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13. The use of a.c. potentiometers. When a suitable a.c.
8 potentiometer is available, voltage transformers can be readily
L tested by connecting voltage-dividers across both primary and
secondary windings, appropriate tappings being selected upon
B them to get approximately equal voltages lying within the
 range of the potentiometer ; this does not usually exceed 15
b volts. The process is to measure the voltage across the primary
B potential fraction and that across the secondary fraction; from
E the known fractions of the voltage-dividers used the ratio is
calculated at once. The phase-angle is obtained either by
3 direct observation of the angle between the primary and
@ secondary partial voltages or better still, since y is usually
Esmall, by measuring the angle between the resultant of these
fvoltages and that measured on the primary. Let R, be the
resistance of the primary voltage-divider, 7, the resistance of
the tapped fraction, and v, the voltage measured across rp;
let the corresponding secondary magnitudes be B, 7 and v,.
EPurther let ¢ be the angle between v, and the resultant of v,
and v,, these being in approximate opposition but for the
angle v; ¢ is more easily measured since it is a much larger
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CHAPTER XXVIII

RELATIVE DEFLECTIONAL
METHODS FO
MEASUREMENT OF RATIO R THE
AND PHASE-
ERRORS SE-ANGLE

1. Two- ’

1 T ?lowgﬁgmleter ‘method. Two voltage transformers of th

same 1 al ratio can be compared by means of tw ;

moters Ifzonnecfi}ed asin Flg: 276. In this diagram Sisa st:, ggi:i

e }1;}61’ 0 krnown ratio; X is the transformer to b Iy
with S5 V) and V, are two similar voltmeters W'hiillCzI;
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. TWO-VOLTMETER RELATIVE METHOD
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», and vy fespecaél‘ld 1of It/}zl across the secondary olf X will bg
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respect to S and X. Then since the transforme
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| which eliminates the chara
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& possible without aux
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similar the burdens are practically
d V. remain sensibly as before ; the
and v,’, so that

V, = kg, and V' = kv

From these expressions

V2 = kyky v, and V2 = ko 0,05

- If V, is the common primary voltage the ratio of S is

K,= Vprs

! and that of X is

ch = VpIVs, = VsKule,~

Substituting,

I{vx - [\/(vll’Zlvllvzl)]Kw
cteristics of the instruments. The
nd gives fair precision
the tops of their scales. It is not

iliary means to find the phase angle.
9. Two-dynamometer method. Barbagelata® has described
ter method for comparing the ratio
voltage transtormer with those of
another; the arrangement is shown in Fig. 277 (a) and is
analogous to the method for current transformers shown in
Fig. 243 (a) on p- 490. The current coils of the two dyna-
- mometers are supplied in series with a current I from a phase-
shifter. 'The volt-coil of D is joined across the secondary of
, S; this instrument serves to check
L the phase setting of the auxiliary current I and also to measure
' the secondary voltage V,
b dynamometer D is joined to the secondary windings so that
it measures the difference between V, and V' The current
] is first set in phase with V. by regulating the phase-shifter

until D, gives a maximum reading of W, watts, then
] W,=VJd= (VKM
L 50 that V, = K,WJl.
‘_ As Fig. 277 (b) shows, the reading of D will be
' W, = VJ—VIcos(y:.—7)
« A. Barbagelata, loc. cit. (1921).
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The phase of / is now advanced by 90° so that D, reads
s zero;

the reading of D becomes

Wy=— VI cos[(7]2) — y, + yl = — VI sin (y, — )

From t i
he expression for W;, remembering that the angles are meter.

small,

WAIV, = (VJV,) — (VSIV,)
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G, 277. TWO-DYNAMOMETER RELATIVE METHOD

substituting IV, from W,
Wi K W= (K,) = (1K yp) = — (640 — %)/Km:

or Kvx:—Kv_: W
T (W,f77y) 'K”<1 +TV‘)

From the expression for W,,

— (W V) = si —y) =
Honco, 5 n(y, —y)=ys—y-

IV2 Kv:c ___ _% Kva: o WY2 IVl
VI W, K,,'—'_Ws(“rﬁf‘)

which determines the difference between the phase-angles

the transformers.
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. 3. Single-dynamometer method. A single-dynamometer
bnethod due to Brooks* is shown in Fig. 278 (a), and proves

« §ery useful in tests made on site; for this purpose the dyna-
Imometer ) may conveniently be 2 low-reading precision watt-

Readings of D are taken first with the current coil of

the instrument carrying a current in phase with V', and second
when this current is advanced by 90°, see Fig. 278 (b). The

,
A
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’4"{;
I .
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(b)
To phase I
.fhl:ft:f“ (a)

Fig. 278. SINGLE-DYNAMOMETER RELATIVE METHOD (BROOKS)
excited by the vector difference of the two

voltage coil is
and W, are the readings of D in these

secondary voltages. W,
two circumstances,
' Wy = VI cos (m — y) — VI cos (m — V)

= I[V cos y, — ¥, cos y];
Wy = VI cos ((7)2) — v] — VI cos [(m[2) — 72l
' — I[V,siny =V sin y,).
 Dividing the first by Vs and remembering that y and y, are
‘Small,
W VI = (VV)— 15 (Kol Koe) — 1= (800 — €)
b * 1. B. Brooks, ¢ Testing potential transformers,” Bull. Buyr. Stds., vol. 10,
E 0p. 410424 (1914); F. A. Kartak, loc. cit. on p- 494 (1920); H. M. Crothers,

 Klec. World, vol. 74, pp- 119-121 (1919).
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used with current transformers, see

. K . W actly the same as that us 3 hat the meters
so that K,=———" =K {1—-2) X . _ghifter adjusted so that /
1= (WVI) ( VI ) . 498. With the Ph?asgtz: the reizolu‘oions made in a given

swwork at unity pow;?f'
{ime by the moter discs ar

Ye— 7y = — (WofV.I). | g and meter b to X ; (1) W
The voltage V, is read on a voltmeter forming part of the
burden of S; the current I is read on the ammeter 4.

e observed (i) with meter a joined to

Similarly from the second relation, !
ith @ joined to X and b to S. Then

To determine which transformer has the smaller ratio and which the v
smaller phase-angle, the following procedure may be adopted. With
no-load on the secondary of X arrange the reading to be up the scale
when taking the reading 1W,. If on applying the load the reading in-
creases, then the ratio of \' at no-load is less than that of §. When
taking the reading W,, if X be further loaded its secondary current
will lag more with respect to V. If, therefore, W, is increased on add-
ing non-inductive load to X the secondary voltage thereof lags behind
that of S, i.e. 7, exceeds y.

The method gives results in good agreement with laboratory
methods; it is quick to use and has the great practical advan-
tage of using only portable instruments of ordinary commercial
pattern.

Bercovitz* has described a simple arrangement of apparatus that is
worthy of notice. The primary voltage for S and X is derived from &
step-up transformer, the primary of which is connected to two lines
of a low tension, three-phase supply. In place of the phase-shifter, &
three-phase-to-two-phase Scott-connected transformer is used, its sec-
ondaries giving 110 volts displaced by the required quarter-period.
As a detector Bercovitz uses a centre-zero Weston dynamometer-volt-
meter having ranges of 250-0-250, 25-0-25, and 2-5-0-2-5 voltl_i;
obtaining excellent agreement with absolute methods. As the scale i8
calibrated in volts a knowledge of I is unnecessary.

4. Watt-hour meter method. Agnew’s watt-hour meter
method described on p. 497 for testing current transforme
is easily modified, as in Fig. 279, to compare two voltage
transformers ; the method is virtually an adaptation of th
two-voltmeter method of Fig. 276, using watt-hour meters t0
secure greater sensitivity and to give the possibility of findi
the phase-angle error in addition to the ratio. Two simile
meters a, b are arranged so that their voltage circuits may
connected at will to the secondary windings of either tra
former by operating the switches §;, S,; the current circut
are supplied in series from a phase-shifter. The process

shifter

Fig. 27 A WS WATT-HOUR METER RE MeETHOD
I . 279. AGNEW'S Al LATIVE THO

if b.. a,, b, are the observed numbers of revolutions it 1s
3 aS’ xs xs 8

easy to show, as on p. 499, that |
| Kvle'o = \/(a’sbs/a’xbx) - 1- (smz - 81:)
; ! I I 14 e h the
- A second set of readings, @, b, , @z, bs, 18 taken when

: ters work at a power-
; -shi .« reculated to make the mete
If);l(i‘»s:r S(})lf]'-f 2)615‘ lir liss; if ¢ is the phase displacement then as

before 1 . azl bac_, @, bs_]
ny':-'m[ T b, asb.
the signs being correct if both secondary voltages lag and y; > 7-

dd a further
i former has the greater errors, aGd !
'111‘:))11‘D ?rslthvfcill(\}r}; tﬁ?& X : then if the differences are increased

* D. Bercovitz, ‘Eichung von Spannungswandlern,” Elekt. Zeits., ‘VO'l- 49,
pp- 95-96 (1928). For a rough method using a voltmeter and omitting
phase-shifter, see C. W. Evans, ‘“Measuring instrument transformer chara®
teristics,”” El. World, vol. 91, p. 1017 (1928).
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X had originall o

. Yy the greater errors, since t

1n(’311:eases the Tatio and phase-angle of 1;1 cx?olge : (’5

. hhe method is invaluable for tests on o

&h precision. Its main defect is that it is rather slow to u

se,

but this can be over
] 1 come by the use
in the way introduced by Sl);vik, see ?)f gg?ble_element moters

dition of loaq
: ransformer.,
site and gives very .

CHAPTER XXIX

RELATIVE NULL METHODS FOR THE MEASUREMENT
OF RATIO AND PHASE-ANGLE ERRORS

1. Shotter’s double-dynamometer method. The double-dyna-
- mometer method described on p. 504 for the testing of current
transformers is easily adapted for use with voltage trans-
- formers; the necessary alteration in the connections can
readily be understood by reference to Fig. 249. The current
wils of the dynamometer are joined in series and supplied
with a current of 5 amperes from a phase-shifter. The second-
ary of the standard transformer supplies one voltage element
through the fixed resistance r;; the secondary winding of the
unknown transformer is loaded with an appropriate test
' burden in parallel with the second voltage element with its
- fixed resistance 7, and the adjustable resistance r,. The pro-

g cedure is exactly the same as for current transformers and

- precisely similar formulae may be deduced; Shotter’s paper

I (loc. cit.) should be consulted for details.

2. Leeds & Northrup’s dynamometer method. The Leeds

& Northrup Company of Philadelphia has introduced a

- useful testing set described in full detail in the company’s

4B Bulletin No. 716 of 1927, the general principle being illus-
F trated by Fig. 280. The burden of S consists of a voltmeter
} V, which serves merely to set the secondary voltage to the

b desired value, and a resistance in parallel therewith; a
 second  similar resistance is put in parallel with the test
F burden on the secondary of X. It is clear that if the two

transformers had similar phase-angles and the contact 4
were fixed at the middle of the resistor then the difference
| of ratio between the transformers could be measured by sliding

the contact B until the detector gives null indication. Actually
| there is a phase-difference between the two secondary voltages,
} and this is allowed for by means of the condenser C' which
- shunts a portion of the resistor connected to S; the sliders of C'
- are rigidly attached together so that a change in the position
- of one is accompanied by a similar change in the other, their
' DPosition relative to 4 giving compensation for leading or lagging

j Phase-differences. It is found that the phase-angle adjustment
' Interferes with that for ratio; to overcome this 4 is made
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adqutable, its position being automatically re
. gg;g)snt }(;f Bta:zo that the interference is allgfwedglfl’(l)i?e%;f)};}gl »
means b ;dy?l 10 an((li fphase-angle settings are made independen?;e
direct 1oa i Cg, aén Tee from corrgc.tions. It will be noted thait,
reSiStanCeg cao;l atcts are in positions where their contact-
resist , not cause any errors. The balance conditio
somewhat complicated, and it is usual to calibrate t}?:

~ I § J
T 444 A4 4
nunt guiuy
S X
7 Ap

A \
S

C
Phase-angle Mm/\/\/_

70 phase
shifter

Fia. 280. L
EEDS & NORTHRUP’S RELATIVE METHOD

scales by direct application of vol i
t .
known phase-displacements. voltages in known ratio with

. ;J)jg:t;)ai?lg:e settings are reaEdily made with accuracy by the use
a portable ¢ ﬁimomgter, taking advantage of its phase-selectivity:
Starti xia,din the ratio-contact at about 100 per cent, the dynam
mete changing t],i ret}luced to zero by adjustment of the phase-shiftef
hon changin ég; elp ase by 90° the resulting deflection is balanced ou¥
by necesls)a, t;an% e dial. Now turning the phase-shifter back it W
e ofrgO"O‘ adjust the ratio dial to obtain a null reading; &

is made and the phase-angle dial regulated, and SO

* It will be clear, of cou is i |
{ rse, that this i i i
galvanometer might advantag’eously be s:bgt(;)i{;;::gnmal ond that a vibre®
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antil no deflection occurs with the phase-shifter in both positions.
When the ratio-scale is read the factor obtained is multiplied by the
ratio of S to obtain that of X ; the phase-angle reading is algebraically
added to the angle of S to give that of X. The angle-scale is provided
with black figures for the positive angles and red for negative values,
thus rendering mistakes of sign very unlikely to occur. The ratio and
phase-angle dials, the dynamometer, and all necessary switches are
contained in a portable case; only a voltmeter and portable phase-
shifting transformer are necessary to complete the equipment. The
apparatus and its operation are in every way similar to the Silsbee
testing set made by the same firm (see p. 510). The testing set imposes
a burden of about 3-1 volt-amperes at a power factor of 0-995 leading
on the secondaries of S and X ; the time taken for a single-point test is
about 2 minutes. The range is 4+ b per cent in ratio and -+ 2 degrees
in phase-angle.

Another method somewhat similar to this has been recently
described by Berghahn and Janssen.* The secondary voltages
of X and S are opposed through a vibration galvanometer,
X being loaded with its tost-burden. The secondary of S
supplies a small transformer provided with two secondary
windings, one of which is closed through a resistor with a
gliding potential contact. The other secondary supplies a
second similar slide-wire resistor in series with a condenser,
a resistor being shunted across the combination and a second

 condenser joined in series with the whole. By these means the
- current in the second slide-wire can be adjusted to be in
L quadrature with that in the first. Voltages tapped off these
two slide-wires are inserted in the galvanometer branch and by
. moving the sliders an exact balance of the secondary voltages
- of X and S can be obtained. The reading of the first slide-
wire measures ¢, and of the second y; full details of the

theory, adjustment and use of the method are given in the

paper.
3. Barbagelata’s bridge method. In the method shown in

| Fig. 281 (a)t the dynamometer is used to set the phase of the
[ current I, balance being secured by regulation of the phase-
shifter and 7 until the vibration galvanometer gives no deflec-
| tion. Let W be the reading of D in watts, V, the reading of
- the voltmeter V, and ¢ the phase-displacement between Vv,
and I when balance occurs. Then

W = VI cos ¢.

* A. Berghahn and H. Janssen, “Eine billige Kompensationse‘.nrichtung

. zur vergleichenden Spannungswandlerprﬁfung bei grosser Empﬁndlichkeit,”
: Arch. f. Elekt., vol. 29, pp- 356361 (1935).

t A. Barbagelata, loc. cit. on p. 433 (1921).
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The second relation becomes

or ban (v, — ) = (I V,) sin ¢ = (o] V.2) v/ (V2L =

: 3 579
bar. XXIX] MEASUREMENT OF ERRORS 5
tentiometer 1s
» C. potentiometer method. If an a.c. po ometer 15
v:il.ﬁ)l(é It):he ratios and phase-angles of two volt?zggd’gla;:fd
formers can be compared by measuring the ma}gr;he o and
fnase of their secondary voltages and ?ha:'i 0 *
Wfference between them, in the way described on p. .
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From the geometry of the vector diagram, Fig. 281 (b), since
rl balances the resultant v of V, and — V/,

7l cos ((ﬁ — v+ )+ Vs cos (Vx - ')’) =V,
rlsin (¢ —y, + y) = V,sin (y, — ).

v v j2x
I N
Y-¥
e S
¢ g
Y li ®
by

To phase

shifter

F1c. 281. BArRBAGELATA’S BRIDGE RELATIVE METHOD

Neglecting y, — v in comparison with ¢ and remembering that
v and y are both very small the first relation becomes,

rlcosd +-V,=V/,

or Vy — V,=rI cos é.
Dividing by V,= K,V, and substituting I cos ¢ = W/
makes

. K rW
Kp=—— S0 g (1 _TWY
= ST WY K( Vﬁ)

rIsin . cos (y, — y) = V,sin (y, — y)

=Y.y

e T S i ey e S =

R




CHAPTER XXX

CHOICE OF METHOD FOR MEASUREMENT OF RA
AND PHASE-ANGLE ERRORS. PRACTICAL o
PRECAUTIONS

L. Introductory. Methods for testing voltage transformers are
much less numerous than those introduced for testing current
transformers. Consequently, the task of selecting the methods
best adapted to the uses of laboratory practice, ;outine testin
and testing on site is a relatively easy one. Moreover, the whole
test is much simpler than that of a current transformer; in
many cases all that is required is the value of K » and y for a
specified rated burden and with rated voltage applied to the
primary side. In some other cases the variation of the ratio
and phase-angle with burden is desired, and as this character-
istic is linear only two points are required to fix it definitely.

2. Methods for laboratory tests. High voltage tests. For
absolute measurements of the highest precision the deflectional
dynamometer method of Agnew and Fitch, Fig. 258, and the
electrometer methods of Fig. 261 have been used, but have the
disadvantage that very special apparatus is required, such as i8
not readily obtainable. Absolute null methods, using a vibra-

tion galvanometer as the detector, do not require any special .

equipment apart from the resistance voltage-divider, and can
be arranged to give an almost equally high accuracy. The bet
of these is the method of Agnew and Silsbee, Fig. 269, especi
in the modification used at the National Physical Labora
Fig. 270.

Up to about 30 kV the method mentioned is quite s&
factory, but its applicability at higher voltages depends’
a suitable shielded resistance voltage-divider being avail
These are by no means easy to construct for high-volta
and are now superseded for that purpose by standard
compressed-gas condensers such as are commonly emple
in Schering bridge technique. Four methods using h.v.
densers have been described, illustrated in Figs. 272,
274, and 275; of these, the last named appears to offe
greatest all-round advantages.

3. Methods for routine testing and for tests on site. Fo
routine testing of transformers in the works and also for

580
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on site relative methods have great advantages in speed,
sensitivity, and safety. Since all measurements are made on the
Esecondary sides “of the standard and unknown transformers,
and none of the apparatus is connected to the h.v. supply, a
high degree of safety for the operator is secured; this is a
‘matter of great importance where such testing is done by
'non-technically trained labour. Since all voltage-dividers are
L eliminated and all apparatus is connected directly in the
secondary circuits, a high sensitivity can be secured even with
| pointer-type instruments. For works use the dynamometer
F methods of Brooks, Fig. 278, and the null methods of Shotter,
| Leeds & Northrup, Fig. 280, and Barbagelata, Fig. 281, can
be recommended.

For tests on site portability of the apparatus and adequate
 sensitivity with pointer instruments are essential features.
In this respect Brooks’s method, Fig. 278, is perhaps the best.
. The testing sets designed by Shotter and by Leeds & Northrup
“are also very suitable and quick to use. Agnew’s watt-hour
B meter method, Fig. 279, gives very high accuracy, and is simple,
& but has the disadvantage of being rather slow.
4. Practical precautions. Just as in current transformer
f testing, the test circuit must be assembled so that residual
terrors and the effects of inductive interference are reduced
fto the least possible amount. Stray magnetic fields are usually
very slight and cause no trouble. On account of the high
voltage on the primary side, earth-capacitances may cause
serious errors unless the lLt. side of the network is suitably
thielded and earthed. Various ways of doing this, appropriate
to the different methods, have been described in the preceding
chapters and need not be referred to here. In absolute methods
1t is essential that a common point of the primary and secondary
hall be earthed ; the balancing adjustments must be put into
the test circuit on the earthed side, thereby ensuring the
OPerator’s safety. All high-voltage portions of the circuit must
¢ well out of reach. Relative methods have the advantage
hat no part of the measuring gear is joined to the h.v. side;
ft is nevertheless safer, even in this case, to earth one point in
the secondary circuit. It is common practice to shunt a protec-
ve device across the secondary terminals to guard against a
e of voltage in case of insulation breakdown. A simple
SPark-gap, consisting of a pair of small metal plates separated
'Y thin paper, or a neon lamp may be used.
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PART 5

ADDITIONAL TESTS ON CURRENT AN
VOLTAGE TRANSFORMERS D

CHAPTER XXXI
POLARITY AND TERMINAL MARKING
1. Introductory. In polyphase power and energy metering and

also in the operation of protective ap];)arabus,b correct connec-
tion of the various instruments with recard to the sequence of
their terminals is essential if the incﬁcations given by the
mmstruments are to have a definite meaning. For this reason
1t 1s usual to mark the polarity of the terminals of the instru-
ments in order that errors in connecting-up may be avoided
When the instruments are operated from the secondaries of
Instrument transformers it is clearly possible for a wrongly-
connected transformer to introduce a reversal of phase; hence
1t 1s essential for the polarity of transformer terminals to be
indicated in accordance with some convenient convention.

I has' been pointed out on p. 38 that a current transformer
is electrically equivalent to a shunt and a voltage transformer
to a voltage-divider ; these facts enable simple definitions for
the relative polarities of the primary and secondary terminals
to be easily devised. Let the voltage circuit of a wattmeter
be connected to an a.c. supply and let its current coil be
supplied from the secondary of a current transformer, the:
Instrument being arranged to read up-scale. Conventiona
regarding one terminal of the current coil as positive, 1
secondary terminal to which it is connected should be no
and marked. Now transfer the current coil from the seconds
terminals to the primary terminals, keeping the voltage cirg]
uneh@nged, and again arrange the instrument to read up-8
marking the primary terminal which is then joined to:
positive terminal of the current coil. Then the marked prin
and secondary terminals have the same polarity. Such &
is not always practicable, but it is the basis of the vario
national rules and of many methods for testing polarity
1s not our purpose here to discuss the great variety of prac
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broblems arising out of the correct connection of metering and
otective equipment, as these topics are fully dealt with
dsewhere ;* we shall be solely concerned with the national
Blefinitions and with methods by which polarity may be tested.
g 2. National Rules. (a¢) CurrExT TRANSFORMERS. In accord-
mce with the preceding definition Fig. 282 shows diagram-
matically the polarity of a current transformer; when P;
i positive to P,, S, is positive to S,. In other words, at this

» —JLKE PZT_— Nomenclature for | B 1B 1 S| S,
; N\ ﬁ@af Brtan. M | L DO
M Germany. KiLp k]l
(zechoslovakia. | J L] k|1

france. RIRIS|S

Sweder. RIBIS| S,

Pinstant, if the transformer were removed and the terminals
@P., P, were connected directly to the ammeter 4, so that the
Ehrminal of the latter which was joined to S, is now joined to
$&P, the current through the instrument would be in the same
Bense as before. All the transformer has done is to alter the
fiagnitude of the current through the ammeter without inter-
fering with its direction at a given instant, taking direct connec-
on in the primary lead as the standard of reference. With this
ea in mind Fig. 282 gives a table of the terminal markings
Bed in five countries, falling into three different groups.
t The British Standard Specification 81/1927 merely makes
 recommendation in an Appendix which is given for informa-
fon only and is not mandatory. In all other countries the
Prminal notation is part of the specification and is obligatory.
fhe German Rules are very detailed. If a transformer has
Bveral tappings, either on its primary or its secondary side
if on both, the appropriate letters are given subscripts 1, 2,
»ete., in order of increasing numbers of turns. When several
SR Auchincloss, “Notes on transformer polarity and connections,” Gen.

(C. Rev., vol. 29, pp. 783-796, 862-872 (1926); “Polarity markings of
L rument transformers,” Power, vol. 72, pp. 970-971 (1930).
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transformers with both windings in the same sequence; and
(iii) star-delta transformers with the secondary sequence
reversed. Details will be found in B.S.S. No. 81—1927.

(d) GENERAL REMARKS. In addition to the countries men-
tioned above, Italy and the United States have made some

windings are provided for parallel connection |
g:c‘(o)l:zl %I;it have the simple tabulated marking’; ;t}éiogzﬂ(l)lfllals
socond ar glgfen a subscript @, of the third b, and so on. If .
s 1er2 33Ls :everal cores and a single bar primar).r tha '
secondary, 2 nc,l.e c., a\re added to the terminal letters of thei(:-
o uzgsl. Vhen the transformer is of the bushin
fypo I an | ; nf{“tlﬁec}};n‘;};e ou(tler ?d of the primary conducto%
r end under oil i

state very clearly the definition give(r)lﬂi;S éécgéls }I?reIIlrclhaﬁltl}el)s

. e

Rules it is laid dow ; :
indelible. own that the terminal marking must be

+
[ o 0 3
> l EP Nomenclature for{ F | B o 0 0 o™~
194440272 — o™ PI Ss S,
\V \, \v \v Greaf Brn‘a/n \/+ V @ P3 2
Germany. Ulv /v 5,
/ /A Gechoslovakia. | M| N ﬂ)
PSS A A s France. RlRB R SN
Sweden. AlB
S S, S,
o : P55, R B
Fic. 283. POLARITY I\%RKINGS FOR SINGLE-PHASE VOLTAGE
RANSFORMERS Nomenclature for | B RIBIS]S: S, RS
o (:)SS;EGLE-PHASE Vorrace TraNsrormERs. Fig. 283 shows 1 Great Brifain. _A,_B__C_@ @_N__@
torminal 311'&1‘3‘1’3}’ thedpolarlty of a voltage transformer and the - 1 Germany. UV W]u]vw 0o
recommendati ngs adop 1_:ed in the same five countries; all the 4 Czechoslovakia —)Z_T Zl=x]y T—ET
S i o s ations are different. When Pl is positive to P” Dbttt Aetishasui SO S Sy pau nungs SRR B BPNN
1 s positive to S, and the instrument, could be removed france. R{R|B]S|S|SIR]S
Eurren tr(fi?ro ul’hPft Wltgout the instantaneous direction of 4 Sweden. AlB|Cja]lb]clO]o
& undergoing any change. Fic. 284. PorariTy MARKINGS FOR THREE-PHASE VOLTAGE
TRANSFORMERS

(c) THREE-PHASE VOLTAGE TRANSFORMERS. The no: T
?thra(;l'gement for tl_u'ee-phase transformers is with star-conneo!
Wm g;gs, as in Fig. 284: .The connections are made in su
thzyno ;2 Wlllezl P, 1sf positive to P, §, is positive to Sy A

nelature of the se ies i i i
the nomenclature ¢ veral countries is entirely diffe
F'Thgsfrfltmh Rules, while recommending the arrangeme
trlg. : or regular use, also specify markings for (i) star
i anfd(()lxjmer% with the secondary of reversed polarity, indi

y adding R to the secondary terminal letter; (ii) star

 general recommendations regarding polarity. The Italian
 Rules state that it is sufficient to indicate corresponding
primary and secondary terminals by a similar sign, but no
particular sign is suggested. The American Rules also make
| no specific recommendation but include statements equivalent
| to our definitions. In particular it is specified that the terminals
" of all current and voltage transformers shall be similarly
| arranged as regard instantaneous polarity, and shall be so

39—(T.5722)
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the wattmeter test mentioned on p. 582. This can readily be
turned into a relative test, when a standard transformer of
known polarity is available by exciting the two transformers
from a common supply (primaries in series if current trans-
formers and in parallel if voltage transformers are under test)
and then observing whether deflections are obtained in the
same direction when one of the wattmeter elements is connected
in succession, first to the secondary of the test transformer and

X
SPZr [P P\ /\V/\ Pz
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In view of the great divers i
Viex g versity of notation used to ind;

Folanty 1t would seem that the question is one that miulrlx(zlf: tl?
orm the subject of international discussion and agree;gnent °
. 3: Testing pola;ity. A simple method for
esting the polarity of an instrument trans-
fo?mer is shown in Fig. 285. A d.o. moving-
coil Yoltmgter is connected to the secondax%r
\:fmdmg w1’§h its positive terminal joined to
Sy the positive pole of a cell is joined to P,
If on making momentary contact with the kc;'
the voltm'eter gives a ballistic throw up-scale
then the Instantaneous polarity of the corre.
:sl)onfllng terminals P, 9, is correct, as a simple
application of Lenz’s law will show. To avoid
permanent magnetization of the core the cur-
;‘fnt used must be very small, and in any case
e I’;II(". 285 1ehtranzf0rmer is best demagnetized  after

ol Merhop ror SUCH & d.c. polarity test. A pocket-lam

Lestixe Porariry battery forms a, suitable source ofI:nﬁ'rent antli)

& central-zero voltmeter has th
. . . e ad t e
lellféti Iihzﬁect;i)lns Inone direction may be labelled “c‘giile?tg”
‘ e other “incorrect””: K * has i
te%mg set on this principle. ¢ Rubnel? has described a portable
e omae\ggﬁi entirely the danger of unidirectional magnetization
aon o ;tfioa::r to be preferred. Any relative method, in :
which the rati tho;); i?d p?ase-angle of a test transformer aré b then to that of the standard, the other element of the watt-
' a standard transformer, automatically  meter being separately excited.

chocks the polarity o Differential methods using a standard transformer are
. 80 true of some of the absolute metho  illustrated in Fig. 286. For current transformers the primaries
are supplied with a common current I, and the secondaries are
$ joined in series, bridged by an ammeter A4, as in Fig. 286 (a).

S
___ﬁ_J\ vj\

JLP' QP} {E E}

Q000000 Q000000
v v

1SS 75,

Fic. 286. DIrFERENTIAL METHODS FOR TESTING PorArITY UsIiNGg
STANDARD TRANSFORMER

however, it is desired ; ; :

a.c. test as, for exa,mt(i: Sta}?hSh the polarity by an independen  If the polarities are correctly marked, the reading of 4 will

markings is SuSpecteg ]’01‘1‘17; :;11 the correctness of the terminagies be very small, since I, and I,’ flow through it almost in opposi-
’ © eIrors are known to be sat S tion of phase; to provide against the possibility of incorrect

faetory seve

) ral methods ; . 1 :

* R. Kiihnel, “Priifgerat fiir aéf avaﬂabl-e' The most obvious; polarity A should be capable of carrying the sum of the second-

B. u, M., vol. 46, pp. 218-219 (lgzg,nmenbezewhn“ngen an Messwandlerns JESSul ary currents, i.e. 10 amperes at rated value. For voltage trans-
 formers a differential connection with correct polarity, Fig.

10;3 (Sllng;;‘;«, ’ A‘ligsggrrﬁxﬁzlct; iz;ansfolrmer polarities,” Elee. Times, vol. 19 .
- vol- 27, p. 243 (1930). . 286 (b), should result in V reading nearly zero; again to avoid
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accidental incorrect connecti
Sog ontal nnection V should have g range of
Differential methods with
: ( out the use of standard
?Ife a}so easﬂy.dewsed, as shown in Fig. 287. F(ﬁi‘agsi(:‘r? nt
Swixirtlshor.mer, Fig. 287 (a), the current I, is observed when flrllt
15 on contact a. Then if the polarity is correct th:

Fre. 2 '
G. 287, DIl:‘FERE)«TI.‘AL METHODS FOR TEsSTING PoLARITY
WITHOUT STANDARD TRANSFORMER

3511;11etsgr 1j<13ad1ng should be higher when the switch is turned
100).‘701 t;1;111 arly, for a voltag_e transformer, Fig. 287 (b), about
e volts ﬁs applied to the Primary and is measured by putting
b el 0;1 1(11: Then with correct polarity the reading wil
QL the witch is moved to b, The test of Fig. 287 (b) gives rise
e term “‘subtractive polarity,” often used in American
pubhcaftlons, for transformers with their terminals marked’
according to our definitions. If, when two adjacent, similarly
marl;ad terminals of the primary and secondary 'winding;
gf; B élﬁld S, are joined together and a voltage is applied !
oot : windings, the voltage across the remaining pair
ad ‘terminals (Pz,‘Sz) 1s smaller than that applied, the
e polarity is termed ¢ subtractive.”’ K

CHAPTER XXXII
TEMPERATURE RISE

1. LE.C. recommendations. General remarks. In Interna-
tional Electrotechnical Commission Publication 44, 1931 it
is provided that the temperature rise of an instrument trans-
former under normal rated conditions shall not exceed the
limits prescribed for corresponding power transformers in
Publication 34, 1930. Taking these recommendations as a
basis, we can then pass to the examination of the rules actually
in force in the various countries.

The permissible limits of normal temperature rise depend
upon a number of factors, of which the most important is the
kind of insulating material that is used and the conditions that

@ are provided for cooling it. The LE.C. distinguishes four

classes of insulating materials—

- Class 0. Cotton, silk, paper, or similar organic materials

neither impregnated nor immersed in oil.

#@ Class A. The same materials when impregnated or when

immersed in oil. Also enamel insulated wire.

& Class B. Mica, asbestos and similar inorganic materials in a

built-up form combined with binding cement. If

~— - Class A-materials are used in small quantities in
conjunction with materials of Class B, the insulation

is regarded as Class B.

i Class C. Mica without cement; porcelain, glass, quartz and

other similar materials.

Class O materials are used in the construction of dry-type

b instrument transformers, usually in association with porcelain
F which falls into Class C. Materials in Class B are seldom
| employed, except in mica bushings, for the largest number of
| instrument transformers are insulated with materials of Class A.

Assuming the surrounding cooling air to have a temperature

| Dot exceeding 40° C. and that the height above sea-level is not
E more than 1000 metres (about 3300 ft.) the limits of tempera-
J ture rise are prescribed on page 590.

For Class O materials the limits of temperature rise are 15° C.

j lower than for Class A; limits for Class C are not yet assigned.
If the cooling air exceeds 40° C. the limits for windings in air

589
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Limits o¥ TEMPERATURE RISE

Insulation of Tomperature Riso
Class A | Class B
Trgnsff)rmer Windings—
n air . .
e . . . . . .| 55°C. 75° C
B e 60° C.
. } :
Oil. At top level . . . . 50°
Iron core and other parts not in contact with wi'nding‘s 70° 8
» » ,, in contact with windings .| Same as the .windings

?trsee lx;ﬂeg;ciago.by 10°, for windings in oil by 15° and for the oil

It is recommended that the ambient temperatur >
cooling air be measured by the average rea%illitu;l? s%fvgrl:l
Fhermometqrs at different points around the transformer at
its mean height and at one or two metres distant. The average
is to be taken at equal intervals over the last quarter of the
test. The thermometers are to be protected from draught and
from radiation and their time-lag is to be as small as possible.

The temperature of the windings is to be determined from
their increase of resistance. Let R, be the resistance of a winding
when its temperature is ¢, at the beginning of a test; ¢ shoul(ti
be as nearly as possible equal to the initial temperat’urle of the
surrounding air. Then if R, is the resistance at the end of the
heat run when the winding temperature is £,

and Bo[R, = (t, + 234-5)[(t; + 234-5),

Temp. Rise = t, — t, = [(R, — R)[R,] (t; + 234'5) -~ t; — bay

where ¢, is the ambient air temperature at the end of the test.
The heat run must be continued long enough to be sure tha
the hmlt. of temperature rise is not exceeded. :
Sometimes, as in bar-type current transformers and othel
cases of very low-resistance windings, the resistance method
is not applicable and the temperature rise must be direct
measured by thermocouples or thermometers. These must 10
be gmbeddegl, since it is the surface cooling conditions tha
are in question. Thermometers or couples are also necess
for measuring the iron surface temperature and that of the ol
Tn all cases where thermometers are used the indicating fiul
should be aleohol rather than mercury, since not only areé the

. Open type single turn transformer, Or any open type g
50°

Caar. XXXII] TEMPERATURE RISE 591

readings of mercury-in-glass thermometers apt to be inaccurate
in alternating magnetic fields, but if the glass is broken the
mercury may seriously damage the transformer windings by

'amalgamating with the copper, especially if the coils are of

fine wire.
All temperature tests shall be made with the rated secondary

purden and with rated current (if a current transformer) or
rated voltage (if a voltage transformer). Although not stated
in the I.E.C. Recommendations it will be clear that in routine
testing of large numbers of similar transformers it is unnecessary
to make a heat run on each; a type test carried out on one or
two chosen at random from a batch may be taken as evidence
that they will all be satisfactory from the standpoint of thermal
rating under normal load conditions.

2 National Rules. (¢) GrEAT Britarx. B.S.S. No. 81/1927
was formulated before the L.E.C. Recommendations and in the
revised edition will be considerably altered (see Appendix IX).
For current tramsformers with rated burden at unity power-
factor and rated primary current, the maximum permissible
temperature rise after a two hour test starting from air tem-
perature shall not exceed the tabulated figures—

Temp. Rise in ° C.

By Ther- | By Re-
mometer ! sistance

Type of Current Transformer

N
—

transformer, the primary insulation of which de-
pends on porcelain or micanite

p Other open types of transformers . . . . . 40° 45°

\ 30° 35°

' Oil-immersed or compound-filled transformers .

For wvoltage transformers operated continuously with rated
 voltage, frequency and burden at unity power-factor the
following limits of temperature rise are imposed—

Temp. Rise in ° C.

Type of Voltage Transformer By Ther- ! By Re-
mometer | sistance

L Oil-immersed or compound-filled

| Othor types .

o~
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In all cases the cooling ai
n all g air shall not exceed 40°(
1111(1{1)‘;5 grgly apply u%)hto an altitude of 3 000 ft. above ée:I}edvg]e
RMANY. e témperature rise limits 1 .
\ : mposed
Efrnélan Rulfes arc‘a deﬁmtely based upon the II)ntern;)t}; th?
fe_c rotechnical (Lqmrmssion Recommendations. Six cl o
?de:;gul‘ixtln%hma}’ierlals are distinguished, of which threea S:::
ical with the corresponding 1.E.C class
‘ E.C. es, na
B, and C, both as regards notation and materials. Tnlllzl%thgl"

I ciasses are ‘ SS A d |l(] are
t'}l ee [( b mOdlﬁC&tlonS (&) Cla (51
as ’OH() WS a deSlgnat d

Temperature rise

Class A. Cotton, silk, paper, and similar fibrous materials
Class A Tlllpzlegnated. Enamel insulated wire.

58 A, e materials of Class A in com -filli
Class 4, All the materials of Class A under olzfund flling.

be;nviléﬁxtzgn ﬁlf) regarded as “Impregnated” when the air
potweon, he : res is replaced by some suitable material, but
o :‘n ‘r‘{i rfr‘iile (:1s(ges n(zt r}eceisari&y fill completely all the
parate insulated wires.

are cccl)rflillpletsly filled up the insulation is regagl:; 6;: ‘S‘I;a(;(;ﬁ?
p01tln 1ed or *“mass filled.” Mere dipping of an otherwise
untreated insulation without use of pressure or vac is not
regarded as impregnation. e
dighe teni)perature. rise of any part of a transformer is the

le‘rence etween its temperature and that of the surrounding
52121 ing Tedmm. Tohe cooling air is assumed to have an average
: Eﬁra ure of 20°C. and in no case must it exceed 35° C.
or the following tabulated limits of temperature rise to be
fermlssﬂ)le. The heating of all the windings of a current
ransformer is to be taken with the rated burden in ohms

Windings with insulation of Class' O L Aand A s l A,

'B C
i | | i j

(c)
conditions under which temperature
normal working connections, etc.

until it is clear that the specified limits
to reduce the time taken the ear
with current or voltage in excess of
to the rated value for the latter part.
as stationary when the temperature rises les
hour. Tests must not begin until the transform
brium with the surrounding air.
- and thermometer methods are use
' perature rise; ambient temperature is measured

Limited only by

Windings 50° 60° 70°| 80°| influence of
& ! neighbouring
l insulating parts
o [ I S S N
Iron core
Dry-type transformers 60°
Oil transformers 70°
e
60°

01l at surface

Limited only by influence of neighbouring
insulating parts.

! All other parts.

Fraxcr. The French Rules specify fairly completely the
tests are to be made, e.g.
Tests are to be caried on
will not be exceeded ;
lier part of the test can be made
normal value, reverting
Conditions are regarded
s than 1°C. per
er is in equili-
The usual resistance change
d for measuring the tem-
according to

[
) i Limit of
Material \ Temp. Rise ° C.

S LA

connected to t . . ;
for voltage t he F eCOnda,ry and with 1-2 times the rated current Windings insulated with Class O insulation . . 40
with thegr traglsborrérllers 1-2 times rated voltage is to be applied b Windings Class A gghep:ometer gg
ate urden in o : ] » ” esistance
cases the rise is to b ti hms connected in place. In both ' » with enamelled wire . . . . 55
of the windi e estimated from the change of resistance. » insulated with Class B gThermometer 70
e windings, except when these are composed of thick copp e ] insulation Resistance 75
bars, when thermomet Iron core in contact with windings . . . . As for windings
formers with ers are to be used. Three-phase tras b, 5, motin ., oL 70
a common three-limbed core are to be tested Wi . Metal dotails other than windings in§ marble and slate 60
' 40

i1 2 ‘Emes rated hne-vgltage when the middle high-voltage pha
s sd ort-circuited. Single-phase transformers that are to
gset 1;1 (tihreg-phase star connection with earthed neutral are:
: }e:e Zsu ;ﬁwﬁhfl-f times the star-voltage. In both these ¢
the on of the test is 2 hours; in all other cases the test
o be continued until temperature conditions become stead

Moulded insulators
1 Class C insulators (fireproof)

0il at surface level . . .

contact with
According to quality

fibre or wood
. No practical limit
60

Col-)per or Braés

Metal details in form of springs{ Phosphor bronze 110
Steel . 160

Metal pieces near a soft soldered join 60
50
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40° C. the following table gives the limits of temperature rige -

the limit of observed tem i : .
0 the tabalate] fgares perature is obtained by adding 40° (.

g (d) US.A. The American Rule
: o ‘ ‘ s define Cl
% nsulation and give the following limits of tempzls':izr

XXXI11

CHAPTER XXXIIT
DIELECTRIC TESTS

1. Secondary winding. Tt is provided in the International
Electrotechnical Commission (I.E.C.) Recommendations, Pub-

O and A

© rise—

s Type of Transior Insulation lication 44, 1931, that the test-voltage of the secondary circuit,

‘ anstormer w0 | o~ Jw be applied for one minute between the secondary and the

—— 80 | Classa primary, core, frame and/or case, connected together, shall be
\\“*—‘——“

Dry-type transformers .

. 2000 volts. In current transformers having their primaries or
Oil-immersed transformers

Fecondaries divided into two or more separate sections, these
ections shall be capable of withstanding an alternating
groltage of 2 000 volts applied between them for one minute;
the like is also specified for voltage transformers having their
g secondaries divided into separate sections.
These recommendations are the common practice of all
eountries with the exception of the United States, where the
test voltage is 2 500 volts. The voltage must be sine-shaped
and preferably of rated frequency, though most national rules
tolerate any frequency from 20 to 100 cycles per sec. if more
convenient ; in particular, the British Rules specify 25 cycles
per sec. up to double rated frequency. For testing procedure
E see the next section.
. 2. Applied high-voltage test for primary winding. The LE.C.
frecommend that the test-voltage for the primary circuit of
an instrument transformer, to be applied between the primary
jand secondary, core, frame and/or case, connected together,
shall correspond with that laid down in the latest I.E.C. Rules
teontained in Publication 34, 1930. It is there stated that the
test voltage is Twice Rated Voltage 4 1 000 volts. Practice in
the different countries varies very widely, as will now be shown.
In Great Britain the test-voltage for a works test is—

40°C

T

5° C,
53° C.

o

(¢) IraLy. The i S i

Electrotechnical (L‘om{rtl?sli?éln I?(a\(l:l:;m? Copt i the' oo otional
but specify that the limits of tempera
the current in a current transformer
transformer has 1.2 times rated v
ohms being joinec

ture rise shall apply when
or the voltage in a voltage

; alue, the rated burden in
lin the secondary circuit.

f Rated Primary Kilovolts between Lines, V Test-voltage in kV.
< 0660 kV 2
> 0-660 kV 225V + 2

If for any reason it is required to make an additional test
after installation on a transformer that has already passed the
above works test, the test voltages are to be 2kV and 2V -
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a5 is consistent with its indication on the measuring instru-
ment. The full value is maintained for one minute, when it is
rapidly reduced to about one-third of its full value before
switching off. These precautions reduce the possibility of
excessive surge voltages being set up in the transformer.

596 INSTRUMENT TRANSFORMERS [CHAP, XXXT111

2kV respectively. These rules are not appli i
windings which are intended to be pernif)rile(;ikl);re ‘fgdpm?ary
connected to the case or to earth, or to both. (See Apc end'SOIIdl
In Germany the requirements are much more sevzre tlfl( X'.)
any other country, being based on the rule 2-2 V 4 2%:)n v
for line-voltages above 3kV; the following table gives 51‘(: '

figures tabulated in the Glerman Rules. Test Voltage, ki

DR T R e e 1000 ]
Rate(liV——— 13 6!10 15J20 304 45‘| 60[ 80 1100 | 150 | 200 | 300 o : |
- - i;,.____‘“ —_— — | N ©00
Test kV .JIOjZG 424264 64 86{119‘152 196 | 240 | 350 | 460 | 630 oo
L } ‘ “4% ! 400 ’
Below 750 volts the test-voltage is unifor 1“7 '1 s - ///
in favone o o the te ge 1s unttormly 3 kV. It is argued 200 g
" ’<l_ T these high test-voltages that transformers with- 7
standing them. may be regarded as safe without the need of i 2l
protective devices, and although power transformers are less 100 '7//
siverelty tested it is pointed out that these are protected by 50 .
t i swvltchgear. whereas the voltage transformers are not 3 ;
. nt Clzechlosloz'alom the test-voltage for transformers up to Zg 5
rat R .
pra i(, .\T()‘)t?;ge‘ of 9kV is 31V + 1 kV; above 9 kV the test 30 pas -
In@z}? is 2 f T lto II{V- L1 Germany ,ﬂg/l/' )% LEC and Fuance USANT)
rance for ra ! 705k i 2 ' hosbaiia [[1]
uniformly 2 kV ; abez)(\'g %1'053 %f\sf E‘jllg ‘t‘e (2 : kl‘g ity | Z0n CZZC/?OS/?V%/(I/&:
as the I.E.C. recommends. rotnee 2V LRV, 1o /;/ Bt e
1Itn the U .S:A. a difference is made between current and 8
1270 age transformer primary windings. For current trans- : zZ
};)rmersltthe test voltageis 2-25 ¥ - 2 kV, like the British Rule. 2 LI
or voltage transformers it is 2V 4 1 kV [ 1
Recommendation. LY ke the TG : ;'%/
For comparison all these rules are plotted together in Fig. i
288,t lggarlthmlc scales being used for compactness. Above. ]
a rated voltage of 50 kV all the rules give about the same resulty. 1 —_ T L
05 1 2 3 4567830 2 30 40 060 80 100 200 300

but belowlabout 20 kV the great severity of the (jerman R
m comparison with the others is apparent. ;
The test-voltage should be of sine wave-shape and preferabl,
rated frequency, though if more convenient a higher '@
lovyer' frequer‘lcy within certain limits may be used; in G
Britain the limits are 25 cycles per sec. up to double ra
frequenoy_. The transformer is to be arranged exactly as it
be when I operation, and the h.v. test is best made after
he.at run, if any. At the beginning of the test only about 0.
third of the prescribed voltage should be applied; the volta
is then to be raised smoothly to the prescribed value as rapid

Rated Voltage, KV

Fia. 288. CoMPARISON OF TEST VOLTAGES FOR PRIMARY WINDINGS

~ The r.m.s. value of the voltage may be measured either by
3 voltmeter on the output side of the testing transformer, or
by a voltmeter used in conjunction with a voltage transformer,
or by a voltmeter connected to a specially calibrated voltmeter
 Winding on the testing transformer. Alternatively, the crest
Value of the voltage may be found by means of a standard
8park-gap, and for the purpose of the test the specified r.m.s.
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test-voltage is assumed to be its crest-value divided by 4/2

In some rules, e.g. those of France, calibration tables for spark- ;

gaps form an integral part of the specification.

3. Induced high-voltage test for voltage transformers. The |

British and the German Rules further prescri
transformers shall withstand, in additiog to tilzea%l;ltiegoga‘%e
voltage test, an induced voltage test. This has as its obl‘g ;
subjecting the windings to a distributed voltage test from tllfrc
to turn. The British specification provides that one windin'clr
shall have applied to it an alternating voltage equal to twice
the rated voltage of the winding; the test-voltage shall sta.r:
at not more than one-third the prescribed value, and be in-
creased as rapidly as is consistent with its accurate measure-
ment. It is to be maintained for 30 seconds and then rapidl
l'educed.to or}e-third of its full value betore switching off (Se)(;
f.\pp_end-lx IX.) The German Rules prescribe the a?)l)lic'atfon
for 5 minutes of a test-voltage of 2:5 ¥ for transformers up to
3()r]fv rated voltage and 2 V for voltages above 30 kV.
~ To avoid the production of excessive fluxes in the core the
induced vol.mge test is made at about double the rated fre-
quency. It is usually more convenient to apply the test voltage
to the low voltage winding, leaving the h.v. side open.

4. Dielectric loss tests. The usual high-voltage tests de-
scribed in .Sectlons 2 and 3, in which the transformer is subjected
to a specified test-voltage for a short time and observed for

breakdown or flash-over, are intended to be applied to all -}

transformers as a normal routine. Such tests serve to discover-
the more radical faults in manufacture and materials but tell
nothing definite about the safety of the transformer under
normal working conditions. Indeed it is by no means unlike}j
that although a transformer may pass the high-voltage b
without obvious damage, yet the insulation may be so m
weakened that breakdown may easily occur with continy
application of the normal working voltage. To guard ag 3
this contingency many firms impose a more severe “type
to be applied to a specimen transformer of a given design. ;4
example, the Siemens & Halske A.G.* have for several
adopted as a type-test the application of the test voltage
eight hours, thereby making certain that no damage calt
caused by the usual routine test with its one to five minuté
duration.
It must be admitted, therefore, that the usual high vol
* Bull. Schw. Elect. Verein, vol. 24, pp. 93, 96 (1933).

&t constant temperatures; finally IR P
Piv) a combination of (i) and (i) r ‘

Pist-voltage has been reached and

Piwration of the application of the
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st is a rather rough and not very scientific test of the excellence
otherwise of the transformer’s dielectric. Keinath* has
inted out that a much more rational procedure would be to
jopt the method of the cable maker and measure the loss-
pole of the dielectric by means of a Schering bridge. In a
pmplete investigation this quantity can be measured (i) at
nstant temperature as a function of rapidly increasing volt-
pe; (ii) at constant temperature and voltage as a function

time ; (iii) as a function of tem-  Loss anjle

erature, or by combining with (i) “77%"
¢ a function of voltage for differ- (T [ 0 e Fanstormer |
with large (s ang™|

i |

b e

Dry Hype Iranstorerer |

- with racuum- —>f-

I impregrated corls ;

AL Mt be et
T -

an be used by measuring the angle o
s a function of voltage until the b

L)
i ] l-d'/—/mn}élr‘se‘AdTAr
l _Transtormer .|

e

ihen as a function of time for the T

ligh voltage. Such a detailed test
might be justifiable in the case of
mportant and expensive extra-

high-voltage  transformers but - e
tould hardly be used for quick  °;7 ¢ \ o 0 a0
orkshop tests. Keinath suggests 1%
Bor this purpose a special loss-angle F1c. 289. VARIATION OF

DIELECTRIC LOSS-ANGLE AS A

Mmeter, similar to that used for ;
FUNCTION OF VOLTAGE

; ble-testing.

The apparatus consists of two moving-coil instruments mounted with
he axes of their coils in planes at right-angles; each carries a mirror,
hid 2 beam of light projected upon one mirror is reflected to the other and
bence to a viewing screen where the movement of the spot of light is
bographica]ly recorded. Each instrument is supplied through a
Bbrating rectifier (p. 400). One element is arranged to measure the
bwer-component of the dielectric current; the other is operated by the
ting voltage. Consequently the spot of light traces out the wattful-
brrent/voltage curve as the voltage is raised from zero to the rated test
Pltage. The voltage remains constant at this rated value for a definite
ine and a clock-operated device gives to the voltage element a displace-
fent, proportional to time; a further record is traced of the loss-angle
b constant voltage as a function of time, thus completing the test. The
Bparatus is portable and easy to use.

Fig. 289 shows some typical results on three German voltage

% &. Keoinath, Arch. f. tech. Mess., Z31-1 (Aug., 1932); E. u. M., vol. 52.

s 151 (1934).
F+ See B, w. M., vol. 47, p. 160 (1929); vol. 48, p. 640 (1930).
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transformers for 10 kV, for which the high-voltage test applied
for one minute would be 42 kV and the induced-voltage test
applied for 5 minutes 25 kV according to the German Rules,
In all cases there is a definite voltage at which the loss-a,ngle
begins to increase rapidly and below which the angle is roughly
constant.  Oil-immersed paper insulation has the smallest
loss-angle and the highest break-away point; it is the best

APPENDIX I

FORCES ON STRAIGHT CONDUCTOR WITHIN A
TUBULAR RETURN

dielectric material, as has been pointed out on p. 194, in accord- Tae problem of the mechanical forces acting on a system

ance with the experience of cable makers. Next comes the
dry-type transformer with vacuum-impregnated windings, and
last of all the porcelain-insulated dry-type of transformer. It
will be noted that the applied test-voltage of 42 kV is in all
cases in the region of high loss-angle and must necessarily }
subject the dielectric to very severe conditions, both electric
and thermal. For this reason there is a growing opinion in
Germany that the standard test-voltages may be, in many cases,
much too severe and act as a cause of subsequent failure under }
working conditions, due to permanently weakening the dielec- &
tric. The deterioration of the dielectric is partly due to the
high electric stress and partly to the effects of heating by the |
dielectric losses. The whole subject is one of considerable _
complication and offers a wide field for further research.

It is probable that when more experience has been gained
with these more rational methods of dielectric testing and with
the interpretation of their results, that the old methods_of
high-voltage short-time testing will be abandoned as unscientifie
and unnecessarily severe. The subject is receiving attention on }
the Continent and in the U.S.A.* and is likely to prove inter-
esting in the future.

* See Elec. World, vol. 103, pp. 68-73, 111-116, (1934).

onsisting of a long, straight conductor carrying a current @
-z.m. uni%s contain%d wit}glin a tube serving as the return
¥ conductor is of interest in connection with the design of
coaxial terminals for current transformers, see p. 171. Whep
the conductor passes axially down the tube the latter is

Y £
Fsin ¢

Fic. 290. STrRAIGHT CONDUCTOR WITHIN TUBULAR RETURN

 subjected to a uniform radial force and its n}aterial is in a
 state of hoop tension. It is interesting to inquire what is the
] system of forces when the construction is not coaxial.

In Fig. 290 let a straight thin wire carry current perpen-

i into the plane of the paper at 4, at a distance ¢ from
g}llzuf;‘ilg' O of a thIi)n tube carrying an equal total current 011011;
L of the paper. If the current be i, then the current in the tu (z
 is agsumed to be uniformly distributed, its amount per unit o
| periphery being i/27a where a is the radius of the tube.

The tube makes no magnetic field inside itself; consequently

F the current in the tube exerts no mechanical force on the wire.

601
40—(T.5722)
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Since there is no resultant horizonﬁal force and we .have steerf
also that there is no resultant vel:"tlcal force t}lere ’}shn(;‘ I.ZI;S
dency for the tube to move relative o F}‘le ere.b tf (})1 .

exerted on the tube by the wire are equilibrated by the hoop

stress set up in the tube.
The forces per unit o

simply thus—
Force F = (13[ma) (1/AP) o 1/AP.

)
Horizontal Component = (1*[ma) (ABJAP?) oc AB[AP*.

602 INSTRUMENT TRANSFORMERS

The only force on the latter is a *“ pinch-effect” due to its own
magnetic field.

The wire, on the other hand, acts dynamically on the tube,
Consider an element at P subtending an arc adf at O. The
force F acting upon it is 2i(d0f2) (ifr) = 13(d0/=r), in the
outward direction of the radius vector » = AP from A. This
force can be resolved into two components, Fsin ¢ parallel
to Oy and Fcos ¢ parallel to Ox. An element of the tube at an
angle — 0 is subjected to similar forces and it will be seen that
the vertical components on elements at 0 and — 0 are equal
and opposite; hence the total component of force parallel to
Oy is zero for the entire tube.

The total horizontal force exerted on the tube is

e .
1* [T cos ¢ df) it [T eos
— ~_i_ = 92_ d’ (10,
T Jo 7 7 Jo 7

since the distribution is symmetrical about Ox. Now
cos ¢ = ABJAP = (a cos § — ¢)fr,
and 72 = a2 4+ ¢ — 2ac cos 0

f periphery can be expressed very

Vertical Component = (i*ma) (PBJAP?) o« PB[AP®.
since cos ¢ = ABJAP and sin ¢ = PB[AP.

force on fube
per unif of peripiely
+o

hence the total horizontal force is

o [T (acos—c) 10
- ¢
7 Jo a? - ¢ — 2ac cos 0

o2 [T a cos 0 ¢ ] 20
T Tr o Lat e —2accos 0 a? - ¢ — 2ac cos 0

It is easily shown that

/’f cos { 26 — sin oo — 1
o 1 - cosoacosb = T sin « cos « -
(J. Edwards, Integral Calculus, I p. 207, Macmillan & Co
1921)

05

. OF
Fig. 291. VariatioN oF COMPONENTS or ForcE PER CM
PerrpHERY OF TUBE

d in Fig. 291 for the case when
as under these curves are pro-
he tube; the last two integrate

These expressions are plotte
the distance ¢ = af2. The are

and
™ d ” N
[ C+ Decosb /(C*— D?) when C > D (ibid., I, p. 202

Writing cos & = — 2acf(a® - ¢2), sina = (a% — c?)f(a® -+ c’)ﬁ f gortional to the total forces on t
; 0 Zero. . - seoti
C=a?4 ¢ D= — 2ac, 1 rl%he total radial force acting on the tube in the direction
the integrals can be evaluated and the total horizontal force i OP is 4 6
2 i [Tcos(p—0) , [T @—CCO8T gg
2?’_ [_77.6_ _ _?_C_,,J —0 2— -, do = 2_” b a® + ¢ — 2ac cos 0
mla?—c¢z a? %) 7 Jo




——. |
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which can readily be evaluated in terms of the preceding
integrals and gives

2i2 am c2r 2

mla?— ¢  aqat—c2) ] a

This is exactly the same total radial force, tending to burst
the tube, that is produced with the wire at the axis. The
maximum hoop stress occurs at the places where the tube cuts

the axis of z, and is consequently exactly the same whether
the wire is axial or not.

APPENDIX I1

TABLES FOR PHASE-ANGLE CORRECTION FACTORS
IN POWER MEASUREMENTS




L3

26 02
2162 seg-t | oree1 | €809-1 | cozse1 .
- 4o | oot ) os9era clbel | Logt. : o 68- 1 .01
Le600 | 6800-T | 2050-1 | LOFOT | $5001 | <0601 09011-1 | 61611 faRCl | MG | LISET | S801 )| ORGSI o o
6266-0 | 8800-T | €950-1 | 96€0-1 %wm M wmmc L BEARE BH eelz-1 | zege1 | zeak1 | Lole o
2066- . 01 | 1880-1 . =50 « - o, 260F- gc. ¥e8-1 09
3966:0 wmmm.ﬁ w%; £180-1 | 90S0-1 | T2RO-1 | 8ROT-T | PZF]-T mwmﬂ mewﬂ mﬂm.w mmmw“ men i moow.— .wm
. 20+ teot G0 et - - - . Zo6F- 2.1 .
6966:0 1 1800°1 | 18201 423 SRCO-1 | THO | 62001 | 0SZL | SOLLT | HSE | S0ST Goont | Goort | sepl .0
FO00 1 ool | DeEhl | sEROL | SREOT N Chiod | G0l geall | 8eoll pReal | Sheay | el e20t1 | 91601 0 of
£266:0 | 2200 “120-T | €58 ¢ fand 1 . er. 3 192
< . YO-T | LRD0-1 | 9060 - £09-T 0g
9166-0 | €200-1 § S0G0-T | £180-1 | 66 . 121 J 29¢9a1 | gcze-1 | #ger1 | o¢ ¢
N . T | 9CTL-T | 60611 | €018 3¢ §- e+80-1 0P
. L1 2610-T | T08R0-T | 62F0-1 | 0000-T | 6980 : . 1021 | 96F&-1 | €1181 | S8TH-T 3
hn R st e S et SR Bt | R e ) ) 86 B o |
9001 | Z810- 1201 | 6Er0- e - 2687 . 261 .05
oo 1 T ) EO Mcwo; OIbO-l | Qigo-l | SEL0-1 | OOCO-T | SISLT | TESLL | ST | TESTL | O18CT | 80UC T ot
€866-0 | 9900-1 FLIO-T Zaan. . 3¢ 1 1220-1 Sr60-1 0¢el-1 THLL-T 4 CGz-1 | 98181 +61C-1 0 o8
2206.0 | £500.1 35.# mmmm # mmmw W 0e¢0-1 | +890-1 | £680-1 | $8IT-1 | 0S91-1 | £103-T | 0°¢z 00851 05 \
. c10- >0 - o0 e . =08T. a o8- . /
ol Il Ineehel IS Iobodll IR o PIBO-L Y ORI | O0STT | ZOOLT | Q0P | 9FGET | 006F- ot
mmg.w Mnmww @nm.w mm,.:._ §E60-1 | $Oto-l cs:.“ awwmﬁ wmwm,ﬁ MMMT 089T-1 | 23151 | 99821 | 18gt-1 .08
6866+ CC00- oF 4 o 0 eargel | ELG0- 9¥L0 i 2
A 00 . 0%0-1 | 81801 | ¢ M ~ . i c1oz- eroF-1 .0 |
0666:0 1 8200-T | ¥810-1 mwmo; Z620:1 | IR0 | £GS0T | 4600 | 95001 | 9STLL | OIS | 980T ) S1021 | gYOLT 01
wmmmm mmmww wﬂw.w 9L10-T | 9L20-1 | 6280-1 Ewwﬂ m%w.w mmmw.ﬁ FOILT | OFR1-T | $OLLT | #6281 | 60te.I 0 3
Y : q1le 0- 560-1 | 6SHO- 560 L0- < o
. . 10-T | €910-1 | 9920-1 | 0460 z - L1 ] 7011 | #orz1 | 8181 0
76660 18.“ Mmﬁw.d 0810 | SEZO-L | 1Z60-L | 1201 | 61901 | 8200-1 [ETOTT [TFECTT| 9elt E181-1 | o6get 0%
6000 | So0t | 1800t | fE1o §6101 | 10201 |.oreo-1 | 0%t | 56601 | Gu80-t | OUOTT | 6emit ZELLT | 10031 pe
so6.0 | F800- . 310 10 o1 ’ . 1| s183-1 Qo
2666-0 | ¥£00-1 | €800-1 | €310 | €6 1| sgzo1 | seso1 | zetrt | 1gert z
g -1 | ge70-T | 8080-1 | 0OFO-T | 08SO-1 "1 et 11 | $2081 ot
TOUCT OSO0-1 | F200-1 | OLTOT | 210-1 | S670°1 | BOO-L | QOFO-T | 0ESO-T STO0-T | ZBLO-T | 2060 | OVELT | 20T o |
80000 | £5001 | 60001 | #8001 -] 601 | L0301 | VeE0-1 | 1oso-t | mowor | Geeot | usor |EemT - o |
~00- SO0 3 - H6a10- “c . . c60- . B
el Iiie g G001 | 80100 | L1101 | SO0 | 1620 | FsR0L | 190O.T | 2060 Goiot | Baeor | oevrl J0v
SOON0 | 0oL f LEO0-L | Sono k) Boaa | gt Slio | toeod | SoTOL | SoED | Qaro- | Gas0l f 9ol 59801 A8 7
6666 ' Yoy 500- €900-1 | 6RO T 110 - i o 1820-1 | 9¢g0-1 [BLFO 2L0- 9
o o | e | ot | et | 26001 | ool | 90g0-1 | 4izot z o oz |
0000-1 | O100-1 { ¥Z00-1 | S€00-1 ¢ . 101 | egto1 | ¢zz0-1 | cgzo-t | essor | 6zc0-1 e
0. ) G00-1 | 2200-1 | 1010-1 | €€ : . 20-1 | 88201 | ¥€10-1 S
it | GO | OGN0t | s0T | Ht | ssovt | B0 | GOl | Geior | Geiet | et | S T o |
eoT | Tl | oreot | rient | Siot | tnr | Seeot | ol | dT | S0t | BT | a0 | BioT (ORE .
0000-1 | 2000-1 | $000- - - <1 01-0
| 000 | o0 | ov0 | owo | ovo | oo | owo | ovo | ovo | szo | oeo | ero | g amuy |
001 : i ,
(.$ S0D) WOIHVI-HAMOJ INTUVAAY
Buipme)
eansod uoOYM JUOLINO g Qs esn 104
eaBIou w 81 ¢ uoy M w:_wwa_. w
g -0 98-07172058-0 | 0076.0 | 8006-0 | L128.0 | zve8-0
25000 | 45800 [ £9960 | £256-0 | 15260 | 1008.0 | 6519.0 | ooseg
39660 | 88860 | 9.06.0 | 0tS6-0 | 8080 | £206.0 | 0065.0 | Sorerg :
iseos | 1500 | 65000 | 22200 | ERe | smte | uremo 88580 g8’
6966:0 [ L986-0 [ 11260 | 6856-0 | I8€6.0 | 6916.0 | 5268.0 | Oing.g PLBL.D $219-0 £912.0
10660 | 19860 | £726-0 | 9006-0 | S0%6-0 | 10260 | 1068-0 | g005.0 0¥28-0 | 6952.0 0.39-0 | 16610 | £9t7.0 03
§566-0 | OL8G-0 [ <8260 | 22960 | 62V6-0 | 5£26-0 | S006-0 | C12og 6088-0 | £092-0 | 0912:0 | ¥1¥9-0 | S81¢.0 | Proog ot
9L66.0 | 0486-0 | 03260 | 8896-0 | T5¥6-0 | $926.0 | 61060 |FHLE L1880 | 8620 | #2220 | $5¢0-0 | 8860 | Sege.a 0 ob f
8L06-0 | £886:0 | 8626-0 | 1996-0 | 0276.0 | 9626-0 | 9806:0 | 0z8R.0 9re8-0 | 280 | 8982.0 | 20290 | 12060 | 9zEEeO 08 |
O866-0 | 88K¥6-0"| 696-0 | 02960 | 00260 | 22£6.0 | 2216.0 | 2ongg F198:0 | 9v6L0 | £0S2-0 | L1890 | 19250 | 91o8.0 -OF f
1866-0 | $686-0 | 18.6-0 | 9896-0 | £026.0 | GSE6-0 | £916-0 | 3oeg.g £898-0 | 0¥08-0 | 21020 | 16690 | 256¢.0 | 20850 .08 ,
8660 | 0066-0 | 76260 | 1046-0 | £7S6.0 | 06%6-0 | 9036-0 | 9268.0 1908-0 | $218-0 | 16220 | ¢e12.0 | 15190 | 88TH-0 03 ,
ooo00 | 29660 | £086-0 | L126:0 | 0260 | 15¥6.0 | 8Y56-0 | 8206-0 | 61rn.g 8228:0 | S98L.0 | 62340 | ¥t£9.0 | 88FE.0 01 \
98660 | T166:0 | ¥I86:0 | €260 | ¥6S6-0 | ZGP6.0 | 8826-0 | 0806-0 | pere.g GTE8-0 | 69620 | TZHL0 | 28600 | 62¢h-0 0 o2
8866-0 | L106:0 | €586-0 | 8826-0 | £106-0 | £8¥6-0 | 6286-0 | Z816-0 2988-0 | 91980 | £208:0 | 99520 | 02290 | 6g0c.p .08
Sooe0 | 2660 | 9£86-0 | ¥926:0 | 01960 | €166.0 | 6086.0 |.6810.0 | ponny 0198-0 | 1818:0 | 01220 { £369-0 | 09gé-0 -OF
0666:0 [ 8600 | ¥86-0 | 62260 | £996-0 | SPG8.0 | 6086.0 | 6830.0 | toen.n 8098-0 | 10880 | ¥S8L0 | G120 | 0gvo-o .08
Zo08-0 | T£66-0 | 8986-0 | £626-0 | 98060 | 9296.0 | 6116-0 | L8360 | 6206.0 £608-0 | ST98-0 | 26020 | 8080 | It6G-0 .03
o000 | Sreo0 | 6986-0 | 0186:0 | 60260 | 2096.0 | 68%6-0 | 85660 | sreg 16280 | 6298.0 | Tt18-0 | 1052.0 | Tezg-q 01
V6660 1 F166:0 | 6.86-0 | S386.0 | 28L6-0 | §£06-0 | 6256.0 | Gueo o YOT60 ) ¥888-0 | 298-0 | #8280 | 169L.0 | Izegeg 0 3 ,
59660 1 6106:0 | 0686:0 | 0Y86-0 | $226.0 | 20060 | 89960 | Th36-0 £926-0 [ 82680 | 95280 | 82590 | 9882.0 | 2189.0 .05 |
§o66-0 | 19660 | 0066-0 | S¢86-0 | 82260 | G696.0 | 8096-0 | 26rao 8580-0 [ 12060 | 6088-0 | 12980 | 6208.0 | 201e.0 oF ,
26660 | 6966-0 | TI66-0 | 0860 | 0086-0 | 0526.0 | 8796.0 | £beqry | soe ¥916-0 | £868-0 | ¥1.8-0 | [L58.0 | 268L.0 J0g |
fouar0 | 19060 | 1566-0 | $880-0 | £286-0 | 0960 | 2506-0 | $6¢6.0 | Fore.O £6%6-0 | 9608-0 | 2988-0. [ $0+8-0 | 289L.0 .07
Soog0 | 0900-0 | I860-0 | 6686-0 | S86-0 | 0626.0 | 9226-0 | <hgg | oee 09860 | 6026-0 | 0006-0 | 9S98.0 | 2L6s.0 01
§666-0 | TL66-0 | 1¥66-0 | F166-0 | 8086-0 | 0786.0 | 9976.0 | 6oy 66960 | ¥F¥6-0 | £586.0 [TFIG0] 8588.0 | 2025.0 0 .t
oo0s 0 | 8L66-0 | 1966-0 | 62660 | 0886-0 | 1580-0 | S0R6-0 | £526-0 | 9996.0 9896-0 | 9£¥6-0 | 9826-0 | 0%06-0 | zceR-0 .08 ,ﬁ
SO0 | §806-0 | 1966-0 | £766:0 |.Z166-0 | 1880.0 | 7786.0 | BOL6. | sevey 0290-0 | 67C6.0 | 62760 | ¢€36-0 | obe8.( 0% ,
0000y | 48060 | 1166-0 | 1S66-0 | $£66-0 | 1168.0 | £986.0 | 8re0.0 | Lome.o 35L6-0 | 29960 | 5266-0 | }2r6.0 | 1616.0 08 |
00001 f 6868-0 | 0166-0 | <B66-0 | S166-0 | 9766.0 | £066.0 | 32600 | ong.g 8926:0 | 81280 | £996.0 | 0356.0] 9L26-0 oz
Q000-1 | z66e-0 | 1866-0 | 52660 | 9966-0 | 08660 | 7706-0 | 6086.0 £086-0 [ €186-0 | €2£6.0 | S1260 | 91060 | 1zr0-0 02
00001 | 58860 | 9800-0 | 6266-0. | L0660 | £966:0 | 5r60.0 | $e0a0 | Sogerd 19860 { 1686-0 | 98160 | 31.6-0 | 99¢6.0 1 ‘
0001 | 9066-0 | 0666-0 | 9866-0 | 82660 | 0266-0 | 1966.0 | hecao BL066-0 | 20660 | 28860 | £286-0 | 8086-0 | TTIED 01
00001 | 86660 | £666-0 | £666-0 | 6366:0 | ¢366-0 | 1866.0 | S200.9 | sonn 0 ¥966-0 | r168-0 | 6266-0 | +066-0 | ¢¢36.0 €
: :
01 | 660 | o0 | oo | oo | 020 | 00 | otu | oro | 020 | szo | oz0 | sto | oro ity |
(. S0D) WOLOYA-UAMOJ INAUVddY |
eAnedou 3urpuoy i
oarnsod wmw ¢ usym o:oE:oWwEmew I osn Jog i,
1 Hﬂm.ﬁﬁ ,
SINIWALNS VAW YAMOd NI SE0LIVA-NOILOZHHO) TTINV-SVH H0d SAIIVL 7

II XIAN"#ddV




APPENDIX II 609

’
sections and in all cases where adjacent values of cos ¢’ are

608 INSTRUMENT TRANSFORMERS
The theory of these tables is given on p. 304, where it ig

shown that separated by a heavy line the maximum error in interpolation
will exceed 0-0010. ]
True power = e q% J | Exampre. The readings of the voltmeter, ammeter andzgaf(:}o
00s o c0s b meter corrected for scale errors are, In primary units,
where

tively when measuring
volts, 490 amperes, and 5 120 kW respec
an inductive load. The following data are found from the
libration of the transformers—
® K,, — 200, K,=199-2, F,= 09960;
K, =100, K,= 997, F,= 09970 iy 1o
= 4+ 38, B=+6,y=-+ 3, so that cos o 1s unt
8 olcligh;—' degliee of precision than the tab{f’. F;rlo;g ;hf(s)gi
ey =0=+3+4+6—-3=06; cos¢p = 10°
?2;4ﬂ>< 47‘)9 % 10%) = 0-4665. The value of cos ¢fcos ¢’ is
found by proportion from Table I thus—

W = wattmeter reading corrected for scale error;
F,= K, [K,, the ratio-factor for the voltage transformer ;
F, = K [K,,, the ratio-factor for the current transformer;

cos ¢ = true power-factor of the circuit; ¢ is positive when
the voltage leads on the current, i.e. with inductive
load ;

cos ¢'= apparent power-factor = W/(volts X amperes). The
volts are read on a voltmeter in parallel with the
wattmeter voltage coil on the voltage transformer
secondary ; the amperes are obtained from an

I ;
ammeter in series with the wattmeter current coil Forcos ¢’ | 04 05
in the secondary circuit of the current transformer; l *
’ .
¢ =¢—0; §= 5 0-9967 | 0-9975
d=a+pf—y, 5= 10 0-9933 | 0-9950
where cford= 6 ’ 0-9960 l 0-9970 . 0:9967 for cos ¢’ = 0-4665

« = phase-angle of wattmeter voltage circuit, which rarely
exceeds 5 minutes and is usually positive, i.e. the voltage
across the voltage circuit leads on the current through it ;

B = phase-angle of current transformer, usually positive, i.e.
the reversed secondary current leads on the primary
current ; . :

v = phase-angle of voltage transformer, which is positive if . -
the reversed secondary voltage leads on the primary
voltage. :

Collecting the various factors,

FF, 08 ¢ 1 0.0960 x 0-9970 x 0-9967W
cos o COS ¢’
— 0:9930 x 0-0967W — 0-9897W = 0-9897 x 5120

= 5067 kW.

True power =

The values of F',, F,, y and g are found from the calibration:
curves of the transformers. The tables give the factor cos ¢
cos ¢ as a function of § for various constant values of cos ¢
Table I being used when ¢ is 4 with 6 4, while Table II
applicable when ¢ is 4+ but 6 is . Linear interpolation m#
be made without error for intermediate values of ¢, but t
will be certain interpolation errors for intermediate values
cos ¢". Interpolation for correction-factors, cos ¢fcos ¢’, COIT
sponding to values of cos ¢’ Iying between the tabulated entrk
may be made without exceeding an error of 0-0010 in
sections of the tables between the heavy lines; outside th




APPENDIX IIl

USE OF VOLTAGE TRANSFORMER WITH ELECTRO-
STATIC VOLTMETER FOR PRECISE MEASUREMENTS
OF CURRENT AND VOLTAGE

Many years’ experience at the National Physical Laboratory
has shown that a carefully-designed reflecting electrostatic
voltmeter is an excellent instrument for the precise measure-
ment of current, voltage and power. By using a long, suitably
curved scale at a considerable distance from the mirror very
high precision can be obtained; for example, the N.P.L.
instrument at the top of its scale can be read to 1 in 10 000, the
voltage being about 100 volts. Lower voltages can be measured
with comparable accuracy by stepping them up to 100 volts
with a voltage transformer of appropriate ratio. Currents can be
measured by passing them through suitable four-terminal
resistors, the p.d. across the voltage terminals being then
s‘cepped. up to 100 volts by means of a voltage transformer.
The idea of using a voltage transformer with a reflecting
electrostatic voltmeter is due to Campbell,* who in 1901
described an arrangement capable of measuring voltages from
0-1 volt upwards and large currents. His transformer consisted
of a laminated core of soft iron rings weighing about 1-5kg.
provided with two toroidal windings, a primary of 100 turns
and a secondary of 10 000 turns. The apparatus for current
measurement is shown in Fig. 292 (). Campbell has shown

that to get a constant ratio of V /I, independently of frequency .

and wave-form, the primary of the transformer should have
high ratio of inductance to resistance, i.e. a large time-constal
and the effective impedance of the winding should be mu
greater than the resistance R across which it is joined. Th
second condition is equivalent to stating that the excit
current taken by the transformer with the capacitive 1
prov.u%ed l_)y the voltmeter on its secondary side, must
neghglble in comparison with the current flowing in RB.
this early transformer the error in V,/I was — 1-9 per cent

* A. Campbell, “ On test-room methods of al ment
Journal 1.E.E., vol. 30, pp. 889-908 (1901()). alternate current measue
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40 cycles per sec. and — 0-8 per cent at 86 cycles per sec.; at

s given constant frequency the error can be compensated by

an adjustment of the turns-ratio, but even then there will be
possible wave-form error.

About 1911 the performance was greatly improved by making

a core of silicon-iron (Stalloy) plates. With 2 volts applied to

the primary the exciting current was 20 mA, corresponding

with an impedance of 100 ohms, which is large compared with

¥ the resistance of any usual four-terminal resistor. This result

was obtained by a large number of primary turns, namely,

(b)
Fre. 292. METHODS FOR MEASURING SMALL VOLTAGES WITH
ELECTROSTATIC VOLTMETER AND VOLTAGE TRANSFORMER

340, but an unforeseen consequence was that the self-capacit-
ance of the winding was so much increased that partial reson-
ance occurred at power frequencies. The voltage ratio increased
with frequency and there was appreciable wave-form error;
the change of V, over a range of 25 to 100 cycles per sec.
amounted to 0-47 per cent. It was found that shunting a
resistance of 143 000 ohms across the secondary terminals
made the ratio independent of frequency but increased the
primary current to 140 mA, so that the advantage of a large
number of turns giving a low exciting current was largely lost.
' Recently* the adoption of nickel-iron cores has made a

b x A, H. M. Arnold, “A voltage transformer for use in the measurement of
tmall voltages,” Journal I.E.E., vol. 69, pp. 156-163 (1931).
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further marked improvement and the use of a shield has
enabled capacitance troubles to be abolished. A ring core of

mumetal is wound with a uniformly-distributed tertiary coil of

4 000 turns, its mid-point being joined to that of the secondary
and brought out to a terminal; this tertiary acts as a shield.
Over it is wound the secondary winding in twenty sections of

200 turns each. Over this again is the primary in four sections

of twenty turns; by series, series-parallel or parallel connection
of its sections ratios of 2/100, 1/100 or 0-5/100 can be provided.

The change of ratio with frequency, whether on open-circuit i

or with the electrostatic voltmeter connected, is not greater
than 1 in 10 000 over a range of 25 to 500 cycles per sec. The
phase-angle on the 2/100 range is less than 2 minutes. The
exciting current is 30 mA at 25 cycles per sec. and 8 mA at
500 cycles per sec. The transformer was made by Everett,
Edgecumbe & Co.

The modifications of Campbell’s method used at the National
Physical Laboratory for various currents are shown in Fig. 292.
For currents under 20 amperes the electrostatic voltmeter is
joined directly to a resistor giving a drop of 100 volts, as in Fig.
292 (a). From 20 to 2 000 amperes a resistor dropping 2 volts
and the above mumetal transformer on its 2/100 range are used,
as in Fig. 292 (b). In an alternative method, Fig. 292 (c), the
primary resistors and voltage transformer are replaced by a
special nickel-iron cored current transformer made by Elliott
Bros.* The ring core has a toroidal coil of 2 000 turns suitable

for 1 ampere and with a single primary turn gives a ratio*of

2 000/1, which is constant within 3 parts in 10 000 of the nominal

value for all frequencies from 25 to 100 cycles per sec. and for

primary currents down to 1/10 of full current. The secondary
is closed through a 100 ohm resistor giving a drop of 100 vol
for application to the voltmeter. Currents below 2 000 amper
are measured by looping a suitable number of turns of the
mary conductor through the transformer. For currents ab
2 000 amperes the arrangement of Fig. 292 (d) is used. A
able mumetal-cored current transformer steps the prim
current down to 5 amperes, which is passed through a 0.4 ©;
resistor, the 2 volts drop across which is raised by the a
voltage transformer to 100 volts across the voltmeter.
details of the apparatus and its calibration are given by
in the papers cited.

* A. H. M. Arnold, ““Precision measurements of alternating currents UF‘
2 000 amperes,” Journal Sci. Insts., vol. 8, pp. 154-155 (1931).
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Although the method has been fully developed at the N.P.L.
i has also been occasionally used elsewhere. The Siemens-
Schuckert A.G. have used a 70/1 transformer in conjunction:
¥ith a 70 volts Kelvin multicellular voltmeter, details being
hiven by Gewecke* in 1919,

* H. Gewecke, “ Messinstrumente fiir kleine Wechselspannungen,” Arch. f.
Elekt., vol. 7, pp. 203-209 (1919).
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APPENDIX 1V

CAPACITOR METHODS FOR MEASURING
HIGH VOLTAGES

THE use of coupling capacitors to connect small loads to h.v,
transmission lines* has received some application, both in
Europe and America, particularly in rural areas where the
load is so small that the investment of capital in distribution
transformers would be unremunerative. The much lower cost
of h.v. condensers suitable for this purpose makes the connec-
tion of such loads through capacitors a much more reasonable
economic proposition. There have recently been some attempts
to use such capacitors instead of voltage transformers to supply
the protective apparatus in h.v. systems.

It has been pointed out in Chapter V that the design of a
voltage transformer for very high voltages is a somewhat
difficult matter; quite apart from the attainment of adequate
accuracy, it is also necessary to provide means of protection
against internal faults and particularly against surges and
voltage rises. These requirements are successfully met in &
number of special designs described in detail on pp. 245 to
263. Nevertheless, there is an opinion held by some American
and British engineers that a voltage transformer is to be re-
garded as a somewhat weak link in the system, though it must
be pointed out that this opinion is not shared by other engin:
eers in France and Germany, where the modern voltage
transformer has been largely developed. Consequently, there
has been some trend in America and Great Britain tow
the replacement of voltage transformers in h.v. networks
coupling capacitors, resembling those already used for
tapping. They are entirely free from surge troubles ang
attention to their proper design it is possible to obtain an 0
and accuracy quite adequate for the operation of prote
gear. In view of their use in the 132 kV section of the

* H. Brooks, “With the high voltage capacitor small loads can be &
omically connected to high tension lines,” Elect. J., vol. 26, pp. ¢
(1929). C. Dannatt and 8. E. Goodall, “Capacity coupling to tran
lines,” World Power, vol. 17, pp. 173-179 (1932), gives the theory Oi?
apparatus on the 132 kV section of the Grid. P. Hochhaiisler, £

trahmek leiner Leistung aus Hochspannungsnetzen,” Arch. f. Elekt., ¥
pp. 302-310 (1934).
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is thought that a few notes on the various types of capacitor
Jevices used for measuring high voltages will be appropriate
jp this Appendix.

The original idea appears to be due to Keinath,* who first
described the method known as “C-Messung.” In its simplest

Jorm a condenser C is joined in series with an ammeter between

the h.v. line and earth, the current being proportional to the
woltage ; see Fig. 293 (). As Fig. 293 (b) further shows, C
may be the capacitance to earth of a simple through bushing;
bin this form the method would be suitable for relatively low

r ra

LY

S

@

7.

(b,)/'/.

B . 293. ConbpeENSER MeTHODS FOR HiGH-VOLTAGE MEASUREMENTS

Poltages where the charging current of the bushing is fairly
arge. For high voltages condenser bushings with intersheaths
re used and the capacity current is much smaller. To make
$ measurement easier the current is stepped up to 0-1-0-5
mpere by & small current transformer, as in Fig. 293 (c). In
his diagram C, C,, C,, C, represent either the capacitance of
he various layers of the condenser bushing, or alternatively
ey may be individual coupling condensers joined in series.

t The assumption that the capacitance current in Figs. 293 (a),
b), and (c) is proportional to the voltage is by no means true. If
fe harmonics in the voltage are v, v;, v,, etc., expressed as a

greentage of the fundamental, the voltage will be proportional

V(1002 + w2 v + 02 4 .. L),

* G. Keinath, Die Technik Elekirische Messgerate, vol. 2, pp. 17-34 (1928).
280 see German Patent No. 336563 and ‘ Messung von Wechselspannungen
1t Kondensatoren (“Kapazitive Spannungswandler”),” Archiv. f. tech.
€8s., V 3333-3 (Sept., 1934).
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errors are zero and for all other voltages the accuracy falls
within the limits of Class 1. This result has been obtained by
broper choice of the constituent capacitances. A somewhat
smilar device is in use on the network of the Southern Cali-
fornia Edison Co.,* supplying current to the protective system.
. The apparatus used on the 132 kV section of the Gridf is

while the capacitance current will be proportional to
V(1002 + 3202 -+ 522 + T2 + . . . ).

Consequently changes of voltage wave-form may produce very
considerable error in the ammeter reading. By connecting the ]
current transformer in parallel with the last condenser or the |
outer layer of the bushing, as in Fig. 293 (c}, it is easy to show
that if the effective impedance of the transformer is high com-
pared with that of the condenser across which it is joined, the
reading of the ammeter is proportional to the voltage inde-
pendently of frequency and wave-form. Temperature effects !
may, however, cause some error since the capacitance-tempera-
ture coefticient may be considerable, of the order of 0-05 per 1
cent per °C. It will be realized that the simple methods of | e ;
Eig. 293 are the capacitance analogues of the resistor and D 7 freel
inductor methods shown in Figs. 125, 126, and 127. Capacitor !
arrangements on these principles, using condenser bushingsas in |
Fig. 293 (e), are described and illustrated in Keinath’s papers |
cited above, some being of German and some of Swedish manu- }
facture. Several devices using coupling-capacitor units in # = Frofective gap
series have been described in the technical press; to some of
these we shall now briefly give attention. Bushing methods
have the disadvantage that the available output is small, at
66 kV being about 7 VA and at 220 kV about 60 VA; with
condensers an output of 100 VA or more is easily obtained and ;
a higher precision is also possible. '
The Westinghouse Co. of Pittsburg* make a coupling- |
capacitor consisting of paper-foil condensers embedded in
paraffin compound within a ribbed porcelain container, 22
diameter inside and 43 cm. outside, the whole being clo

Metal cap

+{

&1
-

80 oo ~720 L b
|

-2

i
YeNEEREERRRS=

b4 20 20 | so—+—"w0 | rz0 1k

metal caps. A single unit is intended for use between line -5 i =t
earth on a three-phase system with line voltage of 44 Fig. 294. COUPLING CAPACITOR ¥OR HiGH-vOLTAGE MEASUREMENTS
(WESTINGHOUSE)

The caps are arranged so that units may be stacked one a!
the other and joined in series to suit voltages up to 22¢
between lines. Fig. 294 shows diagrammatically the @

ment for 132 kV circuits. The small transformer in th

somewhat similar but differs in certain details. Referring to
the simple circuit of Fig. 295 (), the small transformer 7' is

is tuned to resonance with the rated frequency, and tapped across a section of the h.v. condenser, its secondary
supplying a condenser ¢ and inductor L which are tuned to

offers a very high impedance to harmonic currents: the - v

form error is thus very small. The output is 100 VA. 220 esonate at the supply frequency. Consequently, the trans-
gives curves of ¢, and y for the apparatus, with rated bukd former offers a very low impedance to the fundamental and
connected to the secondary terminals; at rated voltage

* P, 0. Langguth, “Capacitor potential devices,” Elect. J vol.’
107-109, 112 (1934).

[ * F. B. Doolittle, “For a better use of investment in coupling capacitors,”
 Elec. World, vol. 103, pp. 256-257 (1934).

+ British Patents 354 236 (1930) and 365 194 (1931) granted to A. Reyrolle
& Co. and H. Leben. H. W. Clothier, Journal I.E.E., vol. 71, p. 299 (1932).

41—(T.5722)
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be supplied without seriously disturbing the proportionality
of the low and high voltages or introducing an appreciable
phase-displacement between them. As a rule the .voltage so
obtained is too high for direct application to standard instru-
ments and a small voltage transformer VT is interposed.
The whole equipment, condensers and transformers, is
contained in an oil-filled steel tank provided with a porcelain
lead-in bushing suitable for open air use. The condensers are
9 of bakelized paper. For burdens up to 100 VA and for voltages
& between 10 per cent and 100 per cent of the rated value ¢,
§f lies between limits of 4 7-5 per cent and y of 4 360 min,,
which considering the complexity of the circuit is not a very
high degree of precision.* The whole weighs 1 300 kg. and
§ contains 130 gal. of oil ; the external appearance of the capacitor
is shown in Fig. 295 (c).

a very high impedance to harmonics, acting as an efficient
filber and suppressing wave-form errors. Since the effective
impedance of the transformer is very low compared with that
of C, the current I, is almost equal to I; the current 1, is
therefore, also nearly proportional to I and in phase with it
The p.d. V, over L will lead on I, by nearly =/2 and since I

I (@)
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4 * Keinath points out that a modern voltage transformer of reliable design
gives 400 VA with Class 1 accuracy and weight only 1 100 kg.

Corxtenser:

€

1
1,
I ( ) Fxternal Yiew of 1324V

Fig. 295. CouPLING CAPACITOR FOR HIGH-VOLTAGE MEASUREMENTS
(REYROLLE)

leads on V, by nearly =/2, it follows that V,is practically
phase with ¥, and proportional to it. This will be true wh
the voltmeter tapped across L takes no appreciable curren

When the burden takes an appreciable current the volts
V, falls considerably and is no longer in phase with V,; t
effect of the load is to add losses to the resonant brane
blunting its resonance peak. Compensation can be effected
adding a tertiary winding 8, to the transformer 7', as 1t
295 (b), this injecting a voltage with makes up for the
sonance set up by the burden. A considerable burden can

thi
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the text had gone to Press—

On p. 58. H. Ritz, ‘“‘Ueberstromziffer von Stromwandlern. I. Die
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netization and of wave-form on errors.
On p. 146. Siemens & Halske A.G., “Tragbare Prizisions Strom-
wandler,” Arch. f. tech. Mess., Z 285-2 (July, 1935).
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g cascade voltage transformer.
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Messtechnik,” Elekt. Zeits., vol. 57, pp. 81-94 (1936},
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APPENDIX VII

, PERIODICAL LITERATURE

In the course of preparing this book a considerable amount of
eriodical literature has been examined, some facts in connec-
tion therewith being of general interest. Some seventy-three
publications have been consulted, distributed geographically
as follows: Germany, 25; U.S.A., 17; Great Britain, 12;

Number of Rublications
in each Year

J 1

A\
* y

¥
&
E
b}

e

10 74» : : Wi A
: '

0 - \ 1 L -l i1 L I Lt 11 I ] L S T |
1395 1900 1905 1910 1915 1920 1925 1330 1935

Year

Silicon-iron allay Dry-type
infroduced Transformers

Two-stage | (ascade voltage
Current Transformer | Transformers
Nickel-iron alloy
miroduced

xS i T s

Fig. 296, ANNUAL OuTPUT OF PERIODICAL LITERATURE ON
INSTRUMENT TRANSFORMERS

Austria, Canada, Holland and South Africa, 1 each.
i Omitting from consideration all articles not dealing in
the main with instrument transformers 447 articles dated prior

f resistors, condensers, and other apparatus, etc. Fig. 296 .
623 !

france, 6; Switzerland, 5; Belgium, Italy and Japan, 2 each; E :
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shows the allocation of these 447 articles to each year of publi-
cation, beginning with Campbell’s pioneer work of 1896 and
ending with the contribution of the first six months of 1935.*

The graph presents several points of interest. Up to the
beginning of the World War there is a steady increase
in the annual output of papers dealing with instrument
transformers, due no doubt to the development then taking
place in the electrical supply industry with its demand for
more accurate measurement and also to the improvement in
transformers arising from the introduction of silicon-iron alloys
about 1903. After the complete stagnation of the war period
followed an intensive development in the transmission and
distribution of energy at high voltages. With the advent of
the super-power system came special problems in the design,
construction and testing of current and voltage transformers
for high voltages. At the same time enormous improvements
were made in the accuracy of current transformers by the

APPENDIX VIII

NOTE ON THEORY OF NEUTRAL-POINT DISPLACEMENT IN
SINGLE-PHASE CIRCUIT .

O~ page 287 and in Fig. 153 a simple physical explanation of

the phenomenon known as neutral-point displacement or
inversion has been given. The following note gives a mathe-
matical treatment of the basic circuit involved in the problem
and further stresses some of its interesting properties.
§ In Fig. 297 a circuit consisting of two equal capacitances,
2 C, C, one of which is shunted by an inductance L, is shown;
# all are assumed to be free from losses. The impedance operators
@ for the sections AN and NB are

introduction of nickel-iron alloys about 1925. These things J and — L.

are reflected in a phenomenal increase in the annual number (IjwLl) — oC wC

of publications dealing with instrument transformers, rising respectively, while that for the whole circuit AB is

to a peak about 1931-33 and then rapidly declining when the ) 90,0 — (1oL
various problems have, for the present, been satisfactorily ” — j[— I 1 ],__ j ol — (1o )’
solved. The modern instrument transformer is now a piece of wC " (lfol) — oC wC[(Ywl) — oC]

apparatus of such high perfection that it seems hardly probable
that it can be much further improved; consequently, we may
reasonably expect the output of technical literature on the
subject during the next few years to be lower than it has been
during the recent past. This is borne out by the rapid decline
in publications since 1933.

'If v is the harmonic vector of voltage applied to AB, the current

is

] . wC[(YoL) — o]

'=") %00~ oLy

|  which is in quadrature with the voltage and has a r.m.s. value of

I — wC[(1jwl) — wC]
T 2wC — (1fwL)

LV being the r.m.s. value of the voltage. When this fraction is
f)ositive the current lags on the voltage, and when negative it
 leads.

. Suppose now that the pulsatance o and the capacitances
fare fixed while the admittance 1/wL of the coil is varied from
2zero to infinity, i.e. the current through the coil changes pro-
 gressively from zero to infinity. When 1/wl is zero the current
becomes — wCV/2, i.e. that through two equal condensers in
 series.  As 1/wl increases, the leading current falls until, when
(1/wL) = wC, the branch AN comes into parallel resonance;
its impedance is infinite and the current becomes zero. Further

625

* To these must now be added 7 articles published during the second half
of 1935 and 10 articles contributed by the first four months of 1936. Theee
bring the grand total of references dealing mainly with instrument trans- |
formers to 464. )
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increase in 1jwL causes the current to increase and to lag on pnd that over NB is

the voltage. When 200 = (1/wL), ie. when th i

curreI}t taken by the coil is twice ghe leading curreixtl?ﬁg;ﬁﬁ
capacitance shunted across it, the branch AN has an effective
mduci.alve.regotance equal to the capacitive reactance of NB
The circuit is then in series resonance, its impedance is zer(;

/¥ oV, fuuCY

(IJoLl) — oC
Vs = 7 500 — (JwlL)

Hence the p.d.’s are in phase with v, which is equal to their
arithmetical sum.

When /oL = 0, V,, = Vyz = V/[2, so that N is midway
in potential between 4 and B. As 1/wL increases V,, grows
and V,, falls until, at the parallel-resonance point (1/oL =
wC), V,x = Vand V,, = 0,ie. N and B coincide in potential.
When this point is passed V,, increases and remains positive
gwhile V,, changes sign and increases negatively; in these
conditions the potential of N relative to 4 is greater, by an
gamount depending on the value of ljwL, than the applied
voltage 1 and is positive, while the potential of B relative to
N is negative by a similar amount. At the series-resonance
groint (/oL = 20C) V,,~> + o and V,,—>— « with a
residual sum of V. On passing througb this point, V,, becomes
Inegative and falling towards zero, i.e. NV is below 4 in potential ;
Vs becomes positive and falling toward V, i.e. B is above the
gpotential of N. When 1/wL — » the whole voltage is borne
over NB.

These voltage variations are plotted in Fig. 297, V,, being
shown dotted and ¥, chain-dotted to enable them to be easily
identified. Further illustration is provided in Figs. 153 (c) to
(h), page 288. In this diagram potentials are shown relative
to N, which is earthed.

. In an actual case the presence of losses in € or L will prevent
the occurrence of the infinite peaks in the current and voltage
Weraphs of Fig. 297; but as the losses are usually small, very
tonsiderable voltage-rises may still be experienced.

[ leading

\.
\.
\
!
|

F16.297. THEORY 0F NEUTRAL-POINT DISPLACEMENT IN
SINGLE-PHASE CIRCUIT

and the current approaches positive infinity. As 1fwL is still
further increased, the current swings over to a lead and gradu- }
ally falls from negative infinity asymptotically to — wCV a8
HoL tends towards infinity, i.e. as the condenser in AN i8
shori‘:-cucuited. The variation of I (in terms of wCV) with the
admittance 1/wL (in terms of w() is plotted in the full curves ;
of Fig. 297. k4

Turning now to the distribution of voltage over the
of the circuit, that over AN is

v WO
AY T 200 — (}/wL) v

T L s s
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APPENDIX IX

REVISION OF BRITISH STANDARD SPECIFICATION
FOR INSTRUMENT TRANSFORMERS

O~ page 16 the provisions of the British Standard Specification
for. Instrument Transformers, No. 81—1927, have been ex-
plagn.ed. It is stated there that this Specification was under
revision but, at the time the text of this book went to Press
details of the proposed changes were not available. The new
Specification B.S.S. No. 811936 has, however, recently
reached the stage of first proof and by kind permission of the
BI‘.lt;ISh Standards Institution* it is now possible to include in
this Appendix some description of the new requirements.
Since this account has been prepared from a proof it may be
‘ regardeg'l as correct in its general provisions; slight changes
of detail may, however, be found when the Specification is
officially published. .
The new Specification has 42 pages, 25 numbered sections,
and 10 appendices. It applies primarily to instrument trans-
formers used with measuring instruments and divides them
Into classes according to their degree of accuracy ; it is also
applicable to transformers operating protective devices, bub
then does not deal with accuracy requirements or special
characteristics. The general definitions are practically un-

changed but there have been added (1) definitions of ratio error

and phase-angle (the term phase-displacement being
similar to those used in this book; (ii) a definition of ov!
current factor, of which particulars will be given later.

Current Transformers. The old requirements for current transformers &&h-.

given on p. 17. The rated secondary current is still & res except Wi
(1) 7, is too small to enable the ra.%ilgrto be adjusted to :}Ixr:apreequired \Ir’alud;,
adding or removing a single turn; (ii) when the secondary leads are excessi “
long. In such cases 1 ampere or 0-5 ampere may be used. The rated prin
currents follow the values tabulated on p. 17 with the following chang
80 and 260 amperes are omitted and 75, I 200 (for Classes AL and BL onl
and 6 000 amperes are added.
Ix} p]ace of the original four classes there are now nine classes, due ta
addition of two classes for transformers of the highest precision for laborat
zazpaéneg three classes for metering transformers, A letter notation i3

* Official copies will be obtainable after publication from the Bi'
Standards Institution, 28 Victoria Street, London, S.W.1. :
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The following table gives the limits of error for transformers used with
easuring instruments for laboratory use (AL and BL) or general use (A, B,

, and D).
Rated Burden | Percentage )
" Use at 50 cycles per of rated R B
sec. and unity primary + % |+min.
power-factor current
For precision laboratory testing, and 120 to 60 015 3
AL as substandard for testing lab- T5VA Below 60to 20 | 0-15 4
oratory current transformers Below 20 to 10 | 015 6
For work in conjunction with (a) sub-
standard instruments, (b) highest 120 to 60 0-3 10
BL grades of integrating meters, (¢) 756 VA Below 60 to 20| 0-4 15
wattmeters of special accuracy. Below 20to 10 | 05 20
Also as substandard for testing in-
dustrial current transformers
For use with substandard indicating 23, 5, 120 to 60 05 35
A wattmeters or 15 VA Below 60to 20| 05 35
Below 20 to 10| 1-0 50
For use with first-grade indicating 23, 5, 120 to 60 10 60
B and graphic wattmeters or 15 VA Below 60to 20| 1-0 60
Below 20 to 10 | 1+5 90
For use with first-grade and graphic 2-5, 5, 120 to 60 10 120
C indicating ammeters or15VA Below 60to 20| 1-0 120
Below 20to 10} 20 180
For purposes where ratio is of less 2-5, 5 120 to 20 50 —
D importance than in above or 15VA

The new classes AL and BL give a specification for the most precise trans-

rmers now available since the introduction of nickel-iron cores.

Classes

» B, C, and D are similar to the old specification (p. 18) with the following
ceptions: (a) Their uses are more exactly defined. (b) The limits of error
specified up to 120 per cent of rated current. (c) The ratio error below
per cent of rated current has been reduced from 2 per cent to 1-5 per cent
Class B. (d) The rated burdens are changed.

- The remaining classes, AM, BM, and CM are modifications of Classes A, B,

d C for various grades of industrial metering.

Rated Burden Percentage
s Use at 50 cycles per of rated E¢
S sec. and unity primary + 9% |+min.
power-factor current
IAM | For precision industrial metering 2:5, 5 120 to 20 1 30
150r 30 VA | Below20to 10| 1 30
g For industrial metering of sub- 2:5, 5 120 to 20 1 35
BM sstzlandard grade according to B.S.S. [ 150r 30 VA [ Below20to 10| 15 50
- For general industrial metering of 15,56 120 to 20 1 9%
™ cogusx’xe;t%ial grade according to or 15 VA Below 20t0 10| 2 120

1In addition, the following variations in ratio error and phase-angle are

®rinissible over the whole range from 120 to 10 per cent of rated primary

nt—
Class AM BM CM
Variation in & 9%, 0-5 1-0 1-5
» » Bymin| 15 25 60

Al L 5
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[

Omitting Class D, the limits of ratio error and phase-angle for the new

classification are plotted in Fig. 298 along with Classes 0-5 and 1 of t
Recommendations ; it should be compared with Fig. 5. of the LE.
over-current factor defined by the relation

Rated primary over-current __ Rated primary current , Over-current factor
(R.m.s over rated time) (R.m.s.) X (O.c. f.)f

When this rated over-current is passed through the pri
A ! primary for the rated
time, the secondary being connected to its rated burden, the temperature

&1
20 (8 Class 1
ass
ﬁu—\\ \( Classes B,C,
' ] AM, BM,CM
Y Class A
[ e e
o Az i‘ «ClassAL
0 20 40 60 80 100 120 Lk
minutes c
B 180 =X
120 C’< xaCISS C
8 ClassCM
4 (& Class {
60 12 %\g ~(lass B
o pi | Chassos Classes A, BM
" C «(lass AM
‘/- ClassBL
0 L Class AL

0 20 40 60 80 10120 Ty

Fra. 298, RevisEp Livurs oF ERROR FOR CURRENT TRANSFORMERS,
GREAT BRIrAaIN

rise at any part shall not exceed 200° C. With the usual ambient tempe!
of 40° this corresponds with a greater temperature of 240° C. (see p. 18

Reference to p. 159 will also show that the o.c.f. corresponds wil
thermal overload factor, k,,, plotted in Fig. 65 for a rather higher tempe
{250° C.). A transformer is considered to have complied with the ovet
requirements if (i) the primary winding has a conductivity in accorcan
B.8.8. 128; (ii) the current density in the winding at the rated r
current does not exceed the following values.

Rated time, seconds 05 1-0 2-0 50

Current density, A./sq.in. .| 150 000 | 106 500 | 75 000 | 48 000
. »»  A.sq.mom..| 221 157 116 71

.C.

An entirely new feature is the specification for current transformers of an’

APPENDIX IX 631

ith current densities of of 1-5, 2 and 2-5 A./sq. mm. the } second rating
rresponds with an o.c.f. of 148, 110, and 88 respectively ; these figures check
site reasonably with Fig. 65, allowing for difference in initial assumptions.
‘is explained in the Specification that a commercial grade of transformer
without special design, have an o.c.f. of 50 to 100 (3 sec. rating); with
nable commercial facility 200 to 400 may be attained. If 400 is to be
peeeded, a bar-type transformer is practically a necessity.

In addition, the transformer shall stand without electrical or mechanical
mage an initial peak 2} times the rated r.m.s. over-current. This factor is
he product of 4/2, the peak-factor of a sine wave, and 18, the maximum
obable displacement of the first half-wave of an asymmetrical oyer-current.

&1 Class C, wsp=1

°e 1]

1%5155’ cosp=1 oro2

o s T
IC_’gc_z_ssA,lcosgSr[ or 0-21' _ (lass BL,cosg=1
0 T Cass Al cospet
80 oo o om0 120k
minufes .
120 \
Class B, cosp=02
N |
&0 b
Classh cosg=02 /C'lassas‘ B&C, cosp=t
4’/ ClassA, cosp=1
—+——<—Class BL,cosp={
0 [ 1"\ Class AL, cospp=1

so so w0 1o 1ol

L Fic. 299. Revisep Livrrs or ERROR FOR VorLTAGE TRANSFORMERS
GREAT BRITAIN

%o factor 2} (0.c.f.) corresponds with the mechanical overload factor worked
t on pp. 166-169, but gives a considerable factor of safety, making quite
Fo that the elastic limit of copper is not nearly reached.

Voltage Transformers. The old requirements for voltage transformers are
Wen on p. 19. The rated secondary voltage is still 110 when the primary
fconnected between the lines but is now stated as 110/+/3 when the primary
joined between line and neutral. The rated primary line voltages are as
ted on p. 19 with the exception that 1100 and 40 500 are omitted and
000, 55 000, 88 000, 165 000, and 220 000 are added. When the primary
connected to line and neutral, rated primary voltage is the standard line
Bltage divided by 4/3.

n place of the original four classes there are now gix classes namely AL,
., A, B, C, and D. Of these, AL and BL are highly-accurate portable trans-
bmers, while A and B are transformers for use with integrating meter equip-
ent. The following tables give the limits of error measured at the primary
Bd secondary terminals excluding any fuses or protective resistors; when
sasured at the end of the leads remote from the transformer these limits
Ml be exceeded.
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bsamme letters in circles, superseding the arrangement shown on p. 584. If the
twindings are tapped, the terminal notation is to be V,, V, Vs, etc. For
three-phase voltage transformers the new specification is the same as the old, see

632 INSTRUMENT TRANSFORMERS

The uses of Classes AL and BL are similar to those of the corresponding
current transformers. The limits are as follows—

Rated Burden at p- 585. . . . . .
l" Temperature-rise. The specification given on p. 591 is superseded by the
Class 5%;1:%01680{:?;:?:(;;"(1 Pegqentage ofltrated Eq ¥ . - ERLE.C. recommendations gixIr)en on p. 59%). In addition it is pxl‘)ovided that the
Sin ylé) haso onl * rimary voltage + % + min. M temperature-rise for the windings of compound-filled transformers shall not
gle-p onty boxceod 50° C. whether with Class A or Class B insulation. Methods of measur-
ing the temperature, ambient and barometric conditions, etc., accord in general
.with the I.E.C. recommendation.
AL . 0va From 110downtoand | 0-25 10 Dielectric Tests. The new dielectric tests for primary windings are entirely
including 80 different from the old. Two systems of test voltages are specified; a low
gystem (symbol L) applicable when all the lines of a circuit are insulated and
BL 0va From 110 downtoand | 0-5 20 s high system (symbol H) for use when one line is earthed. It is understood
including 80 that system L will usually apply. The detailed recommendations are—

SysTEM L—

Three-phase: Neutral point directly earthed or through a resistor.
Neutral point insulated or earthed through a reactor.

Single-phase: Normally insulated or mid-point directly earthed.

The uses of the Classes A, B, C, and D are similar to those of the corre.
sponding current transformers. In addition Classes A or B are intended to
work in conjunction with current transformers of Class AM, while Class B
is to be used with current transformers of Classes BM and CM. The limits of
error are as follows j

System H—
g‘om‘é]B“men at | From 90 to 100% of rated volt- | From 90 to 100% of rated volt- .
e def‘&etrysw age with 25 t0 100% of rated | age with 10 to 50% of rated . Three-phase: One line permanently earthed.
power-factor | Purder and unity power-factor | burden and 0-2 power-factor Two-phase:  Three-wire system with common terminal directly earthed.
Single-phase: One line directly earthed.
Single- T]k\ree-
phase phase
COlass i v 4 Ev 4 The two systems of test voltages are as follows—
VA per % 4 minutes + % + minutes
VA phase
Rated kilovolts between lines, V System L, kV | System H, kV
A 50, 100, | 50, 100, 05 20 05 40
200 200
B 15, 50, 25, 50 1-0 30 10 70 1 i .
109, 200 | 160,200 : : ot exceeding 0-440 kV . . . . 2 2
¢ |15,50, | 25,50, 2:0 30 — [Exceeding 0-440 kV and up to and includ-
100, 200 | 100, 20 b ing 0-660 kV . . . . Jd 225V 41 390V +1
D No No 50 — — . .
Standard|Standard tExceeding 0-660 kV and up to and includ-
ing 220kV . . . . . | 225V 4 2 390V 4 2

The limits given in these two tables are plotted in Fig. 299, which
compared with Fig. 6. Classes A, B, C, and D differ from those: o
specification in the following particulars: (e¢) Their uses are more
defined. (b) The limits of error with a unity power-factor burden-are 8
from 90 to 100 per cent of rated voltage. (c) Under these conditions
for Classes A, B, and D remain unchanged, but Class C has double ¢
error and half the phase-angle laid down in B.S.S. 81—1927. (d):Li

It will be seen on reference to p. 595 that System L above 0-66 kV agrees with
fhe old specification, but that otherwise the rules are new.

Windings of current and voltage transformers fully-insulated for connection
Between Lines are to be given an applied-voltage test, System L or H as the case
] L fnay be, with & duration of 1 minute. Corrections are specified for tests lasting
given for Classes A and B with a burden of 0-2 power-factor. (¢} & onger than 1 minute and for frequencies exceeding twice the rated value.
single-phase burden for Class A is changed; three-phase burdens:8h 41 subsequent applied-voltage tests are to be made after installation of the
SPeclﬁeQ for this c_lass and 200 YA per phase is adfied to Classes B and. - ¥ransformer, the voltage must not exceed 90 per cent of the tabulated value.

Terminal Marking. The specification for terminal marking has v fn addition to the applied-voltage test made at the maker’s works voltage

minor changes. For currens transformers the notation given on J bransformers are also to be given an induced voltage test at 2:5 V for a similar
appears, but as an alternative it is provided that the primary may-R furation.
T, T, with the same letters within circles for the secondary termin L Voltage iransformers for voltages >>0-660 kV with one end of the primary
vision is also made for transformers with tapped secondary - ectly earthed cannot usually be given an applied-voltage test. Its place
secondary windings. For single-phase voltage transformers it i8 1O B taken, therefore, by an induced voltage test of System L or H, as may be
mended that the primary be lettered V,, ¥V, and the secondary ppropriate ; the duration of the test is as before.

42—(T.5722)

i e e AL 3




634 INSTRUMENT TRANSFORMERS

The following table gives for convenient reference the values of

voltages for some standard rated primary voltages.

the test

Line kV
14 0-44/066/3-3 |66 | 11 | 22 | 33 | 44 | 55 | 66

88 1110132165

220

System L, kV |} 20 }25|95) 17 | 27 } 52 | 76 | 101|126 | 150

200 | 250 | 299 | 374

498

System H, kV |/ 2:0 |36 | 15 | 28 | 45 | 88 |131|174 | 216 | 260

345 | 431 | 517 | 645

860

25V, kV 1-1 |-1-65| 8:3 | 16-5} 27-5| 55 | 83 | 110 138|165

220 12751330 | 413

555

Test Voltage, kV

1000 T
800 ~
600 H—+-+ At
500 -+ VY
s00 i A
300 |+ L, W
200 [ /' P Y
| V4%
i i
00 |1 Va7
S 7 —
80 I Filly-insulated windings for A 77 Wirdings having one™
28 |~ connection between lines. —T = HA— end directly earthed. ]
o _App/{ea’ voftage, Sysfem L. “=Induced voltage, Systml.
App//_e?’ voltage, System H. A Induced volfage,System H.
30 |- Additional nduced -1 HA4 ' —
20 voltage, Systems LorH /] H /4—[
! LEC
i 7,
rg - _L - —]
=] ++ pa; :j
L '/:/ v ]
Ui
S “
‘U7 ]
T */ —1
N
| |/
d
1 i L ! ), i
05 1 2 34567890 20 0 0X0800 2

Fie. 300. REvISED TEST VOLTAGES FOR PRIMARY WINDINGS
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and should be compared with Fig. 288. It is interesting to note tha

transformers working above 10 kV the System H test vo
severe specified by any national standard rules.

Rated Volfa

These figures are plotted in double-logarithmic co-ordinates in Fi
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CaraciTor METHODS FOR MEASURING HIigH VoLTAGES—(contd.)

Westinghouse capacitor, 616
Reyrolle capacitor, 617
CARBONYL ALLOYS FOR CORES, 112
CascapgE CURRENT TRANSFORMERS, 196
theory of, 197
Pfiffner’s transformer, 199
Koch & Sterzel’s transformer, 200
Tliovici’s transformer, 202
CasSCADE VorraeeE TRANSFORMERS, 253
history of, 254
Pfiffner’s transformer, 255
Siemens & Halske’s transformer, 255
Koch & Sterzel’s transformer, 256
comparison with normal type, 259
suspension type transformer, 261
Fischer’s dry-type transformer, 262
Compagnie des Compteurs transformer, 262
limitations of, 263
Crip-oN CURRENT TRANSFORMER, 181
CoaxIAL LEADS FOR CURRENT TRANSFORMER, 170
theory of forces on, 601
CoMBINED VOLTAGE AND CURRENT TRANSFORMERS, 270
Imhof’s type, 271
Scarpa’s type, 272
Fischer’s type, 273
ComPENSATED CURRENT TRANSFORMERS—
Wellings and Mayo’s type, 85
Wilson’s type, 87
Sehwager’s type, 89
CoMPOUND-FILLED CURRENT TRANSFORMERS, 193, 194
CoMPOUNDED CURRENT TRANSFORMERS—
Tliovici’s type, 99
Woellings and Mayo’s type, 101
Goldstein’s type, 102
CoMPRESSED-GAS CONDENSERS, 376

CoPPER, CHANGE OF MECHANICAL PROPERTIES WITH TEMPERATURE, 168

CoRE CHARACTERISTICS OF CURRENT TRANSFORMERS, 90
methods of construction, 91
types of cores, 92
proportions of rectangular cores, 94
proportions of ring cores, 95
“mixed” cores, 174

CorrEcTION FACTORS FOR POWER MEASUREMENTS, TABLES OF, 606

CORRECTION, DEFINITION OF PER CENT CURRENT, 9
“Cross-HOLE " CURRENT TRANSFORMER, 185
““CrossED-coIL’”’ CURRENT TRANSFORMER, 187
CURRENT TRANSFORMERS—

early types of, 3

purpose of, 4

definitions of, 7

theory of, 39

vector diagram for, 39

expressions for ratio and phase-angle, 41

conditions for maximum ratio and zero phase-angle, 44

conditions for maximum phase-angle, 44

numerical example, 45
exciting eurrent in, 46
typical ratio and phase-angle curves, 49

SUBJECT INDEX

CURRENT TRANSFORMERS— (conid.)

Mollinger and Gewecke’s diagram, 50

use to estimate leakage reactance and turns-ratio, 54
graphical method of design (Fleischhauer’s method), 58
use of iron loss curves in design, 111
overload conditions (graphical treatment), 61, 621
overload conditions (mathematical treatment), 64
output eurve of, 66

‘characteristics of, 70

variation with turns, flux density, ete., 71
general conditions for small errors, 72
types of transformers, 73
simple methods for reducing ratio error and phaso-angle, 73
turns adjustment, 74
use of increased leakage, 77
use of non-reactive and capacitive shunts, 78, 80, 81
two-stage transformers, 81
charaeteristic curves of, 83
Boyajian and Skeat’s design, 84
compensated transformers of Wellings and Mayo, 85
use of magnetic shunts, 87
Wilson’s transformers, 88
Schwager’s transformers, 89
core characteristics, 90
methods of construction, 91
effect of I, and Iy on ratio and phase-angle, 93
effect of core proportions, 94
additional magnetization, general effect on errors, 95
Ilivici’s compounded transformer, 99
Wellings and Mayo’s compounded transformer, 101
Goldstein’s compounded transformer, 102
application of nickel iron alloys, 103, 621
properties of alloys as function of nickel content, 104
initial and maximum permeabilities, 107
use of loss and mag. curves in design, 111
carbonyl alloys, 112
hipernik, 112
comparison of various alloys, 114
permalloy, 115
mumetal, 117
N.P.L. transformers with mumetal cores, 119
effect of iron-loss on shape of error curves, 120
abnormal curves and their theory, 121
effect of remanence on ratio and phase-angle, 124
d.c. magnetization of core, 125, 621
method of demagnetizing, 125
. use of eurrent transformer with transient currents, 126
magnetic leakage, 127
Price and Duff’s investigation, 128
effect on prediction of error curves, 130
leakage in bar-type transformers, 131
Park’s investigation, 131
doubly-linked leakage, 132
need for symmetrical arrangement of leads, 133
Arnold’s investigation of toroidal ring transformers, 134
leakage shields, 135
leakage in shell-type transformers, 136
effects of frequency, 138
effects of wave-form, 140, 621
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CURRENT TRANSFORMERS— (contd.)
importance of wave-form in testing, 141
effect of burden, 141
effect of secondary current rating, 142
advantages of 1 ampere secondary current, 142
multi-range eurrent transformers, 143
methods used to change ratio, 144
miniature transformers, 147
current transformers in parallel, 147
totalizing transformers, 151
use in interconnected systems at different voltages, 153
use of two transformers to share a load, 154
short-circuit current effects, 154
general discussion, 155
ratio ‘‘break-away,” 156
thermal effects, 156
fire danger with oil and compound filling, 157
theory of temperature rise, 158
calculation of thermal overload factor, 159
standard specifications for security, 160
mechanical effects, 161
forces in coaxial coils, 163
axial force formula, 164
radial force and hoop-tension formulae, 165
calculation of mechanical overload factor, 167
standard specifications for security, 168
forces on primary leads, 169
coaxial leads, 170
effects of vibration, 171
bar-type current transformer, 171
methods for obtaining high accuracy in, 172
type with fixed primary bar, 173-7
type without fixed primary bar, 177-8
double-cored type, 174
cable-end-type, 179--81
gplit-core or clip-on-type, 181
short-circuit-proof current transformers, 181
development from bar-type, 182
wound bushing type, 183
cross-hole type, 185
crossed-coil type, 185
‘“ Reifenstromwandler,”” 186
double toroid designs, 187
insulation of current transformers, 189
use of porcelain, 191
oil filling, 193
compound filling, 194
use of ‘“Pyranol,” 194
transformers for very high voltages, 194
normal design, 195
porcelain-cased design, 196
cascade transformers, 197, 621
theory of voltage distribution, 198
typical designs, 199-203
voltage rises and surge phenomena, 203
effect: of opened secondary, 203
surge effects, 206, 621
protective shunts, 208, 621
testing for ratio and phase-angle, 407

SUBJECT INDEX » 643

b CurrENT TRANSFORMERS—(contd.)
testing for ratio and phase-angle—(contd.)

classification of methods, 408
testing 1: 1 transformers, 409
indirect method, theory and uses, 410
measurement of exciting current—
by o.c. test, 411 )
by a.c. potentiometer, 414 ‘
by magnetic potentiometer, 416
determination of turns-ratio, 417
determination of secondary impedance, 420
typical result, 421
absolute deflectional methods, 424
two-ammeter methods, 424
two-dynamometer methods, 425 !
Robinson’s process, 426
reactance error in, 427 '
Isaaes’ process, 428 !
Makower and Wust’s process, 429
Rosa and Lloyd’s two-phase process, 429
Agnew and Fitch’s two-phase process, 431
Barbagelata’s three-phase process, 433
Harned’s three-phase process, 433
single dynamometer methods, 434
Robinson’s process, 434
Rosa and Lloyd’s process, 435
Drysdale’s process, 436
Barbagelata’s process, 438
Palm’s process, 438
Dawes’ process, 438
Knopp’s watt-hour meter method, 439, 500 ;
electrometer methods, 440 ) . i
Orlich’s process, 441
Spilsbury’s process, 443
. N.P.L. process, 444 : l
M.M.F. balance methods, 444 S
Baker’s test ring, 445 :
Bruge’s method, 446
use of phase-meter, 448
use of oscillograph, 448
absolute null methods, 449
dynamometer methods, 450
Barbagelata’s process, 450
Laws’ process, 451
dynamometer and vibration galvanometer method, 453
bridge methods, general, 455
bridge methods with two resistances—
compensation by self inductance,
Sharp’s process, 457
de la Gorcee’s process, 458
compensation by mutual inductance—
Campbell’s process, 460
Sharp’s process, 461
Bureau of Standards process, 462
residuals and impurity in, 464
inductive interference, earth admittance in, 465
practical lay-out of, 465
use with standard transformer, 466
compensation by capacitance—
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CURRENT TRANSFORMERS—(contd.)
absolute null methods—{contd.)
Schering and Alberti’s process, 469
modification for negative B, 470
balancing process, 471
practical lay-out of, 472
Arnold’s arrangement, 473, 477
use of two-stage transformer in, 473
use of nickel-iron transformer in, 474
residuals in, 475
interference and earthing, 477
Places’ method, 478
practical layout, 479
bridge methods with two mutual inductances—
compensation by primary resistances,
Barbagelata’s method, 481
compensation by secondary resistances,
Fortescue’s method, 482
practical lay-out, 483
use of a.c. potentiometers, 483
use of thermal detectors, 484
Robinson’s process with thermo-couples, 485
Northrup comparator, 486
Bruckman and Reichert’s process, 486
relative deflectional methods, 488
two-ammeter methods, 488
use of dynamometers, 489
two-dynamometer methods, 490
Makower and Wust’s process, 490
Barbagelata’s process, 490
Silsbee’s process, 491
errors in, 493
Spilsbury’s modification, 493
Sieber’s modification, 494
Masa’s modification, 495
single-dynamometer method, 496
Crothers’ process, 496
watt-hour meter methods, 497
Agnew’s process, 497
procedure in, 500
numerical example, 500
Slavik’s process, 501
numerical example, 503
relative null methods, 504
Shotter’s double-dynometer method, 504
Barbagelata’s bridge method, 506
de 1a Gorce’s method, 507
Silsbee’s bridge method, 508
Leeds & Northrup arrangement of, 510
Stubbings’ bridge method, 511
Arnold’s bridge method, 512
Hohle’s bridge method, 514
use of a.c. potentiometers, 516
choice of method for testing ratio and phase-angle, 517
methods for—
laboratory tests, 518
routine tests, 520
tests on site, 520
protective transformers, 521

SUBJECT INDEX

CURRENT TRANSFORMERS-—(contd.)
] methods for—(contd.)
use of the open-circuit curve, 522
practical precautions, 524
stray magnetic field effects, 524
capacitance and leakance effocts, earthing, 526
burden arrangement, 527
effect of leads, 527
testing procedure, 527
polarity and terminal marking, 582
National rules, 583
testing methods, 586
ballistic method, 586
wattmeter method, 587
differential method with standard transformer, 587
differential method without standard transformer, 588
temperature rise, 589
limits—
LE.C, 589
Great Britain, 591
Germany, 592
France, 593
U.S.A,, 594
Italy, 594
dielectric tests, 595
secondary winding, 595
primary applied h.v. test, 595
National specifications, 595-6
method of testing, 597
ZECHOSLOVAKIA—
standard specification for instrument transformers, 25
current transformer rating and classes, 25
voltage transformer rating and classes, 26
polarity and terminal marking, 5835
dielectric tests, 596

D.C. MAGNETIZATION, EFFECT ON CURRENT TRANSFORMER, 124
DEFINTTIONS-—
current transformers, 7
f  voltage transformers, 10
PEMAGNETIZATION OF CURRENT TRANSFORMER, 125, 528
DETECTORS, 398
electrometer, 398
separately-excited dynamometer, 399
d.c. galvanometer with rectifier, 399
vibration galvanometer, 401
VIELECTRIC TESTS-—
secondary winding, 595
applied h.v. test for primary winding, 595
limits—
Great Britain, 595, 633
Germany, 596
Czechoslovakia, 596
France, 596
U.S.A,, 596
comparison of rules, 596
method of testing, 597
induced h.v. test for voltage transformers, 598
limits: Great Britain and Germany, 598 y
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DierectrIC TESTS—(contd.)
dielectric loss tests, 598
Keinath’s loss-angle recorder, 599, 622
typical results, 600.
DrY-TYPE CURRENT TRANSFORMERS, 192
DrY-rYPE VOLTAGE TRANSFORMERS, 244
Dry-TYyPE COMBINED TRANSFORMERS, 273
Dy~Namic CorRrReNT Limir, 22, 168
DYNAMOMETER, SEPARATELY Excrrep, Use 1N TEsTING, 399, 425, 434, 450,
489, 496, 533, 539, 546, 569, 571

EARLY COURRENT TRANSFORMERS, 3
ELECTROMETERS, UsE 1N TesTING, 398, 440, 541
ELECTROSTATIC VOLTMETER, USE WITH VOLTAGE TRANSFORMER, 610
ENErGY METERS, Use OF TRANSFORMERS WITH, 309
ERROR—
definition of current ratio, 8
definition of voltage ratio, 11
Exciting CurRrENT OF CURRENT TRANSFORMER, 46
components of, 47
excitation triangle, 48
measurement of, 411
Agnew’s method, 412
Takatsu’s method, 413
Spooner’s method, 414
Alberti and Vieweg’s method, 416
0.C. curve as test of permanence of, 522

FIveE-LIMBED VOLTAGE TRANSFORMER CORES, 269
FORCES ON—
current transformer coils, 163
parallel leads, 169
coaxial terminals, 601
FOUR-TERMINAL RESISTORS, 327
theory of, 3304
reciprocal theorem, 332
“open” and ‘“‘closed” resistors, 338
construction of—
open-type resistors, 339
closed-type resistors, 344
skin effect in, 354
use with current transformer for large currents, 355, 465
adjustable secondary resistor, 468
FrANCE—
standard specification for instrument transformers, 27
current transformer rating and classes, 28
voltage transformer rating and classes, 29
power-error limits, 311
polarity and terminal marking, 583-5
temperature rise, 593
dielectric tests, 596
FREQUENCY—
effect on current transformer, 138
effect on voltage transformer, 229
Fuses FOR VOLTAGE TRANSFORMER, 274

GALVANOMETER— ¢
d.c. with rectifier, 399
vibration galvanometer, 401

SUBJECT INDEX 647

(GALVANOMETER—(conid.) :
vibration galvanometer—(contd.) R
moving magnet, 401
: moving coil, 402 &
GERMANY—
standard specification for instrument transformers, 21
current transformer rating and classes, 22-24
voltage transformer rating and classes, 23
polarity and terminal marking, 583-5
temperature rise, 592
dielectric tests, 596-8
GREAT BRrraiN—
standard specification for instrument transformers, 16
current transformer rating and classes, 17-18
voltage transformer rating and classes, 19
polarity and terminal marking, 583-5
temperature rise, 591
dielectric tests, 5968
revised standard specification, No. 81-1936, 628-34

SHicr RESISTANCES, see ‘‘Resistance Standards.”

HicH-vOLTAGE CONDENSERS, 374
Hicu-voLTAGE CURRENT TRANSFORMERS, 194
oil-immersed type, 195
insulated casing type, 196
cascade type, 196
HiGH-VOLTAGE TEsTS, see ‘“ Dielectric Tests.” -
HicHE-VOLTAGE VOLTAGE TRANSFORMERS, 245
] oil-immersed type, 245
resistance type, 248
inductance type, 249
insulated-casing type, 250
: cascade type, 253
iHreErNIK, 112
HisTory oF INSTRUMENT TRANSFORMER, 2

LE.C. RECOMMENDATIONS—

current transformers, 13

voltage transformers, 14

temperature rise, 589

dielectric tests, 595

[vprcaTiNG INsTRUMENTS FOR Usk 1N TrsTING, 398
INDIRECT METHOD OF TESTING—

. current transformers, 410

. voltage transformers, 529

xpUCED H.v. TEST FOR VOLTAGE TRANSFORMERS, 598
ENDUCTANCE STANDARDS, 372

design features of, 373

Brooks and Weaver mutual, 374

Fortescue’s mutual, 483

ENSTRUMENT TRANSFORMERS—

history of, 2

advantages of, 4, 6

imperfections of, 6

I.E.C. recommendations for, 12

‘national specifications for, 16

in power and energy measurements, 293, 309
in reactive VA measurements, 314
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INsTEUMENT TRANSFORMERS—(contd.)
testing of, 317
See also ‘‘Current Transformers,” ““Voltage Transformers.”
INSULATING MATERIALS, CLASSIFICATION OF, 589
INsurATION OF CURRENT TRANSFORMERS, 189
secondary windings, 190
bar primaries, 191
L.v. wound primaries, 191
porcelain-insulated transformers, 191
air-insulated transformer, 193
oil filling, “Pyranol,” 194
compound-filling, 194
INSULATION OF VOLTAGE TRANSFORMERS, 233
secondary and primary coils, 234
oil filling with paper insulation, 235
compound filling, 236
porcelain-insulated transformers, 236
IroN-Loss Law, EFFECT ON CHARACTERISTICS OF CORRENT TRANSFORMER, 120
ItaLy—
standard specification for instrument transformers, 26
current transformer rating and classes, 27
voltage transformer rating and classes, 27
polarity and terminal marking, 585
temperature rise, 594

LeADs FOrR CURRENT TRANSFORMERS—
parallel leads, 169
vibration of, 171
coaxial leads, 170
LEARAGE FrLux 1N CURRENT TRANSFORMERS, 127
Price and Duff’s measurements of, 128
Park’s measurements of, 131
doubly-linked, 132
Arnold’s measurements of, 134
Arnold’s leakage shield for ring cores, 136
leakage tertiary for shell cores, 137
LEAKAGE REACTANCE OF CURRENT TRANSFORMERS—-
from M. and G. diagram, 54, 56
increased reactance improves f, 77
estimation in indirect tests of ratio and phase-angle, 420
LEARAGE REACTANCE OF VOLTAGE TRANSFORMERS—
Schunk’s measurement of, 221
Berghahn’s measurement of, 223
Livits or ERROR IN CURRENT TRANSFORMERS—
I1EC, 4
Great Britain, 18, 628
Canada, 20
Germany, 24 .
Czechoslovakia and Poland, 25
Switzerland, 26
Italy, 27
Livrts oF ERROR IN VOLTAGE TRANSFORMERS—
I1.EC, 15
Great Britain, 19, 631
Canada, 21
Germany, 23
Czechoslovakia, Poland, Switzerland, 26
Ttaly, 27

SUBJECT INDEX

Livrts oF ERROR IN POWER MEASUREMENTS——

U.S8.A. and France, 311
Sweden, 312

LoSs-ANGLE As MEASURE OF DieLeEcTRIC CONDITION, 600
. Low RESISTANCES, see * Resistance Standards” and * Four-terminal Resistors.”

MagNETIC LEAXKAGE IN CURRENT AND VOLTAGE TRANSFORMERS,

“ Leakage.”

MAGNETIC POTENTIOMETER, see  Potentiometer, Magnetic.”
MaGNETIC SHUNTS IN CURRENT TRANSFORMERS, 87

Wilson’s type, 88
Schwager’s type, 89

MECHANICAL ForceS 1N CURRENT TRANSFORMERS, 163

MiNIATURE CURRENT TRANSFORMERS, 147
MuMETAL, 117
MOLLINGER AND GEWECKE DIsGRAM—
for current transformer, 50
for voltage transformer, 214

MULTI-RANGE CURRENT TRANSFORMERS, 143
MULTI-RANGE VOLTAGE TRANSFORMERS, 236

NEUTRAL INVERSION IN VOLTAGE TRANSFORMERS, 286

theory of single-phase, 287, 625
effect of saturation, 289
theory of three-phase, 290
methods of eliminating, 292
NICKEL-IRON ALLOYs, 103, 621
history of, 104
physical properties of alloys, 105
saturation curves for, 107
initial permeability of, 108
construction of cores with, 110
carbonyl alloys, 112
hipernik, 112
comparison of alloys, 114
permalloy, 115
mumetal, 117
N.P.L. ring-type transformers, 119

O1L-FILLED CURRENT TRANSFORMERS, 193

: IL-FILLED VOLTAGE TRANSFORMER, 235
U
DVERLOAD ON CURRENT TRANSFORMER—
effect on ratio, 61

mathematical theory of, 64
VERLOAD ON VoLTAGE TRANSFORMER, 274

FERMALLOY, 115
ASE-ANGLE OF CURRENT TRANSFORMER, 7
angular measure of, 9
units and positive sign for, 10
confh’tions for zero and maximum, 44
variation with current, 48
simple methods of reducing, 73

effect of leakage on, 77

effect of shunts, 78-81

43—(T.5722) 12 pp.

PUT CURVE OF CURRENT TRANSFORMER, 66
DVERLOAD FACTOR FOR CURRENT TRANSFORMER, 21
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PHASE-ANGLE OF VorTAGE TRANSFORMER, 11
angular measure of, 12
positive sign of, 12, 27, 301
PHASE-SHIFTING DEVICES, 394
double-alternator set, 394
phase-shifting transformer, 395
three-phase resistance devices, 396
three-phase auto-transformer devices, 396
toroidal ring devices, 397
phase-shifting circuits, 397
PoLAND, see ¢ Czechoslovakia.”
PoOLARITY~—
definition of, 582
national rules for, 583
current transformers, 583, 632
single-phase voltage transformers, 584, 632
three-phase voltage transformers, 584, 633
testing of, 586
definition of “subtractive polarity,” 588
PORCELAIN, properties of, 239
POTENTIAL DIVIDERS, see ‘‘ Resistance Standards.”
PoTENTIOMETERS, A.C.—
use of, 380
classification of, 381
Drysdale’s polar potentiometer, 381
Larsen’s co-ordinate potentiometer, 382
Campbell’s co-ordinate potentiometer, 383
Geyger’s co-ordinate potentiometer, 385
Gall’s co-ordinate potentiometer, 385
use to measure execiting current, 414
use in—
iron testing, 415
absolute test of current transformer, 483
relative test of current transformer, 516
absolute test of voltage transformer, 567
relative test of voltage transformer, 579

POTENTIOMETER, MAGNETIC, 387
theory of, 387
ballistic and a.c., use of, 388
construction of, 389
calibration of, 370
use to measure—
exciting current, 416
turns-ratio, 419
PREMAGNETIZATION OF CURRENT TRANSFORMER CORE, 95
PoweR MEASUREMENT IN SINGLE-PHASE CIRCUITS, 293, 622
theory of wattmeter without transformers, 294
methods of correction, 297-8
theory of wattmeter with transformers, 299
correction factors, 300
power error, 301
error curves, 303
error tables, 304, 605
maximum error, 305
national rules, 311-12
PowER MEASUREMENT IN THREE-PHASE Circurrs, 306, 621
two-wattmeter method, 306
eonditions for least error, 308

SUBJECT INDEX 651

- PROTECTION OF CURRENT TRANSFORMERS AGAINST VOLTAGE RIsEs, 208
“8ilit” and ““Thyrite” resistors, 209
digcharge tubes, 209

. PROTECTION 0oF VOLTAGE TRANSFORMERS AGAINST OVERLOADS AND FauULTS,

274
secondary and primary fuses: resistors, 274
Ferranti fuse, 277
G.E.C. fuse, 278
“ Microfusible,” 278
B.T.H. shielded fuse, 278
PROTECTION OF VOLTAGE TRANSFORMERS AGAINST VOLTAGE RISES—
surge-proof voltage transformer, 282
use of resistors, 282
use of reactors, 283
non-resonant transformers, 283
B.T.H. design, 284
Fischer’s design, 240, 284
Westinghouse design, 285
A.C.E.C. design, 286
neutral inversion protection, 292

REACTIVE VA MEASUREMENTS, Usk oF TRANSFORMERS w, 314
Recrerocar THEOREM 1N REstsTor THEORY, 332
RECTIFIER, VIBRATING, 400, 494
ReMANENCE IN CURRENT TRANSFORMERS, 124
RaTtio—
nominal, rated or marked, 7, 11
true, 7, 11
expression for ratio of current transformer, 41
maximum value of, 44
variation with current, 48
overload conditions, 61, 64
expression for ratio of voltage transformer, 212

RaT10-ERROR IN CURRENT TRANSFORMER, 8

methods of reducing, 73
effect of shunts on, 78-81

RATIO ERROR IN VOLTAGE TRANSFORMER, 11

method of reducing, 228

f RATIO FACTOR, 8, 11
VRESISTANCE STANDARDS, 325

medium value resistances, 325
low resistances, four-terminal, 327
potential and current terminals for, 327, 335
desirable qualities in, 328
definitions and theory, 330, 334
adjustment of, 337
openstype resistors, 339
Campbell’s design, 339
Paterson and Rayner’s design, 340
Silsbee’s design, 342
closed-type resistors, 344
Ayrton and Mather’s bifilar design, 344
Orlich’s bifilar design, 344
Schering and Alberti’s bifilar design, 345
theory of potential leads on bifilar resistors, 345
Drysdale’s parallel-element design, 346
Spilsbury and Arnold’s parallel-element design, 349
Arnold’s parallel-element design, 351
Moore’s tubular design, 353

PRETNRNIONG. -5 SR
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RESISTANCE STANDARDS—(contd.)
Silsbee’s tubular design, 353
theory of potential leads on tubular resistors, 352
skin-effect in resistors, 354
formulae for bifilars and tubes, 355
use of resistor with current transformer for large currents, 355, 465
variable four-terminal resistor, 468
high resistances, 356
use as voltage divider, 356
theory of—
shielded unit, 357
shielded units in series, 361
resistors shielded for zero angle, 364
Orlich and Schultze’s design, 365
Kouwenhoven’s design, 365
resistors shielded at mid-potential, 365
Bureau of Standards design, 366
N.P.L. design, 367
resistors with shield transformer, 368
resistors with continuous shielding, 369-70
RiNG-TYPE CURRENT TRANSFORMERS, 131, 135, 177

SEcoNDARY CURRENT RATING, 7, 142
SECONDARY VOLTAGE RATING, 11
SHORT-CIRCUIT CURRENTS IN CURRENT TRANSFORMERS, 154
thermal effects, 156
mechanical forces, 161
SHORT-CIRCUIT-PROOF CURRENT TRANSFORMERS—
excellence of bar-type, 181
wound-primary type, 183—4
cross-hole type, 185
crossed-coil type, 186
circular-coil designs, 187
double-toroid designs, 188
open-magnetic circuit design, 189
SHUNTS To REDUCE CURRENT TRANSFORMER ERRORS, 7881
SPLIT-CORE CURRENT TRANSFORMERS, 181
STANDARD SPECIFICATIONS FOR RATING AND ACCURACY—
Grest Britain and Australia: Canada, 16, 628
Germany, 21
Czechoslovakia and Poland, 25
Switzerland, Italy, 26
France, 27, 311
Sweden, 29, 312
U.8.A., 30, 311
STANDARD TRANSFORMERS, 391, 392
StrAY Fiepp ErFEcrs 1y CURRENT TRANSFORMER TEsTING, 524, 545
SWEDEN—
standard specification for instrument transformers, 29
current-transformer rating and classes, 29, 30
voltage transformer rating and classes, 39
power-error control diagrams, 30, 313
polarity and terminal marking, 583-5
SUMMATION WiTH CURRENT TRANSFORMERS, 147, 153
SWITZERLAND—
standard specification for instrument transformers, 26

TEMPERATURE RISE—
I.E.C. recommendations for, 589

SUBJECT INDEX

TEMPERATURE Rise—(contd.)
methods of measuring, 590
national rules for, 591—4, 633

- TERMINAL MARKING, NATIONAL.RULES FOR, 583—4, 632
t TEsSTING FOR RATIO AND PHASE-ANGLE—

general introduction, 317
apparatus used in, 321, 323
classification of methods for, 318-20
current transformers, 407
indirect method, 407, 410
direct methods, 408, 424, 449, 488, 504
choice of method, 517
voltage transformers, 529
indireet method, 529
direct methods, 530, 532, 546, 568, 575
choice of method, 580
THERMAL CURRENT-LIMIT, 22, 161
THREE-PHASE VOLTAGE TRANSFORMERS, 263
separate transformers in ‘““vee” or in star, 263
earth faults on, 264
line-line errors in, 265
compensating y in, 267
three-limbed cores, 267
five-limbed cores, 269
Toravizing CURRENT TRANSFORMER, 147
TrRANSFORMER THEORY, 34
comparison of methods, 36
current transformer, 39
voltage transformer, 210
TURNS-ADJUSTMENT IN CURRENT TRANSFORMER, 73, 76
TURNS-ADJUSTMENT IN VOLTAGE TRANSFORMER, 228

. TURNS-RATIO OF CURRENT TRANSFORMER——

measurement by-—
M. & G. diagram, 54, 56
Duff’s method, 417
magnetic potentiometer, 419

 Two-sTAGE CORRENT TRANSFORMER, 81

theory and characteristics, 83
use with normal meters, 84
use with standard resistor, 473

UNITED STATES—
f standard specifications for instrument transformers, 30, 31, 33

current transformer rating and classes—
N.E.L.A,, 31
N.EM.A., 33

voltage transformer rating and classes—
N.E.L.A,, 32
N.EMA, 34

power-error limits, 311

polarity and terminal marking, 585

temperature rise, 594

dielectric tests, 596

(VECTOR DiacraM FOR CURRENT TRANSFORMER, 39

Msllinger and Gewecke’s form of, 50

use to find reactance and turns-ratio, 54
VECTOR DI1AGRAM FOR VOLTAGE TRANSFORMER, 210
Mbollinger and Gewecke’s form of, 214
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VIBRATING RECTIFIER, 400
VIBRATION GGALVANOMETERS, 401
Vorrace DIVIDER, see *“Resistance Standards.”
Vorraceg RIsEs—
current transformers, 203
opened secondary, 203
travelling waves, 205
protection methods, 208, 621
voltage transformers, —
lightning effects, 279
surge voltage distribution, 280
entering winding protection, 240
insulation reinforcement protection, 281
protective resistor, 282
protective reactor, 283
non-resonant transformers, 283-3
neutral inversion, 286
VorrAGE TRANSFORMERS—
purpose of, 4
definitions of, 10
theory of, 210, 621
expressions for ratio and phase-angle, 212
variation of K, and y-—
with secondary power-factor, 218
with secondary output, 219
Mollinger and Gewecke’s diagram, 214 .
determinsation of reactance and turns-ratio, 220
conditions for small errors, 224, 228
offect of voltage on size, 225
minimum cost considerations, 226
typical designs of, 227
turns adjustment to correct ratio, 228
the no-load current, 229
effects of frequency, 229
effects of wave-form, 231
effect of burden, 231
effect of primary voltage, 232
construction of normal types of, 233
oil and compound filling, “Pyranol,” 235-6, 622
multirange types, 236
dry-type porcelain-insulated type, 236, 240
protection against voltage rises, 240
suspension insulator design, 242
ushing type, 244
transformers for very high voltages, 245
normal type, 245
weight and cost, 246
Imbhof’s resistance-transformer, 248
(oldstein’s inductance-transformer, 249
Meyerhan’s insulated casing transformer, 250
cascade transformers, 253, 622
three-phase transformers, 263
five-limbed cores, 269
protection of, 274
use of fuses, 277
voltage rises and surge phenomena, 279
surge-proof transformers, 282
non-resonant transformers, 283
neutral inversion, 286

SUBJECT INDEX 655

VoLrace TRANSFORMERS—(contd.)
testing for ratio and phase-angle, 529
indirect method, 529
Tliovici’s and Barbagelata’s processes, 530
classification of methods, 530
testing 1 : 1 transformers, 531
absolute deflectional methods, 532
two-voltmeter methods, 532
two-dynamometer methods, 533
G.E.C. process, 535
Agnew and Fitch’s two-phase process, 535
Barbagelata’s three-phase process, 537
Rosa and Lloyd’s double dynamometer process, 538
single-dynamometer methods, 539
Barbagelata’s process, 539
Allocchio and Bacchini’s process, 540
Craighead’s process, 540
Palm’s process, 540
electrometer methods, 541
Orlich’s process, 541
Spilsbury’s process, 541
Spilsbury’s high-precision process, 543
absolute null methods, 546
dynamometer method, 546
bridge methods, general, 547
bridge methods with resistance voltage-divider—
compensation by—
self-inductance, 549
mutual inductance, 549
primary capacitance, 550
Barbagelata’s process, 552
compensation by primary inductance and capacitance, 553
Agnew and Silsbee’s process, 553
Spilsbury’s process, 553
compensation by secondary capacitance, 555
de la Gorce’s process, 555
Vassilliére-Arlhac’s process, 557
bridge methods with condenser voltage-divider—
compensation by mutual inductance, 557
bridge methods with condenser voltage-divider—(contd.)
Churcher’s process, 557
compensation by mutual inductance and resistance, 560
Jimbo and Sakimura’s process, 561
compensation by capacitance and resistance, 562
Yoganandam’s process, 562
compensation by mutual inductance and capacitance, 564 -
Dannatt’s process, 565
use of a.c. potentiometers, 567
relative deflectional methods, 568
two-voltmeter method, 568
two-dynamometer method, 569
Barbagelata’s process, 569
single-dynamometer method, 571
Brooks® process, 571
Bercovitz’s process, 572
watt-hour meter method, 572
Agnew’s process, 573
Slavik’s process, 574
relative null methods, 575




656 INSTRUMENT TRANSFORMERS

TRANSFORMERS—(contd.)
VouraaE Shotter’s double-dynamometer method, 575

Leeds & Northrup’s dynamometer method, 575
Berghahn and Janssen’s method, 577
Barbagelata’s bridge r?ethogii9578
use of a.c. potentiometers,
choice of method foxP testing ratio and phase-angle, 580
methods for—
laboratory tests, 580
high-voltage tests, 580
routine tests, 580
tests on site, 581 ss1
ractical precautions,
polagty and tgrminal marking, 582
national rules, 584, 632
testing methods, 586
ballistic method, 586
wattmeter method, 587
differential method—
with standard transformer, 587
without standard transformer, 588

temperature rige, 589
limits—
L.E.C, 589
Great Britain, 591, 633
Germany, 592
France, 593
U.8.A., 594
Italy, 594
dielectric tests, 595 .
secondary winc}iinhg, a%o . 595
rimary applied h.v. test, o
P n?t’ior}:apil specifications, 5956, 633
method of testing, 597
primary induced h.v. test, 5?8
national specifications, 598, 633
use with electrostatic voltmeter, 610
Campbell’s process, 610
Arnold’s process, 611
Gewecke’s process, 613

WATT-HOUR METERS— .

use with instrument transtormers, 309

use in current transformer testing, 439

use in voltage transformer testing, 572
WATTMETER—

theory withuut transformexéség293

theory with transformers,
W AVE-DISTORTION IN CURRENT TRANSFORMERS‘- 141140
WavE-FORM EFFECT oN CURRENT TRANSFORMERS, 1
WoUND-PRIMARY CURRENT TRANSFORMERS—

evolution from bar-type, 182

construction of, 183
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