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shown in Fj
nin Fig. 235 (@). The secondary current, of th
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ransformer paggeg through a regjgt 7

drop of 2 vo] ance of (- © tW,o‘? . h pp. 120 and 136; they have ring cores of nickel-iron alloy
the tertiary zilifhi amperes; the smajl correcotifr; lgm, dplzhe primary winding consists of a suitable number of
0-4 ohm resistor 'oig gn' the auxiliary core flows iment fro bops of cable passed through the central hole. Various
across the twe re.;iste in series with the first Th(ral o secon Sumbers of primary turns enable primary currents down
error and phage.- Iors tOg'etI}er is thereby COI"re " volt-drg 5 200 amperes to be provided for, below which air-cooled
ang’e, and is impregsed o -cted for rat; gistors directly connected in the primary circuit are used;
% n E which, ag befo; es1Sto oy p y ¢ ’
transformer re,” p. 349. Itis found that for nearly all practical purposes the
under fast T stio error and phase-angle may be entirely neglected, except
n the most precise work, and are independent of the transformer
tio; careful tests have shown that the transformer charac-
tics are quite stable and are uninfluenced by ageing,
gmechanical shock, and d.c. magnetization. With currents
“over 1 000 amperes it is necessary to keep the standard trans-
ormer at least two yards from that under test, to avoid trouble
ue to the influence of stray magnetic fields on the core.

&)
JA transformer
under tost

-stage f"ansfor'mer

(i) Residuals. In its original form, and with the simple theory given
‘on p. 470, Schering and Alberti’s method enables the ratio to be given
to 0-1 per cent and the value of f§ to within a few minutes. Recent
improvements in the design of current transformers render it necessary
to obtain the ratio to 0-01 per cent and § to 0-1 minute; Arnold has
.shown (loc. cit.) that by sacrificing something of the direct-reading
- characteristics of the method this degree of precision can be attained
(}) by retaining terms originally neglected and (ii) by taking into account
. the residual errors in the network, principally those in R, and R, no
ERING 4 o k. term being neglected that would introduce an error greater than 3 parts
TNSD ALBERTI'S MEeT0D £ in 100 000. Taking the general equations given for positive values of

£ on p. 469 and for negative values of 8 on p. 470, write B, + jol,

ms and : R . and R, -+ jol, in place of B and R, respectively, where I, and I, are
'd carries 10 mllhamperes. The rest b the re;iduil isndu(f)tances of q;he prililary and secondary rzésistoxss: it

. : . should be noted that one or both may be negative if capacitance effects

£ in the resistors are preponderant over their magnetic stray fields. The

wit, Primary Wl'nding: de by Siemens & Halske ‘X%l ‘S‘?EOPda'I'Y and b resulting expressions for 7,/f; can be readily simplified to be valid
and with the aid of a Cfémg Tanges of 5p, 100, 25(3 a‘n’dl5(;'8 :I:;f, vided, § Within the desired degree of accuracy by neglecting the following terms

- in comparison with unity in expanding the operators—

(i) Powers of wl,/R,, ol /R, and B /R above the first and products
. of two or more such terms.

(ii) Powers of the preceding terms as above when multiplied by
. Powers of wCs or wCp higher than the first.

¢ (ili) Powers of wCs or wCp higher than the third.

ugh t
000 amperes ¢ gh the central ho

: 0 be attained
-Iron cores in {, ’
ransfor
Problem of congtryet; 1nets has completel

The use of pj
revolutionized ﬂclkel

Ige currentg
Fig. 235 (3 h nts the simpj
a ple arran wn i ,
atory ag (tlie r: o adopted a the N&tiona%(_%Pn}llem-; sho E The somewhat lengthy algebra will be omitted here and ieads to the
sult of careful in . ysical Labor: } following conclusions—

and Spilshyyy *
‘Roy SII';}". The standard tra Positive . When § is positive, so that the reversed vector of I,

leads on T »» 38 is most commonly the case in practice, it can be shown

Precise measurem: - M. “ bs . Y "
889-897 (1930), Aler s(;g ﬁﬁgtﬁg current,” 3°0m1,,°,2:§°1°5;°ry apparatus for S8 f that if s = 136-1 ohms in Fig. 233 (a)
06 el on p. 470 (1939) " VO R, R[, R
: &, =B _[1 + _1](1 — 0-4490?)
R, r B

?
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the phase angle of the transformer
portant in high precision

476
5 INSTRUMENT TRANSFORMERS [Cuar

/ gre used instead of B,

and tanﬂzﬁg_*_%lﬂ_w_ls_ﬁs Rl’g R
F- R - nd
where 0 = wCs andps/Rlis i B Byust aliso be taken into account, this being im

The simple formulae of Scheri = 136-1/200 = 0-6805 fork. Arnold’s paper should be consulted for full details.
K, = (RJR,) (B| ering and {&Jberti are p (i) Inductive interference. Schering and Alberti’s met;l‘lod,' containing
In the corrected e; p/ W r) and tan 8 = wCs* R = (s/R)f ki condenser standard, is intrinsically Jess liable to inductive interference
allowing for the sh pI;fSSIOn for the ratio the first l;r k p : firoubles than are methods containing self- or mutual-inductance stand-
by R from I,: th unting effect of E on R, i.e for t}? cket is a factop::  rds. It is, howevel essential to take all the usual precautions to pre-
»: the maximum value of this correcti € current drawn vent direct magnetic action between the detector circuib and the pri-
rection is 0-2 per cemt and secondary currents. Thus the primary and secondary leads
as also should those joining up the various parts

B should be twin wire,
of the detector bridge, 1.e. no open
loops should be permitted the ~
ould be at least a yard from
ircuit and from the
der test. The resis-
should be of astatic
that their residual
t affected by stray

with R, = 0-4
L o ohm when testi
ratios its v ; testing a transfor .
second br;:ii‘;: ;Snproportlonately less sinc;n ;r Olf)' ei/5 ratio; for higher 4
potential divider z(ic)wssi’é’ the sgunting effect of the Tﬁi;gauer. The A
the nominal val c e 8 and R are constants, 0 is ser on the
in the determ?n:& :f ﬁffouqd by the simple forn{u?al-s }I:I‘0portlona] to
is — 44:96% per ce I‘; ol ratio, consequent upon the ; hence the errop
measure of the Phalsle’azgi prgﬁorﬁona] to the Squafgngfeﬁer shunt,
for tan 7 1s the dimate Sohering. first term in th ¢ radian
is usually negﬁgﬁﬂple’l‘izher Ing ;nd Alberti fom(fu(iglzri%b:%o?rlgﬁi‘m
phase-angles of the. [ second and third term ’ rm
. prima, a ns are tangents of th
are of the same si ry and secondary resistors; i e
gn and such th ' rs; if the resid
stegzgzjil'le ezrol“ due to these term:t;vtﬂlievz‘;s}s}tlors have equal time-:::
ive f. When B i X ish.
lags on I,, a is negative, so that the
ductive bﬁrd:n?;:%soccul.‘bwhf}n a transformer W(I)liﬁzrzid ViCtOI: of' 1,
ohms in Fig. 284, le in the same way to show that ife;‘glyén 8

transformer ul
tors B, and Ry
construction SO
phase-angle is no
fields.

(iil) Earthing. 1t is necessary to
avoid leakage and capacity effects
tending to circulate stray currents
from the primary through the de-
tector. The supply should be taken
from a well-insulated transformer
with the mid-point of jts primary
d; the insulation of

E, R
K. == = R
1 ° R, ’ 1‘[1 + T:)](I + 0-202¢%) - winding earthe
and A . _ the bridge set-u should be as high
tan f = — (1 - %)q& +- oly _ “ie _p B 4 as possil%le, the Iivhole arrangemen Fic. 236. AR‘NOLD’S MODIFICATION
where é = wCp and R, R, R R being kept at some distance from voR VERY SMALL PHASE-ANGLES
The simple formulae a'n plR = 72-8/200 = 0-364. the supply transformer. It will be
B R , neglecting the residual effects, are found necessary to earth one terminal of I, OF Ry provided the gal-
K, ==%.,—and tan f = wCp? ’ E - vanometer is kept in the lead going to the sliding contact the terminal
B, =—wCp + wupt <1 _P ) 4 E carthed is of little importance. The terminal of R, shown earthed
E R/ E in Fig. 233 (@) is preferable, since this ensurcs the ga.lva.nometer
coming to zero potential when the balance is secured.

ngles Arnold

al-divider arrangement of Schering

Interpretations of
th R
th % ﬁame way as befsrzevera.l correction terms may be given in exac
e complete determinati

Arnold has deseri ination of the residuals ;

determine th : SZ(Z:}))Z}T fully the processes emplo;i%““ff some care, al

e e o or of the ratio scale on the slid 1s important

double bricsl,ge o lna, y .Of value 0-1 ohm, is m ide-wire. The resi

B, is a resistor wiﬂP;aI't in 100 000; for pr{ma,ry gssrruret(,ls on the Kelvh

same way to 1 in 10 g(;gdt drop and its resistance :;1 b}f2 00 ampe

235 (b) is used, the resi (.:OAbove 200 amperes the arr e found o

the Kelvin bridge whila o R”"; nominally 0-4 ohm, b eaiﬁgement ofd i

with a burden of 1 e ratio of the stand ’ measured DY
. 2.5 volt-am tan ard transformer is foung

are availabl amperes.  Nickel-iron-

load currentetztlt}gz %\(I);El. L'vallth ratio COnStaflltlignl citx)lr?l% (fggnf?folllvlm

to 1/20 mi - e residuals ro

/20 minute by Hartshorn’s* doubleoilfxp %;lﬁlgﬂ;s n;?y l:;eamnsfea.s
o H a tr orme

When testing transformers with very small a

| has shown that the potenti
i and Alberti results in loss of sensitivity; it may therefore,

¥ be omitted as shown in Fig. 236. The resistors B and R, each
- drop about 2 volts, balance being secured by regulation of
E and r, neither of which ne precision.

ed be known with high
E By this means it is possible to detect changes of § as gmall as
0-01 minute at 4 of rated curT

ent. Taking account of the resi-
£ duals and proceeding t0 the same O

rder of small quantities as
before gives
Kc = (Ris:o) [(1 - (RJ’I‘)]

and ‘
tan f= wOR, + (wl [ By) — (wls[ Rs)

* See B. Ha, .
- Hague, 4.C.
Bridge Methods, 3rd edition, pp. 279-282, (1932 )




" current transformer,” 7,
2 urnal 1.B.E., vol 66
» Vol 66, pp. 657-662 (192),
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An alternat; {
compensation Zzsmﬁthod. of using a condenser to effect Biminating i
iy hon 1 een introduced by Biffi,* de lc ‘S e
B ol 1 e e Tl o
3 e circuit i i i

oy (;3 ngﬁzgfr ggopi across B, and R, ageli;;)lfcglilmmt e, 281
mont o O ;%Y 0-5.to I volt. Balance ig secure;t I;ﬂy ;
el azlueg ¢ this arrangement sufficing for ] y

Sof . If g is lagging or negative it ig ei?ecessm-y

iy _ By [By(1+0*02) + 1] — joCn?
_ ii B, (B4 1) (1 + )
fn order to obtain balance the connections to B, must be made
B such a way that the drops over R, and R, tend to circulate
purrents of equal magnitudes in opposite directions through
Kihe detector. The current ratio is :

k _ RRZ (L4 a?0r?) 4+ 2rR, + 2t

' B, (B, + 1) (1 + o?C?r?)t
while the angle by which the reversed secondary current leads
‘on the primary is given by
wOr?

tan § = 1 ,
wn By (1 + 0®C%®) + 1y
To a sufficiently high degree of approximation

K. = B (R, + 1)
R (B ) (1 02

and  tan f= Cr,

i Residual effects in 7, and r, are negligible, but it is necessary to
g account for those in B, and R,. Writing R, + jwl, and R, +
¢ jol, in the preceding analysis, and again neglecting very small
f quantities, it is easy to show that the ratio formula is unaffected
E by residuals while the angle expression becomes

tan 8 = wCry + (wl fR,) ~ (0wl fR,).

g The third term is usually negligible, but the second may amount
- to as much as 12 minutes and cannot usually be omitted.

F  When 8 is an angle of lag, balance being effected as described
- by putting O in parallel with r,, the corresponding formulae are

x o Bu(By 1) (1+ 020%2)
T R, B )

F and  tan = — wCr, + (0l,/R,) — (wlfR,)

E It ig necessary, as in all methods, to use bifilar connections

| in all meshes of the network so that loops, with consequent

I chance of inductive interference, are avoided. Moreover, it
I8 essential to preserve good insulation, with the network at
as small a potential above earth as possible. It appears in

3

Fre. 237, Pracr’s MeTHOD

to fix 7, and .
. put ¢ across it : .
Si . 1t, balancine b it
ohlrlx(f'lx %hf (I;l};)t' Sroater than 5 amper%& %Vi:iﬂgmé) oy e (¢
excee’d 0-1 ol?llrfe(g(frlip 5“7511 tbe referred o later ebuiegviitrg
much ] ransformer ;
ess. The V.alues of. 7 and 7, are gf 3%1}112 (‘Z'lfliiruz?alli))(r)

and ) — 7 \\.
R, (i, H— r(l — ga)C’rI)l.
* E. Bifi - wzozrlz X
- Bili, “II doppj
ppT: 5‘%8_512 (1923)‘0pp10 ponte con corrente alternatg,” L’ Eleter L. 10
. d. Place, “4 ’ e
method of measuring the ratiq and phase-angle of &
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E condary sides of the test circuit; consequently, errors due to
biray capacitance and leakage currents flowing from the primary
k oply to the detector may be quite avoided. Inductive infer-
eTence troubles are, however, very much more pronounced
Fhan before, rendering necessary the use of perfectly astatic

putual inductors.
% has described the arrangement shown in Fig.
and M, have approxi-

practice to be best t
Finoram : thi o earth the terminal
usegof " éhzllgsegas the additional advantag%f OR;‘Z’ :hov.vn'in
Plates and to eari(})lndenser with the shield joineg ;’thtmg
a S L on
der};sers N T & condition in which most preeisignseco‘
or the majority of tests ' may be a 1 uF thr l
ee-decads

mica condenser, to whi
added if B e which an additional fixed 1
s very 1 uF ma . lat
vy large. Place shows that with 15;,}: 3 ;ggg?g)? 1gr(13 fs):vl?ich the two inductors M,
} secondary voltages set in vector opposition upon

0-1 ohm onl
y five values of

I, from 5t of R, are needed t 3
of his resisoto5rs0 O% amperes; he does not gi‘?ecgzer a range of § mately equa
adVantage be al?COIrlntmt)lzle th(lig}ll)er current Valuesy CI()) a;;it(;culirﬁ _
with.a nickel-1 ate y the use : Wl

of resist:)‘;SezOIIE);L:o*re%‘transforlner, thus reiifuzinscintglie rosistor
the table. ' he values given by Placeoare z}?(;l“?;lberm

200 to 400, 500 to 600,
1 000,

- 1os = - =
‘11) n amperes . IS o O
«‘;z)tO 20125 to 4 50 to 15 8 and 1
9, )] 1) 0 0 00 200 | 1 500 to 5 000

!
|
R, inohms .|
) h 0-1 | 0-025 | 001 0-0025 0
2 001

9. Bridge i
sation bygregl:t?fc? with two mutual inductances. Com:
Joncribod i this andm' primary circuit. The methods tpeﬁ;
some that have been d;n the fo‘llowing section are Simﬂo to :
e e e scgssed in earlier sections, exce ta:;.h
resistors used to compare,the pgima:;”

@)

Fic. 238. BARBAGELATA’S Bripgz METHOD

y winding of M, m

and secondar
y currents a 1
consequently, the phase-z‘ilgg 1251? }:y two mutual inductors;, ' the detector. The primar
pensation must be effected, . carrying the primary current I,; the primary of M, carries &
ent of 5 amperes. One of the inductors should be

maximum curr
The require

b variable, more conveniently M.
. ponent of voltage ig derived from &
jal divider R balance is 0

b shunted by a potentl
M,, with or withou

by some ili
auxiliary resi i
stance 1
or secondary ciroui n one or other o .
have an ad{rag;:mts. These tWO‘mUtual-Mduciaflléz xgethzdri
that there is no g(;eirnOt possessed by any hitherto deseri
o ect connection between the primax(-}y n i
* In the most
Vickers works prkr:;:ent development of the apparat
transformer with a x(')5-’11'esustors are replaced entirel lés at the Metropoli
ohm resistor in its second);ryy grita'réd?}‘ld ring %
uit, the range

primary current bei
reading testi ing from 10 to 6 000 amperes;
sting equipment for current tranggixexs‘: S AM lg grmom', “Di .
4 V. @Gaz., vol. 14, 7 .
; ! oM J,sin p

M ,, the vector relations s
¢ indication. From the diagram

= [rRﬁI(R + Rp)]Iw

355-359 (1934). T
: 4). The transf .
o T e I T ! strip with
ferey similar cqils of ten turns eWO}lllnd primary is providod, co nsll)s .
il i s o e L oLl = ol
- e . , ugs t. i 3 . .
in parallel currents ure;: Owgg'; ;;;‘;h coil carri%s %O :&sseﬁggss?’tlhgi %::Jt‘lll o L from which K, = (M M,) cos g= MM,
Tres : > 1 3
are provided for. Above this value the and tan 13 _ er LT Rp
SHJE LRy R oM,

primary consists of one or {0} (o] O ble (<] tl‘a.l hOle’ &
more 1 ops f
cabl thI’Ollgh the cen 5
secured by COIanl].ﬂg cable IOO[)S with various settmgs of th 1 .
© p ugs

* A, Barbagelata, loc. cit. on P- 433 (1921).

§

ust be capable of

d in-phase com-

four-terminal resistor B,
btained by varia-
t adjustment of

b tion of the tapping ” and
hown in Fig. 238 (b) holding for null

S




INSTRUMENT 7 ]
RANSFOR
MERS . XX] MEASUREMENT OF ERRORS 483

se in which the secondary voltage and the primary current
by in exact quadrature—than it is to make non-reactive low
kistances; consequently, any error due to residuals influencing
fo measurement of B are negligible when inductors are sub-
atuted for four-terminal resistors. The secondary burden is
mall, being of the order of 4 VA, while at the same time a
voltage can be impressed on the galvanometer circuit,
yith resulting high sensitiveness; the voltage at the second-
ies of the inductors is about 4 volts. Again, as has already
mentioned, since there is no connection between the prim-
vy and secondary circuits, capacitance and leakage effects in
e detector circuit are quite negligible. The principal trouble
arises from the inductive interference set up by the stray fields
of the inductors, and it is essential to construct them in per-
fectly astatic fashion so that they can neither influence one
f another nor be affected by the transformer under test. As
usual, the wiring of all circuit elements should be bifilar in
order to avoid any inductive loops.

Fortescue, loc. cit., has overcome stray-field troubles by designing
toroidal ring-wound inductors, in which the windings are uniformly
distributed over the periphery of accurately-machined marble rings of
ircular cross-section. M consists of three such toroidal elements con-
g nected in series, each of which has tapped windings so that the induct-
tance can be regulated in five steps from zero to a maximum value of
bk 3-0222 millihenrys. M, consists of a single toroid of 0-8265 millihenrys

9 -’)39 [ 2’ B 2 Mt
16, 239, ORIES()UE S RIDGE ) ETHOD

circuit, ag shown i . maxxmum inductance. Full particulars of the complete set-up are
of I nin F 1g. 239 (q . given in hig paper, with a detailed discussion of its uses in practice.

Fig. 231 ( ). The methoq
a). 0d 18 the anal The method is very flexible in its application, and a range of primary

Whlegg t?ldj usting M, ( L currents up to 5 000 amperes is covered.
€ vector relgt; 3 . )
at 11. The use of alternating current potentiometers. An

w1, p 8N B = R altema,tmg current potentiometer, in one of the forms described

wM,1, cos B= wM.rI fon p. 380, used in conjunction with suitable non-reactive four-

80 that K, — e terminal resistors, is an accurate and convenient instrument
and ta o = HJ(M, cos gy — Mm, for the measurement of ratio error and phase-angle.* Referring

. nf = B o, L to Fig. 240 (a) B, and R, are arranged to give approximately
Residual €rrors in thig f équal drops of about 0-5 volt, so that the secondary burden is
much easjer ¢, constry tmethOd are f Small, being about 2 to 3 volt-amperes; for a 50/5 transformer
rem Cb perfect mutya] indu the resistors may be about 0-01 and 0-1 ohm respectively.
ml;'-tu(;.] ﬁldﬁ g;’;iscug, “The ¢ alibratior, 1:;: ccxt. on p. 463 . : “,; C. L. Dawes, Proc. Amer. I.E.E., vol. 34, pp. 927-940 (1915); D,., C. Gall,
&}mqst identical ;?t;thpéoc' Amer. .G z. V(ﬁn‘ggt transformers by means o ] VOlesgmg transformers by the alternating i:urrent. potentiometer,” Elecn.,
zioni mutue pey j] oon t(; Hhas been describe d b.y v %p. _11‘:99_1 ?1 5 (1915). P tra;;gf3’ Pp. (i03-604 (1920); A. C. Ji)lley, Sorr_xe tests on xélo%em current,
PP. 69-74 (1931, " ollo dei trasfopm orl, “Sull’uso delle jndus . ormers,” Journal Sci. Insts., vol. 3, pp. 43—50 (1925); C. V. Drysdale,

atori di co The testing of current transformers,” Journal Sci. Insts., vol. 3, pp. 57-58

: (19,25); T. Spooner, “Some applications of the a.c. potentiometer,”” Journal
8Sci. Insts., vol. 3, pp. 214-221 (1926).

rrente,” L’ Blettro., vol, 2
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They should be non-reactive, and in precise work theip
duals should be known. Measurements may be made
vy = R,1,, v, = R, and g directly; since B is a small

"1:: AP. XX]
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» and s until the galvanometer is unde-

V\ s 1; con-
l(tg't}iyvi?g;lgelsn%f the couples can be made equa.
g f;ntly the temperatures O

f the couples are equal} and the

and therefore not readable with very great precision, i

@)

Fre. 246, Trr Use or AN A.C. POTENTIOMETER

better to measure » and ¢, the angle between v, and v, in its
stead. Then from Fig. 240 (b),

Vs SIn f = v sin ¢,
giving with the Preceding measurements,

Kc = (vplvs) (Rs/Rp)
and sin B = (vfv,) sin é.

The method is capable of high accuracy and is quick to
Its principal defect is that it makes use of an expensive ins
ment that is not always available.

12. The use of thermal detectors. Tt is worth while to noti
that limited use has been made of thermal detectors in meas
ments of current transformer errors. The methods that ha
been suggested differ in no essential particular from tho
already described, except that a thermal detector replaces t.
dynamometer or vibration galvanometer, ]

Robinson* has suggested the use of two thermo-couples acti
in opposition through a d.c. galvanometer, the couples beil
heated by currents proportional to 7, and I,, as shown in

* L. T. Robinson, Trans, Amer. 1.E.E., vol. 28, p. 1005 (1910).

- . st be
rates at which heat is developed in 7 and s mu
f that is

50 that

Moo

Mirror 2
\wz

‘8 Spring
(b)

Northrup comparator

S

[yl

) (d)

Fia. 241. THERMAL METHODS

the same,

R 2I 2 — s(——&——ylsz
r<”'+Rv) T S+R3
(r '+‘ Rn) . ,\/_8_
’ (S 'Jr Rs r

K, =

|

L]
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; ijod to I, I cos p. 1R
A different principle is used in the Northrup comparator, shq § their average voltage over a I;Zm ortionalp t,(; 1,2 and is
Fig. 241 (b), which is a differential hot-wire voltmeter; its ugsij k. .o of the primary couple 1s prop Balance is obtained
transformer testing was also suggested by Robinson. The instrs o8 to that of the secondary coupleS- o th hase-angle
consists of two wires W, and W, attached respectively to fixed termt posed £0 vement measuring the p

1,1, 2, 2, an insulating bridge at their middle carrying a mirror; bpera,tlng .the glider, its Izlzracy for small phase-angles the
spring pulls the bridge from below and keeps the wires taut. The ¥ FTo obtaln greater ac ‘s given a considerable Pha,se'
W, is connected in parallel with R, and W, with R,; if the volt-drg } .t in the primary heater 1S g’l‘ condenser or choking
in these resistors are unequal and the wires are of equal resistandg; nlacement by means of an auxihary

they will carry different currents and will therefore heat unequally; fplace in the diagram.

causing the mirror to tilt. By adjusting R, or I, until there is no b not shown

the heating of the two wires will be made the same. The two resistors 3
are then switched into auxiliary d.c. circuits in which the direct caw
rents are adjusted until the comparator is again undeflected. Then the
ratio of the two direct currents is the same as that of the alternating
currents; the direct current ratio can be found by measuring the volt-
drops over the two resistors by means of an ordinary d.c. potentio-
meter. Agnew?* found it possible to obtain agreement to 1 part in
8 000 between the ratio found by this method and that determined by 3
a dynamometer method. The instrument is subject to the usual defeet.
of time-lag common to all hot-wire apparatus and can only be used
with certainty in work where steady conditions are maintained. =

The use of thermo-couples to measure both ratio and phase-
angle has recently been described by Bruckman and Reichert,}
in a portable high-precision testing set made by P. J. Kipp &
Zonen of Delft. Fig. 241 (c) shows the essential parts of the
arrangement for ratio tests. The resistors E,, R, are such tha§
R,JR, = K,, and each is shunted by the heaters H, H, of similar,
thermo-couples which are connected in opposition. When t
transformer has no ratio error the couples give equal curre
and @ will read zero when the slider is at a; when there
ratio error, however, the currents supplied by the couples
unequal and the slider must be moved to restore G to zeld
the amount of displacement being a measure of the ratio e
To find the phase-angle, the connections of Fig. 241 (d).
employed. Two heaters are joined across R, and ca
current I,/ proportional to I,; a current I,’, proportiona
I, and nearly equal to I/, is passed into the secondary hea
in such a way that one of them carries the sum and the 0
the difference of I, and I,. The voltages of the secon¢
couples are put in opposition so that their momentary resul
voltage is proportional to

(iﬂ’ + isl)z - (ip’ '— is’)2 =4 iplis”

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

+ H. W. L. Bruckman and W. J. Reichert, “ Ein einfaches Gerit zur Unt

suchung von Messwandlern,” Elekt. Zeits., vol. 56, pp. 479-481 (1935); Jo
Sci. Insts., vol. 12, pp. 171-172 (1935).
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thich eliminates the calibrations of the two instruments. Care
fust be taken when interchanging the ammeters that the
ondary circuits are not opened ; for this purpose the switches
hown in the diagram should be utilized to short-circuit the
bcondaries before operating the switches S, and §,.

; The method gives only the ratio of the transformer and is
asy and quick for tests on site where a moderate accuracy is
pafficient ; the precision falls off considerably at low loads.

IP

Y

two ammeters
» a8 shown in Iy

standard ¢r I Kig. 242, TIn this i .
characteristin?sfof(rggavnfor val}lch the ratio}sseg;?lgjg 8 is the | ] |
lominal ratio peip ’ 1s the unknown transf current LAY A
similar 8 equal to that of g. ormer, jtg A

ammeters, the calibrationg Of’wﬁilc gng Ad2 are two S

éed not be

<”Jt
1
J/L

accurately knownp Th
into t ©Lhese ammete .
thereby ; D1and 5y, With 8, to the ] g the b TOW- .
let the{ ;él()sel(;mng Ay in the Seconldary oef quzagd Sz. to the right, -
Let the reagir?gry Cf‘}lzents of § and X pe 7 al:ld ‘;12, 1 that of X,
. 80 and 4, b s s Tespectively,
a. n . 1 2 De J ‘. - y
re the correction factors for the;ea?)((i)h]lis' ;fe?hlf ky and ¥
e ammeter

Fic. 242. Two-AMMETER RELATIVE METHOD

| The method can be readily modified to give greater precision,
especially at low loads, and at the same time to determine the
Phase-angle error, by substituting for the ammeters the
L current coils of two dynamometers, the voltage coils of which
are excited in parallel from a phase-shifter. The phase-angle can
'be found by adjusting the phase-shifter until each dynamo-
‘meter in turn gives a zero reading, the angle through which
 the phase of the auxiliary supply must be moved being equal
L to the phase difference between I; and I,'. The magnitudes of
Fthe currents, and hence the ratio of the unknown in terms of
the standard, can be obtained by turning the phase-shifter
j through #/2 from each of the zero-reading positions, each
E dynamometer coming in turn to a maximum reading propor-
f tional to the respective currents. Calibration errors in the
¥ dynamometers can be eliminated by repeating observations
- With the current coils interchanged in the secondary circuits,
- Just as has been described for ammeters.

33—(T.5722)

unaltered.
Let the new reading of Ay, now in the all
4 secondaagy

become I,; then very nearly

From thege two set]; :):f Oi;j;;ij;: o

The ratios Of?;dkfa{i zand 12 < pppor

SUbstitutjn;{;Oj IJ; pisdaz(ll’ Koo =101 — K1JI,;.
Koo = [y (LL/1'T, )k,

* F.B. Si
Silsbee, Trans. Amer, 1.E.B., vol, 43 PP. 282-294 (1924)
488 .
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2. Two-

of Comp?l r(ilrslrna;nometer methods. There is a numb

mometers S(;%mewc; transformers with the aid of ir of we
It the tothod ofO’\/[the more useful of these being nOWO d*
of the same n Makower and Wust* two similar tr W notic
combination be{)mlnal ratio are connected back-to?ESform
method of p Jég tIetS g:dt}?: a single unit by the dynazl(i)kﬁle

; Lo n ass .
transformer is equal to the squalxl“gligoihzz 21}112 I:;ggt?f cithef
ive ratio

i

\4
g
‘;I_IA'l\]v‘\‘Ax
. 1
=
B
L‘?‘l I
. s r

To prose
shifeer i

Fia. 24 Bar - b B u “
. 243. ARBAGELATA’S TWO-DYN
AMOMETER RELATIVE

of the inati

v fcz}r:;blcréiiilboirrll :trilgntha'f‘;htjse phase-angle of each is one-h

e ination. assumption cann

tra%l sfc?;z}gsmif ; quite frequently the standaurdozt)},n]?ii3 Jﬁ%{iﬁd

frapsformers b V(}E) very different characteristics, so that

method can or y be regarded as a rough test, uniess the t
e methogm}\lre by chance to be nearly identical

o the method shown in Fig. 243 (a)f the common .pr'

o dynamometew% transformers flows in the current cO

ard and .’ of ther < The secondary currents, I, of the sta g

o omd I ofth e, fow thronghsepate et o

- ! e :

il:;{;lebzlirvxsgn; wattmeter with a cgmmonwx?olz:;eggilc‘ogi X
W be s urrent elements of a double wattmeter 'in whi
; A Barz;{g:lr::aanld A. Wust, Eleen., vol. 79, pp. 581-582 ’

¢ Differentially wour,l({og;;atiﬁl-‘;}; el ot s : .

our meter for testi

Elec. World, vol. 76
, vol. 76, p. 433 (1920
on the turns adjustment of (transf)'(,)lf'.x(;:‘e;"ss

See also E. C.
e ng current transform
ilar method used for routine

e the two voltage coils corre

B1ternatively,
n the single current coil of a
543 (b). The voltage coils of
by from a phase-s
i1 ne-constants, or
f' .11 be necessary to measure
them instead of the voltage.

> The phase—shifter is adjuste

[/
o

hat the eurren
non—reactive volt-
E chown in Fig.
hase-shifter is now adjusted

corresponding reading of D
 diagram it is easily seen that

W, = VIcos
whence

w,=—VU/ sinf,,
W, =V{I, cos B

3 (Uch) - (UKc)
tand . Ba— B
: where K, K., are th

E value of 1, 1s ¢

- Silsbeet has described a
preceding, in W
j  * This method has been used b
f - measuring ratio and pha,se-a,ngle
f pp. 191-201 (1921), to compare

. 1:1 ratio transformer,
. 1,/ with K, = 1 and g =0
. T F. B Silsbee, A method o
L Stds., vol. 14, pp. 317-329 (1919).

i Electrical Association 1
3 author has not succeede
i See also Silsbee, loc. cit.

b parallel from a common supply-
o arranged to flow in directions
he currents may be superposed in

hifter; they s
be alternativel

ts in its two coils are in qua

243 (¢), and the rea

its maximum reading since 14

W, = VI, cos [(n[2) = p1— VI cos [(wf2) —
(m — ) — VI cos (m — Ba), WattS;

E their fractional errors and 8, B, are
alculated from V and the observe

 reading of D, 1t is assumed
[ that §, excoeds f; Wywill therefore be negat

hich the phase-adjustmen
the former taking the place of

¥ to W. A. Folger in 1916; his paper in
s not readily available in Great

d in locating it in any techn
on p. 488 (1924).
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sponding thereto will be excited

Tn either case the currents
producing opposite torques.
opposition

simple dynamometer, as in Fig.

D, and D are excited at voltage

hould be of equal or of very low
y supplied In series, when it
the common current flowing in

d until D, reads zero, indicating
drature; assuming 2
will be in guadrature as

circuit, V and I,

ding of D will be W,. The
through /2, SO that D, attains
and 1, will be in phase; the
will be W, From the vector

B.) watts,

—I,sinfl= ——VI,,[(sinﬁ]‘IKm)——(sin BIK )}
- Is cos .B] = VIp [_(COS ﬂfIKCE) — (cos lgch)]

i Now § and f are small; therefore

= (scac - Sc)/K'nc = IVZI VIp
= (VlecI VIzw)

e ratios of standard and unknown, &g ca

their phase-angles.* The
d maximum

in deducing the above expressions
ive in this instance.

method, somewhat gimilar to the
t of the voltage circuit

y H.W. Price and C. K. Duff, * Method of

" Univ. Toronto Eng. Res., Bull., No. 2,

,the primary and secondary currents of &
i I, and the latter of

f testing current transformers,” Bull. Bur.

The original suggestion appoars
the Proceedings of the Pennsylvania
Britain. The present
ical library in London.

L
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secondary ecircuit, of the sta

curately determined, especially at low loads, from the maxi-
hum reading of D, and the known voltage V. As before, it
j assumed..that the ratio and phase-angle of X are greater
han those of S, as is usually the case. To determine this point,
In additional resistance of about an ohm should be added to
ghe burden of X. If the ratio and phase-angle of X were
briginally greater than those of S the readings W, and W,
will be increased; if these readings should be diminished or
even reversed then the errors of X were originally less than
tthose of S.

J- The principal limitation of the method is the sensitiveness
 of the detector D, the current coil of which must have a suffi-
ently low impedance; a 1 ampere wattmeter may give ade-
-quate sensitivity for most purposes, but much better results
-can be secured by the use of a specially designed instrument.
Greater sensitiveness can be obtained by reducing the working
forces, which is not desirable in an instrument intended for
workshop use; alternatively, the current-coil may be given
a large number of turns or the ampere-turns of the voltage-coil
may be made large. The first of these alternatives cannot be
pressed too far since it increases the impedance operator z, of
i the detector. The total burden on the secondary of X will be

&
]
!

Bi —z,(i,— 1)) Af
B, = 7 = B~ 2,
i, i

:"Where AfF is the current in the detector current-coil. Hence the

Fig. 244 (b), let the co L act i
0}, ITe : .  actual burden differs from the attached burden B by an amount
Wy and W:; then Sponding readings of D in watts be ¢ dependent on z, and on Aifi,, so that it varies W%;h the load
W= _ypr- 08 [(mf2  current and cannot be compensated. Care must be taken,
W, = vi1 s 7 7f2) + g~ Bel = — VI sin (B — : therefore, to make z, small enough to cause a negligible error.
A . s 4 cos (B, — B)]; e '-The second of these alternatives will, if pushed too far, result
Tom which 0 an error due to the excessive e.m.f. of mutual induction
| between the voltage- and current-coils of the instrument; to
K, =1 — (e, - €)= 1 . W # Overcome this trouble Silsbee suggests the use of zero-pattern
T?(m =14+ VIE 1 dynamometers where the moving element is always restored
’ s } t0 a position of zero mutual inductance with respect to the

tan (8, — gy — _— WyV1,

— Wl-
L~ (WVI) =~ 7 =B — 8

E fixed element. In deflectional instruments all that can be done
The current I, may b s

4 i3 to keep the mutual inductance small enough, consistent with
} the production of adequate sensitiveness.

apparatus or g readi . . . . o3 s .

SITOT tests on curren bt supply, see G, ang,t, l;)sll)n g simple phase-shiftin SPﬂSb'ury* has designed a special instrument, made by El!lott Bros.,

See also F, A Kartak fg’}“s“mem " Elec. Rey . 1 lggs’ “Ratio and phas . On the lines of a substandard central-zero wattmeter scaled in amperes
- ec. World, » V0. 94, pp. 604-606 (1924

* R. 8. J. Spilsbury, * An instrument for workshop tests of current trans-

s vol, 75, pp. 1368-1370 (1920) 3
. L. formers,” Journal Sci. Insts., vol. 1, pp. 273-278 (1924).
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at the rated value of the auxilia,

each side of Zero, each wi
s 7ith s :
g}’:itggz ;)tf t}le s'ca}e is 0-005 ?m ;;il’sagirlgr_lg‘t}_l of 1-2 ':71:1[;);3 Blvanometers supplied with current by small mechanical rectifiers of
u effect op 1 %H‘cult 15 0-68 ohm at, 59 cycles vision, '1_’he imPedance { e vibrating reed type, see p. 400. The recbiﬁel"s are shown diagram-
; and ih € burden of ¥, The current ra, per sec., giving g, b tically at the left of the figure. Their excitation is taken from two
@ voltage range 55 and 110 volf; tﬁge 1S + 0250 — .25 am fhases in quadrature on’ the secondary of a phase-shifting transformer,
8, the voltage circuit current, bei:jg primary of which is excited by a three-phase supply. Burdens,
h non-inductive and inductive, are provided for X, and a removable
Bink provides for additional external burdens. The ammeter A4 is
gealed to 10 amperes and serves to check that the transformers have
heen connected with correct polarity, this being shown by approx-
Hmately zero reading. The switch is thrown to the left, thus connecting
tthe detectors across the 0-03 ohm resistor in the secondary of §; by
adjustment of the phase-shifter the reading of the ‘‘phase” detector
Pean be brought to zero, showing that its excitation is in quadrature
& with 7, while that of the ‘‘ratio” detector is automatically in phase
therewith. Throwing the switch to the right puts the detectors across
- the 1 obm resistor carrying the difference current §, — f,"; the ratio error
‘and phase-angle are read off the appropriate detector scales, a range
“of + 3 per cent of ratio error and + 2 degrees of angle being provided.
-The detectors are provided with a ratio switch enabling full sensitivity
be maintained at 1/10, 1/5, 1/2, 1, 2, 5 and 10 times full load, the
last three factors being used in tests of relay transformers under the
V.D.E. rules. The entire equipment, including phase-shifter, detectors
and rectifiers, resistors, burdens, sensitivity switch and ammeter, is
i contained in a single case, only the standard transformer being addi-
' tional. A nine-point test requires only seven minutes to carry out, and
t an accuracy of -+ 0-1 per cent in ratio and + 5 minutes in phase-angle
. is attainable.
- Masa* has designed a testing set which is a simple modification of
. Silshee’s method. The dynamometer D in Fig. 244 is replaced by a
double differential instrument, one of the current coils of which carries
¢ I, while the other carries I,. The voltage coils of D and of D s are
¥ Joined in series and are supplied with a common current I from the
I phase-shifter. With D reading zero, by putting I in quadrature with
¥ [, the deflection of D is d,; let &k be the constant of D, then

dy = — EII cos [(m)2) 4 B — B} = — kI sin (8, — B)

TRAN; SFORMERS [Crap
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additional

igible, The j ' r at L 1
angle diﬂ‘erenc?esu;sft Pg’ﬁe“t enables ratio diﬁgﬂnsc?élifrga ding is quitl ; Ch&ngipg the phase of I until D, gives its maximum reading d and the
excellently with values o%gTEfeS to be debermined, the resxﬁg ;egreent 3 deflection of D becomes d,

dy = KI{T;— I cos (B, — B)l and d = kI,

found by th, 18 convenient byt not necesg ere, 55 or 110 ‘.}\ 1 1f k, is the constant for D,. If e, and e, are the ratio errors of § and X
of the transtomers € 2f Dy Care must be taken o cheok the oot | in per cent it is not difficult to show that |
obs : e polarif; ;
ber cent of fun load cumenterjfu:g ‘the deflection W, of D for zbou "3 ' Eop— & == — 100k dytkd
" égn;}eni & Halske AG., m;'HUfa,clt;s very small the polarity is correctd . .
Y Sieber _and illustrateq in By ure & portable testing set describedl and  tan (B, — ) = ————rrm = — s
apparatus is th : ig. 245. Th 2 : dy — (kdfk) kd{1 4 [(g,z — £,)/100]}

» One to give the ratio erroll E  The apparatus is portable and the various parts are designed to be
intel - direct reading. The difference of ratio error is readable to 0-05 per cent

* 0. Sieber, “E;
45 noue f and of phase-angle to 2 minutes down to 2 per cent of rated current.

Y t
Zeits., vol. 9, pp. 845 _g20 (1?;3%?? B Stromwandlet-Prﬁfeinrichtung,” Sie

E  * P. Masa, “Un nouveau dispositif pour I’étalonnage des transformateurs
¥ de mesure,” Rev. Gen. de IEl., vol. 32, pp. 727-731 (1932).
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ple modificatig,

been intro duced by Cro: f the voltage circuit of D a condenser of equal reactance ; the

firrent [ is thereby advanced in phase by =/2 relative to
§ I, and the new reading of D will be

We = R,I, {1 cos [(3n/2) — f] — I, cos [(3n]2 — f,)13
= — R, [I,;sinf— 1/sinpg,]

e om which

ﬁa: - /3 = 1V2KC/R,,I,,2

fThe method is suggested as very convenient for testing trans-
Hormers on site, since the amount of necessary apparatus is
freduced to a minimum and is of a readily portable nature.
k4. Watt-hour meter methods. In Section 1 of the present
chapter it has been pointed out that the ratio error and phase-
ngle of a current transformer can be compared with the corre-
onding characteristics of a standard transformer by the aid of
two interchanged, separately-excited dynamometers. Agnew*
thas shown that since the differences in ratio and phase-angle
bof the two transformers are usually small it is not possible by
kthis method to attain high precision. If, however, the dyna-
fmometers be replaced by watt-hour meters considerable
fprecision can be attained, since the effects of ratio error and
bphase-angle in the transformers supplying such instruments
&re cumulative over an interval of time.
f Referring to Fig. 247, the meters a and b are of similar type
gand should first be adjusted to work correctly on full current
8t unity and at zero power-factor. It is a great convenience
if the ratio of gearing can be arranged so that 10 revolutions
of the disc correspond with one division on the first dial; the
fdisc may also be marked off with equally-spaced divisions to
enable fractions of a revolution to be observed if desired. It
18 an advantage if the meters can be speeded up above their
jhormal running speed, to_enable the time occupied by a test
tﬁ be reduced as much as possible; this can be arranged by
) L 8hunting the flux of the brake magnets by the addition of
currents of a 1.1 tPI‘Oleately equal primary and secondaf 5mall so%'t-iron bridge pieces. ¢ Y

‘ Observations are made of the number of revolutions made
by each meter disc (i) with 8, to the left and S, to the right,
i *P. G Agunew, ‘A watt-hour meter method of testing instrument. trans-
fol'mers,” Bull. Bur. Stds., vol. 11, pp. 347-357 (1915); also F. A. Kartak,
,l°°~ cit. (1920); A. Barbagelata, loc. cit. (1921); F. B, Silsbee, loc. cit. (1924).
identical process is described by A. Alemany, ‘“Note sur une méthode

- Pratique de vérification des transformateurs de mesure,” Rev. Gén. de PEL,
;vol. 18, pp. 515-518 (1925).

Fra, 24¢. »

voltage circuit o : '
closely n R, the reading of p in watts will be very

1= BRI, [I, cos (m—B) — 1, cos (m — B.)]
= Rp-[p [IS' COos ﬂ% — Is cos ﬁ],

as Fig. 246 (b) shows. From this expression

- (I/ch) - (l/Kc)E(ecm - sc)/Knc = IVI/IBI)Iﬂz

theerrélgghgfrso far resembles Barbagelata’s Procedure and gi

angly o e é);: of X; Crothers does not state how the ph
. our’xd. Comparing Fig. 246 (a) with Fig. 217 (

v ‘1 ratio transforme)

former secondaries, T

angle may b found by substitutie o S50t that tho pha

H M. oo substituting for the swamp resistanc
- M. Crothers, “Field tegt; :
vol. 74, pp. 119-121 (1919), testing of instrument transformers,” Elec. Worldy
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K kb,

1 K, ka, -
i, cos Bz (1 + tan ¢ . tan f.) = T, cos f (1 -+ tan $ . tan Y’
| any power-factor. Now cos B = cos fz = 1 since the angles

e small, s0 that very closely,
Ka, K..bs

’_’—_/ = /
m, (1 + tan ¢ . tan By mp(l+ tan ¢ . tan B.Y
Kb,

K.,0
e ® o Ay
m. (1 + tan ¢ . tan fa) ™ (1 + tan ¢ . tan f)
ith cos ¢ = 1, 1.e. I, in phase with the auxiliary voltage, the
formulae reduce to

498 5 )
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and (ii) wi .
displ(agazlgﬁts% tec; vghe right and S, to the left at a kn ha,
phase-shifter. CaaI'ZeIslh c{glda?)d the auxiliary volta(m)gen pf the
secondaries when o d be taken not to open-ci Ol thy
g tinoe th : open-circuit the
switches, a. operating e switches; T
Let a,, b, Sesilﬁgvﬁ;;gég' 2%1 may be advant:ghec:)rs;f;r 0‘33‘"‘
and a,, b rs of revolutions with &
» by the corresponding revolutions with ?irir)agagglrlngnt hx
in the

AW
1,

Kcaslma = Kcacbaclmb
Kca:axlﬂla = chshnb

) K a. b}l
Tic Ter s S =1 — e — Ec)e
i om which K J [ﬂm b‘] (€cr — E0)

wer-factor, with cos $ =105
w readings under conditions

un on a low po

he meters are nOW I
' b, be the ne

i) and (i), then
o, K. (1 tan ¢ . tan Ba) .
o K. (1+ tan ¢ . tan f) by

lﬁé Igﬂ (1 —\—tanqS.tanB)
K, (1 I+ tan ¢ . tan f)

To ph
rar (1 4 tan ¢ . tan Bo)? a, by K, 2
B aS,bST ' K62 )

& or (Aotaby- o
. (1 -+ tan ¢ . tan B)?
g and tan B, are sm

shifter

all this may be

Remembering that tan

L written,

: ag be Koo

14-2¢ b —t e w8,
o tan g (tan f— tan )= 7 K

. 247, AenNE VATT-HOUR M RErx \'s THOD
Fig. 2 G w’s Wa
ETER ATIVE Mg

same total time. If th
. e meters are desi
constant k i o osigned
, the nominal watt-hours per lgevolust(i)oflha;s; :}}::sa

for each, let m
of recorded et ZL };, be the rates of the two meters, i.e. the  wh
ours to the true watt-hours. In éener praenee 1 b ab
. " a a
tan B, — tan f=— 571 It St
B- B 2 tan qb[ a.by, abe

a meter is connected to a circui
circuit of -
: ncligr%n:htransformer of ratio K, nOII)I?i‘I‘;ZIl‘ fagpor cos ¢ 2
g e watt-hours in the circuit will bz fo K, and pt
hecosd b K Jr
ne COS (b — B) = <
for 7 revolutii)qs B) m K, mcosp (1l tan ¢ . tanp)
. V¢ ns, as on p..300. : . )
iy gl e s e Sk &
KJa, . kr an

mg cos (1 = cakby,
p(l +tang.tanB) m,cos B, (1 +tand . tan fa):

j The signs in these expressions are correct for both I and I/
 leading on — I, and with g, > . To test which transformer has
f the greater errors add a further non-inductive burden to the
f secondary of X if the difference is increased then X had
 originally greater errors than S.

By taking a sufficiently great number of revolutions ample
 accuracy can be a i ;al tests; the ratio can
E be found to 0-03 per cent and the angle within 1 or 2 minutes.
3 The main objection to the method is, however, the considerable
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Agnew’s method is the time required

. me this objection
Slavik* has OV er(;(;& Double-element

ided with two volt‘:lge
i ; equently,

. time-quadrature; cons
Wl(?rking at? high or at low power-factor
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" he chief defect of
| making 2 test;
an ingenious
ki hour meters ar
b, adjusted to be
L.ther the meters are

time taken by a test. The readings are independent of flyety
tions in the line current and no specialized apparatus is req
to obtain them ;. consequently, the method is admirg]
adapted to tests of transformers on site. For this purpe
simplified procedure has been suggested by Crothers* an
Craighead and Weller.t The last-named investigators reduce
the time of a test by a carefully-planned procedure and the use
of a tabular form of calculation; a six-point check takes seven
hours. The standard transformer should be carefully calibrated
and not differ by more than 5 per cent in ratio or 1 degree in
angle from the unknown. The meters must be well adjusted
and their difference in rate must be in the same direction for
cos ¢ =1 as for cos ¢ = 0-5; they must not “creep.” The
following results show the order of agreement obtained on a
10/5 transformer at 60 cycles per sec., the burden being 0-398
ohm and 510 microhenries, corresponding with 11 volt-amperes
at 0-9 power-factor.

<, Cy & cfb%\o
1oV fgrb'o'\.o-ofob 2
X
RN e P
m Mool V0 O,
'2';-’03 ;’DD\;: D s
Mo
2o o T ALl

urrent colls

rrangaments of cort <

o secondares of

Absolute Method Watt-hour Meter Method E
Primary .
Current | Ratio Factor Ratio Factor |
y : ﬁm ¥ ! ﬂx
cx i ce 4
1 1-:0017 -+ 29 min. 1-0010 ¥
2 0:9997 21 0-9996 3 L
4 0-9977 14 0-9977
6 0-9971 12 0-9969 -
8 0-9967 10
10 09959 i 00961 ¥ 248, SLAVIK'S WATT-HOUR METER RELATIVE METHOD
: "IG. 230,

An absolute method for testing a 1 : 1 ratio transformer has be
introduced by Knopp and is described on p. 439. Comparing Fig. 2
(a) with Fig. 247, it will be seen that Knopp’s method is equival
to testing by Agnew’s method an unknown transformer (the secon
current) with a perfect 1 : 1 transformer (the primary currel
Assuming the meters to be interchanged to eliminate differenc
calibration, write K, = 1, § = 0, K,, = K, and §, = f§, where K, 8
B are the ratio and phase-angle for the transformer; then

K, = +/(aybylaby)

1 [ a’b’ a,b
and tan f = — 1— %s7s  Zo7p
an NP = s tandl! T am, ab,

S are subjected to full torquedar}d wv‘llllll 11;)1;1n 3}111;01;(1)3;;
s s dition Agnegl,: Lgtla?e};s to lﬁm very slowly.
Wer-factor condem?rglt(::g:eioﬂs are permanently conélgi(;tizn
o quadm'tllil;r supply, the necessary quadrature ;}:istances
) ing the_auéﬂ 'tl}; the aid of condensers anc'l senes T sistanee
. oh e i _phase voltage coils may either e Ct-, nectec
E: o 1}‘ o msgpply or be replaced by equ}vialter(l)r balast
13?81}6:&2: ;;r};hrowing the switches Cifo nt;;le {)1eg it or % Lo
ot Tho ourmen G o g ?Sa;lr?d tile u?lknown X, in t.he
e seconda;ies Oftzhetﬁzagiaﬁt of the di.agram, by 10p?;?t:—,1}11%
! %lrlr?:l(l;esc,irsur(r)&;pe controller. The auxiliary sup}ﬁ y for £
£ * J. Slavik, “ Ein neues Verfahren zur Be?)t,_ixlrgéx;?lggg;; Fehlergr
’hess“;angl‘grn,,” Elekt. Zeits., vol. 50, pp. 136

Rhe meter disc

where a,, b, a,’, b); ag, b, @, b, are the readings of meters @ 8
in the primary and secondary of the transformer.

* H. M. Crothers, *“ Field testing of instrument transformers,” Blec. Wol
vol. 74, pp. 119-121 (1919).

+ J. R. Craighead and C. T. Weller, “ Watt-hour meter method of
current transformers for ratio and phase-angle,” Gen. Elec. Rev., vol
pp. 642-651 (1923).
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nstrument constants
o L[ +/(a:bs) — \/(as'bs')]
3 —_ RN A M. e ©
sin (ﬁm ﬁ) Is;[: ’\/(as’bs’)
'm which an exact formula can be developed by substituting
k. 1,1, from the tests in Sequences 1 and 1’. As this ratio 1s
Bery nearly unity and the sine of & nearly equal to its tangent
» : \/(axlbx,) _ \/(a'slbs’)
tan B, — B = ——"—"775"1
=P V@)
I accuracy is attainable, with a small amount of readily
and a considerable saving of time is claimed

rtable apparatus,
ver Agnew’s method with single-element meters.

The ratio formula can be written in the form

K= Ko _ V/(ab) = VIesds),

voltage circuits is derived fi
voltage erived from phase III
Ij}[f’ o ;?gv?dl%otentlal dlwd.er connected acrg£sa }Ehree-
s pro g a phase-adjustment of 4 120°; pthases I
ont u,; r:nstu%gged by phases I and I1I P pring
. s are arranged i ‘
oo .arranged in Sequenc
rosistar cgrg‘i;iéneter b being in use Whileqthe :er:{a'th'e v
is regoulated ust?lriﬁaizlrvz iThE Dt on the aulei;?;n%o{f@
= ogulat s at rest and me
agxiliar 5135:13‘5 bOr operates on its quadrature Z';I‘S;;r;uns o ol
ary, voll a&e must now be in phase with the oo |
adwstmel;t L e standarq transformer §. This 5819013(1
duljustmer thatmﬁ faccomphshed the ballast resistzrel i ‘:
moved, Jo that % ! our voltage coils are in use, and trlll(;e oo ]
e L to rev'ol \;0 sets of observations are now take mf? Pl
o ers of areu ions performed by the meter di hen the
grouped in Sequences 1 and 1’ 181221)‘:(}:1: . tlhe
ively.

hminating the 1

@ e th :
to X'; a: b th: zz;’fé:tgon;, of meters @ and b when connected
all readings being takelf irlll alrég read1ng§ when connected to §, ex V (agbs)
ommon time ¢. Let k,, &, be the, hich is precisely similar to that for the phase-angle andh can 1be
In practice @ =}, and a = p,, wit similar
v Y ¥ Eric means by

b 4till further simplified.
E: relations for the primed letters. Replacing the geome

arithmetic means
Ko~ Keg oo (g 4 by — (@5 7+ bs) yng
' {as + bs)

utions p T = T Inetelﬁ an: { t en ltr 18 6&89
rev ()l t e Wa/tb h()llI fO
o c a d ), h

a, =tk V(I cos § + I,sin 0)

by = thyV(I, cos & + I, sin 0), K
(&
PPN (PG . el L L2
tan (B, — B) = Pu B= (as” + bs)

where § = g, — p and V i
2 V is the auxiliar '
voltage ; 0.
bl — b y age; from these
In a similar way, i
¥, if a; and b, be the readi i
. ings !
N gs in Sequence 1 p
Eliminating the meter constants lgives
Is/IIs = '\/(a' b fad
. X 8 3)
V; K K, = Viabgab,) =1 ~ (6cp — &)
ith current coils in 8 ! o |
0 e ' ‘
readings are taken. In S%l(;?lr:r}f:e 22 and 2 two further se
aai’ =tk,V(I,cos 0 + I, sin )]
N b, = th,V(I, cos 0 + I, sin 0)
- ko (Is + 1) sin 8)[k, I, — ax’/b,’
ith the coils in Sequence 2’ gives in a similar manner
ky (I, + I, sin Nk, = b,'la,

E In a numerical example a; = 30385, b, = 30275, a5 = 30-37
b, = 3042,; hence, @, -+ b, = 60664 and a, + b; =
(K, — K, )K,, = (6066 — 60-79,)/60-79,
~ 1.0022K,. Similarly, a,’ = 30:38¢ bs = 303
£b ' — 30-67,; hence a,” + b, = 6172, and a,” +
B, — Bi= (6172, — 61:22,)[61225 = 0-0081 radian = 28 minutes.

; and
60-79,. Then,
— 00022 and K
4,, ay = 30-55, and
b, = 61-225. Then,

R —
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hesigned by Spilsbury (see p- 493) very high sensitiveness can
he obtained, so that it becomes possible to measure the ratio
o 1 part in 25 000 ab full load. .

E As a preliminary it is necessary to ensure that the torques
Frerted by the two elements are equal and opposite under
Econditions of zero ratio or phase-angle differences. To effect
this the current coils are joined in ceries with an auxiliary
voltage t0 send an alternating current ] through them; the
gvoltage coils are supplied at voltage V by the phase-shifter,
£V being set in phase with 1. If the torques are in opposition,
P, can be arranged by proper choice of polarity, and 7, is set
zero, balance can be offected by adjusting 7, OT 72 when

______1:___—»~ I cos oy = ‘_,,L——-J
\/(7.12 + o*?) ' V(e A+ w?l,?)

if I, and [, are the volt-coil inductances and o, and o, are their
phase-angles. If 1, = L, and o = % then ry="7=7

The connections of Fig. 249 are then resumed and the torques
are set in opposition. Assuming that the standard transformer
f has no errors, let ¢ be the phase-angle between V and I,
S ic. between Vv and I,; adjust 73 until the dynamometer is
S undeflected, then

CHAPTER XXII

R
ELATIVE NULL METHODS FOR THE MEAS

OF RATIO AND PHASE-ANGLE ERRORS ‘

1. Shotter’s doubl
e-dynamomet
recentl : eter method.
transfo};niescrlbed 2 I}ull method for the g)mF S'hOtter* hag
mometer rs, shown in Fig. 249, in which PZI‘ISOn of two 2
or two-element wattmeter is used‘asinZUbﬁ dyna-
) (] e C‘Oﬂs

],

I cos o

v
LI, cosd= I, cos (¢ — Be)
71 ¢ 7y + 73 (¢ P
\m‘_‘ b neglecting the volt-coil reactances. If, further, ry = 2 = r
3 ]
' I, I/
S cos b = cos (¢ — Pe
3 - os = 2ty 008 = )

shifter

Fio. 249. SHOTTER'S DOUBLE.DYNAMOMETER MeTHOD I Note that 7, may be negative, i.e. & reduction of the volt

 circuit resistance, and that the negative sign before f, corre-
sponds with B leading.

i Tests at two values of ¢ will enable the errors of X relative to
S to be found. To determine these, open the key and adjust the
phase-shifter to make the instrument read zero; then V is in
quadrature with I, (i.e. with I, since S is assumed. to be without
Phase-angle error). Turning the phase through =2 from this
| position puts V and I, in phase with one another, i.e. ¢ =0;
L then if 74 gives balance

9 LT = (LIL) bl + 7))

E sinee f, is small, or

Kc:cIKc = TI("‘ + 7'3) =1- (Sca:" 80)

of this instrument carr
of i y current at th iti
frofxlll(;(}il ;s dc;i tile null-reading type, see p.e 4231 l X;)l;iilﬁl%léy
i the d v%lta;n’ I, .ﬁows in one current coil and I, in'
Ophers the vo rlge coils are supplied in parallel from a ph
athton i ywﬁmﬁlr}etgr may be a 5 ampere, 100 volt douds
yattmoter, in 1; 1lt is possible to increase the sensitivil}
voltage coils; WYtth ying a momentary over-voltage t0 1
; with a special instrument on the lines of

* G. F. Shotter, “A
: OUVET, new null . .
and its application,” Journal I.E%?t}:,‘:li %g t;sgmé énSStSrélnient transfo!
» vol. 88, pp. 873-888 (1930).
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actly balanqes R,
b), from which

X11j MEASUREMENT 0)

: induction ex
L and the em.f. of mutual induc

# gh?)r\tvn in the vector diagram of Fig. 250 (
" Ry, cos (B — B) = [rRJ(R + B

Ryl sin (B — ) = @M

506 INSTRUMENT TRANSFORMERS  [Crar. XX 20T X

If the phase-angle be set at some value ¢ and balance‘js
obtained by altering r; to a value 7, then

oS ¢ r I, r Ty T

cos(qi—ﬂm):r—{—r,,'z:r—km' r T+T4

This ratio is the phase-angle correction factor when the trans

I R, lii&_{ﬂcos(ﬂz*ﬂ)

former X is used to supply a wattmeter in a circuit of power- $ Tﬂl =% r 1,
factor cos ¢. If ¢ = 60° then ' s 1 R R
. ch-___R?. B_ﬁzl’—?_—z.’—:——;l”‘(scw—_e(‘)"
(\/3) S ﬁw = (T4 - 7‘3)/(7‘ -+ 7'3) ’Kﬁ e —: : r Rl r
C
The method has been developed by the North Metropolitan Electrie R L’ IP

Power Supply Co. for use in routine testing of transformers. For this I 2
purpose the resistor r; is made up in decade form and can be arranged P

to read directly the ratio error and phase-angle of the transformer under
test. The errors of the standard transformer can be allowed for on the
dials of a second resistance in series with r,. The apparatus is quick to
use, and accurate results can be obtained by unskilled operators, since
all errors and corrections can be automatically compensated. The .
original paper should be consulted for full details of the actual apparatus.

The range of ratios specified in the B.S.I. Specification No. 81—1927
up to a primary current of 2 000 amperes can be covered by two
standard transformers. The first is of the hole type with an auxiliary
wound primary; with one turn of cable through the hole the ratio is
1 200/5, increasing numbers of turns dealing with 600, 400, 300, 200,
150, 100, 80, 60, 50 and 40 amperes; to avoid large numbers of turns:’
of cable the wound primary is used for 30, 20, 15, 10 and 5 amperes.
The second transformer is of simple hole type, one turn giving 2 000,
while greater numbers of turns give 1000, 500 and 250 amperes. Cum
rents of 800 and 1 500 amperes are dealt with by using an ingenious:
artifice. For 800 amperes the 600/5 ratio is used with the impedan
of the voltage element on the S side of the dynamometer increased_ .
the proportion of 8/6; for 1 500 amperes the 1 200/5 ratio is used Wi
the impedance increased by the factor 15/12. ’

%) B o BripGE METHOD
Fig. 250. BARBA

ELATA’S RELATIVE
 since 8, — fis very small and B, can be neglected in comparison
since 8, — ;
L with R, Dividing the expressions, ek

tan (. — B) = (oM|rRy) R+ R)=@ [rhR,y.

. ) "
f wide range; care mus

i3 easy to operate and o o0
b Thimetgogvlsig igductive interference effect(s1 l;}y;esz;sszerg;,an
a:r;?lgzrrlnent of the leads in bifilar lay-out an

ic i tometer. .
| astatic induc e la Goree* avoids the inter-

imi thod due to d . 4 d B
o SomEWhait ?)lmgifitxéliflg M. The four-terminal seslsblglshlz; 131'11; th ;
» ferergci;rousveiadeg with voltage-dividers, that shunting fr:
i are both pr

«1’étalonnement d
* P, de la Goree, L,eta nemer
F Laboratoire Central de l%lectncxte, Bul
L 4th sories, pp. 659-665 (1925).

2. Barbagelata’s bridge method. An interesting metho
shown in Fig. 250 (@), has been introduced by Barbagela
since a vibration galvanometer is used this is a null-curren
true bridge method. The method has the advantage that it
be used to compare the characteristics of two transforme
unequal ratio, so that a fixed-ratio standard can be used to
others of any desired ratio. Suppose S to have a gre
ratio than X; then I R, is made greater than IR, approk
mately in proportion to the ratios. Balance is attained B§
adjustment of the tapping r on the voltage divider R shunis
ing R, and of the mutual inductor M ; then the drop of volts|

de mesure au

rs
es transformateu vol. 5,

1. Soc. Frang. des Elecns.,

* A. Barbagelata, loe. cit. on p. 433 (1921).
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g B to be to the left of
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P,
nd C to zero and supposin

fween Ea
‘ gives

J 1 1N, P
adjustable bappmg, Wh].le that across R has a fixed ta
(=1 . h
Pping c

compensation is secured
by shuntin,
g one of the sectio
ns of the.
is’ - is) +’ 'ris’ "%g j(l)luis =0,

potential divider wi
: vith a cond. .
is used at the Lab ) enser of capacitance C
transformers Witz i%noue Central for the sta.nda,r;i.i;[‘a];f.3 arrangeme;
standard transformer isaf)}; g(l)lfrfedntls in excess of 100 f;p‘;f ¢ : (R -+ ij)(
Secondary and N 91 a deSign it . res. . . . e s . 7 AY .
a bar-wound primary arrange‘zl f}(l)ra's el;_mformjy_w()umi p at 18 (R 4o A4 jel)is = (R + jotL MHli,
ies-parallel co £ which
| L+ Ry + joddR)

nection to cover various values of primary current.
3. Silsbee’s brid ' . . R+4rtjol
Sil _bridge method. Th . : i o BATTIOL = LA @ R) el
e s ih e 244 s sl endity. o mill porasions s I Ly
self readily to null operation* for b
. w for brevity write
' ¢ = wL|R

@=r1r/R, b="— wM|R,

hence to the

N~
[p
l J— d remember that all these uantities are small;
A —l A J ond order of small quantities,
i 1+ a+je . 5 .
S RO L (] 4w b be) b 4 ab 4 ac
x is( 1%“7(1)—“'(3) ( t ) .}( [ T )
n terms of the primary current the secondary current vectors

n be written (p- XXiv),

i = (1,,/1{0).5’5“”)1 and i = (L[ Kco)e
t vector along fp. From these

—i(Ba=P

B, — ) —jsin (B A)l-

- ](ﬁ—ﬁw)l

where I is a uni
iJi, = (Kool Ko) €
— (Ko Ko)eos (
with the preceding,
—py=1 +a——b2~bc
—b+abtac

and again neglecting terms

'- omparing this expression
(Kool Ko) 008 (B
(chch) sin (ﬁw - ﬁ)

1ving for ratio and phase-angle,
' higher order than the second,
K. K. =112~ (b32) — be
tan (B, — B) = b+ ac.
e coils of M are parallel and
in the diagram, M in
ctually & negative quantity. Hence,
ie. p, must exceed B. Substitut-
M is negative gives the

Fra. 25 S
1. ILSBEE’S RELATIVE BRIDGE METHOD

by the modificati
: ation shown i .
is a slide wi ) m Fig. 251. In this di ‘
ohms a dj;:tl:bf)f _0 2 ohm resistance; r is a };Ssid;agram ;«1 )
mutual induct; e in steps of 2 ohms each; M istance o 30
By varyin J(:l or of about 600 miChrohem-y; m Is a vana.}{
point of agtachi;lei: ,oi‘ht?hportilon of the slide Wii:lg:égvle:f : ¥
it is possi . e galvanometer, C : g
henceI;Z'S;Ill}()ileO 1:;,) bring the vibration g%ilvainagrlrclle:(}al : ihder :
between the s ec;ﬁ ;:r;he same potential. The vect o: di&ef:n 0
detect currents I, and I, is di v
anc?o?rtﬁf;d ey through the path EIé ISI?zﬁrtid frlom ]
winding of }l)[ is 11'18 1121? }In’n:;(ril d t{)xe inductance of sheO::co;es : f
se ) s i. be th . »
condary mesh currents ; then sequa, tisgh:lf:l;(ilgn:gltgi; :ri :;

ntion, if th

By the usual conve
direction, as shown

wound in the same
the present circuit is @
{’ 1 ac is essentially positive,
Ling for a, b and ¢ and remembering that

numerical relations
o|R) — (*M2R?) — (o> MLIE)IK.

* F. B. Silsbes,
Stds., vol. 14 o, “A method of testi
op. 317-329 (1919); also 560 %‘f",ff‘gigggfmnmgn Btulfi £ 1 K, = [1+(
B . cit. ante A&nd t s
3 an (B — B) = (oM[R) + (oLr|R?).
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rmer is provided for the purpose of
and phase-angle settings to
_shifter in quad-
ard transformer,

1.
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A phase-shift'mg transfo
enabling the ratio
positions of the phase

. independen
Eture. Lhe only remaining auxiliary is the stand

hich may be of any desired type-
4 Stubbings’s bridge method. In Silsbee’ method of Fig. 251

ihe by-pass path carrying the difference current forms a definite
fport of © th which the transformers are

brpe.
Fciting the detector,
tly made at two

If it should be nece
. ssary to m i v
th(;{ expressions can eagﬂy beozlfoﬁrﬁot:ﬁ)h‘g; ight oF € for balancy
h :tar[ll(” (r/R) + (r*| B?) — (0®M?*2R?) — (M LJR?
B.— ) = (o M|R) — (wLr|R?) — (o Mr|R?) e

These four expressions !} i

i old good if g, > 4 i 3
e oﬁfrllzzmiv?vili\;?}g 8fhefsrnaller ratio, C])ﬁ ;lxayﬁBeBgm?tfzsg O oo :
oo finc which fra (?i 1ormer has ‘ghe greater phase-an leenitflrel!.
o the let ra,t{o g 11121“0 S. supplies the greater eurrer%b : dB .
the smatler 19 on,] dd resistance to the secondary of X&m o
the lea balafwe t},l,erev;,rsed will i'ncrease; if M is increz;s 'fihen 1
more than I, ’As anrules ti?esosrltglilnauy - _; lf; '

' 7 . . ; ‘ 7 ‘ :

;: ;Sgl}{) éllgizgslltic?amcteristyics, none;3 };Llllot}tn?flilggr(ﬁflrs Py
e e Tofe nto account; then very approximat:lry t?;?tl}j

he total burden wi

K.,= [L+ (1R)K,
R = oM|R.
Wistob e()r‘gl‘lfzrrl%lt r is counted as negative, and if
wire can be cwliie alSO'. If R be fixed, it follow,s that thﬂm 1? f
inductor soale( . l"al‘:Ed directly in ratio error and the . St‘i.el
ctandard transforﬁa ealu‘s.e—a{)nglg},l'both reckoned rela}oivelynt;:)1 ;lhe
made di - ; by this means the
into acclfucztreifi}igf’ ianrlld tlge second order tea;'IrE:jL I;Ztrﬁ)eci:k:: '
scale readings of r and 5}) rbant, as added corrections to tho

Jo phase
shiffer

RELATIVE BRIDGE METHOD

hod in which an ingeni-
effect of reducing the
ions being shown in

Fia. 252. STUBBINGS’S

as described a met

Floaded. Stubbings h
d, having the

ous device is employe
 common impedance to zero, the connect
 Fig. 252. The voltage supplied by the phase-shifter s first

ttmeter W read zero; then the phase-

A portable self: i
. -contained testi .
& North contained testing set i .
B porthrup Company. of Philadelphia, manufactured by the Leel
fo 105 per cent, with 100 division e entibratad from. %Sgr:;idce '
cent; this scale gi sions, each of which J
- gives the rati ich represents 0-1 P
ratio of S. The m ratio of the transfor R
. tual inducto mer X in per cent of ti
other for 60 ¢ v uctor has two scal o
. cycles per second readi scales, one for 25 and '
3‘?&? P‘i:;ei%e (ll}rectly in minutes, orlxlzgh:gfi f3 degrees. These scales AN l'eg\ﬂated to make the wa
correspond ines and the other half with o fa"h scale being mar  shifter voltage 18 in phase with 1, and gives a datum from which
the negative:v if:illui(;smge values of §, — whilo Sti‘f};idwgtekﬁg  angles can be reckoned. The current supplied by the phase-
N . errors of 0- > " ; ar. 8 - 1 : . . . 3 B
no correction need be applied toO(;}ll per cent in ratio can be permith fhlf‘ter is now regulated in magnitude and phase until ¥
aet;(]:%ds 90 minutes leading. If erroxes raftm scale until the phase-and jindicates zero. Since A and B are now at the same potential
ble no correction is necessar rs of 5 minutes in angle are ]  the path of the difference current must be through the phase-
cent by more than 3 y until the ratio departs : . R = .
corrections to be n 3 per cent. A chart is provicf dr from. 100  shifter, as indicated by the double arrows, and occasions no
in Sieber’s apparazgs lct‘ta“(i??'h?i ;l ecessary. An ammgt,é: (i)s e;;"l,'i’,lifl:  ohmic drop since it is urged through this path by the voltage
B e T b S e e - B, st il oL ST
: ounted to i . e inductomete  has zero effective 1mpe ance. e difference curren 18
being an a.c. galvanom (i?}e(l;fln a case containing theuget::;:orf ] P
: the separately-excited dynamome «Testing current tr
lec. Times, vol. 87, p-

Y . % . W. Stubbings, a:;)sforrgers,” El. Rev., vol. 112,
$ (1935).

:‘Pp. 480-481 (1933); E

e e AT
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P,

1 cos (Be—p) -+ Al . cos (7 — 0) =1
from these, AT-sin (m—0) = [ gin (5. _ A);
l ] B 3
» ( /?;x) UK ) = (e, — K e = (AIJI) cog g
R (B —B) = Alsinoyr, _ pf cos o’}

where [ ig read b
) s Y the ammete :
Purposes computed £ r 4 and 7, is for g L
ard trans former. rom /; and the nominal ratio of th%r::at:]c(?l*
5. Arnold’s i '
method is Satisfggdge methqd. Although the Silshee i
enough for tegt ory for ordinary tests it 1s not nearl eeniti
PuTpose Arnold*shon C;:he best modern ‘cransformearySi9 nSltK:
] - : . TS lor thi
Phyeiy as described a method j .
al Labomtory, the circuit being I;ﬁs:vitiﬁleFNamgg;l
ig. 253,

v
r

.[Ile IeSlsbanCe IZ W]ll()h C Iries the dl”elell()e Cury t COIISlSta
> a.
e1n y

of 003 ohm (0:75 VA c g
transformon ) consisting of the lead o
it Canell;e {gegdfhtlon there is o resistsrtgft}(;?oggf n: hm
determine correct In place of R during preliminary tests
ammeter 4 fo tWness of polarity of the transforng;rs
6-5 amperes: tp Gaonges, one from 01 to 1-5, the other u
enables the s,eco edetrument has a mul:netal’ movement ‘ »
scale value doWIL oy Jazent to be sot to 0-1 per cent of ' gl
insulates the me bo 1 20 Iqad, A 55 current transform@
eITors are smaj as;}lrmg Circutt from the secondary of S:
of phase-angle a4 ZOOM = parts .10 000 for ratio);,nd 2m
on the accuracy of cycles per sec., and have a negligible e
an astatis mut):l 0I measurement. The potentiom tg S onsi
. vual inductor, ), witp a range of lelé(:m%s
. Tang 4 p

lead ; el
ead is a sliding contact upon its surface

*AH. M. Am
< M. old, “Curpe,
pPp. 4244 h 4 nt transf ;. ”
p 37 (1934), The apparatus ig (1)1::?; gis?;l%finifurnglé BB vol.
. ey 0.

aap. XXII) MEASUREMENT OF ERRORS

| The procedure is as follows: The measuring circuit leads
re disconnected from the potential terminals of B and are
pined together. With full current flowing in the transformers,
8he leads, etc., are adjusted in position until, when r and M
hre set to zero, there is no deflection of the vibration galvano-
ineter V(' ; inductive interference is then zero. Resuming the
priginal connections with R replaced by the 0-0004 ohm resistor,
3 check is made of the polarity; if this is correct, balance
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Fic. 253. ArNoLD’S RELATIVE BRIDGE METHOD

should occur when 7 reads about - 400 microhms. Balance
18 then obtained with B = 0-01, 0-1 or 1 ohm, according to the
8ensitivity and range desired. With 1 ohm the reading of 7 is

fProportional to the difference between the ratios of the trans-
formers and can be read to 1 part in 108 for differences up to
£0:05 per cent. The reading of M is proportional to the
«_d{fference of phase-angle and can be read to 0-01 minute for

erences up to 2-5 minutes. With R set at 0-1 or 0-01, the
Tatio difference is extended to 0-5 per cent or 5 per cent and
the angle difference to 25 minutes or 250 minutes respectively,

I both cases with reduced accuracy.
Neglecting residuals in R and impurity in M the theory is

‘ easily developed. The secondary current vectors are (p. Xxiv).
L do=— (1K) (cos f + 5 sin )i, = — (1/K.) (1 + 5B)iy,
I = — (1/K,,) (cos B, + j sin )i, = — (1 K..) (1 + 3By

SR

S——




MENT OF ERRORS 515

13 it is easy to show that
RI(R + 1)

514 INSTRUMENT TRANSFORMERS (Crsp, xxy Jssr. XXIT1 MEASUR
o K (144Ba), . K. stituting for 4, and iy’ from P

= Be L0 " JPa) 1 4 (B, — B)li.. o )=
S SR RIS LS KolKo=i1 = e 0
. ﬁx — ‘B = wld s
For balance, ‘ - tos Ko, < Ko 1Ko > K. the balance value of
ich necessita htcf) ¢ B, the conditions bemg

R(i,— i) — 7i, + joMi, = 0,
Equating components,
1 — (K JK) = (e — ) = 7R
(KJK..) (B — B) = o M| E.

If F,, F,, are the ratio factors, i.e. the quotient of the true
ratios by the nominal ratios, then since these factors are nearly
unity and the nominal ratios of S and X are the same we can
write F,,—-F . =r|R
and B.— f=wM|R.

Three standard transformers are used and cover the entire
range of primary current from 5 to 12 000 amperes. All have
mumetal ring cores. The first transformer covers ratios from

5/5 to 80/5; the second from 60/5 to 1000/5, and the tl}itd i
above 1000/5. The first two transformers have toroidal

ill lie to the rig

. =0,
R(is — 1

. .
Sl) _)f_ j(l)Mls — Tl

7 '-Hrv»iB

primary and secondary windings, both of which are tapped to [SFIG 554, HoHLE'S RELATIVE Bripcr METHOD

give a variety of ratios. The third transformer has a torOII(llal B '

secondary and an inserted cable primary ;. this transformer had . to

a leakage shield and has been described on p. 136. Full details {‘WhICh reduces K ] — (e )= (R + )[R,
3 cx [

of the transformers and their calibration are given in Arnold’s
paper. :
6. Hohle’s bridge method. Hohle* has designed a portal}
testing set on a principle resembling Arnold’s method Wi
omission of the insulating transformer; the circuit is sho
in Fig. 254. Like Arnold’s method this bridge has the advan
over Silsbee’s circuit, that at balance the secondary of t
mutual inductor carries no current, so that its resistance
self inductance do not enter into the balance conditions.
When 7 lies to the left of B the balance equation is

R(i, — i) + joMi, + ri, = 0

* W. Hohle, “Eine tragbare Stromwandler-Priifeinrichtung hoher Gen
keit,” Arch. f. Elekt., vol. 27, pp. 849-855 (1933); *‘Eine tragbare
wandler-Priifeinrichtung hoher Genauigkeit,” Phys. Zeits., vol. 35, pp- °
851 (1934), describes apparatus suitable for testing current and voltage tre
formers by the same principle. :

Ba— B = oM|(R + 7).

1 tive these
i i is conventionally nega
Since M for dlagrali must be reversed if B > B

e uations hold for Bz < B ¥ I 1 ohm, but & tapping at
e otual e B e ereased five-fold: The v mal
0-2 ohm erg?? :tel per cent difference of ramoXagnd—'r:S Tho
- .

l‘.—anlgSe xfl(i)nutes difference of ph h

E mutual inductor 18 replaced by the o “an iron-cored trans-
right-hand side of Fig. 254, consisting ircuit; exact quad-
v f;gn:er?ith a slide wire in its Secondaflytﬁgcszco’ndaxy voltage
E roture between the primary an

current OB h less

his device 1s muc
. ted condenser. T ] n
s secured by the_s%li)r;e inductor and 18 practically .freeogrghe
fbulky than ab o The entire apparatus, exclusive

 leakage field troubles.
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CHAPTER XXIII

THOICE OF METHOD FOR MEASUREMENT OF RATIO
- AND PHASE-ANGLE ERRORS

§. Introductory. Chapters XVIII to XXII contain a classi-
ion of the numerous methods that are available for the
ing of the ratio error and phase-angle of current trans-
prmers, grouped according to the nature of the apparatus used
the test-circuit. While this is a satisfactory procedure from
B ihe technical point of view, it is not quite so useful to an engineer
Fvho wishes to find out what methods are most suitable for
@ making measurements under specified practical conditions.
Quite a number of the methods described are of purely historical
terest ; others, though good in themselves within certain
mitations, have since been superseded by methods of superior
curacy, wider applicability and greater practical value. It
s the object of the present chapter, therefore, to assist the
Peader to select, from the large number available, those
methods which experience has shown to be best adapted to
modern requirements.

¢ The methods required in testing practice fall into four main
tiasses, viz. (i) the methods of high precision suitable for use
I the laboratory or test-room; (ii) the methods used for
Joutine testing in the works; (iii) the methods suitable for
fnaking tests on site without removing the transformer; and
iiv) the methods used to check whether the performance of a
bransformer remains unchanged or not, without undertaking
8 lengthy test of its complete behaviour. The first class makes
ise of all the resources available in a well-equipped laboratory,
Buch as highly sensitive instruments, refined experimental
) N PProcedure and all auxiliary aids to the attainment of high
& suitable potentic Precision; the methods used are almost all of the absolute
gype described in Chapters XIX and XX, but the excellent
] haracteristics of nickel-iron cored standard transformers have
fecently led to certain relative methods being promoted to
the first class. The second class of methods demands somewhat
€88 accuracy than the preceding, with instruments of a more
Tobust character capable of working successfully under the
j.0re severe conditions of the works test, and with special
jiisistence upon speed and convenience in operation; both
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B ;Iggtf::;ir vector difference . g weﬁna(i ;ﬁe ;%raosess
N n '
of Fig. 255 (6) shows, v and v,. Then, as the vector diagramy;

ch'x (R R,) (nfv)) K,

Ve SIn (B, — f) — vsin ¢
Bz — B) = (vfv,) sin

The'method IS very conveni 2 "

meter is available, and ig capa

and also
whence

* D,
C. Gall, Eleen., vol, 83, pp. 603-604 (1920)

]
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fforior in accuracy and of much greater convenience. ¥or
s no doubt that only three

foh-class laboratory work there i
L otholls can claim the combination of high precision with
viz. the absolute method of Schering

ctical convenience,
thod of the Bureau of

518 3T
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absol :
thir(zluctfa ;snd relative methods are available. Methods i
portable ; tl}lfe apparatus which must be simple ods In
pointer A e observations are usually madg wiatr}lld read
the methodsrggefﬁts ort Wllth calibrated watt-hour meteplvot‘,’d
mos : rs
really a measurement oaf‘;[:g’ii reeﬁwe' (’,1[‘ e Fourth class l,sm 4 Alberti (Fig. 233), the absolute me
. . "or i . s
Lzr:,uﬁléﬁlcgrﬁsils}fs of some test of the rzzgnst}il: Sci)_z(ril?tl-e at all kandards (Figs. 931 and 232), and Arnold’s relative method
In the &bsglu:ile;;g;ﬁl%on c;lf the errors may be irll?;ln?ef;ithe T 253)- All are null methods and are based on the well-
) proxi ods the vect i . nown a.c. bridge technique.
approx or diffe g q
a%-)({) resilsI?:rtsely equal volt-drops at the terminalgecr,lfcz between 1t is probable that the most_convenient method for general
circuit of the one in the primary and the other in th wo stand- JiRbhoratory purposes is Schering and Alberti’s method, especially
of the transformer, is measured by s n the secondary i the form developed by Arnold at the National Physical
Zili(;}{:;eor bridge device. In the relativﬁ Sr?lrcilt‘ils‘(liltable instru- i aboratory (see D- 474). A very high order of precision i8
of ] nee between the approximately equal ods the vector tainable over an enormous range of primary current values.
of t‘h‘: “tlansform.er under test and of a ;ta;edc onddary currents e apparatus required is simple and easily obtained in any
not o ftb::lne n(i.mlnal ratio is measured in a sinalfla trermsforme‘r ell-equipped test-room, and in Arnold’s modification all due
voltage or ;szlzed that the measurement of thl;aw(;}f; It is owance is made for residuals, inductive interference, etc.
very high acclf;:éyas %le case may be, need not be ma deer:’;;t"; he method is quick to use and the experimental procedure is
> . For example Pample
measured . ple, an error of 0 pie.
Hleasure;nsgt r(l)rfltialccuracy_ of 2 per cent is equiv(e)Llaneioc:Et Sharp’s method developed at the Bureaut of Standards for
to an accurac fe quantity upon which the error is com utes froutine high-precision work is also very suitable for general
y of 0-01 per cent. Nevertheless, the erré)rs of adoption. The adjustments are again simple and tests can be

the standard resi #
d eterminedrt resistors or of the standard transf Fquickly made; residual errors are slight, but since the test-
o the full ac . sformer must be LA . . . s
curacy to which the ratio error and § circuit contains a mutual inductor there is more susceptibility to

phase-angl ; .
gle of the test transformer are required. fstray-field interference than in the preceding method. Methods

2. Meth 3
the higheggs 1pfeOI'. laboratory tests. For laboratory work © of reducing this trouble have been discussed on p- 466, and will
precision two methods have been much be further mentioned in Chapter XXIV; with these precautions

namely A A
y Agnew and Fitch’s method of Fig. 213 (b) and t the method is satisfactory and has found favour in many

Electromet .

some of th: I;nglsith()ds of Fig. 220. Both have been used J laboratories.

properties of cu accurate of the earlier investigations into - Both the preceding methods require the use of primary

rrent transformers. The first method and secondary standard resistors with low residuals, and for a
£ resistors will be

developed at )
eter pmetho (‘;he Bureau of Standards; forms of the ele twide range of primary currents a number O
are in use at the Reichsanstalt and ab equired, with consequent expense. Arnold’s high-precision

National Physi 3
ysical Laboratory. In spite of their high acc lative method eliminates resistors and compares the unknown

and other e ops ,
disadVantageXZ?lﬁgitn qléa‘hmTS both methods suffer from transformer with a mumetal-cored standard transformer; an
g too slow and t enorm b vered with nly two or three multi-
use. The first - ( roublesome for or . ous range can be covered Wi only two O i
the second a ;‘:qu-ltl-‘es a delicate reflecting dynamometer. ange transformers and the method has many advantages 1n
both iosbram tns1 ive _electrometer of special construc, aller residual errors due
ents necessitate a technique much too elabo

ractice. These are, notably, much sm
fo i : to the standard transformer than can be obtained with resistors;
OOII.ld.ti}tli(i)l:‘lssatle}?Otory use in any but the most favourd
, such as can only be found in a great nati

greater stability of the residuals; ample sensitivity at low

standardizing laborato . Hoads, which is hard to obtain with resistor met.h_ods unless the
these methods a ry. It is noteworthy that even b secondary resistor exceeds 0-1 ohm; the mimmum burden
re now largely superseded by others limposed in the relative method is about 0:75 VA while it 1s

Y ?‘bOut 3.95 VA with resistors; the relative method is much
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without interruption of the supply. The

be met by temporarily cutting the trans-

st Tequirement can

ormer out of service by means of a jumper connected across

ks primary side, making the requisite test connections, and

hen Temoving the jumper SO that the transformer is excited
The method, so far as

by, and tested with, its load current.
ctuations in the testing

kup. XXIIT] ME
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. 111§
.. should be made

quicker to use, the equi ;
check 156, quipment is cheaper ;
S netc; ;ﬁ:rlgdma%y than the resistor nIl)eth(a)gd ishmoref
1 an be transferred t i ny of th

replacing the primar . o the resistor meth 680
with y resistor by a mumetal- od
frequf:i:n;l5 i’;mpere re.SIStor in its secondar COI‘G_:d tl_‘ansform“ :

y been mentioned in the preceding };h;gfult, as hag}

ers. ‘

3. Methods for routi
Secti ] outm_e tests. The method ; B O .
acoulroar(l;yztr};i‘s gorfgr(;r their object the stan(i)ars(iisionng&%efreﬁigin} ss1ble, should be independent of flu
s, every precaution bei . JRcurrent.
eing taken to obtain JEE It is usual to prefer relative methods for tests made on site,
i being Agnew’s

meeting all the conditions

fyatt-hour meter method of Fig. 247. Very high accuracy can
the obtained but the time taken on 2 test is rather long, seven
Fhours being quite usual; this can be greatly reduced by
 Slavik’s modification of Fig. 948, Greater speed 1s attained
3 ds, such as those of Silsbee (Fig.

in the non-integrating metho
g. 246). The simplest method of all is

44) or Crother’s (F1

that of Barbagelata (Fig. 214) since all the apparatus ré-
Fquired is @ suitable pair of dynamometers and two three-way
f switches.

£ 5. Testing protective transtormers. The behaviour of pro-
J tective transformers is radically different from that of measuring
f transformers and their testing presents special problems.
 Transformers used with measuring instruments must have high

the greatest possible isi
bao groat . precision. ;In the works it i in
bers of tleni?(ix-mﬁf?t!lrlng routine to test consi?iél:;l?ls > o,
from the accur: tmer:. intended for different purpose ranging |
rom the do;@ ettransformers to be used for power :;;dl‘allgmg '
motering dow n to low-grade ammeter transformersen?;gy '
metaods use 1n routine testing must be capable of 3 e(Iile
wordng; 1t is l‘preferable that they should be Spd(iarey ;
qute couracy or'the intouded porpose and of wido i |
juase aoour purpose a i 1
\V'orkleyt(e(;ﬁsrigegable_Ilumber of methocli)s is innljliseoifnvzllq(ievlm-lgo -
norss metﬁ,Odepaltments; .1ndeed, quite a large pro ‘dl‘;?\lﬂ ]
of the motl d‘s _described in preceding chapters ph porb:e)n
y individual manufacturers for works use a,arfd suc;ll

ihe method best

method: Iy
availablo in ;ﬁ:ﬁ 23%?11122‘? ed by the nature of the apparatus
For testin ances. ; !
g substandard t : E occuracy over the range of current up to rated value; their
for accurate metering, the sinii)rllslfofrol?;rs ?‘nd those intended >Pel‘f0rm§;nce with ov%rload is usualfly unimportant. The
fﬁflzcs);nrr:ended in Section 2 may be useds Svitﬁle ’ﬁihree meth purpose of protective transformers is to compar® or balance
rathor Iay be adderi Place’s method of Fig. 237 aa g antage.  currents in different parts of a network: consequently, abso-
ess convenient absolute methods 'S , and many 1§ lute accuracy of ratio is not important provided that the
;I}ggthogzé such as Silsbee’s (Figs. 244 an d01211561 of theSlrlelatl transformers which are to work together vary in ratio in the
tra,rgléfo ), are specially convenient when lar ) or bzt game manner. Again, the performance of protective trans-
. rmers are to be tested. Such relati ge NumMbeRs  formers is most important under overload conditions, even up
isg’gl’glage _that more robust detectinag l‘i’ssf;eth()d: haea to fifty or more times the rated current of the system, such
e iartl; is usually the case with the absolutumenmsJ as might occur with a heavy fault. The testing of protective
can l})’ ni ances the sensitivity required falls ,ihrne ho i’ transformers,* therefore, has for its object the comparison of
4 EIgtlf gdllsled from good pivoted instrumelvl? in that ¥ their errors for similarity of variation up to the highest over-
. for tests on site. In ma S loads with which they may have to work ; ratio erroris usually
ny cases where a 3 of more interest than phase-angle.
The tests are usually made by a relative method. Sometimes
two transformers that are subsequently to work together are

be take irori

it is ne;ss:t;. Of;}ClI'Oult'to be returned to the works for tes

to be usod n?u t(;) ltlest it on site. For this purpose the me¥

of transformer St l&)xeve an acouracy dependent upon. the

construction do _tested, the apparatus must be of rob
and easily portable, and it is preferable that b

] * W. Wilson, “The testing of protective current transformers,”
L Power, vol. 15, pp. 371-374 (1931). The whole subjoct 0
angd testing of such transformers is fully treated by G. W. Stubbings, Auto-

: matic Protection of A.C. Circuits, Chaps. 11 and 11T (1934)-
35—(T.5722)
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needed, even to reach tl}i S.zm:ig(;
3 . i

. on corresponding to overload OPem%gg” convenient

tion rfiigl(‘i)r;h&t the Open-circuit test form? amance o batches

ugdges(’atl(ieaﬂole method for checking tht? \B(}?ic(})lr only one typical

; T . o )

Ifl gransformers of & &0 type,d for Tatio error and phase

E nember need be completely teste

Fangle.
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g A ite s rents are
compared and specially marked for use, but this cannot be boly quite small cur

recommended as a process suitable for works routine. If ig
better to compare all transformers with a standard transformer :
within certain limits of tolerance. For this purpose the Silshes .
method in one of its modifications (Figs. 244 or 251) or any
other good relative method is suitable. The two-dynamometer
methods are usually slower than the null methods, and speed
is an important factor with the considerable heating due to
large overload currents.

The relative methods are only suitable for tests at overloads
when the characteristies of the standard transformer are known
over the whole range of currents to be tested, and also when it
is possible to obtain the very large currents required. This last
is not always easy to do. When the current can be obtained,
the ratio can often be obtained sufficiently accurately by mea-
suring directly the primary and secondary currents by means
of suitable ammeters. The primary ammeter can be operated
from a current transformer; the secondary ammeter, being for
a current greater than therated 5 amperes, has a low impedance
and will not much affect the burden. Bushing-type and other
one-turn primary transformers can easily be tested under
overload conditions without the use of large currents by wind-'
ing on an auxiliary primary with a number of turns approxi- -
mately equal to those of the secondary, giving a nominal unity .
ratio. Tests can then be made by any suitable absolute or.:
relative method without undue heating, since the greatest
current is now equal to the maximum overload current divid
by the nominal ratio.

Since the errors of a current transformer are a function 0
its exciting current, Stubbings* has suggested that when th
transformer is originally tested its open-circuit curve sho
also be taken. This is most easily done by measuring ¥
current taken by the secondary winding and the voltage ac
it, the primary being open; ordinary pointer instruments gt
quite reliable results. It is reasonable to suppose that if t
ratio error and phase-angle are unchanged the satura
curve will be also unaltered. It is only a matter of &
minutes to take one or two observations of points on the ope
circuit curve to check whether any change has taken pla

* G. W. Stubbings, “Testing for the permanence of the ratio and p
errors of series-transformers,” Journal Sei. Insts., vol. 4, p. 207 (1927 &
‘“ Approximate current transformer tests,” Elec. Rev., vol. 113, p. 154 (1933)4

Also see W. Wilson, loc. cit., and Edgcumbe and Ockenden, loc. cit. 4%
p. 574 (1927).
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8 central conductor surrounded symmetrically by # equally-

Snaced, parallel return conductors at a distance a from it,

kach return carrying an equal share of the total current 7 c.g.s.
inits, the magnetic field strength at a distance » from the
entral wire is approximately 2ia"fr"*' when r is much larger
fthan a. The field is tangential to the radius vector joining the
eentral wire to a return wire; and is also tangential, but in the
opposite direction to the preceding, to the vector midway
letween two wires. Silsbee gives the following table for the
bvalue of the stray field at various distances from a conductor
f when the return is arranged in different ways; it is assumed
tthat the current is 10 000 amperes, i.e. ©+ = 1000 c.g.s. units
f and that a = 10 cm. The great efficacy of a “cage” of four
wires is readily seen, as has been mentioned earlier on p. 466.

s (i1) the inf
test burdeng ; > + _Influence
t . Particularly vigh reference to Iegi‘lsc'o 12853‘;?1(;“}? ;
> 1V} the

Stray Field with r equal to

Arrangement
of Return Conductor } ; f
50 em. {100 ¢m. 200 cm. | 500 cm.

2. Stray magnet;
etic field
test £ eld effects. St i
requency may vitiate the resui‘?sy lg]ratglrll:i?cdﬁireldt? of the
ect action

upon the me i
asurin
t : g apparatus,
\O'tlthe brimary current, ang i Such fields are usually due ; 2
vith large Primary o 1ir effects are more i At very great distance . 40 20 10 4
for the duots Y currents. Several m thodek mportant Single conductor . . . 4 8 2 05 0-08
reduction of their eff ethods* are available Two conductors, one on each side .| 16 0-2 0-025 0-0016
eéitects, and these will now be L Four conductors at corners of square;  0-064 |  0-002 | 0-0000625] 0-00000064
0 0 0 0

Coaxial tube. . . . .
3 1

b is essentia) 4
that the maonet: © Brrange the primgy circuit i
very small. gngtg; fsicei ?}tl:l the position }; ¢ theufl}Zsltna;lg:lr a,ajc way
currents X S the primary ] ] us is
outward gnd i area; this is mogt easily donelg 0ops of th
or slabg place de :m lCOnduci:ors in the form of t}f( mffitkmg t:,h
struction g, of co?xrz: S: fogether s Possible Thlél idizlszlsﬁs

. ’ , an outw . '

a ‘tube Serving as a return Conzl:i tc(‘)(l)'ffduetor coaxially within

f Even with the most careful arrangement of the primary
eircuit it is difficult to ensure that the stray field is entirely
gabsent. A further precaution consists, therefore, in arranging
fthe test-circuit in such a way that the field cannot influence it
appreciably. Potential leads from resistors, connections from
the secondary windings to burdens or instruments, etc., should
be twisted together. Instruments should be magnetically
this arrangement hag{ it shiclded when they operate on the moving-magnet principle.
i ; : EIn those instruments which operate as the result of the inter-
Faction of two magnetic fields, one of which is much stronger than
n;‘ent 02y be imitated by subq; i the other, the weaker field should be produced by the moving
;)h conductorg arranged Pa’rallelw g the return into a numbe telement. Thus separately-excited dynamometers should be
© central outwarq conduct fo and : fexcited by their fixed coils. Similarly, a moving-coil vibration
Russell shows (Altef’ﬂating (](Z and at o galvanometer is to be preferred to one of the moving-iron type.
* F. B. Silhoo Trents, vol. I, p, 333) that with E The phase-angle of standard resistors may be appreciably
ments with larg?'altf autions g, affected by strong stray fields, and “ closed ”’-type resistors are
1301-1305 (1929), = °™2*ng currents,” 7 Fto be preferred to those of “open” type, since the method of
 Construction which minimizes their residual errors also reduces
 their susceptibility to external magnetic influences. Self- and
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et
! Burdens. Secondary leads. The general question of bur-
VI as regards standard

_el has been discussed in Chapter X
be tested for conformity

e adjusted to duplicate
ctor specified in the

mutual-inductors should b : »
plete free e of astatic construction ;
is as tron(;oalg_;fl%f;ﬁai%nftlc trouble experiencgctll(})); ’Coglgeco
in place of inductance Stz\rflcc)lur(;) f using capacitance standa hti etc. Whena transformer is to
the test circuit should be set 1? rds whenever possible. Fina,ll . vl gi’ren class, the test burden must b
as is convenient, certainly nof 1348‘ far from the primary Circu{ . ?Mﬁﬁted numi)er of ohms and o;ver-fa
'pr(Ieieriszys mﬁre.f ess than a metre distant a: the test burdenp is composed of the testing

: ually fairly easy to test leads, and is made up to the correct total
€ : 8 i ’
ai?lr Zlonrﬁea;}’iy }‘f}ﬁPP:l”?clable effect on txj i’fgzgusrgflay fields are falue by suitable coils and resistors. With a given test method
such a wa, tgh;ﬂ]f ustment in the layout can ofteg 1? pparatus, mposing a known burden, it is easy to prepare & series of coils
having be(};n o e effect is eliminated. A set of obe made in ;and resistors to give a range of standard burdens. In some
as will reversel:} e, such changes are made in the c servations g cases it is required to test a foransformer with the actual }nstru-
in the primar 1e du:ectlon. of all currents except t}i)r;necm-)m | ment and leads with whieh it will S\}bsequently work; 1n 'such
over the Connz tc.lrcmt; this can often be donI:a b a hﬂOW}ng - circumstances the burden of the testing apparatus should either
A second set o; I%ns to the transformer secondar Y tc anging 3§ be small enough to be neglected or the leads should be reduced
the same as befo servations is then made. If thg T el;ﬁnnals_  to compensate for it. If this1s not entirely possxble an allow-
If they differ sl'ofe, stray-field effects have been elf?s ts are . ance can be made by testing before a'nd atter.ch.angmg the
true result. If ch%lltly , their mean value can be tak;mmated. - leads by a known .amoun‘n; then if a linear variation of ratio
sion that s‘ e results should be widely diff n as .the I and phase—angle with lead resistance be assumed 1t 18 €asy to
" ome serious source of error exi v < erent, it 1s a get the required result by simple proportion.

and_ corrected by taking a pai xists ; -thls can be sought Qjlsbee*™ has ointed out that it is a mistake to s ecif
connections for each part of the ay of readings with reversed burdens of 1 th hich B pe
offending element h part of the apparatus in turn, until urdens of less than ich are to be
as been found. , un the

2.5 VA in transformers W
3. Capacitance 5 subjected to precise test, since the burden imposed by the

i and leakanc 2 testi di
cit e effects. : ,  testing apparatus ponding
ance and leakance currents may som(g?ggsm bge t?o?}‘zi caﬁ:
some,

is seldom less than this figure, corres

particularly in high T j with an impedance of 0-1 ohm or more. Consequently, it is
into the test ci gh-precision null methods. The 1 3 recommended by the Bureau of Standards that a non-reactive
transformer circuit from the high-voltage sidey ?Slilal y pass ' resistor of at least 0-1 ohm should be included in the rated
upon the balsuPPIY}ng the primary current, and hO the P°W°c§ ' secondary load of all transformers that are to be accurately
ance similar to that in a.c. bri;ige tecijl(;qiré offes little effect on the errors

Capacitance and b tosted. Such a resistor would have
taining a high and leakance effects can be avoided b ai | of the transformer and would render the adjustment of test
secondar Wg. dl,nS‘ﬂa'ﬁlOn resistance between the pri y ma  |urdens a simple matter. For switchboard transformers and
teSt-CiI‘cu}i’t amf ings of the power transformer an dprm;z:.ry " ' in other cases where a considerable length of secondary leads
though not Sah?‘v;a’way fr(_)m it as possible. It is alsl(;ude:ilrga b L connect the transformer to its instrument, there is usually
pri(l)nary Windjng,ys possible, to earth the mid-point of ‘ the leads to enable the testing apparatus
ne poi .
point of the test-circuit should also be earthed

| enough resistance in
b to be inserted and allowed for as mentioned above.
difficult to la f a systematic pro-
Y down an ul . :
selected S y rule as to which 3 :
, but it is usual to make it one of ghe Iggxﬁirfaggu(? b

5. Testing procedure. The adoption ©
detecting i
ng instrument so that this is entirely at zero poten

L cedure not only reduces the time and labour involved in making
le sources of error t0 be located
when balance occu
rs. If the t X ;
condenser the shield should l?:tolrlletglgﬂzai%ﬁ?éms'; e
side.

L a test, but also enables possib
L and corrected. 1b is 2 good plan pefore beginning 2 test to
h a high-voltage megger.
questions have b i .
and 480, een discussed in specific instances on PP- 4

bandard rules;
fpparatus and its

' check the insulation resistance Wit

b If this is satisfactory, the resistance of the secondary winding

should be measured on & Wheatstone bridge, in order to see
* Blec. World,

* F. B. Silsbes, «“T,ead resistance for current transformers,’

f vol. 81, pp. 1082-1083 (1923).
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that it is not abnormally high and to detect :
connections; the current used should be lesg th , N
avoid serious magnetization of the core. If the metheg : " PART 4
testing is not one that determines the polarity of the' tp, : ‘

former, this should next be checked by o1 ‘ F VOLTAGE TRANS_
described on p- 587. Thereafter the core sh %gRgEggéNg A(’_)[‘IO AND PHASE-ANGLE

demagnetized (p- 125). In some cases, e.g.
has been subjected to g heavy transient o

‘ CHAPTER XXV
| INTRODUCTORY

7 er
T eneral fundamental principles of voltageh bri?j(fﬁf;lon
THE 2 have been introduced in Chapter VII at the ¢ clusion
¥ o ?Yethe object of the present Part is to underta o
i P?It d', ussion of the various methods usgd for the pyrslg OI;
det&lled' ﬁSC rrent transformers the most _1mp0rtantd ehase_
oo s C}; rmers is to determine the ratio error and p e
el s s however, an important difference between phe
lvl'%lil;a:;;:rgi} st’ransformérs. A current traénsfor{réﬁr,aev::rgble
‘ i i ce, operates wi ]
i ?ﬁasgescilrfli:;i 1tmllsp chzﬁatéd {))y the variable pnIIIn:}rlZ
ﬂmal‘ty ‘fm;;hegsupply network. A voltage tra_msforfneé'é) ri)st;a,nt
EEZinhaclr)ld operates at a constant, or approx1ma‘;,: ); “ therei
rimar vc,)ltage; its ratio error and phase-al}gthe Seéondary
‘fore, fu{mtions only of the amogn’fw a;clgor&zt?gf ;)he iy dodiunit
] the frequency. ' C Ve
(l;? 139(111:;3 a’;g(sits()fare desc(rlibed and classified in gl;zfgeirsagﬁ I
to XXIX. Other practical matters, sach as 1e bermination of
f terminal i)olarity, of the mechamcal,.therér;)a; Jnd cletectric
4strengths are discussed in Part 5, and will not be

and demagnetization should be omitted.

The appropriate burden must, now be assembled anq con-
nected in the secondary circuit with the transformer iy its
place in the testing network. After g preliminary observation
has confirmed the absence of stray field and other troubles,
the frequency of supply should be maintained constant and
the complete test carried out. It ig usual to make measure-
ments of the ratio and phase-angle for 0-1, 0-2, 0-4, 0-6, 0-8
and 1-0 times the rated primary current, since experience has
shown that the characteristics vary sufficiently regularly to

mediate currents. After the observations have been corrected
for instrumental errors, residual effects in standards, etc.,
& and B are computed, tabulated, and plotted. After indepen-
dent checking of the caleulation, the appropriate test certificate

can be drawn up and all the test data ig then filed for futur?
reference. ' '

A nl
'hel'i?l;e Indirect method of testing voltage transformers has only

éOC ionally been used, the most .tl.loroug}.l ﬁnvesﬁggazg?h Ooé
}thgasli(l);};hoj(; being made by Iliovici.} Brie }:;n-circuit hod
| follows the procedure of the well—kn(ivszl OI())f iehastins
f short-circuit tests used to find the regula ;_on o s
 formers. The ratio on open-circuit can bedo;::mometer. o
o suitable electrostatic voltmeter, or by a dy

; this is, however,
* Also to some extent of the primary voltage wave-shape;

3 . . tension,”
1 uﬂualliy ﬁgar!yisg‘x;izléﬁgsg d’essai des transformateurs de mesure de
. thovicl,

" s Lum. Elect.,
3 BuTll Soc. Int. des Eleens., vol. 6, 3rd series, pp. 155-187 (1916}

 Vol. 33, 2nd series, pp. 276-271 (1916)'29
: 5
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difficult problem ; the most up-to-
fi,te methods overcome these difficulties by the substitution
bf condenser voltage-dividers in which an essential feature is
s high-voltage air-condenser, many types of which have been
muccessfully developed for use in Schering bridge technique,

Fsee Chapter X.

1t will be realized that all absolute methods essentially

necessitate the connection of some part of the testing apparatus

‘1o the high-voltage side; this is entirely avoided in the relative
f one transformer are compared

methods where the errors o
with those of another by measurements made entirely upon
heir secondary sides. Since the secondary voltage does not

* exceed 110, the possibility of dangerous shock is avoided ; the
d readily portable: and being a
uracy can usually be secured

y use of pointer instruments. These advantages make the

elative methods specially valuable for use in the works test
: nd on site. The relative deflectional methods form the subject
of Chapter XXVIIL, and the relative null methods of Chapter

XXIX.

It is worthy of notice that any 1 : 1 voltage transformer can be
tested by an adaptation of the relative methods as well as by the

b absolute methods, as was tion with current
R transformers on p. 109.

j It has been shown in Chapter IV
E usually negative, ie. V,lagson —V, for all except highly-
f inductive burdens. In particular, ¥ is always negative for a
 non-reactive burden. Since the British Standard Specification
- No. 811927 requires tests to be made with a burden having
b unity power-factor, y has been shown negative in the vector
| diagrams of Chapters XXVI to XXIX.

530 INSTRUMENT TRANSFORMERS [CHap Xx'

magnitude and phase of the exciti Q
Ing-current i C

?}?;n\]:.t e(rl’. VoltII}eter and wattmet%r readingasr et(a)tllig:rbllnoﬂ)le from kn Chapter 1X, an extremely
ohe indings with the other open. This test is usuall ot
usua{)rll)vg(;llence, on the 1.t. side. Resistances are foung l:nad X
usual 2} S%e Irlr}ethqd ;breactances are determined by the ssl,l(fg,e

, Iliovici obtaining adequate sensitivi .
4 1t :
Zi‘ :, ;i};l:lblfscelgn'an;%meter instrument. The results};fbgozﬁetesu:

in the usual expressi f i
o th S P ons for the rati

Eeaiﬁ) ts;mar}i,c;gll(;edl)efbWeen primary and secondary voltafre(s) ta;f;dt 3116

e trﬁm the Kapp transformer diagr;m. Iliovig
e o100 aken from transformers having nominal rati ;
o 3 500/1 1, 1;1.0 000/100 and 30 000/100, and enters intoos '
garelul }? Oc}lrslzi a}rlld graphical discussion of the methoda
» however, so simple, and of such s ior
:rcncll)lll;)aegrd gnd convenience ‘that they are now 11132512%(1)1.
on yed in practice; the indirect method may, theref Y
regarded as superseded by them. ¥ PO

Barba, *
toat Speégie;ialga. aggstrﬁcently'drawn attention to a modified indirect
fost specially i;; sp ed to high-voltage transformers. Treating the
fpmsformer and it u;la}se asfa ﬁve-te'zrmi_nal network, Bottani has ;hown
Ll B sapiclent a'er [} openjcu‘cmt and short-circuit tests can be
e Tiih Yaxio 12 irs of' terminals to determine the characteristics
er, taking into account the capacitances between the

windings and the case.
pointed out in connec

As wi
s with current transformers, the direct methods for testing
that the phase-angle 7 is

v
al?g)ﬁ:etrf IzifO;mers may be either absolute or relative. The
e Seconde ods are all b.ased upon the principle of comparing
primary v E;z‘y voltage -w1th an almost equal portion of t
) ph}; Seo %%le, the dliference being measured in magnitu
mothod uéi e comparison may be made by a deflection
ately ez,ccit I(lig sultable dyqamometers or electrometers se
natively o © I y_an auxiliary phase-shifting supply. Alte
of su}i’talﬁg or bridge method can be devised by the inclusio
difference co compensating circuit to balance out the vecto
The absolut nﬁegned. and the use of one of the usual detect"
XXVI aad fh eflectional metfhods receive treatment in Chap
all these met}:3 gull methOd'S in Chapter XXVII. In I’Tf"ct;i""'lyl
is obtained fi ods the regulred fraction of the primary voltag
works Operat;‘mil > reSIS.ta’nce voltage-divider. Modern ne
suitable volt h U-Ch high voltages that the construction €
voltage-dividers constitutes, as has been pointed

* A. Barbagelata, “S
A 3 ur le 3 N
haute tension,” Rev. Gén. de l§Eel).s,S?/1:I.d38:, }t::aflilggo(r;rsgge;urs do mesuro &
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. i ibrati . Then
peondary, thereby rendering calibration unnecessary

';u ce

V, = (Blr)y, and V, = v,,
K, = (Rlr) (v,lv,).
The disadvantage of the two-voltmeter method is that it

provides a measure of the ratio of the transformeé. ;Ii‘I}:e
yible accuracy is, moreover, not very high unless reflecting

itmeters of high sensitivity can be used.

CHAPTER XXVI

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

1. Two-voltmeter methods. The ratio of a voltage transformer
is most easily found by the use of two voltmeters,* as shown Vi
in Fig. 256 (¢), one connected in paralle]l with the primary )
winding and the other with the secondary winding. The two R
windings are connected to an earthed common point. Then '@‘ i AT
if V, and V, are the readings of the voltmeters the ratio is T — "“—““V )
given by ; VAL | AR
K,= Vv, % \w@w%
A__A 7 [A g
the two instruments must necessarily be calibrated. / o M
The necessity for calibration may be removed by the adop- 1 Ve ] e |f —
tion of the following‘artiﬁce.'[' Two similar voltmeters are ;W
used, connected first as in Fig. 256 (@), the resistance in series ha@‘)-'
with the primary voltmeter being adjusted until the reading
v, on it is about equal to the reading v, of the instrument on “

the secondary side. The two voltmeters are then removed,

b

comnected in series, and a current I passed through them 80, ; (o) ¢ )TESTS

that they give readings v,’, v, about equal to the preceding; Fie. 256. Two-vorrMerer MerHops For Rario

values. Then if B is the total resistance of the primary, L

voltmeter and its series resistance, and R, is the resistan t 2. Two-dynamometer methods. The sensitivity of the two-

oltmeter method can be increasedfamd(,i a;; the Sa;ae:l Eiilrlze;e];)(;tﬁ

S

gtio r and phase-angle can be found, by su

ly-:l;(r((:)ited dsfnamometers for the ogldlnar){t t);p:ii cgftsa,.g%

{ i i the voltage-

foltmeter. Referring to Fig. 257 (a) s ¢

; nnected respectively

j'¢ two dynamometers D, and D; are co .

‘ i Is of the transformer.

the primary and secondary termina : :

! i onnected in series

joe fixed coils of the dynamometers are o o ories
i hase-shifter.* The phase

d carry a current 7 supplied by a p iz rending

Rifter is first regulated until D, gives a ma j _

flen Ii‘flsther volt-%}?rcuit of this dynamometer is non-reactive

; rtak i . 424
- A. Barbagelata, loc. s b LT, Robinaon, 166, eit.on p. 354 (1910}, for
§020). was used by L. T. N80, 100, G, On | :
Boe &rer’fxgﬁt? Z(;'c;.s sA full test-room set-up is described in his paper

V:o = Rm (”p/vpl)L V,= E, (vs,lvs)];
whence, K, = (Ry[R) . (o fo,) . (o 1o,

A further variant of the two-voltmeter method is sho
in Fig. 256 (5). A single electrostatic voltmeter is connec
successively across the secondary terminals and then ac 0
a portion r of a voltage-divider resistor B in parallel with th§
primary; ris adjusted until the reading v, of the Voltmetelf
about the same as the reading v, when it is put across

* F. A. Kartak, loc. cit, on p. 424 (1920),
T F. A. Laws, Electrical Mea.yuremem‘s, p- 584 (1917).
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¥, and I will be in
reading in watts ig

: S [Crar. Xxv1 J:,». XXVI] MEASUREMENT OF ERRORS 535
phase, as shown by Fig. 257 (b), and ¢ 2

3 03
I/Vg — Vpl, : :éi

the correspondin i
he c g reading of D
reactive volt-circuit, wﬂlbbe

Wo=V1cosq

B has been done on p. 427 for an analogous method of testing
hrrent transformers. Exactly as in that method it is possible
b show that the error will be zero in two cases (a) if the volt-
prcuits of the two instruments have equal time-constants
find (b) if their inductances are compensated by the use of
fhe well-known shunted-condenser device commonly used in
ttmeters.

s» assuming for this ajsg a non' E

T )=~ V.I cos .

¢ The General Electric Co. of Schenectady measure the phase-angle
pby the use of two dynamometers in a manner similar to that described,
Fone dynamometer being connected across the secondary of the trans-
$elormer and the other across a tapping » on a voltage-divider R joined
B across the primary as in Fig. 256 (b). The ratio is first determined by
I uranging the volt-drop across 7 in opposition to V and applying the

b resultant to the volt-coil of a dynamometer voltmeter, the other coil
-of which is connected to V; ris adjusted to make the voltmeter read
E zero, so that K == Rf(r cos y}. The connections are then rearranged by
g & suitable throw-over switch, D, being across the tapping r as stated;
F adjusting the phase-shifter to make D, read zero let IV be the reading
& of D, in watts, V the voltage across its volt coil and I the current com-
mon to the current coils of D, and Dg; then y = arcsin (W/VI).

A number of methods, essentially the same in principle, has
been described in which a two-phase or a three-phase source of
Esupply is utilized instead of the phase-shifter for exciting the
fdynamometers. One of the most important of these is the
method of Agnew and Fitch* shown in Fig. 258 (a), and used
fby these experimenters in work of the highest precision. The
jiransformer to be tested is supplied from the main phase of a
wo-phase alternator through a step-up transformer, a high
Yesistor R being connected across its primary, as shown in the
diagram. In series with R is the fixed coil of a dynamometer
D, The volt-drop in an adjustable fraction 7/R of the resistor
8 opposed to the secondary voltage of the transformer at the
pwitch S;. With S, to the left 7 is adjusted until D, reads zero;
then if the volt-coil of D, is assumed to be non-reactive the
resultant voltage v applied thereto is in quadrature with the
Purrent [* in its fixed coil. Neglecting the reactance of R,
" will be in phase with V,; further, neglecting the effect of
' I}S volt-coil of D, as a shunt on r, the resultant voltage v in
g, 258 (b) will be the vector sum of V, and (»/R)V,. The
BWitch S, is now thrown to the right, so that with S, also to the
Nght v is applied to the volt-coil of the second dynamometer
D, the current coil of which is supplied with current I from the
econd or quadrature phase of the alternator. Since I is in

* P. G. Agnew and T. T. Fitch, Bull. Bur. Stds., vol. 6, p. 281 (1910).

B phose
Shifter

Fig.
257. SmvrLy TWo-DYNAMOMETER MrTHOD

The phase of 7 is now

zero, so that D, gives a altered by /2, thus making D,

new reading
Then the numelz;liaﬁl . {(37#2? P y
e of the ratio is - '
K, = W Wz + W= 1w,
the phase-angle is given by

tan Yy = I’Vs’/Ws : ».

sinee cos y = ] ;
The method is

wide range. The

th . . .
e theory is easily modified to take the reactances into a6 00uE

o ese—)
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"the bracketed correction being the difference between the phase-angles
of r and R. Hence if these resistors have equal time-constants the
residuals cause no error in the estimation of y; it is possible to con-
fstruct resistors giving a correction of less than 1 minute at ordinary
bqupply frequencies. The reflecting dynamometers used by these in-
Fvestigators enabled a sensitivity of 1 part in 20 000 in ratio and 0-1

S [CHap, XXVT |

from the main ph ! ]
. p ase, thrOWIng S to the left . ary
right, thus applying a known voltzage sf to thewxlrttﬁté; P the

while its current coil is s¢i -coil
urrent coil is still connected to the quadrature pl?:sen g vinute in phasc-angle to be attained.
. * A
Supply from .
main phase K, }U}

o8
40-\\0—- S

[

o—1

Quadrature
phase

Fie. 259. BARBAGELATA’S THREE-PHASE METHOD wWITH Two
DYNAMOMETERS

G A Fll()HS |W()-|)Y O METHOD
Fia. 258. GNEW AND
NAMOMETER

From the simple vector diagram,
Vicosy = (r/R)V,,
. sSiny = yp;
whence . K, = (BJr) cos v = Rfr,
Sy = ofV, =y,

The voltage 7, can be ar :
; s m . ;
included in the secondary bSitsienedB. by & suitablo voltmg

i Of three-phase methods the most important is that intro-
b duced by Barbagelata* illustrated in Fig. 259 () and corre-
- Sponding with the method for current transformers shown in
f Fig. 214 (a). The transformer under test is supplied from lines
. 11T and T of a three-phase system through a step-up transformer
not shown in the diagram. The volt-coils of two dynamometers
. D, and D, are connected across the primary and secondary
- windings respectively; their current coils are joined in series
F and can be put at will across lines III and I, I and II, I and
I by operating the three-point switches successively to the
- middle, right and left contacts. In each position of the switches
E equal currents, of magnitude I, will be passed through the
E current coils respectively in phase, 120° behind and 120°

* A. Barbagelata, loc. cit. on p. 433 (1921).

Possi
and E}?Lb?olsto; rces of error are due to residual inductance in 7, B
ratio and hie-cwcult of D. The influence of the latter on b,o
residuals in » ey 20gle is generally quite negligible. The effe
rand B — r on the ratio is less than 1 pa.rt'in 50 000 in

most unfavourable cas i :
as the phase-angle ig co:ceArﬁggw and Fitch (loc. cit.) show that 80,

V=@V + [(wLfr) — (wLg(R)]
[ 36—(T.5722)
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ahead of V, as shown b
ab vV, wn by the vectors I, I,, i i
O?SZ l51;)1.‘6 Iéll' each position the dynamometers are ?(:zlaf(li Itlhm F. -
f ading of D, to that of D, bein b Anolui g
e s g, a,b,and ¢ respectively
‘- Vol _ V.,
Vi, cos(m—y) — V cosy

= [VpI, cos (27/3) _ — ¥V, cos (n/3)

ol cos [(57)3) —y]1 Vi cos [(7]3) - y]
= V,I; cos (4m/3) _ _— ¥V, cos (n/3)

T, cos [(nf3) — 71V, cos [(=]3) — 7}

emembering that yp is small, it is not difficult to show that

K, = a numerically,

and siny = (b — ¢)f2 (v/3)a = y.

The method is subject to the same
10 metl ame sources o i
110“(\)‘1-0“(1533 n\iﬁlezmetelr method, of which it is ani(gaf;zaisi;r}: :Sitlsggig
for use ) a phase-shifter or a two-phase suppl
e ply cannot be
ané %111:;15:: ‘31 o-dynamometer method is that used by Rosa
the Drovostios Ofonel of the earliest precise investigations of
the proporties voltage transformers. The two dynamometers
ned in a special instrument, a double dynamometer

voltmeter, resembling the well-known two-element polyphase

wa ; .
patt;:;s,teihlen tcvtf)g Sgcﬁ(t}t(lz(())lillé gh‘e instrument is of a reflecting
su ; : ol eing mounted u
s i}i’lifllzls(;g 2:12}11 their planes at right angles ;poe;o?l Cvoolﬁ;l-régn
pendicular pla in a fixed current coil, these also having pe
nected to t}?e nes. To measure the ratio, one volt-coil is con
series with itsprlnvlary and the other to the secondary, each 1
By arrangin t}(im; fixed coil anfl an appropriate re’sistan
can be securged be Oé‘gues to be in opposition, zero deflectio
then easily obt o ?1 justment of the resistances; the ratio
anglo > fund by using. the two lom settings. The phs
wattmeter. Th y using the two elements as a differentis
. e apparatus gives results of high accuracy, bul

h
as not been generally adopted, presumably on account of itds

Speci
b}})’egih tct};?.r?r(iter. The method has recently been reintro Juced
on p. 575, andaa;‘;'zg’dto dbe descrﬂ?ed. for voltage transforme 'J
transformers on p. 504}1’. iscussed in its application to current?

* E.B. R
osa and M. G. Lloyd, Bull. Bur. Stds., vol. 6, pp. 1-30 (1910)-

‘CHAP. X
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ter methods. A single dynamometer can
re K, and y by using the poten-
260 (@). The secondary voltage

3. Single-dynamome

e easily employed™ to meastt
tiometer principle shown in Fig.
| 7, and the fall of potential in the portion 7 of the high resistor
n opposition, the resultant voltage

| B joined across Vv, are seb 1
L being applied to the voltage coil of the dynamometer D. The
L auxiliary current I in the current coil of D is first set in phase

To phase
shifter I

(@) {8 |

Fie. 260. SIMPLE SrNGmi-DYNAMOMETER MeT

E withV, and r is varied until D reads zero; then, as Fig. 260
§ (b) shows, the resultant v of Vs and (rfR)V, isin quadrature
E with V, and 1. The phase of I is then advanced by 90° and
[ the reading of D is taken in watts; let W be this value, then
V,cosy = (r]R)V 5

W = ol = VIsiny.

HOD

| From these equations
K,= (RJr) cosy = (Rfr)

: siny = WIVJI=75
] is read on the ammeter A, while V, is given by 2 voltmeter

- forming part of the burden B.

The current I ¢
may alternatively

* Tn the method due to L.

- the G, E. Co. the process i8 use
| with V instead of V5 C. H. Sharp and W. W.
(1911), use it for phase-angle determinations. The complete

' doscribed is due to Barbagelata, loc. cit. on p. 433 (1921).

an be supplied from a phase-shifter, as shown, or
be derived from the main and auxiliary phases of

T. Robinson, loec. cit. on P. 424 (1910), used ab
d for ratio measurements, I being sot in phase

Crawford, loe. cit. on p. 412
process here




540 INSTRUMENT TRANSFORME

a two-phase supply. The original ad
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E make D again read zero; then I and ¥V, are in quadrature.

can readily be m ;

on B and regulab?;ig Eﬁ’e ex}flmng the volt-coil acCross a ty, . Ve .

the phase is alte phase of I to make D reaq 08, 7 say, Finally, returning to the connections of Fig. 260 (a), a readin
red by a quart Zero, afte . y g g g

then assumed anq er period; the origina] co;]_nect]l(.);:hmh £d, is observed. Palm proves that

K, = (RJr) cos y = (Rr),
7 is eﬁ'ec?aj L and tan Y= % : —Rﬁ_—r%’
S 1 - s $ :

ance of equal ohmig .
thu . eactance; the ne d A . . . -
S avoided. ed for a portable phase shifter jg where p is the resistance of the volt-coil itself and w, that of
the whole volt-coil circuit.

In’ the modification due t, : .
and in quadrature wit], v 2}11;{1?b1nson I is set Successively in phas, S 4. Electrometer methods. At the Reichsanstalt and at the
UIR)V, cos y = v, ® National Physical Laboratory the quadrant electrometer has
% thai W=l = V.7 tan, - been developed for use in precision testing and takes the place
Ky = Rf(r cos p) = R/r & of separately-excited dynamometers in methods for the testing

tany = 1wy, 1=, § of voltage transformers.

The main source of error i e . In the Reichsanstalt method* the needle and case of the
D draws o current from t}?r s the fac?; that the voltage-coil of R instrument are joined together and earthed when the switch S
¢ voltage-divider R, This coil must I in Fig. 261 (a) is thrown to the left. One pair of quadrants is
Y L joined to the unearthed secondary terminal; the other pair

in the first place, be .
by use of the ¢ » Do non-reactive; this can be easily ar
shown that the S;" i}):oigd((:laserl Compensation, Craig};lea(g?nﬁzg E is connected to a tapping on a voltage-divider put across the
g(i)g“omila, fj% neglecting thg z}fua;félﬁggt;eﬂ 1I;atio fr?m} the above 3 primagy termir(liils.t The toz?iues e;z}(lerged b(}irl the primary a%d
cuit o on th - énce of the volt-coil secondary quadrants upon the earthed needle are in opposite
resistance of the defec‘;ziti%fc—g}: l;)ier » Can be neglected if the & directions, so that the electrometer acts as a differential volt-
1 3 " . - .y . . .
idem;her shows that if thig valseaggut (;qua} to 7(R — r)/R. j moter. By regulating the position of‘ the tapping until the
the actua] phase-anglo is ap Volt-coil resistance be reading of the instrument is zero, the ratio of the trar}sformer
(1)?; the tuse of the preCedfng for?n gll;t d;wlﬁble-the] value found ;Shrat .oncg tg1z§n b}}rl tR/r.d The phase—an:gile ;ss()o‘?tall(l)lgd hy
Ing to this lar ; . € simple method is, - | throwing § to the right, and impressing a p.d. of 50 to volts
heasurements, &6 correction, a poor ope for phase-a,ngle’ : - between the needle and case from a phase-shifter. The latter
Palm} avoids these error: ¢ is regulated until the electrometer again reads zero, i.e. until
Applying the dynamomete ors by ] th.e following procedure:  the voltage between the needle and case is in quadrature with
T volt-circuit directly to a portion  the resultant voltage v between the quadrants, see Fig. 261 (b).
ive i : The angle is then read directly from the phase-shifter or, still

7s of R, the Phase-shifter i
> B er 18 adjusted
mum reading, d, say; this is Jst c? to make ‘ '
one by red f better, computed from the readings of a dynamometer watt-

to zero and then ¢ .
are in phage, Resﬁﬁ%ln%;}fhe phase by 90°. Then I and ¥ E meter 1, ammeter 4, and voltmeter V.

reading of D ig brought% © connections of Fig. 260 (a) the i t  In the National Physical Laboratory methodt the voltage

the volt-circuit dipect) t(c)) g i ¢ ratio is obtained from the readings of two electrostatic volt-

Y tor th E meters, one connected across the secondary and one across

rapporto ¢ dell’ 3 . b & tapping on the primary voltage-divider, as shown in Fig.

2). elfengolo di faso doi tm, 261 (Ic? %I‘hese arepreﬂec%,ing ins%ruments reading up to 13gO

_ volts with long scales divided to 0-01 volt, enabling the ratio

in determinj . 3 :
Tra > and the phase-angle TIining the ratio of two alters
I"X: %’;ﬁ; {-‘EP@., vol. 31, pp. %62;33;?;;12&?, by the balance method,” ..* E. Orlich, Elekt. Zeits., vol. 30, pp. 435-439, 466-470 (1909); H. Schultze,
dynamometer, ’* riifung von Messtransformat _ : . "Die Untersuchung von Spannungstransformatoren mittels des Quadrant-
T.” Zeits. f. Inst., vol, 34 281 pon it dem Spiegel-Elek: . elektrometers,” Zeits. f. Inst., vol. 31, pp. 332-346 (1911).
» PP- 281-290 (1914), f R. S. J. Spilsbury, Beama J., vol. 6, pp. 505-513 (1920).
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The electrometer is used to

omar. XXVI) MEASU

to be found within 0-02 per cent.
 Jetermine the phase-angle by throwing S to the left and adjust-
jing the phase-shifter until the instrument reads zero; then I
and 7, are in quadrature. If S is now thrown to the right, s0
that the electrometer is used as an elecforostatio wattmeter,
1 ng of the instrument is proportional to sin y. The

g the readi
B sngle can be obtained within 2 minutes.

~

shifter

Q, 9

Fig. 262. NATIONAL PHYSICA
ELECTROMETER METHOD

L LABORATORY HIGH-PRECISION

] preceding method has proved adequate
 for all ordinary purposes until recently, the improved standard
L of performance of voltage transformers rendering necessary
& method of testing with higher precision. This is attained
in the arrangement devised by Spilsbury* at the National

 Physical Laboratory, the essential connections being given in
lel with the primary of

| Fig. 262. The voltage divider in paral

the transformer has the same nominal ratio as the transformer,
the drop of potential over ad being 110 volts. Additional
tappings are provided giving drops over ab of 1 volt and over

Fac of 2 volts respectively. The phase-shifter consists of a small
two-phase alternator mounted on the same ghaft as the source
mber of poles; adjustment

 giving V', and having the same nu
hod for voltage trans-

’5 * R, S. J. Spilsbury, ometer met
 former testing,” Journal T 1143-1146 (1929).

The sensitivity of the

« A precise electr
1.E.E., vol. 67, pP




Iv)v:gl;ig) I5)eﬂ¢iqually effective. The switch i
» YUs applying 2 voltg o the quadrants the

gg?&;ljii(;nélﬁ to ;clhe phase-angle. The phas
en c anged by 90° .
the electrometer reading iZ now 80 that it js
of the transformer. -
phgslela(-lse}fjftt};i cbcgnditio_n of the ratio test let the v
. a s wf =g g

tapping ad . sin 0, the voltage

gl’ﬁ ( Og— ; ;38 éi’ . bsin 6, and the transformer seco%ldaaxicrossltthe
where & /i- a e traqsformer has a ratio-factor my}éo ;e
Sinee oo Iest 1€ nominal ratio, and 4 lagging phgs—(; D/IKM’
noodlo § clrometer is used heterostatical) the f Ay

18 proportional instantaneously to ¥ Hie force on the

- in phase with p -
Proportional to the ratic erI:o”r’

oltage of the

[asin 0+ Fpging_ b sin (§ — V)2 — (a sin 9)2.

The deflection 4. ;
. r 18 proportional t
OVer a period; thus if 1 ig g constant

Y .
. é;‘/o- {asing 1 pp sin@—bsin(O—y)]z—(aSin 0)2dg
= M5F,%% 4 17 . WF, — ab cosy — F p2

cos
In a good transformer cog y=1lsotoafi "

rst approximation
A dr:‘%‘zb2<F,’)-l)2+abz(F’u~l)
gain (F, — 1)2 is negligible i .
b2 1egligible in compari i -
and ab are quantities of the sammepordsgz)‘r-1 Ylgrlllce(zﬁ::ery lc)l:):;id
d, = ab)(F, — 1). :
Asa percentage,
100(F, — 1) = 1004, /(as).

Under the co diti ;
deflection thenn 1tion of the Phase-angle test let d, be th

A 21
55 ) {lacoss T Ebsing—bsin (60— )12 (g cos 6)?}d
= Z[%F.uzbz + 3b% + gb sin ¥~ F 52 cos ] ,
;abXSIny+%zb2(Fv_ 1)2 '

d, =

T SR
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“ It is found that the second term is negligible, so that
siny =d,Jabl = y.

~ The electrometer is of the type described by Paterson,

Rayner and Kinnes; it is a reflecting instrument giving a
: deflection of 2820 mm. for voltages of 100 on the needle and
a p.d. of 2 volts between the quadrants. As the capacitance to
earth of the wiring is considerable, the quadrants should be at
. earth potential if errors are to be avoided. This is effected by

' connecting a second voltage divider in parallel with the main
¢ divider and earthing its tapping point. All leads are electro-
§ statically shielded and maintained at appropriate potentials

by connection to the proper points on the auxiliary divider.
With such precautions a sensitivity of 1 part in 100 000 for
- ratio and 0-05 minute for phase-angle is obtained for secondary

- voltages of 110.
- To show the accuracy attainable, a 3 300/110 voltage trans-

g former rated at 25 VA was tested at 50 cycles per sec. by the

- method just described and by the absolute method of Agnew

‘ and Silsbee (see p. 553); in addition the ratio was obtained

by means of two electrostatic voltmeters, as on p. 532. In
the first section of the table results are given for various non-
f inductive burdens; in the second section the same burdens
£ were used, but in addition an inductive burden of 11 VA with
' power-factor of 0-24 (4 watt-hour meter voltage elements) was
connected throughout. The agreement between the methods
is excellent ; similar results have been secured at 33 000 volts.

Phase-angle

Volt- True Ratio-Nominal Ratio Minutes
amperes
1 Selzéi;liggr Electro- Agnew Two Electro- Agnew
. Burde y meter and Silsbee’s| Voltmeter meter and Silsbee’s
“ Method Method Method Method Method
0 0-9973 0-9973 0-9975 + 37 + 37
6-05 0-9992 0-9992 0-9992 + 1-9 + 20
12-10 1-0011 1-0011 1-0010 — 02 4+ 01
16-15 1-0024 1-:0023 1-0021 — 09 — 10
24-20 1-0049 1-0048 1-0049 — 37 — 35
0 0-9997 0-9997 0-9998 + 18-1 + 18-3
6-05 1-0016 1-0016 1-0016 + 16-4 + 16-3
12-10 1-0035 1-0034 1-0036 + 14-5 + 14.6
16-15 1-0047 1-0047 1-0045 + 135 4 135
24-20 1-0071 1-0072 1-0073 + 10-9 + 11-0
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irst with I in phase with V(,i adjust
i i ture.

ecure @ null reading; then v and I are in quadra

] ggv Ssuccesr»sively set I in advance and beh1¥1d Vs, Il,)y eql_lal

BB lcs 0 in each case, adjusting 7 to values 7 and 7'’ to give

ul readings; then v and o'’ are normal to the appropriate

fFig. 263 (a), (b) and (c). F

CHAPTER XXVII
ABSOLUTE NULL METHODS FOR THE MEASURE-

MENT OF RATIO AND PHASE-ANGLE ERRORS } A A
1. Introductory. The absolute methods discussed in the preced- I 9 i
ing chapter are essentially deflectional, the ratio error and r I
phase-angle being calculated from the readings of appropriate 114 R%
instruments. The methods now to be examined have as an E
essential feature the adjustment of the measuring circuit untila 3 o
suitable detecting instrument gives a null indication, the ratio ¥ v
and phase-angle being found from the settings of the circuit f {
components necessary to bring about this condition. | :
All absolute null methods for testing voltage transformers %r Y ¥ LE
Y

Li

are based upon the potentiometer principle, in which the
secondary voltage is set in opposition to an approximately

equal portion of the primary voltage, derived from some form @) ) ©)
of voltage divider. The methods are divisible into two main Draarans For Fic. 260 Usep as A NULL
classes. In the first class the detector is a dynamometer, its Fro. 263. VecTOR MeTHOD

volt-coil being connected to measure the resultant of the two
voltages while its current coil is excited from a phase-shifting
device. Since the primary and secondary voltages are not in.
direct opposition, but differ therefrom by a small angle y,
the resultant is never zero and there is always a small current
flowing in the voltage coil. The reading of the dynamometer:
can, however, be made zero by adjusting the phase of the
auxiliary exciting current until it is in quadrature with the;
resultant voltage. Such a class of method is of the null reads
type. ;
The second class contains the real null methods in whig
no current flows in the detector, usually a vibration galv:
meter. This null current condition is secured by providi
means for altering the phase of the current taken by the vol
divider relative to that of the secondary voltage, so that.
phase-difference y can be compensated; this can be done
variety of ways to be considered in later sections of
chapter. These null current methods have much in comm
with bridge networks and are conveniently classed as such
2. Method with dynamometer and phase-shifter. The sin
dynamometer method of Fig. 260 () can be used as &
method in the following way, illustrated by the vector dia

546

ditions are shown in Fig. 263 (a),

 vector of I. The three con .
) f which

L (b) and (c) respectively, from the geometry o
(r/R)V, = V,cosyp,

(r'|R)V , cos 0 = V,cos (0 + ),

(r"'|R)V,cos 0 = V, cos (6 — ).

From these equations it is easy to show that
K, = (Blr) cos y = (BI"),
.&nd tany = (r'" — 7')[2r tan 6.

1f in particular 0 = 45°%, so that tan 0 = 1,
tany = (r'" —r')2r.

1 . » 1
E 3. Bridee methods. Preliminary remarks. In the true nul
or bri:(Bigg %nethods the secondary voltage and an approz.mr;ately
lequal portion of the primary voltage are set agains on:
another on the detector circuit; their resultant,. gonsequiﬁ
upon the two voltages differing from true opposition byt,h i
Phase-angle y, is balanced out by some.smtal.ole device, sfo g,
the total voltage at the detector terminals is zero. Referring
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these methods are con-
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to Fig. inci , 1
1g. 264 (a), the principle of a number of methods is shown, o be approximately non-reactive ;

yl?tczv;ﬁ Z}rllllir SII)I:II)}(‘:S :;lilcéutt thte)ilse'ls no allowance for the angle flsdered later in this chapter.
detector when r is adjusted by moving the co reading on thy §i ¢ Bridge methods with resistance voltage-divider. Com-
] y moving the contact along the hensation by seli-inductance. When the phase-angle of the
the simple method of Fig.

resistance ‘ ivi i " .
voltage divider R; this condition will ococur whep JEtransformer is negative or lagging,
‘ wl!
1 T i
4 «~—— R — I
wav\»{‘@ " o
w
i i
Loeus r | :
V:T‘I
of v/‘j R ] ¥ Y
3 Tic. 265. BripeE METHOD WITH RESISTANCE VOLTAGE-DIVIDER
v () AND SELF-INDUCTANCE COMPENSATION FOR ¥
j 3
| ,
| & 264 (a) can be compensated by the addition of a self-inductance
A Y . L in series with B, as shown in Fig. 265 (a). Referring to the
vector diagram, Fig. 265 (b), it is clear that balance will be
, g g

Fria. 26 v o
64. PRINCIPLE OF THE BRIDGE METHOD WITH RESISTANCE

VOLTAGE-DIVIDER - secured when 7 and L are varied, then

rI = V, numerically ;

the resultant » of V, and (#/R)V, i {

. s is normal to V, as shown in’ b — 2 21y =V

5 264 (). Then V, cosy = TRV foomn which ., = Bir [= VYR L= ol

sh gld bnu _ Indication it is necessary that the current ‘ since o is generally small in comparison with E. Then
ould be displaced from V, in the same direction as — ¥, 1 K,= RJr

and also tany = — (oL[R) =7,
denoting that ¥V, reversed lags on V,. The
4 hod is limited to this condition. As in all
methods where inductive apparatus is used, care must be
taken to avoid error due to stray magnetic fields from the
transformer acting upon L, which should preferably be astatic.
F 5. Bridge methods with resistance voltage-divider. Com-
Densation by mutual inductance. The requisite compensation
tan also be secured by putting the primary of a mutual inductor
series with R, the secondary winding being in the galvano-
leter circuit, as shown in Fig. 266 (). In the vector diagram
of Fig. 266 (b) the current [ will lag on ¥, by a small angle
Ziven by tan o = wL,/R where L, is the inductance of the

(Si;igifged fr_om Vﬂ,' or to provide some arrangement on t.
secon atr'y s1de. having an equivalent effect. Numerous w8
o ecting this balance adjustment have been developed
erent workers,* some of these arrangements bein
cussed in the following sections. i
digcﬁﬁ;s b/(caen pointed out on p. 356 that it is a matter of son
o ew 1}; o construct resistance voltage-dividers for use ‘
h }% h0 ages so that they shall be free from impurity effe
s has led some recent workers to devise methods in W
a specially constructed, shielded air-condenser takes the P.
of the high resistor, since it is much easier to make a conde
nearly perfectly reactive than it is to arrange a high resistd

the negative sign
utility of the met

* Most of these devices were origi i
and W. W. Crawford, loc. cit. onopl)‘fg;rllgu()lbllnlll;ﬁy suggested by C- T °
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primary of M, the resistance R bein in
ity. Balance is secured b i g assumed froo from i pur- i
v adjustment of » and M ; =R—8+ —F
an ; the drop z s+ 1 + joCs

s . oCs?
=R — — — s
§F 1 + w?C2s® A 4+ w?C?s?
ble in comparison

71 in r and the secondary voltage of the mutual inductor oM]

then give a resultant i
o e i nt equal and opposite to V.. Assuming

Visin(y —a) = o M1
Vicos (y —a) =rl

;Now in practice w*C?s? is usually quite negligi
¥ vith unity ; hence
: 2= R — joCs?

B .
ot I'=V,[V(B* + 0?L,?) = V,[R -

and also  cos (y —a)=1. Ptoa high order of approximation, which should be compared
Therefore K, = (RJr) prit 2= R+ joL

a). Hence the condenser has practically
of the voltage-divider and gives the
mpensation. Thus we

o ¥ obtained for Fig. 265 (

since M can be either positi : 8 10 effect on the resistance
positive or negative the i ; . .

able to transformers in which V, regversed eit}?:ait}ll:ad(liés OaII‘) I;zla,lgcs; ] A(cleswed‘treversal of sign to the phase-co

& can write

tan (y — a) = oMfr =y — «.

K,=R|r
tan y = wCs*R=y,
n angle of lead. The approximate vector diagram is

& y being a

& shown in Fig. 267 (b).
| » ® wCs'l
3 b
I A
R I
y -Y=rl
5 T > i
Fic. 266. Bripge MeTHOD wWitH R C b
2 ESISTANC -
AND MuTtuaL INDUCTANCE COMyEstTI‘(I)?qLZ‘;gEyDWIDER (a) ( )

T |
Y'K

Fig. 267. Bripce METHOD WITH RESISTANCE VOLTAGE-DIVI
AND CAPACITANCE COMPENSATION FOR Y

gn tI.f,,. The process is more flexible than that described i
ection 4, but requires the same care to avoid stray-ﬁel
gobl}))les. Apparatus on this principle is made by H. Tinsl
6. Bridge methods with resistance vol ivi

pensatlon by cgpacitance on primary side. ’{‘ﬁeigls?r%gh o
;rgdsuctance L in series with the voltage-divider, as in
Woul(g), enables lagging phase-angles to be compensated
wou _alp;pea,r then, that-a. suitably connected condenser woU
Sha with leading or positive angles. A simple arrangement
g o.xgn in Fig. 267 (a). The impedance operator for the voltag
ivider when a portion s is shunted by a condenser C i8

DER

' A condenser can be used to measure angles of lag by the
device due to Barbagelata* shown in Fig. 268 (a). The voltage-
divider consists of a section R’ of high resistance in series with
two equal sections s, s, upon the right-hand member of which
the potential contact is applied, r being less than s. The
tondenser can be switched either across the left-hand or the
Tight-hand section. With € on the left the method is exactly
e Fig. 267 (a) and serves to measure leading angles. If C is
' * A. Barbagelata, loc. cit. on p. 433 (1921).
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will hold. hips of Fig, 26
is the vector nd the ﬁgﬁ-haﬁd"l
leading on + 8L 1 Necessarily

lurrent ing
PO over ¢

Current /n
right-hand §

Fre. 268 ; J
- Bripe¢E MeTHOD WITH CAPACITANCE CoMPENSATION

FOR y DvUE To BarBacELATA

these two currents ¢
s together must equa) / i
gram of vectors shows, the current qin the' riHenOe’ o

g ‘ . ht-hand s i
1€ portion r upon which the potential contgact is set l::sd 01:11
=}

:fre ) ((i)rgltted and consequent inductive interference troub®
oided. Then as before it is easily shown that

K,=RIr
and tan y = 4 (wCsYR),

the positive sign bein
) g taken when th :
left and the negative when on the right.e condenser is on

S [Cuar. Xxyp
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f 7. Bridge methods with resistance voltage-divider. Com-
pensation by self-inductance and capacitance on primary side.
f Agnew and Silsbee* have combined the inductance compensa-
tion of Fig. 265 (a) with the capacitance compensation of Fig.
267 (a) in order to allow for lagging and leading values of p,
f the connections being shown in Fig. 269 (a). To a high degree
e of approximation the capacitance € shunted by s and the
f inductance I make the impedance operator of the voltage-
> divider

2= R4 jol — Cs¥) =R+ jol

. Hence if L > ('s? balance can be obtained with lagging values
p of y; while if C's? > L leading phase-angles can be accounted
 for. Balance is obtained by adjustment of r and L or C, the
- approximate vector diagram being given in Fig. 269 (b); from

& this
: V= [y + oL,
: Vo= [v(R? + L]l
Neglecting oL’ in comparison with » and R gives
:,» K,= RJr
Again, y = § — o = arctan (ol/[r) — arctan (wL'[R)

: or since the angles are all small
y = ol [(4r) — (1 B)]

- Since r < R the bracket is always positive; the sign of L’ is,
£ therefore, determined by that of .

The method is the parallel in voltage transformer testing
| of the method of Schering and Alberti used for current trans-
t formers, as will readily be seen by reference to Fig. 233. When
F carefully set up it forms one of the most sensitive and accurate
 of the absolute methods; in a slightly modified form due to
 Spilsburyt it is in use at the National Physical Laboratory
E Where results in close agreement with the standard electrometer
l method are obtained by attention to several practical details.
‘The circuit is shown in Fig. 270. In this diagram the main
 Voltage-divider, to which one terminal of the vibration gal-
t Vanometer is attached, consists of a section 7 across which
 the p.d. is about 110 volts; a section s in parallel with a
L *P.G. Agnew and F. B. Silshee, ““ The testing of instrument transformers,”

f Trans. Amer. 1.E.E., vol. 31, pp. 1635-1638 (1912).
T R. 8. J. Spilsbury, Journal I.E.E., vol. 67, pp. 1143-1146 (1929).

37—(T.5722)
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condenser C; a high resistor R’, in series with a small i

L of resistance R,. With L of fixed value and C altl ;r:e(ilomtt}?r
maximum desired lagging value of y can be balanced; as 3
is increased y is gradually reduced to zero, further incr:aase in
C balancing an angle of lead. As in a.c. bridge technique, it i

desirable to have the terminals of the galvanometer at ;artlﬁ

~ %}

Fia. 270. I\ATIO?TAL ‘PHYSICAL LABORATORY. MODIFICATION
oF Fic. 269 wite EarTHING DEVICE

potential when balance has been secured, in order to avoid
errors due to earth admittance effects.* This can be done

the use of a Wagner earthing device consisting of a secon
vo!tage-dwlder, similar to the first, earthed at its tappi
point. By setting  and C to the same value on both divi
the detector terminals are reduced to earth potential wit
directly earthing them. It is further desirable to place
galvanometer inside an earthed shield and to run its lea
earthed tubes. By taking these precautions against capacl
effects it is possible to attain a sensitivity of 1 part in 100
for ratio and 0-05 minute for phase-angle. With such bigh
sensitivity it is permissible to include second order terms in the

* See A.C. Bridge Methods, pp. 358. 360-370.

. tance on secondary side. r 1
' The method illustrated in

- cured by a condenser C
E shunted across a portion 7,

b i3 a few thousandths of a
| microfarad.  The voltage-
divider R is chosen to have
& resistance of about 1 000
- ohms per 30 volts of V,. Balance is secured by variation of 7
| and C. Let 7 and i, be the cyclic mesh currents with clockwise
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. expressions for K,and y; it can be shown that these are

S
[ T 7/
1+wm§+R*>0

L J ol — [wCs?(1 + w?C?s)] §2
rir + [s/(1 + 02C%s?)] + B + R}

Kv: ‘1‘<r+
r

" in which the second term is usually quite negligible ; and

foL — [wCs(1 + 0202322

_ =
tany = T 1 0% + B + B, Y

- On neglecting second-order terms these become K, = Rfr and

tan y = oL'[R. An example of this modification is given on
p. 545 in comparison with ,

results obtained by the . v
electrometer methed. P
8. Bridge methods with i ‘ 1

2  resistance voltage-~divider. :
i capaci- 5 L—\ A AR l_l

Compensation by

Fig. 271 is used by de la
Gorece* at the Laboratoire 7
Central d’Electricité. The
phase-compensation 1is se-

b of a resistance 7, - 7, joined

t to the secondary of the %'_‘ { B P
| transformer. It is usual

t to make 7, about the same nol R
F as r,, of the order of 5 000 to

} 10000 ohms; the condenser c

Fie. 271. DE 1A GORCE’S BRIDGE
MurHOD WITH CAPACITANCE
COMPENSATION FOR %

* P de la Gorce, “L’étalonnement des transformateurs de mesure au

3 Laboratoire Central de I'Electricité,” Bull. Soc. Frang. des Elecns., vol. 5, 4th
. series, pp. 659-665 (1925). A modification in use at the N.P.L. replaces E by
£ & condenser voltage-divider.
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pqsitive direction in R and Ty
primary and secondary voltage

i 4 2,0, = 0,

respectively ; v, and v_ ap
; s are
vectors. Then at balance the

where % =1l + joCr, ).
But I =v,[R,
and iz — Vs/z27
where a=nt =+ 1) + joCry,
jowCr 17 .
Substituting l Ietn
r 7
L
R (ry 4 ) + Jolrr, Ve
whence, i
Yo E 7y
Vs r (- rm%?rﬂ[(rl 1) —jolnnl= K £
Thus, the ratio is
Kv:l/l’:l_% " R 7
O R s B i R
_ E 7-1 1 2
ro(n 7‘2)’

and the phase-angle is
tan y = wCrr,f(r, 1 7y)
when v, lags on — v i.e. when

en y is negati it i ) pobositive.
. gaLIVe 1t 1s necessary to shunt ¢ across f,
instead of 7. By a similar process it is then easily proved thai'i '

R

Vo R N |
Vs rn +m(l + JoCry) [ry + 75 — jwCryral
R

"
P T Rt a0l et 00 4 juOn
From these, |
— wCr,? - — wOry?
. T+ 7y + 0¥ C2y2%r, T T L
since the second order frequency terin 11's us iy
angle is now one of lag. Also
B n
r ot VI 022 ) 4 w2y
. R
==

ta;n'y ==

ually negligible ; th

"
(T 1)+ wicir g VI + o + 020,

#
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o the same order of approximation. The method gives good
Fresults in practice, but there is likely to be some error due to self-
tapacitance effects in the resistors, especially at high voltages.
E A modification due to Vassilliére-Arlhac* includes in series
fwith r, the primary of a mutual inductor, ¢ being shunted
Facross 7. The secondary of the mutual inductor is supplied
fwith the vector resultant of the drop down » and the secondary
e voltage V, of the transformer. Change in the sign of ¢ can be
- dealt with by reversing the mutual inductance polarity.
= 9. Bridge methods with condenser voltage-divider. Com-
¥ pensation by mutual inductance. It has been pointed out on
L p. 531 that resistance voltage-dividers cannot be used for
- accurate work at voltages exceeding about 30 kilovolts without
| greatly elaborating their construction. Their principal defect
- 18 the impurity introduced by distributed earth-capacitance
B of the resistance elements, necessitating elaborate systems of
e shielding and other auxiliary apparatus to keep the impurity
L errors down to a minimum. Moreover, such resistors absorb
E considerable power, with consequent heating and uncertainty
v of the resistance values. Experience with high-voltage air-
. condensers in other classes of measurements has shown that
impurity effects therein are very slight (see p. 375); the degree
of purity attainable with a condenser voltage-divider is,
- therefore, much higher than could be obtained from one of the
resistance type. The apparatus is also much simpler, less
- costly, easier to operate, and there is practically no limit to
- the voltage for which such condenser voltage-dividers can be
 constructed.
¥ These considerations have led Churchert to devise the method
F shown in Fig. 272. The high- and low-voltage sides of the
transformer are joined together so that the applied primary
F voltage acts in the same sense as the induced secondary voltage,
a8 indicated by the positive signs; the junction is earthed.
t The condensers C, and C, form a condenser voltage-divider
f across the transformer windings, their junction being connected
Fthrough a shunted vibration galvanometer, the secondary of
E & small mutual inductor M and one winding of an auxiliary
t mutual inductor m to the earthed point. The condenser C,
£ 18 3 gtandard air-condenser of accurately-known value and
* J. Vassillidre-Arlhaec, “Mesure des faibles angles de déphasage et nou-

1 Veaux procédés pour les déterminer,” Bull. Soc. Frang. des Elecns., vol. 7,

E Pp. 13301347 (1927).
1 B. G. Churcher, ‘‘ The measurement of the ratio and phase-displacement

t of high alternating voltages,” Journal I.E.E., vol. 85, pp. 430-439 (1927).
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negligible losses designed to withstand the full pri

. ri
:ﬁg cloildzrllss‘z‘rg(slzd 1; ;)f 2 cylindrical type WitI})l ;:iﬁ;ﬁiggg;

.t , ving a capacit

gapiastbcle ofb(;peratign at 150 kilovoltls) (seeagl.C; 5()).f '}.‘?1?3 ég:lljl "
¢ ;tio Iz}pzzs e of withstanding the secondary voltage. Sinc:ntsl?
o K, n:rerx approximately C,/C, it follows that C will b:
large in co parison with €. It usually consistsof a 1 2200 F
air condenser; for larger ratios fixed mica stanc{;ﬁlt‘ds.

by is varied to give zero deflection. Replacing on contact 1,
(0, and M are adjusted to give a final balance. Since there is
Fsimultaneous balance in both positions of the switch, there can
be no p.d. between galvanometer, shunt, lead from €, to C,
fand the inner electrode of C,, which are all at the same poten-
B i), and the shield and guard-ring of (,. Hence, although there

Fis a stray capacitance between the guard-ring of (, and the
- jnner electrode, and between the shields and the apparatus
|, coclosed within them, this capacitance has no p.d. across it

. and can carry no curren i

+
v

=<

3 t causing error in the balance setting.
I As arule, this double balance is an unnecessary refinement ; it
L is often quite sufficient to omit the earthing device and to
earth the shields directly, since the p.d. between them and the
apparatus shielded is never more than a few volts.

2—— e i The theory of the balance condition is somewhat lengthy,

whether worked out by the operational method or deduced

- from the geometry of the vector diagram, as is done by Churcher.
§ The reader is referred to the original paper for the complete

F analytical details, it being sufficient for our present purpose

- to quote the results. Let R be the total resistance of the primary
i circuit of M, i.e. @ together with the resistances of the winding
of M and m; also let L be the total self-inductance of the same
- part of the circuit. Then tan 0 = oL[/R gives the phase-dis-
 placement of the current in the primary of M relative to V;
it will be a very small angle since Q, and therefore R, is chosen
Elarge compared with wl. Also, let d be the loss angle of Cb,
Eie. the defect from exact quadrature; this also will be a small
- angle. Then after some reduction it can be shown that

C. oM C
K,= i _|1— tan 0 | =
v7 Cycos y[ . :] C,

C,

Fia. 272. C
. . CHURCHER’
s Bripge METHOD WITH CONDENSER VOLTAGE-
DIVIDER 4

32: i:ecglne(ited in parallel with this to bring the total to th
reversedve{) ule. On account of the angle y between V, and ¥,
rev nece,s alance cannot be obtained by regulation ofﬂC'2 onl (
tho mec s;iry phase-con.lpens.ation is effected by the inductq
joi,n o a‘p imary of which, in series with a resistance @
Jomed I/%oss ghe secondary terminals. Shields are provi’
e ALY kit s o s Shrbugh
Se('}l(')}?dary Ofdm to the earthes:i ?gidzmed together through ‘f(
The procedure is as follows: A plying the '
sgllrtx;al(;y ts}llde and adjusting it to Igvz t}gle desi‘;'zgasg:c:gd'i
T eg ﬁla,tie swﬂf:ch is put on contact 1, balance being sec of
by o gbe n01131 ci) C, and M, varying @ also if necessary-
should be oted that @ is large in comparison with the reactangs
e primary circuit of M. Now with the switch on conta

t and also

tan y = — 1+ (CJC) +
VY= [+ oo M cosb— LB + 1} —
[sin 6 (RloM)]

: §1+sind (RloM)}21* — wLC,|RC,
If wL|R does not exceed 0-05, the formula for y becomes

} tany= (woM|[R) {1 -+ (C4/C5)] + sin 4

to a high order of approximation. Since so large a value of
1 tan 6§ is permissible it follows that impurity in M is quite
 negligible in practice. Further, since oL is small in comparison
 with R the burden imposed on the secondary by the test-circuit
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is practically non-inductive and of a value equal to V2R
volt-amperes.

It will be useful to give practical data for an actual test of the varig.
tion of ratio and angle with burden on a 200 VA, 66 000/110 trans-
former. As stated, C, was a 100 yuF cylindrical air-condenser. The
condenser C, consists of a 0-04987 uF mica standard (power factor
0-0002), a 0-01005 mica standard (power factor 0-0006), and a variable
air-condenser all in parallel; the nominal value of C, is thus 0-06 uF
and sin § does not exceed 0-00026. For M a fixed astatic inductor of
144-4 mH was used, L being 162-3 mH, and balance obtained by vary-
ing R, i.e. Q. The lowest value of R encountered was 3 800 ohms, so
that the greatest value of tan 8 is w LR = 0-0134, so that the approx-
imate formulae are applicable. The detector is a vibration galvano-
meter giving a sensitivity of 20 mm. per microampere; no difficulty
was experienced in obtaining consistent balances for ratio to 2 parts
in 10 000. The load due to R is negligible while that due to the volt-
meter forming part of the burden B is 2 VA,

The transformer had a very small phase-angle, being greatest at
no-load, arctan 0-00107, and falling linearly to zero at about 120 VA,
thereafter becoming negative; the maximum deviation from the line
is about 0-00006. The ratio at no load is 603-60 and at full-load 604-95
the variation being linear with a mean deviation of not more than 2
parts in 10 000.

10. Bridge method with condenser voltage divider. Com-
pensation by mutual inductance and resistance. Jimbo and
Sakimura* have recently described the method illustrated
in Fig. 273. The voltage divider consists of a 150 kV com-
pressed-gas condenser C,, having a capacitance of 0-0013 ©F,
in series with a mica decade condenser C, across the voltage
V,. C,is shunted by a resistance R consisting of a fixed resist-

ance of 98, 100 or 102 ohms in series with a 4 ohm slide wire,

Across V, is connected a resistance § of 10 000 ohms in se
with the primary of a fixed mutual inductor, having a 8@
inductance of 307 mH. The secondary voltage of M is oppo
through a vibration galvanometer to the drop down a fracti0
of R. The value of M is chosen to suit the nominal ratio of t2
transformer; its value in mH is equal to one-tenth of th
nominal ratio. The current in the primary of M is

iy = v /(S + joL), :

and its secondary voltage will be jwMi,. The current ente
the h.v. terminal of C| is
. Vy

 (UjwCy) + [RI(Q + joC,R)]

* 8. Jimbo and H. Sakimura, “A new method of testing potential
formers,” Res. Elect. Lab. Tokyo, No. 363, pp. 1-42 (1934).

(aar. XX
:a,nd the part of this flowing in R is

“»For balance
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if(1 + jwCyR) :ij’le[[l +ij(Cl + 0]

g =1

riy + joMi, =0

MeTHOD WITH CONDENSER

KIMURA'S BRIDGE
VOLTAGE-DIVIDER

Fic. 273. JIMBO AND Sa

& which is equivalent to

v M LioRCE 0D
‘TSZ—_U—J‘. S + joL

wL as small compared with

i to show that approximately

unity, it is easy
K, .M[CrS,

:’ and

w [L)8 — R(C, + Cy)l-

tany =

igi te expr
 In the original paper more accura
! including glslt;cond-order terms neglected a

tors.
€ in the condensers and resis are
- gli.l\;(éf (l)rf1 the calibration of each part of the appara

numerous tests are described.

S and oR(C, + Cs) with

essions are worke(-l out
bove and residual
Full details are also
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of O together with a portion of the slide wire. Let S denote the
fotal of the variable decade resistor and the remaining part of
the slide wire. The impedance operator for the branch across
the voltage v, will be
i 1 R 1+ joR(C, + C5)

%= ity T T joCR  jeO(l +jeCaR)

Y v T+ 1t should be noted that any loss in €, can be represented by a
P & shunt resistance; this in parallel with the resistor across which

0, is connected constitutes the total R. As C,is often a small

"air condenser the losses can be regarded as zero SO that R
is simply the decade setting; even when C, contains mica
gtandards the shunt loss-resistance is so enormous in comparison

['62 trp Al N m
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11. i i

pensati]ggdlg); ré;ethqd with condenser voltage-divider. ¢
pensation | methp?lﬁance. and resistance. Yogananda.m* oy
deseribed o metl ) 21_114wh1(3h a high-voltage condenser is u hzs
Sty b ege: 74, the whole arrangement utilizin St?h,
pehering Dbr gT . quipment now available in all high-v. glt o
P -~ d(? windings of the transformer are j ined o
, asindicated by the signs, the junction being(()agi‘i(}ile:in
g .

R
2__4 with the few hundred ohms in the decade resistor that its

. 8 cfiect can be ignored. Similarly, the operator for the branch

/ & ocross the voltage v, 18

7 vV 3

1 1 4+ joCs (S + p)
e S =
w=p S joCs joCs

' When balance occurs the fall of potential through § is equal
' and opposite to that through R, i.e.
3 S(vifz) = — [RIQ + joCaR)] (Val?s)
4 T (volvs) = — (SIR) (2ol25) (1 + j(l)ozR).
E Substituting and simplifying gives

v, 8 Oy [t joR(C+ Ol
VT RGO+l B+l

Fia. 274. Y
. . Yoa. ¥
GANANDAM’S BRIDGE METHOD WITH CONDEN:
VOLTAGE-DIVIDER TOENSEE

g::al?:fovlvlgiry l1ls prgwded with the usual test burden B, in
D ;V éch is a branch composed of a good qua,lit ,
ot oS TT 3 a low-resistance slide wire and a variable
O h.e voltage-divider across the primary side’
resistor B sh © h igh-voltage condenser C, in series with &
R tha,tucl’l ed by the condenser C,. The condenser
transformer. b ;i/ C, is about equal to the nominal ratio of

e horiunco being obtainod by adjusting § an
1 000/ ohms, alrfldgsl;glglebat iO cycles per second, R is fixed 8
arfi p:oviged as shown in t?hz gii;ﬁgrﬁal tot. Harthed Shiel
e i ; ; v
obtainef:i ' e th'(lal resistance in series with C; when balance
; p will be equal to the sum of the series loss-resistan

F The ratio is thus
| _V,_8 G w
Ty, RGO A 022 (S8 + p)lt

and the angle between v, and v, reversed is
i y = arctan wCj (S + p) — arctan oR(C, + Cs)-

It may not be possible, when y is a large lagging or negative
angle to obtain balance with these connections. It is then
k necessary to join € to S and C, to R, ie. interchange the 1.v.
 terminals of these condensers. Then taking z, and z; as the

L new operators,

ot = o 8+ (UfjaCy) = [+ joCs (0 + St

* G YO ana. d 13
ganandam, “A ready method of measuring the voltage ratio a

phase-angle of high-
193 (1930). igh-voltage transformers,” Journal I.E.E., vol. 68, pp- 19
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puch larger condenser can be
of its loss-angle ; with mica standard:

564 INS’I‘RUMENr[\ o T 5
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measured and upon the magnitude
s the corrections, es;)ecially

Je measurement, may be quite important. Dan-
ded these difficulties by replacing the second
tor as shown in Fig. 275. The standard
h a variable resistor B of
the p.d. across R

and
, 1
ZS = . — _ R
R e ey
(1 — w?CyCyRr) 4+ jo[ R(Cy + C3) + 7 O]
where ¢ is th JorCls (1 - joCoR) .
o 18 the portion of slide wire in i i

o y be neglected but will be retained here fi s mvolving

or balance ere for completeness.

S(valz)) = — [RI(1 + joC,R)] (v.J2.)
or — p e

vilve = — (BIS) (z,/[z/) [I/(1 4 joC,R)]

Substituti simplifyi
tuting and simplifying

Yy R C, .
Yo Oy (1 - JoCyR)[ 1 - jwCy (S -+ 0)]

fhatt™ has avol
condenser by a resis
sir-condenser Oy
bout 100 ohms across

is joined in series wit
the primary voltage;

v,  STC L= ofC0R j )
020U RT) + jo| R(C, - 7C
from which J o e
B 17 i [ P 9 1

Ko Voo B o (1 GOS0 (S o o))

S O (1= 02 C,0R 4 0P[R, - Cy) + 7C, Y
and the angle between v, and — v, is | J
o[B(Cy + C3) + +C.]

(1 — 02C,C,R7)

— arctan wC,R — arctan o, (S + o).

y = arctan

’s BripgE METHOD wiTH HIGH-VOLTAGE
CONDENSER

Fic. 275. DANNATT

quarter-period. To obtain a

E il thus lead on V, by about a
o resistors 7, and 7,

k similar voltage from the secondary side, tw
of about 4 000 ohms each are joined in series with one of the
E windings of a small mutual inductance M across the secondary

 voltage V,; the current in L, is, therefore, nearly in phase with
'V, and the voltage in the secondary of M is thus nearly in
v, Precise compensation of

b quadrature with V,, ie. with

 phase-angle can be made by shunting 2 mica condenser C
F across 7, OF 7y according to the sign of y. The secondary voltage
 of M is opposed to the drop in R through a vibration galvano-
 meter at cd, and balance is secured by varying R and C.

f  The guard-ring of C, is connected to a network Y consisting
 of an inductance in series with a condenser-resistance parallel
' group. This network is adjusted until the guard-circuit is at the
ing of voltage transformers for ratio and phase
p. 62-64 (1931).

Using €, = -
easn}gr POISSiblleOgoM:g;iitaoge cy.(é!es. per sec. and 110 kV it is
an;izo'%091 radian for Phase-arrllsglglty of 1 in 10000 for ratio,
sation gdggnllntgtllmq with high-voltage condenser.
methods describgd liIrllduSc(jggce agdt capacitance. In all th
¢ [T oections o 11 inclusi
t}(;;l i‘zré?gro‘got}tage_dl‘nder is employed, it is n(é(:lessls‘;‘,y ‘:(fl ‘13::0
in the measuwo condensers at least to the accuracy requi
densers must relmelilt of the transformer ratio; the two corl
o also have negligible loss-angles. The h.v. com
the ca az:iIt) sents no serious difficulty. Ifitis an air-co.n(iensé
high agcura?;1 e ('}16} I'zb.e computed from its dimensions with ve:
tamon can be};n’ 1t 1s a compressed gas condenser the capaC
loss-angle is easll.lrgd in a variety of ways. In both cases th
g negligible. The accuracy of the methods

therefo
re, thrown back upon the accuracy with which the othed * (. Dannatt, “The test

b angle,” M.V. Gaz., vol. 13, P




