable at full load. The sensitivity falls only in
proportion to the current, so that as a method for measuring
the ratio it is to be preferred to the shunted dynamometer
method of Fig. 211 (b) in which the sensitivity decreases in

proportion to the square of the current.

The disadvantages of the method are: (i) The secondary

load imposed by the dynamometer D, may be considerable and
i be about 10 VA. (ii) The limit

{ primary current is about 200 amperes, which is the greatest
current for which dynamometer instruments can be easily
constructed without the use of auxiliary transformers. More-
over, unless the instrument D, 18 provided with a number of
coils which can be suitably grouped, it will be necessary to
have s number of dynamometers in order to retain high
f sensitivity over a wide range of values of maximum primary
. current: (iii) The simple theory given above will not apply
£ if the voltage coils of D, and D; are reactive.

P The reactance error is easily determined. Let 0, and 0, be the angles
- of phase displacement between the currents in the voltage circuits of
D, and D, and the common voltage ¥. Then with D, reading a maxi-
F' mumn it is easy to show that the readings in watts of D, and D, are

W, = VI, cosb,
E W, = VI,cos0,.cos(m— B

@) ) (b) ©

Fia. 212, 8 -D 10! ER T
. IMPLE Wwo M \J O
P T YNA MET METHOD

bein, i :
joinfdagldegaglf elqmred' The voltage coils of D, and D,are
Yohich oan’ be 3 - across an.auxiliary supply tlile hasse of 4
primary cirouit&L J'Il‘llfslzei rqlﬁtwely 0 "the source feetli)ing the
hase-shiftine | uxiliary supply may b
grimar?us%g;%e jcransformer" or similar dev)irce eezz:ilzzg {f"ntlhz
two similar couj 103 the primary and auxiliary sources mz be
phase relationshI;I? %ﬂiernators with means for altering é’leiri
. . e ammeters 4 s
for setting the currents to the desired anld 4, are convenioss
essential. values, but only one
The * 3 .
diagralggo((j§ S%‘i > 2Vle2ry simple and is illustrated by the vect:
coils have ne ]jg"bl (b) and (c). Assuming that the voltagé
in phase Wit%l %}11 e reactance, so that the currents in them o
shifter and indic(;,tagxmary voltage V applied by the ph
* L. T. Robinso Te by the voltmeter, the phase-shifter
vol. 98, o1 n, T'rans. Amer. I.B.E., vol. 25 p
finding tﬁg ratggi;log? (1910), uses the pro‘é(e)ss fg;' Ig)le 11271:—734' (1907: ?n
glet}g mgthod is deszrib:d%t;%%milfhlunted dynamometer ;:ﬁggmtﬂ'; go
. Barbagelata. I , loc. cit. (1920) ; Spi "
agelata, L’Eleitro., vol. 8, pp. 165—1(75 (l)ézslf)n;ls:r‘:ay,slii):k; ect;t.lgc?zt?i’t

(1924); A.G. L McNaughton Journal 1.E.E vol. 53 PP 269—271 19
uses th ; [ ) L
© process to find ﬂ but obtains the ratioh,fronll' thB’ am;ne (
ter xeadmgs

4 0,—0)=— VI cosBcos (f+ 6,—0y)

. and

W W, = I, 008 0,/1; cos 0. cos B+ 0,— 0,)=LJI;= Ko
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since f, 6, and 0, are all small angles. If now the phase of 7/ is altereq

until D, reads zero, i.e. until V leads 1, by (rn/2) + 6,, the reading of. . §

D becomes
Wy = VI, cos 0, cos [Br/2)—pf+0,—0,]
= — VI, cosf,.sin (§ + 6,—0,)

so that W IW, = tan (8 + 0,-0,).

Hence reactance in the voltage coils produces no appreciable error ip
K, but may have a considerable effect on the value of . The error
can be made to vanish under two conditions : (i) if 0, = 6,, L.e. if the
voltage circuits have equal time-constants; (ii) if 0, =0, =0, ie. if
the circuits are non-reactive. The reactance can be annulled by any
of the well-known methods used in wattmeters, e.g. by the inclusion
of a properly chosen shunted condenser in each voltage circuit. The
error can be completely avoided, as suggested independently by Moore
and Barbagelata, * by joining the voltage coils in series instead of in
parallel and measuring the auxiliary current flowing commonly in
them instead of the auxiliary voltage.

A useful variant of the method has been described by Isaacst

which the two dynamometers are replaced by a Drysdale
polyphase wattmeter. The current coils of one element of the
wattmeter are grouped for 5 amperes and put into the secondary
circuit; the current coils of the second element are arranged
in the way appropriate to the magnitude of the primary current
and are joined in the primary circuit. The voltage circuits of
the elements may be connected in turn to the phase-shifter
by the aid of a throw-over switch. With voltage applied to the
secondary element the phase-shifter is adjusted to reduce the
wattmeter reading to zero: throwing the voltage over to the

primary element gives a reading W, watts and sin § = W,[VI,.

This deflection is small, but it is possible to increase it by tem-

porarily overloading the volt-coils with 5 or 10 times their "

normal current. The phase-shifter is now turned through =/
and the reading W, = V[ » €08 f noted ; throwing the voltage
on the secondary element gives W, = VI, since V and I s are
now in phase. Hence the ratio is J olls = K, =W, W,

It is sometimes suggested} that B may be found by adjust- 3

ment of the phase-shifter so that first D, and then D, are
successively reduced to zero reading; then # is the angle
through which the phase has been rotated to obtain the two.
zero readings. Since f is small—seldom exceeding 3° and

* A. E. Moore, Journal I E.E., vol. 51, Pp- 346-347 (1913); A. Barbagelats,
L’ Elettro., vol. 8, Pp. 165-175 (1921).

t R. G. Isaacs, “The testing of current transformers,” Journal Sci. Insts.,
vol. 4, pp. 75-78 (1926). ¥

1 A. E. Moore, loc. cit. (1913).
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i i f some magnifying

h less—this necessitates the use o

uauytg“rl(:nd:ssmore accurate the reading of the apglle or; ajagxse

‘hﬂs(;e—shifter scale; this may be effected by optﬁ:a ] én e

' ak ver and Wust* have suggested a process wher yrcmb

‘Mzgg;ﬁcation may be avoided. Neglectlr(lig the volit‘:a}gre gy it

o j be in advance ot [,

' let V' be adjusted to be

ﬁaglzagget}fen the readings in watts of the two dynamometers

will be
. W, = VI, cos , |
Wt — VI, cos (m— p+ ¢) = — VI cos (¢ — f);

‘from which
”Yn = (Isllw) [COS ((}s - /?)/COS ¢] -
W = — (1JK,) [cos B +sinf.tan ¢] = a.
Taking several values of ¢ let « be determined and (al ;ul;z
ghowing « as a function of ¢ be plotted. Then if a; lan S zand
values of @ from the curve corresponding with angles ¢,

¢, it is easy to show that

tan B = (a; — @)/ (4 tan ¢; — ¢y tan ¢y), .
from which 8 is found. Inserting this value in the expression
its K, to be calculated. ) )
fm;&alnszggrsof important modifications of fohe two-d;l;nalf;}cl)e
‘meter method, in which a polyphase source ot sué)plyutan ((;i e
folaco of tha phase-shifter, have been used and wi
i considered.
fo%irdr(:;r?g attention first to two-phase methods, ths:fle(;irlscga
jend Lioydt is shown in Fig. 213 (a). The dy'nanilto reactances
fand D, are of the reflecting type, the VOlmge_cucuTh ratio of
avings been compensated in the US}lal mz;mneril e’tches 9
he transformer is found by throwing down t efjlvvlcurrents1
Fand S,, thus using the dynamometer to measu}fe e1e o the
in thez,way shown in Fig. 211 (b). To find the a’?f voltage
tches 8, and S, are thrown up, thus connecting thz O r%d
) 1 . i ies across
jCircuits of the two instruments in series lyin,
3 1. . ith the main phase supplying
Ephase, which is in quadrature with t ,
%he tr’a::;fz)crmer. T%e volt-coils carry a current in quadrature
« hase differences,” Elecn., vol. 58,
o e, esswemen, o phuse, Sz Pt 1t

(D 71 and 785 (1917).
7£Tgs»l’; Ei’iecn-»av‘g'l\}g’é)pi‘ﬁ) ?(;@%ﬁﬁpagwni?mtion of the ratio of trans-
' . B. Rosa and M. G. ’

b s . Stds., vol. 6,
Eformation and of the phase relations in transformers, Bull. Bur
PP. 1-30 (1910).
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if the voltage circuit of D,, now working as a shunted dyna-
Jometer, is adjusted until the reading is again d we can write
d = EI{RJJ(R; + /)]
fr, is the new value of r,, Eliminating k by division gives
; sin = [BJJ(B, + 7)) . (r] V)= B
thus removing the necessity for calibrating D;.
he windings of D, used in the secondary circuit by Rosa
nd Lloyd had a fairly high resistance and imposed an exces-
¢ burden upon the transformer. This defect was overcome
n the modification of Agnew and Fitch,* illustrated in Fig.
13 (b). This method is noteworthy as one of the earliest in
hich the principle of compensation is utilized. Referring to
he diagram, £, and R, are four-terminal resistors chosen so
hat each gives a volt-drop of 0-1 to 0-4 volts at the rated
urrent, i.e. K /R, is made about equal to the nominal ratio
f the transformer. The value of B, must be adjustable and
ay consist of a four-terminal resistor shunted by a variable
s and much larger resistance, or alternatively may be a four-
b terminal slider resistor; R, imposes a burden of 0-5 to 2 volt-
mperes. £, and B, are connected together as shown so that
 the drops of voltage in them are in opposition; with the switch
S to the right R, is adjusted until D, reads zero. The resultant
 Voltage », compounded of R/, and R, in the way shown in
E Fig. 213 (¢), is then in quadrature with 7,. Turning the switch

ﬁ' }  to the left the reading of the dynamometer D is taken. The

; ¥ current / in the fixed coils of this instrument is supplied from

s v (c) f the second phase and is thus in quadrature with 7, ; the reading

'Rl £0f D is therefore a measure of v. The dynamometer may either

s be a wattmeter calibrated in watts or the scale may be marked

Agrew ana Fiteh’s Quadrature off in volts by applying known voltages to the moving coils

Method Iy I Phase ¢ While 7 is maintained constant in the fixed coils. From the

| geometry of the vector diagram,
3 RsIs cos /9 = RpIm
RJ,sinf = v;

BIG 2 3 BU EA - i
. 213, R, U OF S WO O R
STA_NDARD T DYNAM METER M
iIETHODs

with f,and D will
g e cease t <3
» Dy will give a reading w;)lil(;(}elad’ b nsequence of the an

may be writt, ] R o 7R
d=kl]g en,  Whence K = oS =1
where  is the g R Vlr,) sin B, 1 ¢ RETRA:E| TR
voltage coils t%]’ Zaggnlleter constant, / the current in the b and tan g = v/R,I,=§
al regi 3

s and ¥V the voltage acro SIStanc? Ot: the VoIta,ge circuit © E . * P. G. Agnew and T. T. Fitch, “The determination of the constants of
meter. If the swit oross that circnit, as read on the volt] instrument transformers,” Bull. Bur. Stds., vol. 6, pp. 281-299 (1910). P. G.
Ch 5, 1s now thrown do . Agnew, “A study of the current transformer with particular reference to
wn and the resistan ron loss,” Bull. Bur. Stds., vol. 7, pp. 423-474 (1911). For another two-phase

I ™ethod, see Barbagelata, loc. cit. on p. 428 (1921).
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r_[\
precfilseiomethod of Agnew and Fitch j
Procisi N and was used by them in o
Fd :nlgatlons of the Properties of ¢
o foull?crln(zgers ‘gqe_re of the reflecti

_ 0 Within 0-005 per
;)olx‘lte' The sensitivity otP thece;inand St

1onal to the square of the eurré)

Hue to Barbagelata* shown in Fig. 214 (a). Assuming the
Bolt-coils of D, and D, to be compensated for reactance,
throwing the switch successively upon the middle, right- and
foft-hand contacts will apply the voltages between lines 111
find 1, T and 11, I1 and IIT to the voltage circuits in parallel.
Let these three voltages be V,,, ¥V, and V, in Fig. 214 (b), each

)
a2

ot equal amplitude V and successively displaced by 2af3 in
hase. Take readings of the two dynamometers in watts
with the switch in the three positions and let a, b and ¢ be

' he neareg
ensation setting ig pro
nt and wag maintained

I
P the ratio of the reading of D, to that of D, in the three instances.
Then noting that I, is in phase with V,,
. V.1, . 1,
=7, T, cos (m—p)  —I,cosf§
b V,I, cos (47}3) = I, cos (mf3)
Vil cos [(nf3) — ] I cos [(nf3) — f)
Vi, cos (2n]3) — I, cos (m]3)

© = VI, cos [(5af3) — B} L cos [(w]3) 1 I
Remembering that § is a small angle, it is easy to verify that

Kc = IplIs-”: — a,

sin § = (b — ¢)/2 (+/3)a = 5.

A second method, due to Harnedt is shown in Fig. 215 (a)
nd is intended for the testing of transformers on site with
£ portable instruments and a three-phase supply. In the diagram
¢ D, and D, are wattmeters, the voltage circuit of the former
i being excited by the voltage between lines T and TI. The switch
E S isfirst put to the right, exciting the voltage circuit of D, across
 the secondary of the transformer, enabling the secondary
b volt-amperes to be adjusted to any desired value. With S to
f the left both dynamometers are excited from lines I and II
j. and will give readings in watts, as shown by Fig. 215 (b),

W,=VI,cos0 and W,= VI cos (b + = — fp).

Eliminating 6, the unknown angle between the voltage V
Indicated by the voltmeter and the primary current [,

B = 7 -+ arc cos (W,[V1,) — arc cos (W [VI,)

(3)

nd

. @)
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DYNAMOMETERS

MeTHOD WITH Two

at the degree of recisi . .
values by £ brecision cited gyep a wide
subject tyo %Zr;;l:? of two-range dy fiamometersrm'_i‘{(i?3 of Cumﬂ?t
arising from the ?e:g;';); SC,e C(f}legly in the detérminatriléfh(())fd ,;s
;esidual Teacta, e voltage cojlg !
in detail in thencfﬁS i(r)lf fi,, and E,. These grrors ar: finlxze:tr} - :hg o
of volt-circuit reaoig a8l paper, where it ig shown that th lgg‘ .
of the usua] methagce can be made negligible by the ; et,ec
The effects of the ods of compensation used in w :2 optio
to be of opposity re;mdflals on the measurement of B 2 mltiters
inductive (or ca as'ltgn, hen.c ¢ if B, and R are botire IS- ICIJV;II
il}iwe equal timel_J cc(;rll slt?:ri}; Sl"esjgufll errors wﬂlsvanish wh:nlgthg:
: . Asin
¢ adjustment of the desired sgz?:éa?; tilgl(‘irseris Serg o for
and may

be combj i
ined with gpn
Y make-up by .
rden t .
0 give a Speolﬁed 3 * A. Barbagelata, “Sulla prova dei trasformatori di misura,” L’Elettro.,
vol. 8, pp. 165-175 (1921); an obvious two-phase analogue is also described.

. L. Harned, ¢ Operating characteristics of current transformers,” Elec.

Turning n
oW to three
World, vol. 67, pp. 869-872 (1916).

-phase methods, the simplest s that ;
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v e of ¢ e bzer'%l’leflhsvril‘oh ;ISS to the right the rea ]

o W — R Jr|(r 4+ B)] . I cos[(3m/2) +- B

; [TSR:I(r A ircuit of D shunting
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szgltio&:)gebecnon-reactive, though

e use of a single dyna.
e deflectional methody

;here » is the resistance of the
the characteristics of

. this voltage circuit is suppo
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@) shifter
: r iR METHOD
| > 3 s SINGLE-DYNAMOMETER
Frua. 215, Haryebd’s THrREE-PHASE METHOD wITH Two o
DyNaMoMETERS

alslly be C Ite(.zbe(l. E Tom
(1 € tl [ea(}ta:llce can € 8]
u 0 b] 118

current transformers, being
by Robinson in America and
The simple method used

216 (a). The ratio is

any error
‘; expression W/II,) = WIRII,
’ sin f = [(r -+ RIrE:l i h R,. The sensitivity

described at about the same time"
Drysdale in England.
by Robinson* is shown in Fig ;
obtained by adjusting the phase-shifte

- : in companson wi ometer 138 ‘
p Smee 71 S ual%y tlc?rgcie current, since th](; dl%naib;nslighb; in

15 Profolrtmzztited The burden u%PO}Sled agd R, 0001 ohm s0

E separately e : be 0-025 ohm ? with
K 125/?1 tl‘%ns(fi(:;lmglilf st:)n 314{ is only 0-625 volt-amperes

f that the bur

1 le may be
mt{;d curregtﬂoyd* have suggeste}cll thaﬁi&}é‘; tiné:ke D read
; 0sa an . : ase-S i

1 : ting the p . e 1n
b obtained duecﬂ)(;;’_lzda%u;g: agnd R, S“c".esswslyi):l;z:c}f iﬁgo-l"
| tho phase soting being eqal to . Thiz may Bo [ 0 d
L the p ! jer or optical mag :5 is then foun
. with the aid of a vernier ate. The ratio 18 o
g fficiently accurate. before, these being
' quick and often su dings of D as belore, h /2
E by taking g?:irﬁgxg?’uﬁlrf&g ghe Phase-shlfter through =/
£ at once o

ol B. Ros an(l M x Llo loc cit. on p. 29 191 ).
a G. yd, . Cl (
. . 4 0

mately equal drops of voltage so that the

at about the same part of the scale, thus avoiding calibration
troubles; then if W, and W, are readings in watts,

W, = RJI.I and W,=R,,bI,

from which K, — ols = (R,JR,) (W, IW )
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coil of D, will be in phase with V, neglecting the

k tance™ of the voltage circuit in comparison with its resist-

%, and the dynamometer will read
W = VI, + VI cos (m— p) = VI, — VI, cos § watts.

ct 2 the resistance originally in series with the
nitudet that
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from the settings 1
ngs just obtai
that th amed. It ma .
mome teE; ?I?:zrgiz tto‘ ozltpam the maximgmbgeggitgg 1? Ppass
ument is first to adj of a dy
to reduce the roadi 8t to adjust the ph : .
ading to zero, s Phase of its excit, t;
nes , since at ¢ ; ablg
ne Z tto dsmall changes of phase is muc}}llat bomnt the sensit
hP c 1(3 near the maximum read; greater
phase irom this position through wf2 %éd?

th S on conta
i coil is replaced by a condenser of such mag

~ Re A
v R
r
AL (@)
To
B Rg D % [ phase
shifter
I; I
Frg. 218. BARBAGELATA’S SINGLE DYNAMOMETER MeTHOD

F1

G, 2 >
17. DryspaLe’s SiNGLE DyNAMOMETER MeTHOD

e current I in it leads on V by m/2 and is equal to / inamount.

glhe insertion of the condenser has the same effect on D, as

Botaining the non-reactive voltage circuit and advancing the

Bhase of V by =/2. The new reading of D, will be

W’ = VI, cos[(3n]2) — Bl = — VI,sinf§

through th
® tiver xed or current coil of the dynamometer D
rom these equations
K,=I,JI,= VI, cos B/(VI,— W)= VIJVI,— W)

‘ also
4 tan g = W[(W — VI})

ampere-turns ar X 2
€ approxi . E
Pp mately e‘lual. COnﬁmng attention * For a discussion of the effect of volt coil reactance and an alternative
ry of the method see C. V. Drysdale and A. C. J olley, Electrical Measuring

to the direct
arrangement sh : . o
OWn In the diagram, the vecto Unstruments, vol. 2, p. 293 (1924).
kT It is easy to show that this condition requires wl, =7, and ljwC =
ro the inductance and resistance of the

relationships a .
Sl re shown i
indicated by the Voltmete;'n I}leg"ll 21)17' O o Vs the volta E
. ter, e in phase with the primary 3 N 27"( — R + 20l,, wherel, andr, & of tk
h -coil itself, R the resistance removed, and ¢ the condenser replacing it.
iNow the above theory supposes wl, to be negligible in comparison with the
i R thus neglecting these small

Jotal volt-circuit resistance, i.e. wl, =7, <<

given very closely by ljoC = R,
Thus it is sufficient to replace
1 reactance without occasioning

ded that the volt-coil

Quantities, the value of the condenser is
here R is given a sufficiently large value.
18 external resistance by a condenser of equa.
3 EmClable error in the phase advancement, provi
g oistance and reactance are small compared with R.

*C. V. Drysdale e
, ““The meas
Pp. 726-728, 783 surement of phase diff »
in resistances and ;8&4115? 906); ,,Some measummentselc‘)ex?ce}sl’ Jleon vol. 57
“‘The uso of shunts sn ormers,” Elecn., vol. 58, pp. 160 11()5 ase displacement:
ments,” Phil. Ma and transformers with alternate curre, 1, 199-201 (1907);
 Mag., Bth series, vol. 16, pp. 136-153 c(lllggasr;b measuring instru-;
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3 primary current and also that the primary current is in
d fase with the voltage exciting the wattmeter, it is clear that
8- 213 (b) ) hag s b difference bétween the two readings of the wattmeter will
in Ky 1ntrg B due to the phase-displacement introduced by the trans-
Brmer; hence f can be calculated. Even if these assumptions
not fulfilled it is easy to apply the requisite corrections.
ts on a 50/5 ampere transformer at full load showed 8 = 28
. by a precision method using an a.c. potentiometer. The
tmeter method gave 24, 28 and 30 minutes in three tests
ith different values of inductance or condenser in the voltage
cuit.
Watt-hour meter method. The method now to be de-

W=ur - R .
= Lol d sin g g
ribed was devised by Knopp* for the standardization of

Als
IS0 Rsls COSﬂ = (7/R) ]gp]p

50 that K
and . © T Ll = (B ") (BR,) cos B= (R ulti-range transformers without the use of laboratory appar-
S f = WyR 11, F(Bfr) (R R, us. The transformers tested by this worker had subdivided
rimary and secondary windings, the coils of which were

grouped to make the nominal ratio equal to unity, the trans-
rmers being tested in that condition. It is well-known that
the ratio and phase-angle of such multi-range transformers are
simj ailed pape ; actically independent of the grouping of the coils, provided
ple;lszs’;‘;ihgﬁ 011: Barba‘g(gafa,rliih;;.k};is described method . that eareyis taken in the% construction gf t3he transformer ;
effect of the VoIOt Servations in ordey to aﬁ Uuse of a more coms-. hence after testing at unity ratio the windings may be re-
for other s age circuit on the cur, Ow for the shunting - Larranged as desired for use and the results obtained can be

ources of g nts in R, and R, and bassumed to be correct with any ratio, to a high order of

i
sulted for details. ight error; the origing) should be cq

. method ..
in which £ of low Precision hag been dese

e Ph ase- I'ibe
under workshep confgll'{tgilgn:f a transformer may dbeb}x’nzzw

instrument, by the y )
2 constany The voltage cir se of ordinary portahb;

or ban g = (1py7) ("IB)R,I,

Hence 7 anq 7
el N »orf m
adapted to null Oper&ti(l)lrslt ;3:6 I;eis;;ed, The method ig readily

Ina long ang det

accuracy.
E The principle of the method is very simple and is illustrated

:by Fig. 219 (@), Two standard a.c. meters are adjusted so
bthat one runs about 10 per cent faster than the other; the
Espeed-ratio of the meters is first found by supplying the

cuit of . . .
voltage a.c. gy . 9 & wattmeter ig excited fro g current elements in series with normal current and the volt-
jcoils in parallel at rated voltage; the volt-coils are supplied

a conde . ply in ; . X
ings of trllliefv :;:Jmulate the e J;ct osfeg"le:WWJth an inductance 3 . vol ;

meter are tg ; Power-factor. Read] from a phase-shifter, which is adjusted to operate the meters
i .  at unity power-factor. The connections shown in the diagram
fare then assumed, the current element of one meter being
 Put into the primary circuit of the transformer to be tested
E while that of the other meter is joined into the secondary
§ circuit; the volt-coils are supplied as shown from the phase
E shifter. Adjusting the latter so that the meters are working
k 3t an apparent power-factor of unity, the speed-ratio is again
I determined; the change in speed-ratio of the meters is a
¥ Mmeasure of the transformer ratio error. The speed-ratio is

f{ * 0. Knopp, “The commercial standardization of instrument transformers,”
Blec. World, vol. 67, pp- 92-93 (19186). :

*
T A: Palm
dynamometer. » 7 "8 von Messt
s Zieits. f, Sstransformato, ;
+ Dawor, “T{leInSL’ vol. 34, pp, 231—2113(1)1 (’;g‘;gem

+ > .
LE.E. hage.
Vol 34, pp, 927—95{)0 f(’a?glag;;gle of curront transformers,” Proe. 4
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b are matters of a highly specialized character which have
fully worked out in these national laboratories; the
terested reader should refer to the original papers on the
pbject for a complete treatment of these problems and for
ir solution. On account of the special nature of the appar-
tus it is hardly likely that electrometer methods would be
ot up in any other place than a large standardizing laboratory ;
Bor this reason the following discussion will be brief, the reader
desiring further information being referred to the literature
that will be quoted and to the useful bibliographies contained
Ftherein.
Electrostatic measurements of small phase-displacements were made
y Drysdale* as early as 1907 and by other workers at rather later
tes. Most of this carly work was done with the aid of the Kelvin
b quadrant electrometer, but it was not until Schultze and Orlich devel-
“oped and modified the Kelvin instrument then in use that such measure-
-ments could be made with ease and certainty. Schultzet in 1907
escribed a reflecting electrometer specially designed for use at the
eichsanstalt; the National Physical Laboratory instrument, based on
- Schultze’s design, was first described} in 1913. These electrometers were
-made to overcome the difficulties inherent in the use of the Kelvin
trument, to possess greater electric stability, ease of operation and
higher sensitiveness, together with special adaptability to the needs of

a technical laboratory.

E  All the electrometer methods for current transformer testing
f are based on the principle of using an electrometer instead of
don p. 497 as a special b2 dynamometer to compare the voltages over two four-
E terminal resistors, one in the primary and one in the secondary
PPropr:  circuit. The advantages of the electrometer over the electro-
Propriate here t, examnine; t dynamometer are its independence of the influence of stray
£ magnetic fields and its higher sensitiveness. In the Reich-
 Sanstalt method due to Orlich,§ shown in simplified form in
i Fig. 220 (a), R, and R, are four-terminal resistors, the former
een fo are  shunted by a resistor R of 100 ohms. For a 100/5 trans-

[CHap

ctor hag |, .
e ObserVatiOHS een ad

é‘I)PaFent ower-
Tom thes Power-fa

MEeTERR )

ET
ANSFORMERg 0D FOR Uniry

Ratio

at the Nat ysikalische Te ]
or absoluiel(;l;aé Physical LabOTatgilnlsche Reichsanstalt an f former B, is 0-01 ohm and R, is 0-1 ohm. The drop of voltage
measurement g of nstrument tray ? S standard proce over the portion 7 of the resistor R is in approximate opposition
of s E to the drop over R,, their resultant being applied to the quad-

. Tants of the electrometer. An auxiliary voltage of 50 to 100 volts
b 1S maintained between the needle and case of the electrometer

*C. V. Drysdale, ““Some measurements on phase displacement in resist-
¢ Ances and transformers,” Elecn., vol. 58, pp. 160-161, 199-201 (1907).
"t H. Schultze, Zeits. f. Inst., vol. 27, p. 65 (1807).
C. C. Paterson,

294-330 (1913).
§ E. Orlich, “Uber die Anwendung des Quadranten-Elektrometers zu

2 high degree
of pe : v
advantages of elefc’t;feemon i

too WeH-known to be

as been devel
n both thege institutionsea,(iﬁfdtb

Instrumentg
d here, The df::r. Such a purpose are

of a suitap]
e el :
* Seo also [ i and the tecbniqf:egn ?ntd construetion
So H. M, ¢ e of its gati
World, vol, 75, pp. 3 fgfhers, Field testing of ; tisfactory :
200 920); F. A gK Instrument transformers,” Elee.'

artak, loc. cit, on p- 424 (1920).

Ostatic j
Teépeate,
Ctrometer

- 30—(T.5722)

E. H. Rayner, A. Kinnes, Journal I.E.E., vol. 51, pp.

Wechselstrommessungen,” Elekt. Zeits., vol. 30, pp. 435-439, 466470 (1909).

e it
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by means of a phase-shifter. The dynamometer D, facilitates

the setting of the phase relation of the voltage V read on the
fvoltmeter, relative to the primary current. V is first set in
bphase with 7, and r varied until the electrometer reads zero;
" then the resultant voltage applied to the quadrants is in
. quadrature with V and

R cos = [*R, (R + R,

I, R{. R _ R, B/ R,
Kc:——l-;:?(].*i*ﬁ;) COSﬂ—TRp.7(l**-‘§)

* The phase of V is then changed by n/2 and the deflection of the
electrometer is observed; this deflection is very closely pro-
portional to f. This method is the electrostatic parallel to
Barbagelata’s single-dynamometer method of Fig. 218. A
precision of 1 part in 10 000 in ratio and 0-1 minute in angle is
claimed for the method.

Spilsbury* has described the method shown in Fig. 220 (b},
which it is instructive to compare with the single-dynamometer
method of Fig. 216 (z). A potential difference of about 100 volts
is maintained by means of a phase-shifter between the needle
of the electrometer and the mid-points of R, and R, The
phase-shifter is adjusted until the reading of the electrometer
is a maximum, first with the switch S to the left and then to
f the right; these readings d,, d, are proportional to R,I, and
R I, s0 that the ratio is

Kc = (dmlds) (Rs/Rm)

The phase of the auxiliary supply is now regulated until when
b S is to the left the reading of the electrometer is zero; then I,
& and the voltage on the needle are in quadrature. If S is now
f thrown to the right, the resulting reading is proportional to 8.

~_ In order to get sufficient sensitivity in Spilsbury’s method
1t is necessary to apply a reasonably high potential difference
to the quadrants of the electrometer, i.e. the drops in R, and
R, must be sufficiently large. The case of R, presents no diffi-
culty but. B, may impose a fairly large secondary burden,
usually about 10 VA. This disadvantage is overcome in the
modificationt of Spilsbury’s method adopted at the National
Physical Laboratory, the connections for which are shown in

% phass
Shifter

76 phase
Shifter

* R. 8. J. Spilsbury, Beama J., vol. 6, pp. 505-513 (1920).
T R. 8. J. Spilsbury, “A new method of testing current transformers,”
Elecn.. vol. 86, pp. 296-207 (1921).

NPL. electrometer method

Fra. 29
220, ELECTROMETER MeTHODY

— —_—
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Fig. 220 (c). Here R,I, and R, are made about equal
their small vector resultant is impressed on the quadranf
through a 100 to-1 step-up transformer 7' ; a potential differen

: n

! , * the primary and secondary rranged
of 100 volts is applied by the phase-shifter between the needla: g In Bakers metl}od themlt)hrough separate ‘Ylndlt?hg: :esultan‘o
and the mid-point of the secondary of T'. Alternatively, by mpared by passing « gest-ring”’ and finding .

3 inated iron Referring to Fig.
pron & mr%&ie force that they set up-
fmagneto-1m f of the primary

22‘ a ’ ' he | y (4 l} 1e
'c‘:lld Secondal' curr nts .a;U
‘ m.m.I. . :
( Ue(l t() ac m Rppl‘oxl‘ma p w hec]
manb ) @ ,rlv t!e o l t'he be;t’ T

operating a switch not shown in the diagram, the connectiong
are altered so that the drop across R, is impressed on the
quadrants while the auxiliary voltage is applied between the
needle and the mid-point of R,: the connections to R, and T
are removed. This alternative circuit is indicated by the 3
dotted lines. With the dotted connections the phase-shifter
is adjusted to make the electrometer read zero, the auxiliary
voltage being then in quadrature with [,; reverting to the
full-line connections the electrometer will give a reading
nearly proportional to §. Again assuming the dotted connections
the phase-shifter is turned through 7/2, so that the reading of
the electrometer is a maximum and will be proportional to
1,; with the full-line connections a third reading is taken.
Then if dy, d,, d,; be the readings

dy, = 100 kVRJI, sin §,
dy = EVR,I,,
dy = 100 kV(RJI,co8 § — R,1,),

where V is the auxiliary voltage, & the electrometer constant
and 100 the ratio of 7. From these

I, R, 100d, cosﬂ'——:R” 100d,
* I, R, d;— 100d, "R, dy — 100dy’

position rounc

a, . D
.)(;)1) Baxer’s TEST-RING METHO

indi ing chosen
and T, in the windings being

’ 1l flux is set up in
» ; 1 to [T, 2 sma o m. ith a
oo that IﬁTpt;feIﬁaZﬂl{az%ug.m.f . and }fhls f}u);flz g;ﬁzgnrmeter
‘the I'lng y N d to one oft, e COlls ¢ 1ta es
tertiary winding C'(I)I(I)I’Eelc)t ecan be excited at will by }‘f;l:eV;)up pgly.
D The other ]Cﬁoflmd 11 or 1 and III of a t{ltreee-s between the
j between lines leram, Fig. 221 (b), the vo arg > nd secondary
i'In‘thef‘{?cZ(s)gre shown in relation to the ﬁ:ﬁa a};npere-turns on
: of ling su .
-Ic)i;isents of the transformer. The re le for the flux 1 the
f the ring will be 7,

this being respon}slibd namometer coil.
L for the voltage apP ied to the ty + 1 and then on 2;
 Ting .and 0;‘) ' taken with S first on contac s of m along
g l&aé(:;n%e;gingfare propOI‘tionalI tOIthEdC(fn}II)I respectively , 1.e.
- es 1-11 and == jons are
t}lxe dil;eCtlor;ci ;)fséﬂélsr;ccggagy 60°. These two observations
f along two a

: d phase‘angle tes
g « Cyrrent ratio 8N . «Curren
E pree. porte wol. 57, PP- 234-233 o Y} er. LE.E., vol. 3T PP:
b Chaco.orror by test ring methoc, on p. 424 (1924).
] ?ﬁ?fg)erg(get;}l’sge;. B. Silsh t.on p

¥ia.

e ratio of the turns T,

and
tan g = d,f(d; — 100d,) = 8.

R, is about 0-4 ohm (maximum burden 2 VA) and causes
280 cm. deflection on the electrometer scale for 1 per cent error,
in ratio or for 30 minutes of angle; the ratio can be found to
within 0-1 per cent and the angle to the nearest minute. Pos-
sible sources of error are (i) phase and ratio imperfections
T'; (ii) magnetizing current taken by 7' modifying the drops
in R, and R,; (iii) effect of stray fields on 7'; (iv) residual
inductances of R, and R,. It is shown that in general the
errors arising from these factors are negligible.
6. M.M.F. balance methods. The two methods now to be
described introduce an entirely new principle, namely, that
of passing the primary and secondary currents through the

3
ts of series transformers,

ee, loc. ci
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repeated for tw
1T, is con o or three other k ,
sta . nown
that the locuzngfand.f T is in the direc‘t:?(}zes fo;“ T, Sin
m is a straight line Parallelot ; it follows 3
0 1, thl‘O .

the extremit
y of I,T,. Si
components of m o1, Since the values of 1,7
of L are known, the oL 1T, and ;
ixltgf}?&;?en %htehi,;fagr am drawn.lo%l:‘ig lghkj): 185 t out on a ShZet 55-1;?1' +or are adjusted until the flux m
ue of 7', say T, that Woul(g1S it is easy to former ig zero ; thisis determined by means of & suitable detector,
make m per- Puch asa gensitive milliammeter, joined to a fourth winding. The
former is preferably of ring form, a8 in Baker’s

pendmula; to ,; then from the geometry of i

PR y of the diagram

where m’ is them\m;elpTg ot

where m' ’]p, Frm; t,.he(s)i, m measured from the locus when
K, =1,/ = T/IT),) cos p=1/IT,,

balancmg trans

7% phase
shifter

and
Balancing

L‘mnsfor-mer

or tan 8 = w'J1,T, =B,
sin f = /1,7, = .

The meth .
od gives .
obtained b results in excell
y other . ent agreem ;
to a wide range Oflgsffeocis, it is very ﬂexiggle ineilzz ;‘;ﬂll' tl;gme ‘
and 1s verv u nts with a small plication
S . all a
o Ba,keg; ! eful for the testing of transfo?ln(ig;lst of %Pparatug,
diameter to a pparatus the ring is built ) on site.
section of 2in. X 2in.; tl‘l?t;)lf ;aéf;g%fions 8 in. inside
ity in it is aboub

100 lines i
per sq. in. T
turns wound In. he dynamomet i
u er tert indi
niformly over the ring. ;‘}izrssre‘gz)i%mg consists of 190
ary winding con-

L

ING TRANSFORMER MET

HOD

Frc. 222. BRUGES’ BALANC
E method, with its several windings uniformly distributed s0 that
uced to @ minimum. Ammeters give :

the dynamometer ¢

L magpetic leakage 18 T€
while the reading of
hase wib

sists of four coil
coil of 10 t,ul-ns s of 40 turns each t N
o , all bei . , two coils of
?llstlrlbuted coil of 208 ntlﬁrzsmiormly disbributzd ;2 ?;I:;tls tqach and oné 1
esired value of 7T'; from 1 to apped at every turn i iion & further £ the values of I, and Ly
b 280 turns can be arrw;id?r%’ﬁged £ f Dis Proportional to the component of I, which isinp
D - ],. Let this component be denoted by I Referring to the
sultant of the primary and secondary

b vector diagram, the re:
E ampere-turns, 1,7, and 1T, is balanced oub by the ampere-
ji turns Im,n being the number of turns supplied with current
by the phase-shifter- Then

|

1,7, cos § = 1.7, + I
\

consists of a numb
round the ring a er of U-shaped copper 1
ment accordifg tli)dtim uped in series, sg'ies-;:fasﬂspaced out unifo
is preferably of the e value of the primary curr el or parallel arrang -
a posiion of const zero pattern so that readi ent. The dynamome
should be of low rf:’?t reactance; the winding. conn: always taken
posed on the test tSlstance. This serves to g ?anected to the ring;
tertiary winding of ggnsf-‘ormel‘ by keeping t}rln inimize the burden i
4 e ring down to a lo e e.an.f. required in
w value. :

AIIObheI‘ mebh() ()I ' h h t[ ed
d i y re
18 t pe as cen y bee“ 'mtlodllc %

3 and
Ipr sin ﬂ ="n \/(Ipsz - I12),

by Bruges,* .
,* the circuit bei
and secondary wi 1it being shown in Fi A
y windi 1g. 222. ; g 4
connected in  series ‘I;.gtsh of the transformer to bzh: I;nén 2 ' from which
* W. E. Bruges, “A ith those of a balancing trans;:r;era? ’ X I, _ T, L » 1 T I, n
» “A method of testing curn e =71 T, + 77, cos =7, I T,
ent transformers,” Journal s ? P p ? s To
n\/(I p32 —1 1 )

I.E.E., vol. 68
p. 448 (1933). , pp- 305-307 (1930); also A
g . G. Powell, Elec. Rev., vol. 113, A and
B T , j—
E 1T, + Lin
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Since the tota] ampere-turng acting on the cope of the balage.

g transformer g Zero, the core carries no flyx ]

secondary winding of the ring ig a non-inductiye p CHAPTER XX E-

secondary of the transformey under test METHODS FOR THE MEAS(%?S

Se of phase-meter Among the Jegg usual ABSOLUTE NULL AND PHASE-ANGLE ERR
measuring the Phase-angle of 5 current transformer ma, MENT OF RATIO ] in the preceding
mentioned the yge of a phase-meter. For this Purpose tphe 3 The methods discussed tltlile ratio error and
ordinary type wip three equal voltage coilg mounted op 4 . Introductol'%- common characteristic tha f certain instru-
common spindle gnq supplied fromy three-phage network hapter have t ededuced from the readmgs(; -excited dyna-
while the fixeq current coil ig connected in one Jine is not hase-angle %ri ne, at least, is a Separati%y us way) com-
suitable on account of its Jow Sensitiveness fop small angylap ments of whic e?ect,rometel' used in an %ﬁa &geophase can be
phase—displacemeuts. To secure sufficient, magnificatign mometer (or an xiliary a.c. supply, of which nt for the trans-

Gifford* hag made 3 phase-meter in which the voltage coils gre . bined with an ?u to that providing the curre in some cases to
provided with tnequal numberg of tUrns so that, theiy Totatin " varied relamvety st. Initially, it is necessary but the essential
field is elliptic instead ¢ circular. The current coil reacts wigh former under d?n , of one instrument to zerQ,nal the desired
the major axis of the elliptic field ang Produces a torque which, reduce the reta llg the methods are deﬂemoadi,ng&

Y Making the field of Suitable ratio of major to miney strength point is that : computed from illstl’u{ne’zlt fl})e distinguishing
tan be made large for small angular phase dj érences, The quantities beutlf()ds now to be examing trument is brought
current cojl jg Switched Successively from the Primary to the In ‘oh_e me lh reading of a detecting ms' T they may, there-
Secondary  cireyjy of the transformer and measureg direct] feature is that ¢ eriate circuit adjustments ’, err)(f)r and phase-
the Phase-difference between the currents therein Though to zero by apgrgpas null methods. Ihe 1:&t10 rameters appro-
capable of oooq results ang cconomy of time ip making a test fore, be describe lculated from the circuit pa ent deflections.
the instrument has not come Into regular yge 10 measure of f angle are then ca dition and not from 111851‘““;l first class the
the transformey Tatio is provideq . priate to the nulll g(;n&re of two main types. Int s)vhich though

8. Use of the oscillograph, The oscillograph hag occasionally . The null metho arately-excited dy namome@ié‘ detect’ing coil ;
°en usedt to find the ratio and phase—angle of a current trang- 1 dfatfeetor 8 a seg ding, carries a current mtlln d, this condition
ormer by ¢4 ing simultaneoyg oscillograms of the primary £ glving a zero re robt’arly a null-reading me d(') stments in the
and secondary currentg The ratio can he found in thig way b Such a meth 03 1sbp t%e aid of res1stan0£3 8;3_;?1ifter supplying

With some cep tainty, but it 13 almost impossible to measure the being effep te it a{)d regulation of the p ﬁs second, and muech
Phase-angle upon an oscillogram with any accuracy, on accoun ’ detectO}” 01.rculfor the dynamometer. Int eually a vibration
of the Smallness of the angle and the relatively bread lines b, ¢t the excitation class, the detector is us tially means zero
which the Wave-form is traceq out. While the method is o * More numerO‘?i’ which a null reading essenmetﬁrod is a naull-
Interest, it is of little practica use, since the regyltg are of veryj§ 3 galvanomﬁter lh the instrument; such a

OW accuracy; the oscillograph cannog be considered for this g j current throug

. ivided
. eniently divi
- . nd class is conv
Purpose an instrument of Drecision, f current method. This seco

t

the null curren

first of these the ts and

o - eS. In the : e ad]ustmen S

E Into two sub clajss ¢ of resistanc . iliar

* R. D. Gifford, « 5 method of determining tho Phase-angle of current and condition is attained bty (;’hgnusconjﬂnction with an «‘i«i‘}é‘ilil; 13;

otential transformers,” Elecn., vol. 75, pp. 166-167 1915, ] . ate condy

P See for SXample, E, enizett, “A mjlll)i};mpere curg‘ent t)ransfol'mel‘," P 700 & phase-shifter ople}‘le second sub-class the ngureactances in

Amer. LE.R, vl 33, PP. 625-639 (1914), ; dynamometer. In diustment of resistances an hifter being

K . adju Se-8. i

ptained by Py dynamonmeter oF phase-shifter bridge

the detec?ofgh(;se methods may appropria; eCiy le and technique

neczf)s&ary', ce they closely resemble in princip

mef, .S Sin
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bh - b © et 0
S.

be
’

and also t .
he most important in modern testing practi Umeroug
ice.

This prelimina;
Ty general classification wi
will be of assis
tance

in following the detai
\ etail ipti
treated in this Ohaptz;ed descriptions of the various methods’

2. Methods with
A few meth one or two dynamomete iften
ods have been devised in whichri}ian galgiase-smﬁen
error and

3 ap. XX] MEASUREMENT OF ERRORS 451
bro, so that the resultant voltage v acting on the voltage
b cuit—which is assumed to be non-reactive—is in quadrature
hith I as in Fig. 223 (a). The phase of I is then shifted through
n angle 0 in advance of I,, r being altered to a value 7’ until
o resultant voltage v' is normal to the advanced I and D
B ain reads zero, as shown by Fig. 223 (b). Finally, I is retarded

" g0 that ' and I are

R an angle 6 on I, 7 being changed to '
d null reading is secured, as In

Fce more in quadrature an
£ these vector diagrams,

“;P, ~w Fig. 223 (c). From the geometry 0
R 1 (IR) B,I, = R cos .
(r'|R) Ry, cos 0 = R,I, cos (0 — f)

(r"|R) R,1, cos 0 — R,I, cos (0 + f)

om the first,

K, = L]
e third from the second and dividi

— (RJr) (RJRy) cos p = (BI7) (B By)-
ubtracting th ng by the
first gives
tan g = (' —1")2r tan 0 = .

In particular, if 6 = 45°,

tan = (' — ") [2r = f.

method, resembling the deflectional two-dyna-
f mometer method of Agnew and Fitch shown in Fig. 213 (b),
lis due to Laws* and is illustrated in Fig. 224 (a). It differs
f from the method just described in that the balancing adjust-
f ments are made in the secondary circuit instead of in the
'l_‘primary, while two dynamometers are used, one as a detector
fand the other to show when the phase of the auxiliary supply
 has been adjusted to the desired position. The purpose of Dy
 is to enable I to be set in phase with I, and so that this setting

| can be made with the greatest precision a condenser is put into
E the volt-circuit of this dynamometer to shift the phase of the
} current therein through a quarter-period relative to the voltage
applied to that circuit. The dosired adjustment can then be
. secured with a zero reading of D, instead of at a maximum
f reading, with resulting increase in precision. When the switch
F S is in position 1 the voltage applied to the voltage circuit of
8 D, is I and the current in the voltage-coil leads by nearly
ts of instrument transformers,”

@)

F1a. 223. V.
. 223, Ve 3
TOR Dracrams ror Fic. 218 Usk
METHOD o As AN

@)

ULL A second

phase-angl
reading ‘gl ;oireof;(;und from the conditions which giv )
or more dynamometers connegteg ?n Z:ll;:
although th Yy a numbg.l (:)(}Sazlfe gather slow to use,
81 bhey are now superseded byjuri;lgng?rggt b mai:é
processes§

they ha,ve a o R
onsiderable techni .
all the methods the zero re;dinnl cal and historical interest.

quadrature; the
- M a
the coils of the yinsiiil
condition.
Barbagelata ha
: v has described, i
gelage((;t)lo;rili (simgle-dynam:m’etgr
_described on
:(111}1 operation. Referringpf.goli?i);i’e
Justed to be in phase with 7. an
»

rtxlclael;;efore’ null-reading methods sincd
Nt carry current even in the n 1

the paper frequently cited,
method, illustrated in Fi
that readily lends itself
cireuit diagram, [ is firs

d 7 is varied until D rea * F. A. Laws, “Determination of constan

. Elec. World, vol. 55, pp- 223-224 (1910).
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jeduce the deflection to zero; then I and [, are in phase.
& now possible by regulation of R—which includes a low-
stance slide-wire or consists of a four-terminal resistor
Ented by a plug box—to reduce the deflection of D, to zero,
fvector relations being shown in Fig. 224 (b). From this

: R, 1, = RJ, cos f3,
K, = (RJR,ycos f = R JR,.

gws does not state how to find f; this can readily be done
p advancing the phase of I through a known angle 6 and
ladjusting B, to a value R, to make the reading of D, again
, as indicated by the vectors of Fig. 224 (¢). Then,

R,I,cos 0 = R/ cos (0~ ).

om the two relationships

3 tan f = (B, — R/)JR,/ tan 0 = §
Br for 0 — 45°,

: tan f = (R, — R,)/R, = p.

pince four separate adjustments are required the method is slow
o use; Laws has described the following modification in
Which greater speed of working can be attained, one dynamo-
ineter only being used. Referring to Fig. 224 (d), the switch S
B put to the right and the phase-shifter adjusted to make D
gead zero, so that [ is in phase with I,. With S to the left R,
8 adjusted to restore D to zero; then as before

BRI, = RJ, cos f.

[the current 7 is then advanced by 6 and R, altered to give zero
feflection, so that

BRI, cos 0 = R/ cos (0 — f).

gLhus only three settings are needed. The dynamometer should
Pe of a sensitive reflecting pattern; Laws has constructed a
PPecial instrument of the string-galvanometer type, details of
the construction of which are given in his paper.

f 3. Method with dynamometer, vibration galvanometer, and
Phase-Shi’t'ter. In the method now to be described the detector
18 2 vibration galvanometer, in which the null condition occurs
With zero current in the instrument. This condition is attained
Oy resistance adjustments combined with the use of an auxil-
1ary phase-shifter and a dynamometer. The method is the

in the voltg
ge &nd Curr .
quadratyr urrent cojly of thi
then put ist;‘fgeﬁbe ingtrument, readsh;ser?namomet?r are in}
voltage circnit of %Osgloéj, 50 that the VOl;tagtIe‘he S\Iﬂ_flfich LS; is
i applied to

» the Phase-shiftey, being regulated

]
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methodg, of the firgt sub-clags of th §
The cire e Bhich a tapping rfR can be obtained; the resistance s has

de la .Gorc:,l’:} fslef 151 t2}125
it . el iy

! C;rryinge ;?}?1 Phase by the volt;g; dirép 51}13 is
tion ot s Vibratir;.ﬁnt Z, balance being indicate(z{u%h
£ the galvanometer Vea. Y

fmilar sliding contact. Barbagelata* has shown that any
br due to voltage-circuit reactance may be eliminated by
gasuring J instead of V. Balance is secured by adjustments of
b phase-shifter, » and s until D, and VG simultaneously read

go; then

ab ir \
e resultant OfOI‘Rat})ue Central de lb
alan

2 resistas
zZero deﬂ

o . L8 A

voltage cireuit of D, it is cleay It\}rleget(;tmg the reactanq R, Cf)S p=[rR (R + E,)|{,

1 current therein R sin B = sl,
: jom which
I, R+ R, R, . B+R, B,. R R,
K, 7= & .Ecosﬂ R TR
nd also
_ s BAB L. s BT
" R, 7 I, "R, » I

ce R is usually large in comparison with E, Note that in
first circuit the drops in B, and R, are nearly equal, whereas
tm the modification the drop in R, must exceed that in R, in
pproximately the ratio Bfr. The method is easy to manipulate
And enables K, to be found within 0-1 per cent and # to within
ne minute of arc.

¢ 4. Bridge methods. Preliminary remarks. We come now
Rl the most important sub-class of the null-current methods,
o which two approximately equal and opposite voltages are
grupressed upon the detector circuit, the voltages being propor-
Monal to the primary and secondary currents respectively;
fheir small resultant is balanced out by the introduction of a

%)

Fie. 23
25. DE 1y Gorcr’s Nurz, MeTtHOD

will be in phage <

. Phase with 7. jf
until D, regq ) > 1 0w the phage.ch: . .
in Fig. 525 (3) "5 2 404 1, wi ey iter is adjuste

B, sinpg — of guitable auxiliary voltage provided by the potential drop across

If V be the readin appropriate impedance inserted in the detector network.
g of the voltmeter, they, =y - The principle of all methods in this class is easily undgrstood
. Ko =15 — (B.JR B /(s + p) 0y reference to Fig. 226, which shows an arrangement that
While : i/ &y) cos g =RJR, U8 very often employed. Four-terminal resistors R, and R,

tan g — VS/R,,IP (s + P)=8,

A sim :

ple modificatj

. io . .
use qf variable low y 1, shown in Fig.
2 resista,

pre inserted in the primary and secondary circuits respectively,
[P or other of the resistors being adjustable. The connections
%0 the potential terminals are made in such a way that the
Volt-drops are in opposition, the resultant being impressed on
8 vibration galvanometer. If I, and I, were exactly in oppo-
jBition of phase it would be possible to reduce the galvanometer
,ading to zero by adjustment of the resistors until R, I, =
[, Since, however, I, is in defect of opposition by the
1 * Barbagelata, loc. cit. on p. 426 (1921).

esist Y18 225 (c), avoids
nce box R Providofis by the artifice of Sh(uzltin R,w
p g ed with travelling contact %y m
- @0 la Gorce, «“N,
courant ay Tuh é ote sur Jegsaj d
(1916); By, St?clia?:;deentral de I’Electr?;tetir&nsmmatem do megure
In current trangf, - des Elecns,, vol, g " . Ziect., vol. 34 P
Tmers, Elecn., vo), 78 p,ppié32i%—53o7, (1916); “Phase I8
» PP- 463-465 (10917, ’
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we shall use Maxwell’s principle of
d the positive sense of such currents
ill be taken as clockwise.
at the positive direction

456 INSTRUMENT

T TRANSFORMERS .

[Cuap..

L these bridge circuits

Cclic mesh currents, an

Eund any mesh in the network w
it will be understood, however, th

instantaneous sense of

found a tesh may 1o

£ 6 current actually flowing in that mesh. Such instantaneous
Birections, which are important in settling the relative polarity
that must be satisfied by different parts of the network for

small angle § it is
s clear that :
only succeed i ; such a resistance adj J
mum value Ilg regucmg the galvanometer rz:gilistment, vou
introduce be me;); erf to secure a true balance it ?sgeto iy
. % s of some suitabl . Ssentig]
motive f table react i
that theogf ;g quadrature with one of thl: (;e(iti};me o olectre
obtained ongthf ((fan be compensated and a niﬁce} dl'bps’
obtained iy ohe etector. This phase-compensati Indicatig
riety of different ways, some of ng‘ztIOn can be
. , er ical 3
Interest than others p;ﬁ:tﬁd 1
! is)lr.ed quadrature componee;, 3
P oeng provided by self indue.
ance, mutual ind " 3
capacitance. uctance, or 1
In another typi
ypical ar -
;nent the yoltages propoézaigsﬁl
C0 the primary and secondary
‘UTI“_en'DS are obtained by in-
serting two mutual inductors
in place of the two four-ter-
g;lnal resistors shown in Fig
E ths’ gllstseclondary voltages of
16, 226. . uails i i
BRIDI:.'I;;HRE;FI;IE; ];)F THE mately equal b:;ﬁlg Oappro'::
‘ . Té}e phgane-compensat}'ig?léxl ix;
Insertion of resistance i effected in this case by the
circuit of tho t e in either the primary or th Y jary
s ot Eajnsforn_ler, the drop of volta, le secondary.
the secon dga ri(:;: 1fned with the resultant voltabg%eolg)l;l 'thedres
acr0ss tho torm: I?alsthf; lellutual inductors to give zearlz)ne lf;‘o
o ot the galvano : Vol
jg:tfilgement 18 identical with the pll'gzetzgli‘. i is dloar that i
Alloél}f altered by a quarter-period ng, but with all ph
\ ese methods may b ]
nating ¢ . y be regarded as
meas Eringn;fﬁlt bn'dgeS, adapted to the ;m:ig)%ous fo ol
di Herenceobete ratio of two currents and I;'h 1lal purpose
a suitable netvz::rri(them’ since balance is secur:d S}I)Ilall P
points bridged b of_' Properly adjusted impedanc y m,ef;n:
ingly, refer to the);naavi)bl'ngtlon galvanometer. We s}(::ﬁ” :cco
S, 8 bridge m R i
Ch?izti(;terlstxcs in the follogwin; tél:(i?:rgd examine their vari
ne .
on p. 35 for the oo refer back to the conventions establish
parts of a netwop?{smve direction to be given to cS a ts il
rk. In working out the balance :(;rl?l}tis()

N
Re

(@)

Fie. 227. BrIDGE METHOD WITH
FOR f (SHARP)

SELF-INDUCTANCE COMPENSATION

[ balance to be possible, are indicated by an arrow head upon
f the conductors in question.

L 5. Bridge methods with two resistances. Compensation by
self inductance. The requisite phase compensation of the
} simple bridge method of Fig. 226 can be effected by inserting™
 a small variable self-inductor as shown in Fig. 227 (a), balance
£ being attained by successive adjustment of r and L until VG
b remains undeflected. The resistor B conveniently consists In
E part of a slide wire, and inclusive of the small resistance of the
variable self-inductor totals 100 ohms. Assuming balance to
E have been attained, the voltage R,I, is equal and opposite to
b the value of 71 ; hence [ isin opposition to I, as shown in Fig.
2 .227 (b). The secondary current I, is compounded of I, the
E current in R, and I. The voltage drop R,I, over R, is equal to
E that over the compensating circuit, the components being R/

* C. H. Sharp, Trans. Amer. I1.E.E., vol. 28, pp- 1040-1052 (1910).

31—(T.5722)




459
3 T ERRORS
458 INSTRUMENT TRANSFORMERS [CHap. XX fap. XX] MEASUREMENT O ety equal drops
/b TOXIMNS
and wLI respectively in phase and in quadrature with 7, Fy, k th R,and R, are shunted ?Jndel;g:da%?’ adjustment of T{bj a.I:ld
the geometry of the current triangle ‘:. a,bolslt 1 volt. Ba]})zrll:r(icf ts)eing shown in Fig. 228. Sl g

the currents at

ition is
F ctor notation the balance condition
g

ri' 4 ,’-ail = 0.

Iycos p=1 4 I/ cosa,
I;sin f = I sin «;

while the balance condition makes are given by

[ ents i’ and 1, ,
R,I, = rI numerically. ut the curr R,

But cos « = RIJR.I and sin o — wLI{R ]I/, so that
I, cos p = I[1 -+ (R[R,)),

i, and I, =

S

and I;sin f = (wLJR)I.
Using the balance condition with the first of these gives
I, R, r cos fi R, r . R, r
= IR = S P e =15 .
* I, R, (B + R, ‘R, (R+R,) "R, R’

while division gives

tan = wL{(R + R,) = wL/R.
These conditions are more concisely deduced from the vector equa-
tions, By(f,— I) = (R + joL)i, R i, + rI = 0, which are equivalent to

the vector diagram. Eliminating 7 and then taking the quotient of
the currents gives

i R r L . COMPENSATION
;}’ = Es . M(R TR ol MaTHOD WITH SELF-INDUCTANCE
s Rp s) 17 Fio. 228, Braoes METCC" g ow pa GOROE)
38

r )
e T e T3 LB R — joL] = —K 9P, o liza-
R, (R R,? I 0?L? (B -+ By)— jwL] 4& o balance 60D dition and rationaliza
. h e
from p. xxiv. The ratio of the current amplitudes is tion In

E:

£ which on substitu

_ B, r _ R, r L tion gives — jwL];
TR R T o SR wmrEy P i, B v Rkt h (Rt

3 2
. » __ = « . r + w
and the primary current lags relatively to the secondary reversed b; i~ R, 7. (Rs +r+ 2)

an angle arctan [wL{(R -+ RB)l=§. 1
from which I
3 I ) ®

O il
—_— T r
A T

It should be observed that for balance it is necesgsary to )
tan § = B+

have R,I  less than R, ; hence the secondary resistance R,

the primary resistance, and there may thus be some danger o : 1 and 4+

; 4 R. 7 Ry + 7a 5 b 2L2]§
T (B Artnrto
P a
R, w .cos B
2 r. B, Art+Te

* P. de la Gorce, “L’étalonnement des transformateurs de mesure au
Laboratoire Central de I’Electricité,” Bull. Soc. Frang. des Elecns., vol. B,
4th series, pp. 659-665 (1925),
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Rem i i
embering that § is small, and neglecting R, B
Kci—_ﬁ_s Ta 73 e

3 ke
These self-ind
e selt-inductance method
susc ods suffer

by ggg’lﬁlg’r rzo stray fields, though :}iisﬁ;zzly t;le defect of
. arrangement of the circui e minimized

astatic self- 16 circuit and b
inductarglie 11: %ﬁzzo}; ) The principal defect Ofyt}fileu;Se of an
it is only possible to secure balancz th self-
when §

Fra. 229. CAMPBELi.’s BrRIDGE M
o ETHOD WITH MutUuaL [
ENSATION FOR f§ SpuRANeE

is a leading or it
positive angle; i i
n gle; if . .
iI:3 Cte}f:arf to replace L by a condenferls(]a lac% ging anglo »
O ins ot with o it and ol by = 1fe6
muatual inductgn ods with two resistances. Compensati
Mutual inductan ce between primary and detept s
that they may bo v have the advantage over celf ind clz'cults.
consequently ; aried down to zero and, if desired o anceé
nduobance er’lablp ase com_pensa,tion by means ’; o
ndy es both positive and ) of mutual
o Sureg'u negative values of g to be
ampbell* has described
ance links t . ed a method in whi .
Tig, 229 (a,)he 1}3)1'1;:3:};‘ Wltil the detector cit(f(}:lu;? uglslaslhlélv(:;witr; :
slide-wi - Ay our-terminal low-resi -
wire of resistance R ; balance is secu::?it)(’)la:;jliluslgf: ‘ :) yf& )
ent of r

* A. Campb c
pbell, *“On th
vol. 22, pp. 20721 o use of mutual ind .
9(1910). Alsosee A. Barbagl:i;:;nigirséit Proc. iggs. ngi’
y . . On p (19 e
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End M successively. From
y is clear that ¥ i« balanced out by wMI, giving

Rsls COSﬁ == [erI(R + I{nﬂ [p
R sinf = oMI,;

the vector diagram of Fig. 229 (b)
numerically

:ﬁom which,
3 ;] R, R+ R R, R
K pem _IZ - __ﬁ . /p = _._f . —
i e~ 1, R, r cos p= R, 1’
_ mﬂI(R "}» I{p? S (0}!}?
tan f er,, 'R, ,

all compared with R.

since R, is sm
¢ this method is that the primary

~ The practical disadvantage 0

of the mutual inductor must
be capable of carrying the
rated primary current of the ™

transformer ; hence its utility

s imited, since it is not easy
to construct standard induc-
tors to carry large currents.
L Bridge methods with
| two resistances. Compensa~
i tion by mutual inductance
i between secondary and de-
€ {ootor circuits. The disadvan-
age of the preceding method
is easily overcome by insert-
b ing the mutual inductor into
E the socondary cireuit; its
- pl‘m.la,ry winding then never gy, 230. SHARP'S BRIDGE METHOD
} carries more than 5 amperes wirH MuTuaL INDUCTANCE

b and a compact piece of ap- COMPENSATION FOR

b paratus can be readily con-

¢ structed. The use of mutual inductance in this way was suggested
E by Sharp,* his circuit being shown in Fig. 2305 this is the mutual
3 of the self inductance compensation in
L Fig. 227 (a)- Balance is attained by adjustment of 7 and M.
g Little useful purpose would be served by working out the some-
i what complex balance conditions since the application of
" mutual inductance in the secondary circ
3 much simpler way suggested by the same investigator.

* C. H. Sharp, loc. cit. on p. 457 (1910).

it can be made in a




462
INSTRUMENT TRAN SFORMERS

Sharp’s i
arp’s proved method ag used at the By

is shown n Fig. 231 (@), R, and

[Crap, Fsp. XX] MEASUREMENT OF ERRORS 463

Bhen with this convention M may be given a positive sign* for twe
Barallel, similarly wound coils. Then

_zig ~ Ry, — RJ, + joMI =0,

m which when I, vanishes,

Il = — (R — joM)[R, = — K i

. reau of § .
B, belng four—terminaltanfi d

The angle between i, and — i, is therefore
B = arctan (wM/R,), so that M is positive when § is positive;

the ratio of the current amplitudes is
K, = (B} + o®M®)|R, = RJR,cos = R/R,

The simplicity, speed and high precision of this method make
it one of the greatest practical value. Sharp and Crawfordf ‘
laimed a precision of 1 part in 25 000 when the voltage acros C
R, was 0-125 volt with the rated current of 5amperes, the detee- :
tor used by them being a d.c. galvanometer in conjunctior
ith a synchronous rectifying key. The method has bees
opted for routine precision testing of current transformers
-at the Bureaun of Standards,] using a vibration galvanometer;
in this form the method is widely used in laboratories and test-
‘Tooms, where its simplicity, flexibility and almost unlimited
‘range render it very valuable. The burden introduced by B, :
and the primary of M is slight, being of the order of 0-1 obm !
or 0-5 VA, Since current transformers are usually provided |
# with standard 5 ampere secondaries, a single secondary resister !
fand mutual inductor serve for all tests. Drysdale§ points cat ‘
that R, may conveniently have a value of about 0-04 obm and 4
F be shunted by a plug resistance box; with this value of R, :
¢ an inductor giving about 5 microhenries for M suffices to
® measure phase-angles up to 2° at 50 cycles per sec. A suitable
f series of primary resistances must be provided to meet the
§ various values of nominal ratio found in practice.

ANDARDS Bripgg MeTHOD WIT

Inpyu
CTANCE COMPENSATI()N FOR £ (S ) H MuTUAL
HARP

shows, the result
) t = . .
cancelled by coJlI;L sn Toitage v is in quadrature with 7. and i

The diagram gives
R,I, cos f — BRI,
B, sin 8 = M7 .

s3 f. * M is regarded as positive when positive current in one circuit esses

E Positive flux to link the second eircuit, i.e. flux in the same senso through the

so that . 86cond circuit as would be caused by positive current in that circuit. The

K — /I t choice of positive current directions, with their accompanying positive faxes

¢ ol fs == Rs/R,, CoOs =R /R 18 quite arbitrary and may be chosen to suit convenience. For a discesion

and also Ty of this topic see B. Hague, A.C. Bridge Methods, 3rd edition, pp. 55—57, 832.
t C. H. Sharp and W. W. Crawford, “Some recent developments in esmct }

altel'nating current measurements,” T'rans. Amer. I.E.H., vol. 29, pp. B17—

p 1541 (1911). I
E 1 PG Agnew and F. B, Silsbee, “The testing of instrument transformers,”” !
4 Trans. Amer. I1.BE.E.,vol. 31, pp. 1635-1638 (1912). See also, R. 8. J. Spikbury, :
- loc. cit. on p- 424 (1920); F. B. Silsbee, loc. cit. on p. 424 (1924). |
§ C. V. Drysdale, ‘‘ The testing of current transformers,” Journal Seci Busts., ]«

. vol. 3, pp. 57-58 (1925).

tan § — wM/R,.

These conditions ar,

Suppose t Lo 9FC readily established
mesh of inlll;edpgxs)lg;v: dl}i‘ection of the cuz'rentt‘:ﬂl)'mﬂf)l\: Ve(.:tor eauations
When th g Ing in the detector

e bridge ig Unbalanced to be clockwises:



be en ject to certain source:
effoct, of re;lcfo lconmderation In precige \Sy(o)f kel"ror Which
in M, (i) ig?i reactance in R and g (ll)rej"f These apq
fields; and (i uence of inductive interfe pet of im

; (Iv) capacitance ang Teaherference due to g

. ance effect,
(i) Residugy o 5.
eactance ¢

d B; are non- J_fects.

LB - jor — )

/{p + ].LUID

b

. is’

Ratwnah’zing, ‘

i, [RR, — 2

k- N[%EJﬂ culp(lﬂmls)}“jw[R,,(ﬂI—-l)+ Rl

$0 th, VLRI : : KJJ’
at thg angle of lag of the .

sec K imap
ondary ig given by the expr Primary current relativ

ession e to the reversed

tan B = w[R”{ﬂIh L) + Rslp}
Now ¢, ¢ and J sl — O (M — N
pI‘Oducsts ﬁl 1 are all small quantit;
27 be neglected; to 5 high orclles’ SE)
er o
tan f = (wiryR,)

that very closely their »
approxxma.tion,

There are two i (WO /R) + (wl iR )
of 8. The ﬁmtcggg&ﬁmns that will make ne errop | :/ » .
reactive. The secondS When [, Ly=0,ie. if thm he determination
Will be when both resistors arz IizsdlSt?fs arc non
uctive or both

capacitive
l;a/R,,- Iz:md Such that, their time'COnsba,nts
i if ¢, and [ are equal, i.e. IfR,

* See for furth .
Pp. 581"583 (1917)9.1' det&llﬂd analvgig F. A. Law
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bductor being termed pure. In consequence of the effects of earth-
Ind inter-capacities of the windings, of imperfect insulation and of
fidy currents the exact quadrature relation may be somewhat dis-
kirbed ; the mutual inductance is then said to be impure. Impurity*
Hepends very considerably on frequency and is much more important
[at high frequencies than at low. Experience shows that a carefully
nstructed mutual inductor, with its windings well insulated and not
o closely coupled, and in which unnecessary metal parts are avoided,
tis practically pure at ordinary power frequencies. Consequently the
possibﬂity of impurity causing any error in current transformer testing
:may usually be entirely disregarded.

(iii) Inductive interference. Inductive interference, particularly be-
tween the primary circuit of the transformer and the windings of the
mutual inductor, may be a serious source of error. This can be avoided
by the use of a properly designed astatic inductor, such as has been
deseribed on p. 374, combined with judicious arrangement of the circuit.
The presence of inductive interference is easily detectedt by arranging
the connections as shown in Fig. 231 (¢), disturbing them as little as
possible from their original positions, setting M to zero, and then pass-
ing full primary current. If there is any stray field linking the detector
loop this will be rendered evident by a deflection of the galvanometer;
this deflection can then be reduced to zero by appropriate alterations
in the relative positions of the primary and secondary leads, after which
the detector leads may be restored to the potential points and the test
of the transformer begun. Stray field troubles will be very slight if
- the primary, secondary and detector leads are all carefully twinned, so
. that loops of small area are enclosed by them.

¥ (iv) Capacitance and leakance effects. Trouble is sometimes experi-
£ enced from capacity and leakage currents entering the detector from
the primary side of the test circuit. The current I, is usually supplied
® from the secondary of a transformer, the primary of which may be at
b a fairly high potential relative to the test circuit. In order that un-
¢ desired stray currents shall not find their way into the detector via
E leakage and capacitive paths it is essential that the power transformer
t have o, high inter-winding leakage resistance and that the test circuit
-be set wp remote from the power supply. To ensure stability of poten-
¢ tial, the mid-point of the power transformer primary should be earthed ;
b one side of the detector circuit, e.g. the junction of B, and R, should
* be earthed also.

. The Bureau of Standards uses this method for routine testing
i of current transformers up to primary currents of 12000
-amperes, with an accuracy of 0-01 per cent in ratio and 0-3
f Minute in phase-angle. Up to 2 500 amperes primary standard
. resistors are used. Above 2 500 amperes a standard ring-type
' multi-range current transformer with a secondary resistor
b replaces the primary resistor; the transformer is itself cali-
brated in terms of the resistance standards by grouping its

* See B. Hague, 4.C. Bridge Methods, 3rd edition, pp. 113-117 (1932).
T I. M. Stein, Trans. Amer. I.E.E., vol. 43, pp. 294-297 (1924).
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466 INSTRUMENT TRANSFORMERS  [Cmar. XX Tp. XX] M
windings for a current less than 2500 amperes. A specig) -
room has been laid out for current transformer testing* cop-
taining all the necessary apparatus. Current is supplied to the§
room from motor-alternator sets in a distant part of the build-*"
ing; suitable supply transformers in the room deliver the
current at the test-benches through leads consisting of a
stranded conductor coaxially within a return conductor
formed of a copper tube 1-5in. diameter and - in. thick,
The rest of the heavy-current circuit is composed of copper
slabs, 20 in. wide and } in. thick, placed as close together as
possible to reduce the stray field. Since the circuit must be
opened at one place to receive the transformer under test, an
ingenious device is used to reduce the stray field and the impe-
dance of the circuit. The test transformer is enclosed within
a ‘“‘cage,” a central vertical bar leading current through the
transformer. The return is provided by four parallel vertical
bars spaced symmetrically round the transformer in the form
of a cage, equidistant from the central conductor.

The primary resistors for currents under 1000 amperes are
designed for air-blast cooling; those for the larger currents up
to 2500 amperes are of tubular oil-immersed construction;
both types have been described in Chapter IX, see pp. 342 and.
353. All operate with a volt-drop of 0-5 volt at rated current.

The standard transformer, used in conjunction with &
secondary resistor R for 5 amperes, is used for currents above 4
2 500 amperes as shown in Fig. 232. Let K, be the ratio and =
B the phase-angle of the standard transformer, then (p. xxiv.)

i = — (1/K,) (cos B, + j sin B)i, = — (1K) (1 + jBs)iy-
Balance occurs when
(B + jol)i + (B, + jol)i, — joMi, = 0.

Substituting for 7 and neglecting the products of small quan-_
tities, :

.R . C{)l o . (M—-ls) .
_E[l—’r](E +ﬂs)]zp+Rs[1_ij]’s_o'

In the simple resistance method of Fig. 231 (a) the balan
condition is given on p. 464 and may be written as

? s

M
ol ol ol p =0k O

and tan p = & K,

p are the phase-angles o

f the two resistors. The

where 0.,

Standard
Trans former

Ao Ca fAc{jusfin_q resistor

ARDS EQUIPMENT

¥ STAND
Fig. 232. DETAILS oF BUREAU O

A 13 Jjron ring cO!
E transformer has a silicon 1'r((i)e, built up to 54

side, 19-8 cm. diar.neter insi
¢ 0-36 mm. stampmgs.f
b sections to secure perecy e
1 s(g:tr:grr;serous uniform distributions, 211"0 48
 series-parallel groupi;ngsil The I?;I?rra}r; .
- hich can 2 N
Ai ﬁﬁed C(;Ii)ggalt(;gﬁso?a number of bolts and set-sCrew
. the ma . |
The mutual inductor Misofa mi(‘)56 4 Broe ot
type with a maximunm inductance 0 vH, prised 0%
E fixed sections of 6-6 uH each, 8

ct insulation and

* F. B. Silsbee, R. L. Smith, N. L. Forman and J. H. Park, “Equipment -
for testing current transformers,” Bur. Stds., Journal of Res., vol. 11, pp. 93~
122 (1933).

even fixed gection

480 turns upward
i s of twenty-four

ed in various ways by

. b
7 cm. diameter ou
N cm. thickness from
ondary 1is wound 1n
has 2 400 turns capable

by

] ks and Weaver
e o sed of seven

-2 uH
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b R & variable inductor giVing CH ¢ 3

b the plug is inserted to make the resistance equal to the
he resistor R : ; foduct of the primary resistor and the nominal ratio of the
. . s 1 : . ; E . i
}Ilnat.lcally in Fig. 2328. ?48&12 z;nf)(u)filc‘iesc‘l;mg- type, shown diagran ‘ li‘:gf)lei; l‘t:lfllil‘s ?fsi‘heTI?:Ightﬁf r?ttitg.ngs of Fio Ps give the
) ?‘(f){lllg ?1 total resistance of aboyt ﬁ.f;zlg Of resistance mater; 8. Bridge methods with two resistances. Compensation by
ohm; D 1s a fixed coil of 9.4 Ohnrﬂn 2 B0 Bapacitance. Standard condensers have the advantage over
0-1 ohm each, Cl?r’ and DA. N Bnductometers that they are not influenced by stray magnetic
rent terminglg are . Jfelds; consequently, their use in a testing network greatly
uces stray field troubles. Schering and Alberti* have intro-
tuced an excellent method, shown in Fig. 233 (@), which has
en in use at the Reichsanstalt for a number of years as the
groutine method for current transformer testing. It has recently
been adopted in a slightly modified form at the National
Physical Laboratory for high precision testing, and it probably
excels all other methods in simplicity, freedom from trouble-
some errors, and ease of operation.

Referring to the diagram, R,I, is chosen 4 to 8 times greater
than R.7, and the resistor R, is shunted by a resistance R of
bout 200 ohms. The phase of the shunt current I is adjusted
y means of a condenser C shunted across a portion s of R;
fC and the fraction 7/R are altered until the drop of voltage rI

tbalances R, J,.
¢ The theory of the method is as follows. Let i,, i,, i, and f,
the harmonic vectors representing the various currents;
then applying Kirchhoff’s rules,

3 ri + Ry, =0,
(B + R — R,i,— si, = 0,
and [s 4 (1jwC)}i, — si = 0.
{Eliminating 7 and 7,
: i, R,
i §(R + By) Ry
R, w2C?%s? R, w(C's? g

) .
E 7 UFre0s By (11 o0
= —(a—jb) = — K&ib

eals 7
o Tohm Dfoc. ;s

223

1361 ohms Chmg

Fre. 233. g
. + DCHERING AND At
BERTI’S Mermop

applied to the sty at ¢
St oy p 1and 0, the latter cong;
een the two layers of resistance C;Ll:l:;jia?{ aaix?%ey

means of contact blockg and plugs the Position of ¢,
o

provided at
at P, P, If B, be the resistance plugged on the stri

between ¢
o1 Oy and G, B, the resi
P, while § ig the to taf resistaf::(ﬁagf?i}fgpped betweeq P, and}

difficult ¢
ie. the rztsii)w:'f ttl;]l?: thg fo}? - termina] 1 esistance of the devicaid E
entering 0, is R p /SP- Mo itiween Py and P, to the current Hence the ratio i
D a3 1, the resistance hotyeas o, %10 and the middle of SRENEE o O
Z(c)I that each step of DA changes ?GR points is made 10 ohms Fond K= (@ +1 ), o
Justing resistance enableg Sg to f) WS by 1 per cent. An 0 the angle of lead of i, reversed on i, is given by
1 tan g = bfa.
L H. Schering and E. Alberti, *Eine einfache Methode zur Priifung von

resistance betw .
. een adjacent 1 .
Tesistance of the resistop is t}})lug tappings. The four-terminal 4
en 0-01 ohm per plug step. In  Stromwandlern,” Arch. f. Elekt., vol. 2, pp. 263-275 (1914). Also Barbagolata,
g p- »l°c- cit. on p. 433 (1921) and F. Ahrberg Elekt. Zeits. vol. 46, p. 500 (1925).

I
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The resultin i
| 2 expressions
form and wil] be reverte to oo

Schering and Alberti it is
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8 reactive term in this operator is small in comparison with

unwieldy in the;
ir
frosistance term so that

d to later. In the 3
permissible for mogt Lge. U Used:

to neglect o202 ; - most ordin

A 0 comparison with uni ary purpd . R, . R, R
worst possible cagse th . WIth unity ; moregyep. ;.- K. =2 (R+R)y==2.=
ntroduces an error Ofg omission of t > in Ry R, 7

_ parts in 10 000 in the v

the error js usually much less, We may ther
e

a high degree of

hefore. The angle of lag of i, reversed on i, is given by
J approximation, ’

T

R+ R,

$is method of dealing with negative phase angles has obvious
fyantages over the modification suggested for this purpose
¢ Schering and Alberti, and it is much to be preferred.

In either case the arrangement can be made to read the angle
ectly in minutes. Suppose R to be fixed at 200 ohms. Then
sin Fig. 233 (a) is set at 4/(2 X 10%/10 800) or 136-1 ohms,
ondenser of 1 yF will balance a leading angle of 100 minutes
J 50 cycles per sec. At the same frequency an auxiliary induct-
gnce of 9-25 mH will account for a lagging angle of 50 minutes.
ghus with a 1 uF condenser and an auxiliary inductance of
P25 mH a range of § from — 50 to -+ 100 minutes can be
overed at 50 cycles per sec. If in Arnold’s method for lagging
Bnoles, Fig. 234, p is fixed at 72-8 ohms a condenser of 1 uF
ill balance 50 minutes of lag at the same frequency.

f The process of attaining balance is very simple. With the
bnnections of Fig. 233 (a) the vibration galvanometer is
punted and C set to zero, r being adjusted until a minimum
pllection is obtained. If this cannot be secured by rough
fiustments of r, the voltage drops over the four-terminal
psistors are not in opposition; it will be necessary, therefore,
y Teverse the potential connections to B, and to repeat the
pugh adjustment of 7, gradually increasing the galvanometer
Ensitivity. Balance may now be completed by means of the
budenser shunting s and the fine adjustment of r; this will
itice if 8 is a positive or leading angle. If 8 is negative it will
P Decessary in Schering and Alberti’s method to insert the
LX) iary inductance and balance by adjustment of C'; but
)18 preferable to use Arnold’s arrangement of Fig. 234 in
Dich the inductance is omitted, it being necessary merely to
pansfer ¢ to shunt the part p and to balance exactly as for
Psitive values of .

k- The sclf-contained apparatus designed by Schering and Alberti is

B 0Wn in Fig. 233 (b). The resistance of R is made up of three dials of
Eoistance coils, the first containing five coils of 10 ohms, the second nine

7. B B R
b 2( +R,,)E:;——]?R\;.w082;.

Ko = (B/Ry) (R + R,
tan == wCs(R - 7).
In most instanceg

son with R, so th
mationg

B, is small in compal'i;

K, = (B[R, (B/r)
tan g = wCs¥ R
( are fre i
Fic, 234, Mobnriricarioy It sh%ﬁgﬂgeSzfi‘;ﬁ:ﬂt‘ﬁgt&zﬁzr@& '5:
. circuit |

OF SCHERING Axp
ALBERTES Mumon von Fig. 233 (@) only serves for the measun
Positive op leading values o

Necartive VaLvrs of p ment of
Sc}lering and Alberti make

If B lagg
hecessary compensation by rgen,lovmg a small part of R bet
- - O e Y
» and inserting g, gmay inductance L ha

the sectiong o and g
emoved non-inductive porti

a resistance equal to that of the T
tan g = (wCsR) — (wLfR).

i .
el,ﬁl)llowe}xlrer, may introduce stray field trou
Y shown that itg yge is not necess

cuit of Fig, 234, From this it wil] be seen th

the same as in g:
. bee g- 233 (a), except that
W, orking out th n transferred to the opposite end o

, theory in similar manner gives
it (LR S )
- Rp;r jﬁ;ﬂ;.wOp(R-{—Rp*f’);'

*AH M. A « 0. J
: - M. Arnold, Precisi )
B, vol. 68 por 59590 “131 n) .testmg of current transformers,”

Proposing the cip,
the apparatus ig
condenser (' hagq

¥, oCp® oCp®. _p>
p, — wCp -+ - — oCp + 5= wCp (1 )
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Hfirectly while C gives a direct measure of the angle. Appropriate values
of B, and R, are given in the table in Fig. 233 for various nominal
jos frequently occurring in practice; these four-terminal resistors
are of bifilar construction Tor lower currents and of tubular water-
Feaoled design for the higher values, for details see p. 345.
& Arnold has described a slightly modified form of Schering and
£ Alberti’s simplified apparatus. The resistance R consists of two fixed
f sections of 48 ohms and 148 ohins respectively, with a 4 ohm slide-wire
¥ between them; this allows for a ratio error of 4 4 per cent and the
glide-wire can be calibrated to give the ratio directly. The secondary four-
.. terminal resistor, R, is fixed at 0-1 obm dropping 0-5 volt, and is con-
ected by long twisted leads of 0-1 ohm resistance to the transformer
‘secondary ; £, with its current leads constitutes a non-inductive burden
. of 5 volt-amperes. The resistance R is provided with two tappings,
“one at s = 136-1 ohms from the right-hand end, the other at p = 72-8
ohms from the left-hand end. With the condenser across s the angle
is read divectly by the condenser setting, 0-01 u¥ corresponding with
1 minute of lead; while with the condenser across p the calibration is
0-02 uF per minute oflag, both at 50 cycles per second. The resistance
R, is chosen to suit the value of primary current and has a potential
drop of 2 volts, i.e. four times that across R;; a transformer entirely
without ratio error would be balanced therefore at r = 50 ohms, the
mid-point of the slide-wire. For large primary currents B, is replaced
by a nickel-iron cored transformer, the secondary circuit of which con-
tains a standard four-terminal resistor; details will be discussed a little

later. The apparatus is made by H. Tinsley & Co.

For primary currents up to a few hundred amperes air-cooled
or oil-immersed resistors may be used for B,. When currents
of 1000 amperes or more are to be dealt with it is usually
| necessary to provide the resistors with auxiliary water cooling,
f as described on p. 342, in order to carry off the considerable
E quantity of heat developed. Such heavy current resistors
. have many disadvantages and they are frequently replaced by
p a suitable high-ratio standard current transformer, the primary
t of which is connected in series with that of the transformer under
. test, while its secondary is closed through a four-terminal resistor
F carrying 5 amperes, in the manner shown in Fig. 235 (b). The
| first published statement of this principle was due to Ahrberg*
b In 1925, who pointed out that with the silicon-iron cored
- standard transformers in use at that time it would be necessary
} to make allowance for their quite appreciable ratio error and
phase-angle. To overcome this defect he suggests the use of a
Brooks and Holtz two-stage standard transformer (see p. 81) as

4;—2 7 arm "
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boses, the slide-wire being calibrateqd zoeguaa;e bﬁn‘ .

. e e

* Apparatus on thi inei
Soa, i1 S principle is mad,

Strom ?{gfelmichtlm.g :a:h lgné\ggis;s.dga;)tréz‘aém ”&AB:: :
“Vereingachter Messzweig?i:iing;r SImpliﬁgd Damgemonta seo ‘;V G:’Y :
ungen. Rej; 1 lor. Fotilare itoian
e e ; ];‘la%n ﬁlrdgfsltéznxz;u;ng (:far Fehlergr%gméiiwg?gx:lzgﬁe
Alberti,” dreh. f. Blekt., vol. b7, uy. %%siys%sesa(rllgg?)mngen von Sehoring

* Deutsches Reichspatentamt, Patentschrift Nr. 422 920, 15th Dec., 1925,
“Verfahren und Einrichtung zur Prufung von Stromwandlern beispielweise
nach der Methode Schering und Alberti.” For an abstract of the patent see
Bau.M., vol. 45, pp. 373-374 (1927). F. Ahrberg, “Stromwandler-Priifein-
richtung mit Normalwandler,” Elekt. Zeits., vol. 48, pp. 1411-1412 (1927).
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