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stresses and other mechanical treatment; such cores require
careful heat treatment, which can be more easily applied to
strip laminations and to strip-wound cores in their finished
condition than to other forms of core, see p. 110. The winding.
of ring cores with uniformly distributed toroidal coils presents

‘the coils are accommodated is sometimes made of cruciform
section by the use of two sizes of plates, Fig. 39 (d). As in all
jointless cores, winding must be done by hand. Winding is
made easier and the use of former-wound coils is made possible
by providing a removable yoke, Fig. 39 (e), or by using L-
shaped stampings, Fig. 39 (f). Sometimes the core is built up
of simple limb and yoke strips, but though this method is very
simple from the punching point of view it has the disadvantage
of introducing four joints instead of two into the magnetic
circuit. Shell-type cores are made up in a variety of ways, the
simplest, and magnetically the best, being the jointless core
with or without a cruciform central limb; this again necessi-
tates hand winding. Winding is facilitated, especially in
h.v. transformers with the windings on porcelain or other
spools, by several devices. In Fig. 39 (g) the central limb is a
tongue, enabling the stamping to be threaded through the coils;
in Fig. 39 (h) a single E-shaped stamping with a removable
yoke, while in Fig. 39 (¢) two sets of similar E-shaped stamp-
ings are used. (The relative positions of successive plates are
shown by the small line sketches). The cores are firmly bolted
together after assembly. Fig. 39 (5) shows a type of construction
used in Germany ; the outer jointless yokes and the inner limb
are independently assembled, the latter complete with its
windings being pressed into the slots provided.

Although all due care may have been exercised in the actual
construction of the core it is possible to reduce I, still further
by using one or both of the following artifices : (i) Operation of
the core at a flux-density corresponding with maximum per-
meability. (ii) Using a core material in which the permeability
at low densities is higher than in silicon-iron alloy plates. These
8Subjects will be discussed on pp. 95 and 103.

Fre. 39. TypEs oF CURRENT TRANSFORMER CorEes

Wirz* has given an interesting mathematical treatment of the effects
of I and I w» reaching conclusions similar to those obtained in Chapter
{11 Writing B, — E K, and putting
1, =bE, I, = gE, and blg = I,/I, = cot &,
EWhere g is the excitation conductance and b the excitation susceptance,
find after some reductions
K. =K1 + R'g(1 + (bly) tan ¢ )],
tan f = R’ gl(bly) — tan ¢,],

difficulty since it must be done by hand; consequently it is§
usually a troublesome, slow, and rather expensive process,}
though machinery has been invented to enable the winding t0%
be done more quickly and cheaply.
Recfoangular‘ cores are used in practically all cases where §
the primary winding consists of more than a, single turn; they 4
may be of the core-type or the shell-type, as in power trans-3
former cqnstruction. The jointless core-type, Fig. 39 (c), is §
preferred in the best quality transformers ; the limb upon which

'. *E, Wirz, “Untersuchungen iiber die moglichen Fehlerquellen bei Strom-
Yondlern,” drch. f. Elekt., vol. 6, pp. 23-72 (1918).
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where R, = R [K,? is the total secondary resistance referred to the

primary side. Let af,, be the magnetizing ampere-turns per cm. (r.ms,)

required for the value of B,, .. used in the core; then if the core is with-
out air-gaps and of constant cross-section,

I, = Lat, [T, and I, = A lw;108/4-44T fB, A,
using the notation of p. 71. Hence

b= Lal 105444 T B, A, and g = Lw 101 A (4-44T B, .12,

which enables these quantities to be calculated from the al,, ~ B, .
and w; - B, .. characteristic curves for the iron. For given trans-
formers Wirz plots b, ¢ and blg as functions of B, ... The b-curve has
2 minimum value near the knee of the saturation curve, i.e. in the
region of maximum permeability, showing the desirability of working
the iron near that point if possible. The g-curve is of hyperbolic shape,
remaining substantially constant from B, sz = 3000 and upwards.
The bfg-curve is similar to a saturation curve, bfg decreasing very
rapidly at low inductions. Hence, if the core is worked at too low a
flux density K, will tend to vary widely with I;; Wirz recommends
for this reason that B, . should exceed 1000. The curves are plotted
for various secondary burdens, and calculations of K, and # are made
for transformers working under different conditions; in addition the
effect of butt joints in increasing b is strikingly shown.

The question of the proportions of the core is one of some
interest, since the weights of iron and copper, the cost of

active material, the accuracy of the transformer and its output -

are all dependent thereon. The appropriate proportions to be
used in any given case are somewhat difficult to state in
general terms, since so many factors not capable of simple
expression have to be taken into account, such as accommo-
dating the transformer in a “line” for economic production,
meeting guarantees for mechanical strength, and so on. A
sketch of the simple process of design is given on p. 111, and &
preliminary design of core would be modified until all the
necessary conditions for accuracy, cost of materials, economi
manufacture, and the like were satisfactorily fulfilled;. a;

graphical method such as that of Fleischhauer (see p. 58) i8§
of very great assistance in enabling the influence of individual

factors to be easily determined. Certain writers have attacke
some of the simpler aspects of the problem from a theoretic
standpoint. Krutsch* has shown that the ratio error and phaseg
angle are least when a quantity defined as the “shape factor’}
Is a minimum, this being (I /44,)v®3; where l; and 4; arej
the mean path length and cross-sectional area of the core, 4

is the total section of primary and secondary copper withg

* J. Krutsch, “Der Einfluss der Gestalt der Messwandler auf ihre Fehlel'r';
Arch. f. Elekt., vol. 24, pp. 593-611 (1930). i
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insulation and clearance spaces, ! is the mean length of turn
of this total section, and » is the volume of a rgctangular
parallelepiped enclosing the transformer. He applies this to
several types of core; for example, in the plain core of Fig.
39 (c) with concentric cylindrical coils wound on one limb, if a
be the width of the square section of the limbs, the breadth of
the window should be 4a and its depth 0-9a. If the windings
occupy both of the long limbs, then the. proportions of the
window are 4-la wide by 1-5a deep. Billig* has worked out
a similar problem for a ring core with toroidal secondary and a
bar primary. He proves that the transformer errors are pro-
portional to P*l1+® where « is about 2/3 for normal trans-
formers and 1 for a transformer with additional magnetiza-
tion (see Section 8), and P is the sum of the output in volt-
amperes plus the secondary copper loss. By finding the con-
ditions to make this quantity a minimum Billig proves that
for a fixed core weight IV, kilogrammes, the radial breadth of
the ring is given by

by = /[AT . W,[300~/(VA . W,)] cm.,

where AT = full rated amperc-turns, "4 = bu_rden in volt-
amperes, and the copper weight in kilogrammes is

W, = (0-23 AT[8)+/ (W] D),

where 6 is the current density in the secondary winding (150
to 200 amperes per sq. cm.) and D is the inner diameter of ring
in em,

The following numerical example illastrates Billig’s theory. A t1~an§-
former with additional magnetization has A7 = 1 200, VA =40, ;D
= 25 cm., W,; = 30 kg., 6 = 200 Afcm.2, errors proportional to P,
Then W, = 151 kg. and b, = 4 cm., the axial depth of th‘e ring beu?g
11 em. Fig. 40 shows the way l;, P, Pl,2 and VA vary with the ratio

B of depth to radial breadth of the ring in this example.

8. The use of additional magnetization. The normal value

." of the maximum flux-density in a silicon-iron core lies between
£ 500 and 1 500 lines per sq. cm., in order that the specific loss
¢ shall be minimized and I, kept small. The maximum perme-

ability of the material occurs, however, at a density pf 4 000
t0 6 000 lines per sq. cm. A mere increase of the yvorkmg den-
Sity to this figure, however, will only rcsult in an increase both
in 7, andin I,; consequently, an improvement of the working

* E. Billig, “Die giinstigste Form von Stromwandlerkérnen,” Bull. Schw.

1 Elels, Verein, vol. 24, pp. 70-72 (1933).




96 INSTRUMENT TRANSFORMERS [Cuar. III

permeability can only be secured by some artifice designed to
put the iron into a better magnetic condition.

The voltage K, required to circulate a given rated current
in the secondary circuit of a current transformer necessitates
a core flux-density which varies harmonically between the
limits + B,,,, where B,,,A4; is the flux inducing E, This
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magnetization and permeability curves are drawn in Fig. 41 (a);
the range of variation ab of the magnetizing ampere-turns for
a'symmetrical variation of + B,,,. about the origin O is shown
in the diagram.

Now assume that by means of an additional tertiary winding
an auxiliary flux is superposed upon the core and, as a pre--
liminary, suppose this auxiliary field to be steady. Then the :
working variation + B, takes place about some point, such 7
as A or B, higher up the magnetization curve. As the auxiliary -
flux is increased from zero the range of excitation demanded. :
from the transformer magnetizing ampere-turns gradually
decreases to a minimum, as at ¢ when the working cycle is :
performed in the neighbourhood of maximum permeability; -
and thereafter increases, at first slowly and then rapidly as ab -

(6)
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ef. Thus, assuming no hysteresis, moving the working flux
variation up to the region of maximum g by the addition of a
steady flux would reduce the value of 1,, for a given range of
variation -+ B,,..

Unfortunately, this desirable effect of a steady additional
magnetization is entirely vitiated by the influence of hysteresis. *
Referring to Fig. 41 (b), the hysteresis loop is shown for an
additional d.c. magnetization applied in the order indicated
by the open arrow-heads. Stopping the d.c. magnetization at
any point on the loop, the working alternating flux follows
the small loops in the way originally described by Ewing, who
says, “Tvery loop in these diagrams shows that whenever the
process of altering the magnetic force is reversed from a process
of increment to a process of decrement, or vice versa, the
magnetism begins to change very slowly relatively to the
change of H, no matter how fast it may have been changing
(in the opposite direction) immediately before.” Again even
at the steepest part of the main loop if we “begin to remove
the magnetic force, the gradient of the new curve may be some
70 or 80 times less steep than that of the curve from which
it springs.” In other words, the effective permeability of the
a.c. magnetization, represented by the average slope of the
small loop, is always less than the permeability at the point on
the d.c. loop giving the auxiliary magnetization. Moreover,
it is well-known (see Gans, loc. cit.) that the a.c. permeability
with such a d.c. auxiliary field is smaller than the initial per-

meability for the material and decreases as the auxiliary field

is increased.

If, however, the additional magnetization is produced by an:
alternating flux of the same frequency as the working flux of’

the transformer, the phenomenon is quite different.} Fig. 41
shows in logarithmic co-ordinates a series of a.c. magnetization

curves, taken from Vahl’s paper, for 4 per cent silicon-iron;

* See J. A. Ewing, Magnetic Induction in Iron and Other Metals, Ch.
(1892). Also R. Gans, “Magnetisch Korrespondierende Zustande,” l?h!l
Zeits., vol. 11, pp. 988-991 (1910); “Die Gleichung der Kurve der reversible§
Suszeptibilitat,” idem., vol. 12, pp. 1053-1054 (1911).

1 For a full discussion of the
vol. 14, pp. 4905499 (1933); “Iron biased by a.c.—Magnetic properties ant,
their importance in the development of current transformer techniqué,
Elecn., vol. 112, pp. 391-393 (1934). J. Goldstein, ““Die Wechselstromvo!
magnetisierung im Stromwandlerbau und ihre auschauliche Wirkungswe1se
Bull. Schw. Elekt. Verein, vol. 25, pp. 229-232 (1934). H. Vahl, “Vor- utt
Gegenmagnetisierung bei den Stromwandlern,” V.D.E. Fachberichte, pp- 3
41 (1934).
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problem, see G. Stein, Zeits. f. tech. Phys-ya
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plates, giving B,,,, as a function of the r.m.s. ampere-turns
per cm. with various conditions of additional a.c. magnetization.
Curve a is the simple a.c. magnetization curve for the material.
The effect of additional a.c. magnetization is to shift the curve
to the left, i.e. for a given density to reduce the working
ampere-turns per cm. or, in other words, to increase the work-
ing permeability. The degree of displacement depends upon
the amount of the additional superposed ampere-turns and
" their phase relationship, ¢,, to the secondary voltage E, The
shift is greatest for lower densities and falls off gradually until
- at a density of 5 000 any amount of premagnetization produces
no improvement in the working permeability, and above this
density may even reduce it. For the steel to which Fig. 41 (¢)
refers, an auxiliary magnetization of about 0-32 ampere-turns
per cm. produces maximum working permeability. With this
premagnetization and ¢,= 0° curve b is obtained ; curve ¢ relates
to ¢, = 45°, showing the importance of the phase adjustment.
Curve d is for an auxiliary magnetization of 0-16 ampere-turns
per em. with ¢, = 0 and a similar curve is obtained for a corre-
sponding increase over 0-32 ampere-turns per cm. Finally, curve
e is obtained with the most favourable adjustment of the pre-
magnetization both in magnitude and phase. The auxiliary
source must be sufficiently constant and the correct adjustment
of its phase has a by no means negligible effect on the working
permeability, as both Vahl and Stein have shown. It is inter-
esting to observe that with B,,,, about 500 the working ampere-
turns per em. for silicon-iron are reduced from 180 without to
63 with premagnetization, resulting in a corresponding reduc-
tion in the errors for the same density or in weight for the same
ITors in the two cases.
Premagnetization can be obtained in two ways, (i) by
Parate-excitation, as in the transformers of Iliovici and of
ellings and Mayo; and (ii) by self-excitation, as introduced
¥ Goldstein and Vahl. These two types will now be considered
:ln detail. ‘
. The principle of separate-excitation was introduced by
~lovici* as early as 1914 in a series of transformers made by
E the Compagnie pour la Fabrication des Compteurs, but without
Ny provision being made for the phase adjustment of the

* A, ioviei, ““Transformateurs d’intensité compoundés,” Bull. Soc. Frang.
Elecns., vol. 3, pp. 55-70 (1923); “Tendences actuelles dans la construc-
. ;l" et 'utilisation des transformateurs de mesure,” idem., vol. 10, pp. 1191
1<15 (1930); “Transformateurs de mesure. Progrés constructifs récents.
18cussion des Régles de Normalisation,” idem., vol. 2, pp. 1117-1131 (1932).
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superposed flux. The necessary compounding is supplied by
an auxiliary winding excited at a constant voltage and fre-
quency from the supply network. Since the operation of the
transformer must depend only upon the interaction of the
primary upon the secondary winding via the working flux,
the additional flux must induce no e.m.f. in either of these
windings; in other words, the auxiliary winding must have no
mutual inductance with respect to the primary and secondary

@

Auxiliary
current

4

Auxiliary current

Arrangement o/(A{/x// ary windings
in Ring-type I‘an:slsy‘me(r: i

Fre. 42. Tuiovier's CoMPOUNDED CURRENT TRANSFORMERS

windings. Fig. 42 (a) shows an arrangement, introduced about i

1914, for core- or shell-type cores* in which the limb carrying
the primary and secondary coils is divided into two equal
branches traversed in opposite directions by the compounding
flux, as shown by the arrows. This design lends itself readily,;
to the ring-type construction for bar-type transformers, as’
shown in Fig. 42 (b) where only the auxiliary windings are;
indicated ; the holes ensure the appropriate division of the:
compounding flux. The primary is a single conductor passed,
through the central opening and the secondary is uniforml

* Fig. 42 (a) shows the actual arrangement of a shell-type transforme
It gives also a diagrammatic representation of a core-type transformer, th

two equal packets of plates being supposed laid flat in the plane of the pape
one to the left and one to the right, instead of standing side by side.
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wound over the whole ring. A further design is shown in Fig.
- 42 (c) and is now usually preferred to Fig. 42 (a). In all cases
- the auxiliary winding is supplied with current at 100 volts
" from the secondary of a small voltage transformer and con-
' sumes only about 4 watts. Excellent results are obtained.

Wellings and Mayo (loc. cit. on p. 76) obtain the auxiliary
current from an additional small current transformer in the

- way shown in Fig. 43 (a) applied to a bar-type transformer.

The main core is divided into two equal parts which are
subjected to additional magnetization in opposite directions
by the crossed winding energized by the auxiliary core, the
latter and the main cores being linked in common upon the
primary conductor. By this simple device the compounding
flux induces no e.m.f. in the sccondary winding and is of a
sufficient magnitude to bring the iron of the main cores into
the region of maximum working permeability. Bar-type
transformers for primary currents as low as 100 amperes have
been constructed on this principle with silicon-iron cores, in
which additional magnetization and the compensating devices
described on p. 85 give surprisingly high accuracy; with
nickel-iron cores adequate accuracy can be secured with still
lower currents. The following tables give typical figures.
Bar-type transformer with Stalloy core. Rated primary current
200 amperes. Burden 50 volt-amperes.

Primary current, per cent . 100 20 10
-+ 07 -+ 0-4 + 0-7

€, per cent

B minutes . . . ) 45 36 30

Bar-type transformer with Mumetal core. Rated primary
Surrent 50 amperes. Burden 10 volt-amperes.

] Primau‘y current, per cent 125 100 20 10 5

e Per cent . . Ll 4 07 + 06 + 09 + 09 + 09

Minutes . . . 37 40 47 38 35

In the transformers manufactured by the A.E.G.* the addi-

nal magnetization is ingeniously derived from the secondary

*J. Goldstein, “Die neuste Entwicklung im Stromwandlerbau,” Elekt.

B2eits,, vol. 53, pp. 377-380, 428-431, 503-505 (1932); Bull. Schw. Klekt,

fren, ol 24, pp. 100-104 (1933); “Neue Wege im Stromwandlerbau,”
M., vol. 51, pp. 489-492 (1933).




102 INSTRUMENT TRANSFORMERS [Cuap. ITT

current itself by an unbalancing of magneto-motive forces,
resulting in unequal magnetization of two cores arranged as in . J
Fig. 43 (b). ~The bulk of the secondary turns 7', is put on the - §
middle limb, while unequal portions 7', 7'; are wound upon
the yokes. The values of 7'}, T, and 7T'; are chosen so as to
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F1a. 43. WELLINGS AND MAY0’s, AND GOLDSTEIN’S COMPOUNDED
CURRENT TRANSFORMERS

produce the most favourable effect. On Core I the primar}
ampere-turns preponderate over the secondary ampere-turng
while the secondary is preponderant on Core II; the twd
fluxes in the middle limbs are, therefore, unequal and approxi

mately in opposition. In vector notation,
AT, = i,T, +i(Ty + T,),
AT, = is(Tl + Ta) + imTw
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for the two cores, these equations being illustrated by the
vector diagram in Fig. 43 (¢). The fluxes ®; and ®; induce
voltages £; and Ky, their sum being the total secondary voltage
‘E, circulating I,. Regarding Cores I and II as separate trans-
formers, I leads on Ey and lags on E;; hence, the ratio for
Core I is too low (g, positive) and for Core II is too high (e,
negative). The combination can be adjusted so that the overall
ratio at a given load is correct. Moreover, Core I is worked, at
rated current, a little above the point of maximum permeability
and Core IT at a density about 20 per cent below it ; the value
of I,, will be in the neighbourhood of its minimum and, as
the resultant permeability curve for the two cores is in these
circumstances nearly flat, will change linearly with I,; hence
¢ and f will be both small and constant. The curves in Fig.
43 (d) show that the accuracy attainable in a large transformer
for 125 kV lies within the limits for class 0-5, the burden being
100 VA,

9. The application of nickel-iron alloys. In Section 7 it has
been pointed out that a possible way to improve the character-
.~ istics of a current transformer would be to substitute some
~ better core material for the silicon-iron plates that are usually
- employed.* Though the ordinary 4 per cent alloy has high
permeability and low losses, the values of /,, and I, are still
sufficient to cause quite appreciable ratio and phase errors.
If, however, the desired flux could be set up in the core with a
lower number of ampere-turns and with the production of
smaller iron losses, then either the accuracy of a current trans-
former for a given output could be materially improved or,
retaining the same limits of accuracy as before, the output
could be increased. The discovery that the desired properties
; Are possessed by alloys of iron and nickel,} with or without
fadditional constituents, and the application of these alloys
to current transformer core construction, is the most important
Erecent development in the practice of electrical measurement ;
" * For an improved silicon-iron alloy produced by the American Rolling
Co., see ““Tran-Cor. Hochsiliziertes Spezialblech fiir Transformatoren und
presswandler,” Arch. f. tech. Mess., Z911-3, Apr. (1933). This material has a
ﬁ about double that of ordinary silicon steel up to B,,,, = 100 and has very
kth:' t}g_tal losses. An improved German material of th‘e‘ same type is made by
¢ bloch, ,1,831 und Hiittenwerke A.G. of Bochum, see “EHW Stromwandler-
L Olech,” Arch, f. Tech. Mess., Z911-4, Apr. (1934).

? T For a complete summary of the physical, metallurgical and magnetic
pmpel'ties of modern ferrous alloys used for electrotechnical purposes, the
f fo2der should consult A. Kussmann, “Stand der Forschung und Entwicklung

;“f dem Gebiet der ferromagnetischen Werkstoffe,” Arch. f. Elekt., vol. 297
332 (1935),
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results have been obtained that can rightly be described as :

revolutionary.

Alloys of nickel and iron have long been known in nature, since they
are found in certain meteorites; their first preparation by synthesis
appears to be due to Faraday and Stodart* in the year 1820, in the
course of a now classic research upon the improvement of steel. Most
of the earlier work on the alloys had reference to their mechanical pro-
perties, but in 1889 J. Hopkinsont tested the magnetic properties of
ferrous alloys containing various proportions of nickel. He found, in
particular, that an alloy containing about 25 per cent of nickel was
non-magnetic at air temperatures. Systematic studies of the magnetic
properties of the whole series of alloys were undertaken by Burgess and
Astont in 1912 and by R. A. Hadfield and B. Hopkinson§ in 1911, the
latter workers paying particular attention to the effects of strong fields
and observing many interesting features. Materials of commercial
quality were used. Unfortunately, the most remarkable properties of
nickel-iron alloys are not obtained unless the constituents are very
pure, and remain uncontaminated during the process of fusion, and the
resulting alloy must be subsequently subjected to special annealing and
heat-treatment. In 1913 Yensen prepared pure iron by melting electro-
lytic iron in vacuo in the high frequency electric induction furnace and
found that this material had very high magnetic qualities. Applying
the same metallurgical technique, Yensen investigated a large number
of alloys of iron with other metals in an attempt to find a material
with a higher saturation intensity than pure iron. In 1920 he|| pub-
lished an exhaustive account of the magnetic properties of the nickel-
iron series and drew particular attention to the 50 per cent alloy, to
which the name of ‘‘ Hipernik ’ has been given. About the same period

research was in progress in the laboratories of the American Telegraph .-
and Telephone Co. upon the increase in the speed of working on su}:)- :
marine telegraph cables by the application of continuous magnetic’

loading. The required magnetic material must have a permeability in

very small fields far exceeding that of any material hitherto known,”

even pure iron, and it was found that a ferro-nickel with about 78 p
cent of nickel had the required properties. This alloy was described b
Arnold and Elmen€ in 19238 and given the name ‘‘Permalloy.”

Although the nickel-iron alloys were originally develope
for other purposes, their higher permeability in low fields an

* M. Faraday and J. Stodart, Phil. Mag., vol. 56, pp. 26-35 (1820); Phil}
Trans. Roy. Soc., p. 253 (1822). 1

1 J. Hopkinson, ‘“Magnetic properties of alloys of nickel and iron,” Pro®
Roy. Soc. A., vol. 47, pp. 23-24 (1889); vol. 48, pp. 1-13 (1890).

1 Metallurgical and Chemical Engineering, vol. 8, p. 23 (1910).

§ R. A. Hadfield and B. Hopkinson, “The magnetic properties of iron an
its alloys in intense fields,” Jowrnal I.E.E., vol. 46, pp. 235-284 (1911). :

|| . D. Yensen, “Magnetic and electrical properties of iron-nickel alloys
Trans. Amer. I.E.E., vol. 39, pp. 791-815 (1920).

T H. D. Arnold and G. W. Elmen, ‘Permalloy, an alloy of remarkabl
magnetic properties,” Journal Frank. Inst., vol. 195, pp. 621-631 (1923
Bell Syst. Tech. J., vol. 2, No. 3, pp. 101-111 (1923).
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smaller iron losses specially recommend them as improvements
 upon silicon-iron for current transformer cores, as pointed out
' by Drysdale.* Since the permeability is at least ten times
> greater than that of good silicon core steel and the specific
loss about one-sixth, it follows that the exciting current will
be reduced to about a tenth of its value with silicon steel, with
a corresponding reduction in ratio and phase-angle error and
greater perfection in the transformer.

Before discussing the individual alloys and their applications
it is advantageous to examine their general properties to see
how these depend upon the nickel content. Confining attention
for the present to the binary alloy Ni-Fe, Yensent has made
tests on a series of alloys varying from 100 per cent Fe to 100
per cent Ni. Electrolytic iron and electrolytic nickel were melted
in magnesia crucibles in a high-frequency furnace under a
pressure of 1 to 2 mm. of mercury; specimens were prepared
+ from the cast ingots and annealed from 900°C. in a high
vacuum or in a hydrogen atmosphere. The entire elimination
of impurities, particularly carbon and oxygen, is essential to
the development of high magnetic qualities. The results of
subsequent tests on the specimens are summarized in Fig. 44.
The density of the alloy varies uniformly from 7-9 for pure iron
to 8-9 for pure nickel. The resistivity attains a maximum of
about 82 microhms per cm. cube with a nickel content of

0 per cent, about double that of manganin; over the range of
alloys which have magnetic characteristics useful for the present
Purpose, i.e. those with 40 to 80 per cent of nickel, the resis-
tivity lies between 72 and 20 microhms per cm. cube, thus
ensuring low specific eddy current loss. The hysteresis loss
tIn pure iron is very small, being about 600 ergs per c.c. per
0ycle at B,,,, = 10000; small amounts of nickel increase the
4088 very rapidly until a maximum of about 50000 ergs per
j9-¢. per cycle is attained in an alloy containing 25 per cent of

* C. V. Drysdale, “The application of high permeability alloys to current
Stormers,” Journal Sci. Insts.,, vol. 3, p. 58 (1925). “Progress in the
gn and construction of electrical instruments,” Journal Sci. Insts., vol. 4,
‘ 177-184, 209-217, 241-251, 288-299 (1927). B. Hague, “Uber die An-
i¥endung von Nickeleisenlegierungen bei neuzeitlichen Stromwandlern,”
M., vol. 51, pp. 208-211 (1933).
t J.D. Yensen, “Magnetic properties of the fifty per cent iron-nickel alloy,”
‘-Wmfll Frank. Inst., vol. 199, pp. 333-342 (1925). “Magnetism and magnetic
eoatorials,” Elect. J., vol. 27, pp. 214-218 (1930); see also Report 14a before
tion 1 of the International Electrical Congress in Paris (1932), and Arch.
h. Mess., Z911-2, Nov. (1932). G. Keinath, “Hochmagnetische Legier-
e 8en aus Nickeleisen,” Arch. [ tech. Mess., Z913-5, Nov. (1932).
9~—(T.5722)
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Ni. Further addition of nickel causes the hysteresis loss to
fall rapidly; between 30 and 70 per cent of Ni the loss is as
low or lower than that of pure iron or silicon steel, and increases
thereafter to 20 000 ergs per c.c. per cycle for pure nickel.
Although the addition of nickel has a remarkable influence
upon the losses, the effect upon the magnetic properties is

this is also true of the saturation density, i.e. the induction
toward which the B-H curve becomes asymptotic for high
magnetizing forces. Hence nickel has, in general, a depressant
effect upon the saturation value. As the nickel content in-
creases from zero the value of B for a constant H falls, at first
slowly and then rapidly, until with about 30 per cent of nickel
a marked minimum is reached. The relatively non-magnetic

inicrohms B

Percmhggbe ' xig® quality of these alloys was observed by J. Hopkinson as long
o Vfesistvly ot 20° 2 ago as 1899 (loc. cit. ante) and is nowadays exploited commer-
72 | 5 =h cially in the production of non-magnetic cast irons. Further
s | Y REANAN addition of nickel causes the induction and the saturation
se \ o MRS /A:\ value to rise to a maximum in the 50 per cent alloy, and there-

- Densiy L\ \ after to fall steadily toward the characteristic for pure nickel.
%0 s 10 WA 7 L] Fig. 45 gives a series of magnetization curves showing B
12 p - e 8 WA\ LW~ X \\\h’ a8 a function of H for a number of materials, the standard
oa ) , - a6 | \ \ - AN 400 i of reference being vacuum-fused, electrolytic iron, which is
o AREE S daz a MmN/ -4 [* probably the purest iron obtainable. The region of greatest
s [ Nso 2 “\\ // ~ N Ns practical interest for our present purpose is the lower portion
| w © _k_aza /4 s m"i‘M of the curves comprised within the range of 0 to 5000 for B
o m e e e w0 m and of H from 0 to 1 ¢.g.s. unit. The curve for “Armco” iron
v Safurotin indchon represents the properties of commercially obtainable pure iron
ergs pe z Z containing 99-9 per cent of Fe, prepared by the American
percyele > ' - Rolling Mill Corporation ; the influence of the slight impurities
s ‘ 2: \ on the magnetizability is very striking, as also is the improve-
- [{gfresz doss . :6 L ment effected at the lower flux-densities by the addition of
N 1 “ ™~ ~ silicon. At higher densities silicon is disadvantageous, depress-
- ] 2 N . Ing the saturation value of commercial pure iron;the main
2 . © [ N advantage of silicon is, as is well-known, its great effect upon
2 \ 4 s / N the resistivity and consequent reduction of the eddy current
s \ o N losses. The remaining curves refer to nickel-iron alloys and all
o / \‘ / . . Show a notable improvement over silicon steel, especially at
. L/ X 2 b low densities. The curve marked “Hipernik ” relates to the
o /. | o o . 50 per cent Ni-Fe alloys; those marked ‘“Mumetal” and

) 20 40 &0 80 1007M O 20 40 e  so  100f

“Perma.lloy C” relate to alloys containing 76-79 per cent of
 nickel, but with additional constituents, these materials not
f being simple binary alloys.

It is well known* that at very low values of the magnetizing

F1e. 44. PHYSICAL PROPERTIES OF THE BINARY NICKEL-IRON
Arroys

even more striking. Varying proportions of nickel affect (1 _ ' . '
the saturation flux density, (i) the initial permeability, anGes e orce H, the induction B may be approximately expressed by
(iii) the maximum permeability in a marked degree. Referring L & relation of the form ‘

again to Fig. 44, a series of curves has been plotted showing B = pH -+ vH?,

the variation of B with nickel content for various constangs L Or U= py -+ vH.

values of H. It will first be noticed that the induction obtaine® B * ScoJ. A. Ewing, Magnetic Induction in Iron and Other Metals, Chapter VI,
for a given H is always less in the alloys than in pure iron, ang ‘1‘(1892)-

.
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onstant for alloys containing 40 to 65 per cent of nickel.
Further addition of nickel causes a surprisingly sudden increase
n p, to the enormous value of about 12000 in an alloy with
8 per cent Ni, after which there is a steep decline to the figure
= of about 200 in pure nickel. This extraordinarily high value of
initial permeability, far greater than that found in any pure
magnetic metal or in any other alloy, can only be secured by

In the neighbourhood of H = 0 the magnetization curve is a
straight line (the term in H? then being negligible) of slope u,; =
Uo 1s called the “initial permeability” of the material. As H
increases from zero the curve assumes the form of a parabola
having an initial inclination of y, to the axis of H. Since in
current transformers we are interested particularly in the
region of low magnetizing forces, the importance of high initial

B H
*io® 60x10" —
te Vacuum fused electrolytic iron H;p;r\n/
A u > /N Permalloy C
/ 'Armcoﬂ ol o / / \ N /‘/l’/,:; 'jz‘ ;
- umeta
* Hipert A A—T A | 40 / /// \\
o AT | A N matigc | | g /| \
I L7 - ] [/ / \
l é / // Mumetal 30 ’ / ‘\
8 /4 i — .
/A 7 [ \
3 / Vd / 20 l / N
AN / N
A £
il ~N
* ""/ e 47 Silicon iron
LW / ,4/ —
2 / o /
1 o 2 4 & 8 toxio® B
o_o 10 20 - o H Fia. 46. PerMEABILITY CURVES FOR NICKEL- AND SILICON-IRON

ALLOYS
F1c. 45. B-H CURVES FOR VARIOUS MAGNETIC MATERIALS

E Special heat treatment. The alloy is annealed for one hour at
¥ 900° C. and allowed to cool slowly to the magnetic transforma.-
f Lion point 625° C., at which temperature it is retained for 15
jIunutes in a nitrogen atmosphere. It is then removed from
E the furnace and cooled rapidly by motion in the air or by con-
 tact with a copper plate at air temperature.

¥ The nickel content affects not only the initial permeability
but also the maximum permeability, as Fig. 46 shows for three
g Materials in common use. The enormous advantage of nickel-
L Iron over silicon-iron alloys is clearly shown by these curves
fand is further emphasized in Fig. 47, where the initial part
Eof the B-H curve has been plotted in semi-logarithmic co-
| ordinates.

e These general remarks will make it clear that the low losses
fand high permeability of certain nickel-iron alloys make them

permeability will be appreciated. Referring again to Fig. 44,
the initial permeability is plotted from results given by Arnold;
and Elmen* (loc. cit.) as a function of nickel content. Thes
value of y, for pure iront is about 200, addition of nickelf
causing a gradual fall to a lowest value in an alloy with 23
per cent of Ni; i.e. the least u, corresponds approximately with
rapidly increasing resistivity, maximum hysteresis loss ang
minimum saturation density. Higher proportions of nickeg
increase the initial permeability rapidly to about 2 000, about}
10 times that of pure iron, at which value it remains roughlys

* See further, G. W. Elmen, ‘“Magnetic alloys of iron, nickel and cobalty3
Journal Frank. Inst., vol. 207, pp. 583-617 (1929); Bell Syst. Tech. J ., vol. 85
pp. 435-465 (1929). .

t For commercial soft iron, Ewing gives a value of Mo = 183; its value f‘l
4 per cent silicon steel is about 500, o
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valuable materials for core construetion; two types of material
have received practical application, namely, the 50 per cent

or “Hipernik” group and the 78 per cent or “Permalloy”
group. To obtain full advantage from them the material .
should be used in jointless rings, preferably made up of strip of -

the desired width wound up spirally like a clockspring into the

form of a ring, thus avoiding waste. After all mechanical

working is completed the core should be subjected to the
appropriate heat-treatment, which depends not only on the
alloy and the properties that are to be imparted to it, but on
the size and form of the completed core. The one disadvantage

B
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Fia. 47. B-H Curvis AT Low DENSITIES FOR NICKHEL- AND
SILICON-IRON ALLOYS

of nickel-iron alloys that at present debars them from genera
use is their relatively high cost. They have been applied
therefore, only in two important practical cases: (i) in the pro
duction of standard transformers having the highest possibl
degree of precision, where the perfection of the transforme

must be secured regardless of cost; (ii) in the design of trans-Z
formers with a bar-type or single-turn primary and a toroidal
secondary wound on a ring-type core, especially for currentss

under 150 amperes. It is practically impossible to make suchy
bar-type transformers with silicon-iron cores with an accuracyj

of ratio and phase-angle adequate for metering purposes, unless§
more or less elaborate compensating devices are employed38
Such transformers are most desirable in large high-voltageg

installations on account of their cheapness, simplicity, ease of
insulation and mechanical strength against short-eircuit forces
yet it is often necessary to abandon these advantages and 08
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install a more expensive transformer with a wound-type primary
in order that the required precision for accurate metering may
be secured. The use of nickel-iron cores in simple bar-type
transformers, however, enables the advantages of this type
to be realized and adequate accuracy to be obtained at the
same time. The extra cost of a nickel-iron core is much less
than the difference in price between a wound-type transformer
and a bar-type transformer with a silicon-iron core and much
inferior characteristics.

The fundamental expressions for the design of a current
transformer are those given on pp. 41 and 42, namely,

I, sin¢, + I, cos 455]
K, =K ,[l - )
T g i KT[s
I, cosd, — I, sin ¢,
and tan f =
B = KT

If Z, = (Rz? -+ X*?! is the total impedance of the secondary
circuit inclusive of the winding and the external burden, the
em.f. to be induced in the secondary winding to circulate a
given current I, is B, = Z I, = (\/2)n T,f B,,..4: 1078 volts,
assuming a sinusoidal flux variation. If the core dimensions
have been tentatively settled in such a way that B,,, is
retained in the region of low total loss and high permeability,
B,,,. is determined and the values of K, and 8 can be calculated
provided that I, and [/, are known as functions of B,,,,. It
Is usual to express the necessary characteristics of the core
material in the form of curves, derived from measurements made
upon specimens of the laminated iron, giving the magnetizing
volt-amperes w,, and the total loss (hysteresis and eddy currents
together) w,, in watts, both per kilogramme of the material at
he given frequency, plotted to a base of B,,,,. These quantities
-Mmay be measured either by a suitable low-reading watt-
meter, or preferably by a bridge method or by the use of an
-C. potentiometer ;* appropriate methods are described on
p. 411-415. Let W, = y,4,1,10-3 be the weight of the core in
g., v; being its specific gravity, 4, its cross-section in sq. cm.,
b and [, its mean path length in em. ; then remembering that 7,, and
F- {w are associated with the primary side,

I, = Ww,K,JE,and I, = Waw, K,JE,.
. * See F. E. J. Ockenden, “Nickel iron alloys and their application to

ingtrument construction,” Journal Sci. Insts., vol. 8, pp. 113-117 (1931);
D. c. Gall, “Testing nickel iron alloy by means of the a.c. potentiometer,”

Wem., vol, 9, pp. 219-222 (1932).
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Since K J, = VA, the total secondary volt-amperes, the ratio
and phase-angle are easily seen to be
K, = K,J[1 +(W,JVA) (w, sin ¢, + w, cos ¢,)],
tan = (W, VA) (w, cos ¢, — w, sin ¢),

where w,, and w,, are read off from the curves for the value of

B,.. calculated from E,.

Before reviewing the specific properties and applications of the
various alloys it will be of interest first to refer to a new method recently
introduced by the I.G. Farbenindustrie A.G. of Oppau* for the pre-
paration of pure iron and nickel. Some metals form compounds with
carbon monoxide, known as carbonyls, which have the property when
heated of decomposing into the pure metal and CO; there is usually at
least one volatile carbonyl of each metal that can be purified by dis-
tillation. Iron pentacarbonyl Fe(CO); is formied when finely-divided
iron is in contact with CO at ordinary temperatures; it is a pale yellow
liquid which distils at about 103° C. When the vapour is passed through
a hot tube at 180° (., iron of very great purity is deposited in the form of
a powder consisting of minute spheres about 10—° em. in diameter. The
powder is sintered into a solid mass by heating in a reducing atmosphere
to 1200 °C., forged into a billet and rolled into sheet. Its magnetic pro-
perties are those of pure iron, namely o == 3000, p,,,, == 20 000 at
B = 5500 and H = 0-9, the saturation density being 22 000 and the
resistivity 10 microhms per cm. cube. Nickel tetracarbonyl Ni(CO),
is a somewhat similar nickel compound, a clear liquid volatilizing at
43° C. Its vapour decomposes at 180°-200° into pure nickel and CO,
the metal being put into practical form by sintering and rolling.

Alloys have been prepared in Germany on a commercial scale from
these constituents, and show all the behaviour just described; their

saturation densities are somewhat higher and the resistivities rather-

lower than for the alloys prepared in the usual way from electrolytic
constituents.t An alloy of iron with 4 per cent Si, known as Hyperm 4,

has u,== 1000, u,,,, = 20 000 and a total loss per kg. of about 0-7 watt :

for B,,,, == 10 000; it is a uscful intermediate step between ordinary
silicon-iron plates and the nickel-iron alloys.

9a. HriperNIK. This material has been developed specially
for current transformer cores by Yensen in the research labora-
tories of the Westinghouse Electric and Manufacturing Co.,

Pittsburg, U.S.A. Similar materials are made on the Continent2

under various names, such as Invariant, Hyperm 50, etc.

* L. Schlecht, W. Schubardt and F. Duftschmid, “Ueber die Verfestigun
¢on Pulverférmigem Carbonyleisen durch Warme und Druckbehandlung,
Zeits. f. Elektrochemie und ang. phys. Chem., vol. 37, pp. 485-491 (1931)y
“Die technische Verarbeitung von pulverférmigem Carbonyleisen nach dem
Sinterverfahren,” Stahlu. Eisen, vol. 52, pp. 845-849 (1932), F. Stiblein,
“Technische Werkstoffe grosser magnetische Weichheit,” Zeits. f. tech. Phy
vol. 13, pp. 532-534 (1932).

1 See also A. Kussmann, loc. cit., ante.

‘Cmap. ITI] THE CURRENT TRANSFORMER 113

mentioned earlier in this section, it is a simple binary alloy
containing 50 per cent each of nickel and iron, and is prepared
by the vacuum fusion of electrolytic nickel and iron in the
induction furnace, all traces of carbon and oxygen being
removed in the process; the cast-ingots may be rolled into the
form of ribbon or sheet from which the core is assembled. In
Germany the carbonyl process is used; since no fusion is
required contamination is avoided and alloys of great purity
are produced. Coiled ribbon* is preferable to punchings as
there is much less mechanical handling of the material, absence
- of punching stresses, and entire elimination of waste.

As initially prepared, Hipernik has a maximum permeability
Umaz Delow 10 000 and a hysteresis loss for B,,,, = 10000 of
1000 ergs per c.c. per cycle. By annealing in a hydrogen or
nitrogen atmosphere, to avoid deleterious oxidation, p,,q, is
raised to about 80 000 and the hysteresis loss reduced to about
220 ergs per c.c. per cycle; the value of y,is about 3000. By
a special annealing from 1 000-1300° C. it is possible to raise
Pmaz b0 the extraordinary valuet of 167 000 and to diminish the
hysteresis loss by one-third.

" Hipernik has many advantages over alloys of the simple
Permalloy or 78 per cent Ni group. It has more than double
their electrical resistivity with consequently lower eddy-current
loss; its hysteresis loss is the lowest and the saturation value
the highest of the whole range of alloys containing 30-100 per
cent of Ni. The Permalloy group, however, possesses the highest
initial permeability. These properties have been clearly shown
In the preceding diagrams and are further emphasized by the
figures in the following table; this has been compiled in part
from data published by Yensen and in part from figures kindly
i furnished by the Heraeus Vacuumschmelze A.G. and the Tele-

graph Construction and Maintenance Co. :

The superiority of Hipernik over the ordinary 4 per cent
silicon-iron is clearly shown by the curves in Fig. 48, which

exhibit w, and w,, as functions of B,,, for ring stampings
£ 0-35 mm. thick tested at 60 cycles per sec.; though the range of
1 Induction is limited, the reduction of total loss and magnetizing
& Volt-amperes is sufficiently indicated to show the improvement

* Too tight coiling of a strip core can greatly influence the hysteresis loss,
Kussmann, loc. cit., ante.

¥ T T. D. Yensen, “Permeability of Hipernik reaches 167 000,” Elect. J.,

k:"l- 28, pp. 386-388 (1931). For the properties of alloys of the Hipernik

:-'13{12)0 made from carbonyl iron and nickel, see the papers cited on p.
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COMPARATIVE TABLE OF MAGNETIC ALLOYS

3 iz o) ’ . - .y
g | BAS5 |2g LR 3 F to be expected by substitution of the nickel-iron for the silicon-
§ §§f’o\°§ 3% S8 % i Qe iron in a current transformer. In further illustr?,tlonf“ Flg: 49
= o . - gives the ratio and phase-angle curves for two identical ring-
T type transformers for a nominal current-ratio of 1500/5, except
% 5825 1. (28] that one has a core of silicon steel weighing 4-4 kg. and the
. \°\°ii SE S8 18 3 Sinly other an equal weight of Hipernik. Although the fluxes in the
£ ?“:OO%?; °2 Bg|° S| * two cores are the same B, 18 §hghtly different, since the
& Sl specific gravities of the two materials are 7-6 and 8-3 respec-
| ] tively. The secondary burden is 3 volt-amperes at full rated
g | Ee - I8 Ig ol o current with a power-factor of 0-8 at 60 cycles per sec.; the
I 322 i B b4 S|2i=~ |2 Wi
£ ?‘." ) b ; S ] VoS I ya/t-az%peres
k) O m per g
oy (SN s
x10
T 2
E | &S 2 u ] || | || |
E 8 ! y 121 /¢ -
g c\;o\c % =S 3 S 3 § 2 ;: _g Total Loss . Magretizing volt-amperes
g 8% = (& |7 = - /Ty
g /
T — g 49 Silicon steel 47 Silicon steel
2 3 3 4 ——
?g ) > S ] 2 / /,///}.7em/k // {//,cermk
=3 | ®B™ 2 s ldo|le 2|3 |nle |a . P L -
=8 | om0 r 3313 I - L~ —
[ oggnt PEROSE [ <& =23 = S < = - bc.() é i
RS I |2 2= = & = 0
A - L - = g o o 0 0 400 B 0 10 20 300 00 By
\ g .
T T — A Fia. 48. Toral Loss PER K@. AND MAGNETIZING VOLT-AMPERES
g ] porR HIPERNIK AND 4 PER CENT SILICON STEEL
e =3 2 2 =3 S|l ° . .
2 = |3 < 3 e 3|7t |2 secondary has 300 turns. It will be seen that the ratio error
3 s |8 2 and phase-angle of the Hipernik transformer are about one-
- & . third of those with the silicon-iron core and that the curves are
- S 2 b much flatter ; hence turns-compensation will be more effective
) g in bringing the whole ratio curve nearer to unity when nickel-
[22] .- . .
o = L ron is used. o
> 2 . 9h. PERMALLOY. An important group of alloys containing
o 3 . . - .
g |3 g . about; 78 per cent of nickel has been developed in the laboratories
S 1s 18] g i of the International Standard Electric Corporation, based
§ 3 12 :s; . upon the work of Arnold and Elment (loc. cit. anfe). These
= 4
E S § ! S * T. Spooner, *“Current transformers with nickel-iron ctzf‘es',” Journal Amer.
§ 5 |[ § E b I.LE.E., vol. 45, pp. 540-545 (1926). g& 1\%2 5W;11g9g21;1§;, I}mg-typ?1 curren:
2 g o B transformers,” Elect. J., vol. 24, pp. 621 ; “Improved curren
R 2 :-:)o g a g b transformers with nickel-iron cores,” idem., vol. 26, pp. 1”52‘—154 (1929).
E 23 < | 8 £ p i E. C. Wentz, “Current transformers for low voltage networks,” idem., vol. 27,
] ~§ g2 |8 g g 7 E PP. 509-510 (1930); “Hipernik—its uses and limitations,” idem., vol. 29,
R e
g BElglola PD. 227-229 (1932). ]
£ ~§ gl ‘; :"s) 26 E t Further treatment of Permalloy will be found in L. W. McKeehan and
] . 3 % HERE: 2 & i G. G. Cioffi, “Magnetic hysteresis loops in Permalloy,” Phys. Rev., vol. 23,
g 8 |8 |Exg|5lE|2]8 £ P. 305 (1924); “Magnetostriction in Permalloy,” idem., vol. 28, pp. 146-157
3 g 118 lg 18181214 oz9)
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investigators found that a binary alloy containing 78-5 per cent
Ni and 21-5 per cent Fe, named Permalloy, possessed astonish-
ingly high initial permeability ; its use as continuous magnetic

loading for telegraph and telephone cables has been one of the
most important developments in modern communication
engineering. To secure the best results the material must be
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Fia. 49. CHARACTERISTICS OF CURRENT TRANSFORMERS WITH
EqQuaL-werGHT CORES OF HIPERNIK AND 4 PER CENT SILICON STEEL

given a special heat treatment; it is, however, peculiarly
sensitive to thermal and mechanical influences. In order to ;
render the material more suitable for purposes other than cable
loading, e.g. for transformer cores, an alloy containing rathe:
less iron with addition of small quantities of molybdenum an
manganese has been prepared under the name of Permalloy C.
This material is far less sensitive than the binary alloy and i
much more easily worked into strip or sheet form; it has §
received some application to current transformers in the United

* “Das Permalloy C,” E.N.T., vol. 7, pp. 251-254 (1930).
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. States and is made in Europe by the Heraeus Vacuumschmelze.
Its general features are given in the table on p. 114.
In Germany* a number of alloys for use in submarine tele-
aphy and telephony were investigated by the Deutsch-
tlantische Telegraphengesellschaft and the Physikalische
Technische Reichsanstalt; some of these alloys have also
been used for our present purpose.

9¢. MuMETAL. This material, which is a modified Permalloy,
is almost exclusively used in Great Britain and very consider-
ably on the Europear continent; it was introduced by Smith
and Garnett and is made under the patents held by the Tele-
graph Construction and Maintenance Co. It is a quaternary
alloy containing 76 per cent Ni and 17 per cent Fe with the
addition of 5 per cent Cu and 2 per cent Cr or Mn to improve
its mechanical properties and reduce thermal sensitiveness; its
general features are tabulated on p. 114, from which it will be
seen generally to resemble Permalloy but with a resistivity as
high as that of Hipernik. It can be supplied in sheet or other
form, and may be worked to shape hot or cold; a simple heat
treatment after manufacture puts the material into the best
magnetic condition.

The magnetizing volt-amperes and total loss as -a function
of B,,,, for 0-35 mm. plates at 50 cycles per sec. are plotted

. inthe upper diagram of Fig. 50, again showing a great improve-

ment over silicon steel. For design purposes the curves for
w,, and w,, have been replotted in the lower diagram of Fig. 50
using double-logarithmic co-ordinates, whereby a much wider
range of values can be exhibited with an open scale and without
confusion; interpolation is also rendered easy by the closely
linear shape taken by the curves when plotted in this way.

The application of Mumetal in the construction of normal
types of current transformer has been made by many manu-
acturers, notably by Elliott Brotherst and by Everett, Edg-
cumbe and Co.f Results have been obtained which show that

* E. Gumlich, W. Steinhaus, A. Kussmann and B. Scharnow, ‘Ueber

E Materialen mit hoher Anfangspermeabilitat,” E.N.T., vol. 5, pp. 83-100

5

(1928), vol. 7, pp. 231-235 (1930); G. Keinath, “Hochmagnetische Legier-
* Ungen aus Nickel-Eisen,” Arch. f. tech. Mess., Z913-1, T63 (1931); Heraeus-
acuumschmelze A.G., Hanau a.M., “ Hochmagnetische Legierung aus Nickel-

Eisen fiir Messgerite und Messwandler,” Arch. f.tech. Mess., Z913-2,F7 (1931).

T W. Phillips, “High permeability and low loss alloys for use in'current
Tansformers and electrical instruments,” Meter Eng. Tech. Assn., 9th meeting,
Nov. 25th (1927); El. Rev., vol. 101, p. 956 (1927).

1 K. Edgcumbe and F. E. J. Ockenden, *Some recent advances in alternating
- turrent. measuring instruments,” Journal I.E.E., vol. 65, pp. 553-586 (1927).
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Wy or W,
m/t-a,;"e’,’.ef; or watls An interesting and important application of Mumetal is
x 16 hat made at the National Physical Laboratory in the design
300 _ f transformers having the greatest possible precision for
laboratory purposes. In the N.P.L., currents have hitherto
900 = een measured by passing them through four-terminal resistors,
ﬁfumel‘a/ which are air-cooled up to 200 amperes and water-cooled for
1> larger currents; descriptions of these will be found on p. 340.
100 ;Z . The resistors for the large currents are bulky, difficult to con-
iy struct with a sufficiently low residual inductance, and dissipate
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03 30 Ry /\\(}0 a comsiderable amount of power; thus, a 5000 ampere resistor
q(\" k- to give a 2 volt drop wastes 10 kilowatts. If, however, a resistor
02 20 ¢ b of 0-4 ohm is connected to the secondary of a 5 000/5 precision
% ttype current transformer, the dissipation is only 10 watts for
o1 10 the same volt-drop; the combination will behave like a pure

Tesistor, provided the ratio of the transformer remains constant
fand its phase-angle is negligibly small. These advantages have
theen realized by Spilsbury and Arnold* in a transformer
jeonsisting of Mumetal rings wound with a uniformly-distri-
tbuted toroidal coil of 999 turns. The whole is enclosed in a
fteak case 11in. X 11in. X 6in. with a 3} in. hole through
&Which one or more turns of the primary cable may be passed ;
the ratio with one turn-is almost exactly the nominal rated

00 200 400 GOS0 2000 4000 6000

max

F1e. 50. MAGNETIZING VOLT-AMPERES AND TotarL Loss rEr Ka.
¥OR MUMETAL AND 4 PER CENT SILICON STEEL

for primary currents as low as 100 amperes, bar-type tra
formers can be made to conform to the B.S.I. specification fo
accuracy; with currents from 200-500 amperes the use
Mumetal enables these limits of accuracy to be attained wi
from 6 to 2} times the usual secondary output.* '

* R. 8. J. Spilsbury and A. H. M. Arnold, “Some accessory apparatus for
ise measurements of alternating current,” Journal I.E.E., vol. 68, pp.

* “Breaker,” “Developments in current-transformer design,” El. Rev
r 1889897 (1930).

vol. 102, pp. 816-818 (1928).
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i B,... in the core. These losses consist of the hysteresis loss
t due to cyclic magnetization and the Jouleian heat produced
¢ by eddy currents, the former being preponderant and usually
" 75 to 80 per cent of the whole. With a constant frequency
the eddy current loss depends upon B?,,,, while the hysteresis
loss can be represented by the so-called “Steinmetz law,”
which, for the range of density used in power transformers,

value, 5 000/5. Tt is found that the ratio does not change more:
than 0-01 per cent with 1, 2, 5, 10 or 25 turns; with 1 or 2 turng’
the phase-angle does not change more than 0-2 minute, and*for’
5, 10 and 25 turns by more than 0-1 minute. The ratio
independent of the burden, which at full secondary current ig
12-5 volt-amperes, consisting of the 0-4 ohm resistor and 0-1
ohm leads; it is also independent of frequency. The phase-
angle f is less than 1 minute over the whole range of primary
current at rated burden; its change with frequency and burden
is shown in Fig. 51. From this it will be seen that the angle is
usually negligible and can be made zero for any desired primary
current by shunting the secondary terminals with a suitable

Ko/ Ko
1015

1010 [~ —
80cycles per sec.

condenser; one of 1-4 uF capacitance makes f§ zero at half the 005 —
rated ampere-turns and reduces it to — 0-1 minute for greater S
values and + 0-1 minute for smaller values. The transformer 1000 > . > 5 < -

is quite stable, showing no signs of magnetic ageing when Secondary amperes

tested over a considerable period, and it is not affected by
mechanical shock. Arnold has recently described some multi-
range transformers with even better characteristics; some
details are given on p. 136.

10. Influence of law of iron-loss upon shape of character-
istics. The reader will have observed that the normal ratio
and phase-angle curves for a current transformer with a
silicon-iron core slope downward, with an upward concavity,as

L ™

e e

. . . . : 25
the current increases; with a nickel-iron core the curves have 50 |25 cycks per sec.
usually the same general character, but the slope and concavity: socyfb‘f‘j“"
are much less and in some cases the characteristics are pra 0 1 2 3 2 3

Secondory amperes

tically horizontal. With both materials certain abn®tm
results are sometimes encountered and were first noticed
far back as 1910 by Edgcumbe,* the explanation being give
by Agnewt in the following year.

Fig. 52 is taken from Agnew’s paper and illustrates verg
clearly the particular feature to be discussed. The phase-anglé
curve follows the normal course, decreasing with 1ncrea.se
current. The ratio curve, on the other hand, at first increasé§
to a maximum and then decreases as full load is approa,che
Such a curve is abnormal for a silicon-iron core, and Agnew
has shown that its shape depends entirely upon the law OF
variation of the total iron losses with the maximum flux densit}

o Observed points
x Colculated points

Fi1e. 52. ABNORMAL CHARACTERISTIC CURVES FOR A CURRENT
TRANSFORMER

L expresses the loss as proportional to the 1-6th power of the
E maximum density. The approximate character of this “law”
bis well recognized and the law is known to fail at low flux
 densities.

. Ifa graph of the total iron loss per kg, w,, as a function of
maz 18 made in double-logarithmic co-ordinates, the resulting
Curve is nearly linear (see Fig. 50), so that as a first approxi-
e Mation we can write w, = C, B°,,., where C, and ¢ are con-
E Stants for plates of given thlckness prov1ded the range of
E densn:y is not large In the region where the Steinmetz hystere-
st expression is roughly true, ¢ is somewhat less than 2; it
‘ 10—T.5722)

* K. Edgcumbe, “Some notes on the use of instrument transformefst
Elec. Rev., vol. 67, pp. 163-165 (1910). A
1 P. G. Agnew, ‘A study of the current transformer with particular re
ence to iron loss,” Bull. Bur. Stds., vol. 7, pp. 423-474 (1911).
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has long been known* that at the low densities used in current

transformers ¢ may be more nearly 3, and it is this fact that

has an important bearing upon the shape of the ratio curve.
From page 112 the current ratio is

K, = K [1 + (W[VA) (wysin ¢, + wy €08 )]

w, has its greatest effect upon the ratio when the secondary
circuit has unity power-factor, the ratio then being

K= K1 + (W JVA4) w,]
Since the seeonda,x:y circuit is non-reactive,
E,=RJ, = (C.B,,.
and VA=EFEJ =I*R,
where C, is a constant. Substitution of V4 and w,, in K, gives
K=K, [1+ KI7?,
where K is a constant. The slope of the ratio curve is
dK. fdl, = K, K(g — 2)I 573,
and its curvature is proportional to
K JdI?, = K, K(o6 — 2) (6 — 3) [ 5~

The ratio curve takes various forms, according to the values
of o, which are summarized in the table.

Exponent | Slope| Curvature Shape Remarks
o <2 - + Slope down, concave up| Normal type 4
_ . . . Found in high gra
=2 |Zero| Zero Horizontal straight line g transformors
2 <o <3| + — Slope up, concave down | Abnormal type
=3 -+ Zero Straight line, slope up Have never been ob
c>3 + Slope up, concave upi served

While these general conclusions are substantially corre¢

they do not provide a complete explanation of the phenomenag

e.g. the maximum in the abnormal curve is unaccounted for
since they are based upon the tacit assumption that o is inde
pendent of B,,,,, which is not true. Agnew has shown that th

* L. W. Wild, “Series transformers for wattmeters,”” Elecn., vol. 56, PP:
705-706 (1906).
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necessary amendment to the theory can be made in the follow
ing manner: Beginning with the equation

W, w,
Kc'_—;KT[l + F F]

with w,, a function of B,,,,, i.e. of I,, which can be graphically
expressed, we have

dK, KW, I* (dw,[dl,) — 21, w
I, — R, ° It
. K’l' IVi Wy (dww/ww)

="F, ‘E[T(ﬁm" 2]'

Hence, no matter what the law of iron loss may be, so long as
the first term in the bracket is greater than 2 the curve will rise ;
when it is equal to 2 the curve will be horizontal; and if it is
less than 2 the curve will fall. Agnew names this term the
“ratio of variation” of the iron-loss, and he has shown by
experiment that it exceeds 2 at low densities and diminishes
as the density increases, even becoming less than 2 at the higher
values. Thus, according to the density at which the core is
worked for the lower values of I, the ratio curve may start
with falling slope—the normal case; or it may rise initially
and ultimately fall—the abnormal case. A horizontal curve
18 not uncommon in transformers with nickel-iron cores,
showing that the ratio of variation for this material is very
nearly 2 and accounting for the very flat characteristic usually
found in practice; in other words, the volt-amperes expended
In the secondary circuit and the loss in the core both vary in
proportion to the square of the secondary current, with resulting
constancy of ratio.

A simple interpretation can be given to the ratio of variation

w

” by putting the total loss per k.g. in the form

Wy = [Cngmaa: = O,wlas]’

where (', is a new coefficient and o an exponent, which may
be a function of I,. Plot w, as a function of I, on double-
logarithmic paper, i.e.

log w,, = log ¢, + o log I,

g or Y=A+oX
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L' extent, greatly reducing its permeability and increasing the
' ratio and phase-angle of the transformer; the magnitude of
b the effect clearly depends upon the point in the cycle at which
“ the primary current is interrupted. A similar effect is obtained
if the core has been left with initial remanent magnetism by the
passage of a direct current in either of its windings, e.g. from
the use of a Wheatstone bridge to measure the winding resis-
tances or by applying certain polarity tests which employ direct
currents (see p. 586, for example).

Fig. 53 shows the effect of such magnetization upon the ratio
and phase-angle of a 200/5, 40 volt-ampere transformer tested
by Agnew and Fitch.* The increase in ratio at full load is
about 0-1 per cent, but at i; of full load is nearly 3 per cent and
in some instances may be much greater. The increase in phase-
angle is, as would be expected, even more marked than that
in ratio. The effects are greater as the secondary impedance
becomes larger, whether as the result of added inductance
in the burden or of a rise in frequency, as the curves clearly
indicate.

Fortunately the effects of magnetization can be removed
by demagnetizing the core, which should always be done before
the transformer is further used. This can be achieved in several
ways, the most obvious of which is to pass an alternating
current slightly in excess of full-load current through the
primary, the secondary being open, and then gradually to
reduce the current to zero; this can be most easily done by
allowing the alternator to slow down gradually to rest. Alter-
natively, it is often more convenient, on account of the smaller
currents required for the purpose, to open the primary and
Pass the demagnetizing current through the secondary, de-
I creasing it to zero as before. A current of about 0-2—0-5 ampere
k- has been shown by Engelhardtt to be sufficient for satisfactory
i demagnetization. A further method is to pass full rated current
£ through the primary while a high resistance connected across
§ the secondary terminals is reduced to zero.

b Another case in which magnetization may occur arises when

which, in general, is not a straight line. The slope of this curve
on the log paper will be

dY _ayfal, dY dw,jdl,

1
-

dX ~ axjdl, =~ dwy, I,
dY  dw,|w,
or dX = TaIyl,

so that the ratio of variation is the logarithmic derivative of
the iron loss curve and can be easily found by simple graphical
methods since the curve is closely linear on double logarithmic
paper.

11. The effects of remanence on ratio and phase-angle. It
is well-known that the secondary circuit of a current trans-
former should not be opened while current is flowing in the
primary winding.* The ampere-turns /7', required to excite
the core is only a small proportion of the total primary ampere-
turns 1,7, usually less than 1 per cent. The vector difference
of 1,7, and I,T, is balanced by the secondary ampere-turns
I.T,; should the secondary circuit be opened, however, the
whole of the primary ampere-turns 1,7, becomes available to
magnetize the core and may set up a high flux density in it.
In an average transformer with about 1000 primary ampere-
turns at rated current and a mean iron path of about 35 cm.,
the r.m.s. ampere-turns per cm. will be about 30, which pro-
duces in a jointless silicon-iron core a peak density of about .
15 000 lines per sq. cm. in place of the normal value of about .-
500. This abnormally high density has three main effects.
First, it results in much increased iron losses, but as these
are only then of the order of 4-5 watts per kg. at B,,,, = 15 000,
they are much too small to cause overheating; moreover, as
a density of 15000 is not far from the saturation value for .
silicon steel the density and the accompanying iron losses when
the primary is carrying quite considerable overload curren
will not be much further increased. Hence, the danger o
overheating the core is not seriqus. Second, the high density
results in an abnormal secondary voltage with a high peak
value; this is a much more serious matter and will be dealt
with in Section 26. Third, the abnormally high flux density i
may leave the core permanently magnetized to a considerable 3

= ratio of variation;

O *P oG Agnew and T. T. Fitch, “The determination of the constants of
Instrument transformers,” Bull. Bur, Stds., vol. 6, pp. 281-299 (1910). The
American Standard Rules contain a specification for the permissible change
In ratio and phase-angle when a transformer has been magnetized by a d.c. of
ull rated value.

B2 Engelhardt, ¢ Ueber den Einfluss der remanenten Magnetisierung auf
die Angaben von Stromwandlern und iiber deren Beseitigung,”” Elekt. Zeits.,
vol. 41, pp. 647-650 (1920).

* The LE.C. and the Swiss Rules recommend that a transformer shal
withstand this condition for one minute without damage, but nevertheless the
characteristics of such a transformer should be held suspect until demagnetiza
tion and retesting have been effected.

|
l




126 INSTRUMENT TRANSFORMERS [Cuap. III

a current transformer is subjected to a transient short-circuit
current, especially one displaced from the normal zero line.
In such a current the unidirectional, exponentially-decaying
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F16. 53 ErrFecT oF REMANENT MAGNETISM UPON CHARACTERISTICS
OF A CURRENT TRANSFORMER

component acts in the same ways as a d.c. magnetization of
the core and has a corresponding effect in increasing the ratio
and phase-angle of the transformer. These asymmetrical
transient currents occur in two practical conditions, which can
be distinguished as accidental or intentional in their origi
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The accidental transients arise when a short-circuit occurs on
the primary network of a power system, influencing all the
measuring or protective current transformers through which
the short-circuit current flows.* The intentional transients
are encountered in the testing of circuit breakers or. other
apparatus under short-circuit conditions. Oscillograms of the
testing current are often taken by interposing a current
transformer between the test circuit and the oscillograph, and
the remanence caused by the unidirectional component may
make considerable errors in the wave-forms recorded in
successive “‘shots.”’t After a severe short-circuit on a power
system it is very desirable to demagnetize the measuring
transformers before reliance can be placed on their subse-
quent performance. Similarly, in oscillography of transient
currents it is necessary first to select a transformer in which
an excessive degree of saturation does not occur and then
to eliminate the effect of unidirectional magnetization by
demagnetizing the core after the recording of each oscillo-
gram; the conditions to be satisfied are fully discussed by
Marshall and Langguth in the paper cited.]

12. Magnetic leakage. The magnetic flux in a fransformer
is usually analysed into three components; the main or mutual
flux in the iron core, linked in common by the entire primary
and secondary windings and inducing voltages in them pro-
portional to their numbers of turns; the primary leakage flux
passing through the primary turns only; and the secondary
leakage flux linked only with the secondary winding. The leak-
age fluxes give rise in the respective windings to reactance
voltages. As pointed out on p. 39 the secondary leakage
reactance forms a part of the total impedance of the secondary
circuit and necessarily has an influence upon the magnitude
of the voltage that must be induced in the secondary winding
by the main flux in order to drive a given current round the
circuit; hence it influences the amount of the main flux,
the exciting ampere-turns and both the ratio and phase-angle

* “Accuracy test for transformers,” Elec. World, vol. 82, p. 284 (1923).
t D. E. Marshall and P. O. Langguth, “Current transformers excitation

4 under transient conditions,” Journal Amer. I.E.E., vol. 48, pp. 884888 (1929).

1 The unsuitability of an iron-cored transformer for the measurement of
8symmetric transients was pointed out originally by A. R. Anderson and
H. R Woodrow, ¢ Characteristics and limitations of the series transformer,”
Univ. of Illinois, Bull., vol. 8, No. 61, pp- 1-45 (1912). They suggest the use
of an air-cored transformer as originally described by Campbell in 1896,

568 p. 3. Current transformers are now replaced by four-terminal resistors

M modern switchgear testing stations.
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of the transformer, as has been fully discussed on p. 42. The
primary leakage reactance has no direct effect on the ratio, but
as the primary and secondary leakage fluxes are more or less
interdependent, changes in the one necessarily influence the
other; this fact is important in the case of transformers with
unsymmetrically distributed primaries and will be more fully
examined below. Since the leakage fluxes may, and usually
do, take a portion of their paths through some part of the iron
core, it follows that the total core flux will be different from
point to point round the core.

The importance of magnetic leakage has long been known,*
but it is surprising how little precise information as to its
properties has been available until quite recently. The first
thorough investigation of the subject is due to Price and Duff;}
as their memoir is published in a journal that is not readily
accessible to the general reader, it will be useful to summarize
their conclusions. The distribution and amount of the leakage
fluxes in a number of different types of current transformer was
investigated by winding search coils upon various parts of their
cores. The voltages induced in the search coils were measured
with a separately-excited, reflecting-dynamometer voltmeter
so that their magnitude and phase were determined. The
reactances were measured by the following artifice. Considering
first the secondary winding, a desired value of current was passed
through it; a current in phase-opposition was applied to the
primary, of such a magnitude that the secondary and primary
ampere-turns were equal, thus reducing the main flux to zero.
This could be tested by a search coil wound round the core.
Since in the actual use of a transformer the primary and second-
ary ampere-turns are nearly equal and opposite, it follows that
the actual leakage fluxes and those under the test conditions-
will be practically identical and the measured reactance of the .
secondary, computed from ammeter, voltmeter and resistance
readings, will be that due to its leakage field. Observations wer
made at the same time upon the primary winding in the sam
way. The following table gives a summary of the results ab
60 cycles per sec. for the types of transformer diagrammatically -
represented in Fig. 54.

* See J. Gorner, “Stromwandler,” Schw. Elekt. Zeits., vol. 3, pp. 4344353
444-445, 455457, 474-475, 489-490, 504-506 (1906); Elekt. Zeits., vol. 27
pp. 208-209 (1906), for an investigation of the leakage field by filings
diagrams.

+ H. W. Price and C. K. Duff, “Effects of magnetic leakage in curren
transformers,” Univ. of Toronto Eng. Res. Bull., No. 2, pp. 167-190 (1921).
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Secondary 5;:?:’;3’
K,. |Type of Core| Type of Windings RIé:acl::gie Reactance
h referred to
in Ohms
Secondary
5/5 | Shell Superposed link - 0-54 0-75
shaped coils on
central limb
5[5 . Link-shaped second- 1-14 5-2
ary. Long rect-
angular primary
5[5 ,, » ” 2:0 9-0
c 5/5 | Rectangular | Superposed link - 0-87 11
shaped coils on
limb
d 1 600/5 » One secondary coil 3to7 —_—
on one side of
core. Bar primary
e 1 600/5 » Two secondary coils, | 0-86 to 1-07 —
on opposite sides
of core. Bar pri-
mary
— 11200/5 | Circular ring | Uniformily distrib- | Negligible —
uted secondary.
Bar primary

A short-circuit test on a transformer, as is well-known,
measures the sum of the reactance of the winding connected
to the supply together with that of the short-circuited winding
feduced to the turns of the former ; no information is obtainable

by this means as to the proportion of the measured reactance
E to be attributed to each winding. The above table shows that
‘when the two windings are superposed on a common limb and
e not very dissimilar in shape, the secondary and reduced
¢ Primary reactances are roughly of the same order (see a and c),
f & fact which is referred to further on p. 420. When the windings
E are very dissimilar, as in b, as also are the two reactances,
j and the common assumption that the total short-circuit

feactance can be divided into two equal parts is considerably

n error (see p. 53).
Price and Duff found that both the primary and secondary
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leakage fluxes use parts of the core in their path and are nearly :
in phase with the currents in the respective windings and " -

proportional to these currents;
produced by the passage

of the leakage fields through the core, though the bulk of thejr 4

path is in air. There is more leakage flux in the outer lamina-
tions of the core than in the inner, and the fluxes may pass not
only along the length of the core but also transversely and even
at right-angles to the plane of lamination.

The total flux in the core is, because of the leakage fluxes,
different in different parts of the core, and this fact makes the

NN
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Fic. 54. Tyres oF CURRENT TRANSFORMERS TESTED FOR
MAGNETIC LEAKAGE BY PRICE AND DUFF

prediction of ratio and phase-angle curves a matter of no little:
difficulty, especially in those cases where the leakages a
considerable, as in transformer (d). The exciting current est.
mated from the characteristic curves of the iron or measure
in an open-circuit test on the transformer itself is dependent o
a uniform flux in the core, and will necessarily be different fron
that required by the transformer under operating conditioni
when different sections of the core carry widely differenf§
fluxes. Consequently, observed and calculated ratio and phase?
angle curves cannot, in general, be expected to agree when th
leakages are large. Price and Duff illustrate this point by}
numerous tests and curves of considerable practical interesty
the calculated ratio is usually too high and the phase-angl
B too great. In an extreme case the calculated &, was 6-5 PeL:
cent, neglecting the effect of leakage, the corresponding valug
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f f being 80 min.; the actual values were 3 per cent and 40
in. respectively.
. In the case of a transformer with a single-bar primary or
Ewith a multi-turn primary of cable passed through the core
pening, the secondary leakage, and with it the values of K,
*and f, depends very considerably upon the type of secondary
& winding and the situation of the primary winding. The varia-
tions with the position of the primary are most marked when
the secondary is concentrated in a single coil (example (d))
and are much reduced by dividing the secondary into two sym-
metrically disposed coils (example (¢) ). When the transformer
has a ring core provided with a uniformly-distributed toroidal
secondary winding the characteristics are practically inde-
pendent of the position of the primary conductor,* and the
secondary leakage is negligibly small. It follows, therefore,
that the calculated and measured characteristics of a ring-type
transformer will be practically coincident, as has been shown
to be the case on p. 49. On p. 77 it has been shown that an
increase in the total secondary reactance usually reduces f
but increases K, and the slope of the ratio curve. Consequently,
placing the primary conductor through the hole in such a way
a3 to make the greatest secondary leakage gives a minimum
value for #; the position for least leakage reduces K, but
increases f. With a ring core provided with a uniformly dis-
tributed secondary the differences are usually extremely small.
The tests made by Price and Duff extended only to currents
{1600 amperes. Parkt has recently repeated their experiments
e on transformers of various designs for primary currents from
§: 7500 to 12 000 amperes and has also investigated the effect of the
E Teturn conductors upon the magnetic leakage. Transformers for
£ 8uch large currents usually have a single-bar primary passing
through the central opening or window of the core; the return
:lea,d may consist of one or more conductors at different dis-
 tances from and in various situations about the transformer.
i The cores may be rectangular or circular. In the case of rect-
angular cores the secondary. winding may be accommodated
(1) on all four limbs, (ii) on two opposite limbs as in Fig. 54 (e),
(iii) on one limb only as in Fig. 54 (d). In the case of circular
Ng cores the secondary is a uniformly distributed toroid.
* ¥or a series of curves taken with different arrangements of primary, see
lso G. F. Shotter, ‘A new null method of testing instrument transformers
and its application,” Journal I.E.E., vol. 68, pp. 873-888 (1930).

] J tJ.H. Park, ¢ Accuracy of high range current transformers,” Bur. Stds.,
£ 0Urnal of Res., vol. 14, pp. 367-392 (1935).

~
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According to the situation of the primary bar in the window,
the arrangement of the return leads, the shape of the core ang
the distribution of the secondary winding upon it the ratio
and phase-angle characteristics will be considerably influenced.

It has been pointed out above that the total flux at any
section of the core consists of the working or main flux, con-
fined within the core, constant at all sections and linking
mutually the entire primary and secondary windings, together
with the primary and secondary leakage fluxes. The latter
vary at different sections of the core and their magnitudes
and distributions depend upon the relative arrangements of
the primary and secondary circuits with respect to the core
and to one another. If there were no leakage flux, the flux
density in the core would be uniform and due only to the main
flux; the presence of leakage makes the flux density greater
than when there is no leakage and different at various sections.
Hence the effect of leakage is like that of superposed magnet-
ization (see p. 99), changing the ampere-turns required to set
up the main flux and with this alteration in I, to alter K, and
B. If the addition of the leakage to the main flux does not
bring the total density at any section above the value for maxi-
mum permeability the ampere-turns will be decreased; if,
on the other hand, the total density is above the point for
maximum permeability the ampere-turns will be increased.
Thus leakage may increase or decrease K, and g relative to
the values without leakage. Moreover, as the leakage varies
with the value of I, its effect will be different at different

loads and the shape of the ratio and phase-angle curves may .. -

be considerably changed.

It is usual to assume in transformer theory that the two "
leakage fluxes are of a strictly local kind, the primary leakage

flux being proportional to and linked only with the primary:
current and the secondary leakage being similarly associated
with the secondary current alone. While this is substantially
true, it by no means represents a complete view of the problem
The primary and secondary ampere-turns act not only upon
the core, in which their resultant sets up the main flux, bu
also upon the leakage space in which they set up a third leakage
flux linked mutually with both windings or portions of them.
This is the well-known “doubly-linked” leakage (the doppél:
verkeltele Streuung of German technical literature). It passes
through both windings in much the same way as the main flux,
but while the latter is confined to the core the leakage does nok

[Crap. 11T

F cyap. 111] THE CURRENT TRANSFORMER 133
nter the core except for a small part of its path, the rest of
hich is in the space between the windings. It is, naturally,
ost in evidence when there is considerable dissymmetry in
“the arrangement of the windings, e.g. when the primary is on
ne limb and the secondary on the opposite limb of a rect-
- angular core. It is not difficult to see that such doubly-linked
- leakage flux passes through the secondary in such a way as to
"oppose the secondary self-leakage flux. We may then define
the total secondary leakage inductance as the integrated value
per unit current taken over the whole winding of the secondary
¥ leakage flux linkages with the secondary turns minus the
L linkages of the doubly-linked leakage with the secondary turns.
' The effect of the secondary flux is usually the larger, giving the
winding a positive or inductive reactance which has the same
efiect on K, and B as adding inductance to the burden. With
certain extreme arrangements of the primary circuit the con-
© tribution of the doubly-linked leakage may become the greater,
- giving the secondary winding an appajrently negative reactance,
which has the same effect as reducing the inductance of the
burden. .
Park’s general conclusions are in agreement with those of
~ Price and Duff, but the magnitude of the observed changes is
~ necessarily larger. With rectangular cores it is shown that with
a central primary bar and a return consisting of four conductors
parallel to it and symmetrically arranged outside the trans-
- former, one opposite each limb, the curves of K, and f are
normal, i.e. falling with increasing primary current. So long
- as the return is arranged in this symmetrical way the curves
are very little altered either in magnitude or shape by the
istance of the return conductors from the tra,nsformpr ; the
ike is also true when the primary consists of uniformly-
distributed loops. ~ If, with a symmetrical distribution of
he return conductor and a secondary coil on ea,ch.hmb, the
rimary bar is displaced from the centre of the window the
modification in the leakage flux is very slight, unless the bar
18 quite close to one limb. If, however, t}}e return is not
arranged symmetrically, displacing the primary bar may
onsiderably affect the leakage and the Values'of K,'and ﬂ ; in
he extreme case the ratio curve may actually rise. With a single
k- loop primary round one limb the effect of the leakage flux on
i the core-magnetization and the sign of the leakage reactance
L May alter the shape of the K, and curves; these fall in the
ormal way for the lower currents, reach a minimum and then
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rapidly. turn upward for larger currents; an example of such g

curves will be found in Fig. 77. All these phenomena are

.observed in greater degree with two secondary coils, and still

more markedly with only one coil. Hence, the more uniformly
the secondary is distributed the less will the configuration of
the primary circuit affect the transformer’s performance. In

practice a bar-type transformer and the return conductors are-

usually fairly symmetrically arranged. In such a case the
characteristics depend but little upon the actual arrangement
of the primary circuit, and it follows that in testing these
transformers it is by no means necessary to duplicate exactly
the arrangement of the return conductors. An arrangement is
usually chosen in testing work which will make the stray
magnetic field as small as possible, see p. 524. Park has also
tested two ring-type cores with uniformly-distributed second-
ary windings; one core was of Hipernik, for a primary current
of 3000 amperes and the other of silicon-iron for 5 000 amperes.
He shows their almost complete freedom from changes in K, and
f with variations in the arrangement of the primary circuit.
While these conclusions regarding the performance of ring-type
transformers are true for currents under 5000 amperes, especially
with silicon-iron cores, it is not safe to assume them true for
larger currents, particularly with nickel-iron cores since the
density for maximum permeability and the saturation density
of this material are both much lower than for silicon-iron.
The use of nickel-iron cores in current transformers with a high
standard of performance has led Arnold* to make a careful
investigation of the effects of leakage due to changes in the
position of the primary conductors in ring-type transformers
Tests on Mumetal-cored - transformers for ratios of 5000/
and 2 000/5 showed that the ratio was altered by less than
part in 10 000 and the phase-angle by less than 0-0001 radia
(0-34 min.) with any change in the position of the primary con:
ductor likely to occur in practice. In the case of transforme
for 10 000/5 and 20 000/5 it was found that with the prim
winding concentrated upon a small part of the ring the ratt
error increased enormously when the primary ampere-turr
exceeded 4000 in the former and 2000 in the latter. At full
load in the larger transformer the ratio error reached th
astonishing value of 67 per cent, the secondary current bein
too low. These large errors werec due to the considerab.

* A. H. M. Arnold, “Leakage phenomena in ring-type current tran$
formers,” Journal I1.E.E., vol. 74, pp. 413-423 (1934).
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Jeakage fluxes causing saturation ip_the nickel-iron cgredand
enormously increasing the magnetizing current require to
. roduce the main flux, as well as to the production of negative
3 ry leakage reactance. : _
%C'I(‘)(l)1 cilinstigatf the problem more fully, Arnold made a series
of tests at 50 cycles per sec. with a non-reactive burden oi; 0-5
ohm wupon six transformers with ratios from 2000/5 to
20 000/5; five had ring cores of Mumeta,l and one of St'allc%y.
With the primary uniformly-distributed rou_nd the ring it was
found that the measured and calculated ratio and phase-angle
agreed in all cases fairly closely, confirming the observations
" of Price and Duff. With the primary winding wound closely
¥ over a small fraction of the core it was noticed that the second-
ary current wave-form was much distorted when the value of
¢, exceeded 0-2 per cent, and that the perftormyz.mce was changed
from the normal in the following ways: (i) With small currents
the ratio of primary to secondary ampere-turns 1s less than the
normal, indicating negative leakage reactance, while ;3 is
equal to or slightly less than normal. (ii) As the current
increases 8 decreases more rapidly than normally and may
"become negative ; at high currents 1t tends to become positive
again. The ratio increases faster than the normal rate and
above a certain current is greater than the normal value. For
the 2000/5 and 5000/5 transformers, although the actual
values of &, and § are quite different with the two arrangements
of the primary, they are in both cases negligibly small over the
- working range. This is by no means the case In the larger
transformers, in which the leakage flux with the concentrated
primary is very considerable; the consequent early saturation
of parts of the Mumetal core is the cause of the .large ratio
= errors, since there is a large increase in the magnetizing current
required to produce the flux. Arnold has measured the dis-
£ tribution of the fluxes round the core and has shown t}hat if
 the distribution of the leakage flux is known it 1s possible to
E calculate ¢, and B quite accurately. : o
E  In laboratory transformers for large currents 1t 18 often
4 necessary to wind various numbers of primary turns through
the ring; it is convenient, therefore, to have a large cqntral
aperture to enable the cables to be inserted easily and quickly.
It is difficult in such cases to avoid some concentration of
Primary ampere-turns, with the possibility of attendant leakage
fluxes and large errors. Arnold has shown that the leakage can
& be appreciably reduced by enclosing the core and secondary
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within a massive copper shield, the eddy currents set up in -
which will act in such a way as to annul the leakage fluxes,
The drawing in the lower part of Fig. 55 shows the type of -
shield used; it is composed of two copper castings fitted -
together to surround the core and having a small circum-
ferential slit which prevents the shield acting as a short-
circuited turn. By providing a sufficient section of copper,
so that the resistance of the eddy paths is as low as possible
in comparison with their reactance, the shield is exceedingly
effective, as the following figures will show. They relate to
the 20 000/5 Mumetal-cored transformer; the thickness of
metal in the shield is 0-625inch and the diameter of the
aperture through which the primary winding is inserted is 7-5
inches.

Primary A.T. Phase Angle in
. Secondary A.T. Minutes
Primary
Ampere-
turns Primary Primary Primary Primary
Uniformly Con- Uniformly Con-
Distributed | centrated | Distributed | centrated
{ 20 000 1-0000 1-67 + 03 —
Without 10 000 1-0000 1-47 + 0-3 —
Shield 4 000 1-0000 1-06 + 04 —
1000 1-0000 1-0002 + 06 + 06
20 000 1-0000 1-0000 + 04 + 0-4
With 10 000 1-0000 1-0000 + 05 + 0-3
Shield 4 000 1-0000 1-0000 + 0-6 + 04
1000 1-0000 1-0000 + 0-7 + 05

It will be seen from this table that the presence of the shield
has no effect on the performance of the transformer when t
primary is uniformly-distributed. With the concentrated
winding the shielded transformer has the same ratio as with
uniform distribution and there is only very slight change if
the phase-angle; in other words, the shielded transform
behaves independently of the arrangement of its prims
winding.

A further interesting influence of leakage is encountered
shell-type transformers in which the primary leads come
opposite sides of the core; in this case one window conta
one primary conductor more than the other, as shown in t
upper-part of Fig. 55, giving the effect upon the central li
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k of a number of primary turns equal to an integer + 4.* Since
k the primary and secondary ampere-turns on the limb balance
b on the average, it follows that the local resultant ampere-
g conductors in the left-hand window exceed those through the
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Fia. 55. AUXILIARY WINDING FOR CANCELLING EFFECT OF LEAKAGE
IN SHELL-TYPE CURRENT TRANSFORMERS—ARNOLD’S LEAKAGE SHIELD
FOR RING-TYPE TRANSFORMERS

¥ right-hand window. Consequently, more flux will pass into the
b left yoke than into the right, and the flux unbalance increases
¥ the Jeakage flux. The final result is to increase the exciting
¥ current of the transformer and to increase both ¢ and f.

The effect can be allowed for by the addition of a short-circuited

| tertiary circuit consisting of two equal coils in seriés-opposition

* R. H. Chadwick, “Transformer windings with fractional windings,”

- Gen, Elec. Rev., vol. 30, pp. 342-345 (1927).

11—~(T.5722)
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upon the yokes, as shown. Assuming the core flux to be in-
creasing, the instantaneous directions of the e.m.f. induced

in the two coils will be as indicated by the single-barbed arrows
marked upon them; in consequence of the greater flux the =3

e.m.f. in the left-hand coil exceeds that in the right-hand coil,
the resultant driving a corrective current in the direction of
the double-barbed arrows in such a way as to demagnetize
the left-hand and magnetize the right-hand yoke. Since this
current is produced by the originally assumed inequality of
division of the,flux into the yokes, it follows that the effect of
the corrective current is to equalize that division and hence to
improve the values of K, and 8 by the beneficial effect upon
the leakage and the exciting current. By using unequal yoke
coils and a series resistance it is possible to use the method to
improve the characteristics by a kind of auxiliary magnetiza-
tion resembling that discussed on p. 102.

13. The effects of frequency. The subjects discussed in the
preceding sections are concerned with the influence of internal
features of design and construction upon the performance of
a current transformer; we shall now consider the effects of
various external factors, the first being the supply frequency.

With a given current I, in the secondary circuit of resistance
R, and inductance L; the secondary induced voltage is

B, = ZI, = I,n/[B2% + (2rfL,)*] « f Byon
or VUEBL? + (27L)*] o B,

Hence if the frequency is lowered, B,,.., and with it the exciting
current, will be increased. The general effect of this in a
normal transformer is to increase K, and 8, and also to increase
the rate at which these quantities vary with I,.

These effects are shown in Fig. 56, taken from Agnew and .
Fitch’s paper previously cited. The curves relate to a 200/5
transformer for a 15000 volt circuit and show the effect of .
frequency with various burdens, the values of R, and L, being :
marked on the curves.

As has been shown on p. 121 the iron loss is mostly due b
hysteresis, eddy currents being relatively unimportant; henc
the iron loss is nearly proportional to the frequency over
considerable range. But the induced voltage in the primary is
also proportional to the frequency; hence I, is practicall
independent of moderate changes in frequency. If the tota
secondary impedance Z, is changed in the same proportion as
the frequency, B,,,, remains constant and with it I, and Iy
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{;‘ also; thus the vector diagram will remain as befmte and th_e
E values of K, and B will be unaltered. To secure this result it

will be noted that it is the total secondary burden that is to

. be reduced to compensate for a reduction in frequgney; on
* account of the internal burden of the secondary winding it
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Fie. 56. TeHE EFrFEcT OF FREQUENCY AND BURDEN UPON THE
- CHARACTERISTICS OF A CURRENT TRANSFORMER

| follows, therefore, that the external burden must 'be reduced
¥ to a somewhat greater extent than the frequency if the same
E  values of K, and 8 are to be preserved at the lower as at the
. higher frequency. Hence the available external burden will

be less. For this reason the B.S. Specification 81 prescribes

; that a transformer satisfying the requirements for accuracy
at 50 cycles per second shall also do so at 25 cycles per second
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if the external burden is reduced to about 40 per cent of the
former value.

14. The effects of wave-form. Closely related to the influence
of frequency is that of wave-form. This problem was inves-
tigated by Roessler* in 1896 for power transformers and in
1908 by Lloydt for the special case of instrument transformers,
He showed that the precise effect of the primary current wave-
shape upon the ratio and phase-angle depends largely upon
whether the primary resistance drop preponderates over the
primary leakage reactance drop or the reverse, despite the
fact that a flat wave gives higher iron losses than a peaked one.
With predominant ohmic drop a peaked primary current wave
reduces the ratio and a dimpled wave increases it; this is the
Psua,l case, particularly in bar-type ring-wound transformers.
The effect is usually negligible, unless the harmonic becomes
a,bnor'ma,lly great, ie. at least half the fundamental. The
magnitude of the change in ratio is illustrated by the following
figures and is of the same order as that due to small changes
in frequency.

Shape of Third Har- | Per Cent Increase

Primary monic in Ratio Relative
Wave in per Cent to Sine Wave

Peak 11 0

Flat 11 0

Peak 30 + 0-06
Dimple 30 — 0-06
Peak 68 + 0-16
Dimple 68 — 016

These results were obtained from tests on a 5/5 transformer
at 60 cycles per sec. with a secondary current of 4 amperes;
the primary current was supplied by two independent sine-

wave generators one of which had three times the frequency -

of the other.

A further interesting question is to what extent the secondary *

current wave may be regarded as a reduced copy of the primary
current wave. By taking oscillograms of the primary and

alt);rma‘,tinoe ulrrer’ ;Thft‘ad?&haviouwr of transformers under the influenco of
g currents o erent wave-forms,” Elecn., . X 8
150153, 184-185, 219-222 (1896). ecn., vol. 36, pp. 124-126,

f M. G. Lloyd, “The effect of wave-form upon the voltage ratio of trans- -

formers,” Elec. World, vol. 52, pp. 845846 (1908); “Effect of wave-form

upon iron losses in transformers,” Bull. Bur. Stds., vol. 4, pp. 477-510 (1908)

See also P. G. Agnew, loc. cit. ante (1911).
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secondary currents Robinson* was able to show that any
difference of shape between the two waves must be very small,
even with quite distorted waves. Agnew (loc. cit.) using refined
methods of wave analysis has shown the differences to be
negligible in all practical cases, since a 20 per cent harmonic
in the primary current is reproduced with a distortion of only
1 part in 2 500 in the secondary wave. Hence we can assume
the primary and secondary wave-shapes to be identical.

This is true when the primary current wave is determined by the
nature and magnitude of the load impedance in the primary circuit,
i.e. when the volt-drop across the primary winding is only a small
proportion of the total voltage of the primary network, as is invariably
the case for a transformer under normal operating conditions. It is not
always true, however, when the transformer forms the sole load on the
primary network as may occur, for example, when a transformer is
under test and supplied from an alternator and step-down transformer
at a voltage much smaller than that of the network in which it will
normally work; for in this case the primary current wave is deter-
mined by the transformer itself and the secondary wave may be of an
entirely different form, depending on the degree of saturation in the
core. It is necessary in testing current transformers, therefore, to use
a sufficiently high voltage and to swamp the effect of the transformer
itself by the inclusion in series with its primary of sufficient external
resistance.t

The identity of primary and secondary wave-forms is a direct
consequence of the low magnetic induction in the core under
normal operating conditions. It will not be so when the core
becomes saturated, e.g. under overload conditions or with
unsymmetrical transients on the primary side, or with excessive
leakage fluxes.

15. The effect of secondary burden. An increase in the
impedance of the secondary burden requires an increase in
the induced secondary voltage if a given secondary current is
to be maintained at a given frequency, and this increased
voltage necessitates a proportionate increase in the main flux
and in the exciting current. Hence, in general, an increase of
secondary burden has the same influence as a decrease of
frequency, increasing both K, and 8, as is shown by the curves
In Fig. 56. Not only so, but the change of burden modifies the
slope of the characteristics by an amount depending on the

* See L. T. Robinson, Trans. Amer. I.E.E., vol. 28, pp. 1005-1039 (1910),
and C. H, Sharp and W. W, Crawford, ibid., vol. 29, pp. 1517-1541 (1911).
"t W. B. Buchanan, “Overload limitations of high-voltage single-turn pri-
Mary current transformers,”” Univ. of Toronto Eng. Res. Bull., No. 1, pp. 191-
239 (1919).
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changes in resistance and reactance that have been made,
burdens with the higher power-factor giving the greater slope.
« For this reason it is essential to state in addition to the volt-
amperes to be delivered by the transformer to its external
burden at the rated current, the power-factor of that burden;
this fact is recognized in the standardizing rules issued by the
various national authorities (see p. 10). -
16. The effect of secondary current rating. The normal rated
secondary current for current transformers is 5 amperes, a
figure which has been internationally adopted for general use;
there are, however, circumstances in which a much smaller
current would be advantageous.* In large modern power
stations the distance from the control room to the switch
cubicles is often considerable, runs of 100 ft. or more being not

uncommon. Since 200 ft. of 7/0-028 cable has a resistance of

nearly 0-4 ohm, the connecting leads from the switchboard to the
current transformer represent a burden of about 10 volt-amperes
-~ on the secondary of the latter at 5 amperes rated current.
There would be a distinct advantage in such cases in reducing
the rating to 1 ampere, or even to 0-5 ampere, thereby greatly
diminishing the power wasted in the leads—in the case cited to
0-4 volt-ampere—and enabling transformers of lower rated out-
put to be used.t With an output as low as 5 volt-amperes it
is possible to design bar-type transformers for a 1 ampere
secondary rating having an accuracy adequate for metering
purposes and possessing the advantages of higher mechanical
and thermal strength under primary overload than is obtain-

able from the wound-primary transformers that would be .3

required to obtain the same accuracy with a rating of 5 amperes.
The use of 1 ampere increases, for the same number of ampere-
turns, the total number of secondary turns, and thus enables
more exact adjustment of the turns-ratio to be made than
formerly. The reduced secondary current has the disadvantage
that the voltage induced in the secondary if it is accidentally
open-circuited may be very much higher than with the

5 amperes rating and become dangerous to life (see p. 200). 48
To avoid this Pfiffner has suggested that a portion of the 3

iron circuit should be reduced in cross-section so that it

* Edgcumbe and Ockenden, loc. cit. (1927).

t G. Keinath, “Zur Frage der Mindestleistung der Messwandler,” KElekt.
Zeits., vol. 51, pp. 1738-1739 (1930).

1 E. Pfiffner, *Stromwandler mit kleiner induzierter Spannung bei offenem
Sekundérstromkreis,” E.u.M., vol. 33, pp. 289-291 (1915).
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will rapidly saturate when the exciting ampere-turns exceed
the normal rated value. In transformers with nickel-iron
cores the excessive rise of flux is automatically checked
by the fact that the saturation density is lower than with
silicon-iron.

17. Multi-range transformers. The normal type of current
transformer used for switchboard or similar purposes is de-
signed to work with a single value of nominal ratio and a fixed
secondary burden. Measurements in the laboratory and test-
room must be made over a wide range of currents with a high
degree of accuracy and preferably with the use of a minimum
amount of expensive apparatus. It is modern practice to use
for this purpose a precision ammeter, rated for full-scale
deflection with 5 amperes, operated from the secondary of a
multi-range current transformer. By the choice of a suitable
ratio it is possible to arrange for the readings to be taken at
the upper part of the scale, where the precision is highest, for
all values of the primary current.

Such multi-range transformers must operate on all ranges
within limits of error laid down by the national rules as per-
missible for precision-type transformers, and maintain their
high accuracy over a wide range of burden and frequency.
They invariably take the form of a ring core either pf silicon-
iron plates or, in the most modern types,-of nickel-iron strip,
carefully assembled, annealed, and insulated; the secondary
winding is uniformly distributed round the ring in toroidal
form. The primary winding may either be toroidally wound over

. the secondary, or it may consist of the primary conductor

looped once or more through the central hole; alternatively,

i a combination of both kinds of primary may be used. Since
E the secondary leakage flux of a ring-type transformer is
i very small, as shown on p. 131, the ratio and phase—a.n,ngle
E characteristics are, for the same primary ampere-turns, inde-
£ pendent of the number and position of the primary turns,
¥ except in high-ratio transformers with nickel-iron cores, see
b p. 134. The core with its windings is assembled in a wooden
E or moulded-insulation case provided with the necessary
¥ terminals; the whole arrangement is of a sufficiently small
¥ Wweight and bulk to be readily portable.

A variable ratio can be obtained either by (a) various group-

ings of primary and secondary windings upon the ring, or by
b (b) a cable primary looped through the ring; or by combinations
E of these.
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Five different methods may be distinguished—

(i) Series-parallel connection of the primary winding ;
(ii) Tapping of the primary winding ;

(iii) Series-parallel connection of the secondary winding;
(iv) Tapping of the secondary winding;

(v) Use of cable primary.

In (i), (ii) and (v) the ratio can only be changed when the
primary circuit is open. In (iii) and (iv) it is not necessary to
open the primary circuit when altering the ratio, though care
should be taken to make the change when the current has a
small value or alternatively to short-circuit the secondary cir-
cuit if the change is made with full primary current flowing; to
this end many transformers are provided with a secondary
short-circuiting device, or are designed in such a way as to
suffer no ill effects from a temporary opening of the secondary
cireuit.

Primary series-parallel connection has the advantage that
with different rated currents the full ampere-turns are always
employed and the copper space is fully utilized; the accuracy
of the transformer is, therefore, the same on all ranges. This
method is usually limited to changes in the ratio 1: 2, using
a two-section primary, or 1: 2: 4, using a four-section primary.
The change of connection is made by movable links, by contact
plugs or by knife switches. A wider range of ratios is not easily
arranged since the links, etc., become numerous, unwieldy, and
inconvenient. It is obvious that all the sections of the primary
must have exactly equal resistances and reactances if they are
to share the current in accurate proportion when they are
joined in parallel grouping.

The use of simple links is preferred by many makers, e.g. le Com-
pagnie des Compteurs, while others, such as Messrs. Everett Edgcumbe,
use plugs, which are lighter and more convenient. The Siemens &
Halske A.G.* employ an ingenious system of contact blades, composed
partly of copper and partly of insulation, inserted between the primary
section terminals, as indicated for a three-range transformer in Fig. 57.

By tapping the primary winding any desired ratio can be
obtained, with full ampere-turns and identical accuracy on

* Q. Keinath, “Umschaltbare Stromwandler,” Elekt. Wirts., vol. 25, pp-
331-335 (1926); * Vielfach umschaltbare Stromwandler,” Elekt. Zeits., vol.
48, pp. 693-694 (1927). For some interesting early examples of multi-rangg
transformers, consult ** Prazisions-Stromwandler mit mehreren Messbereichen,’
Siemens Nach., vol. 8, p. 178 (1906); and K. A. Sterzel, *Stromwandler filr
Wechselstrom-Leistungsmessungen,” Elekt. Zeits., vol. 30, pp. 489-491 (1909)-
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each range. The disadvantage over the first method is that
the copper space is not fully utilized on all ranges, so that such
transformers are somewhat more bulky.

A typical example of the connections for. a S}emens & Hal§ke
transformer tapped for four ratios is given in Fig. 58, the rating

being 1 500 ampere-turns.
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Frg. 57. MuLTi-RaNGE CURRENT TRANSFORMER WITH SERIES-
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Secondary series-parallel connection is not often employed on
account of its inflexibility ; tapping of the seqonda,.ry is m.uch
to be preferred where a large number of ratios is desired. Since
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Frc. 58. MULTI-RANGE CURRENT TRANSFORMER WITH TAPPED
PrIMARY

b the rated secondary current is fixed, changing the ratio by altera-
i tion of the secondary turns will vary the rated ampere-turns.

As the errors in a transformer vary approximately in propor-

E' tion to the inverse square of the ampere-turns, it follows that

the accuracy changes as the secondary turns are altered ;
consequently, if the lower ranges are to be of adequate accuracy

E the higher ranges must operate with a large value of rated

ampere-turns.
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Most modern multi-range transformers combine the use o
methods (ii) and (iv) with (v), obtaining thereby a large variet
of ranges; the lower ratios are secured by changing the primargv
and secondary tappings, while the higher ones are provided
by the use of a cable primary looped once or more through
the central hole in the core. A typical example of such g
transformer* (Siemens & Halske A.G.) is shown in Fig. 59,
Two sizes are made, the first giving eight ranges from 15 t(;
600 amperes, the second eleven ranges from 15 to 1 500 amperes;

ntioned. Ten ranges are given by selection of appropriate tappings
the primary and secondary windings provided on the core, as Fig. 60
icates. The remaining ranges from 200 to 1 900 amperes by steps of 50
peres are given with from 6 to 1 turns of cable usng as a secondary
nding either sections of the secondary alone or portions thereof joined
p series with parts of the wound primary in order to secure the required
Fpumber of ampere-turns. The output depends on the primary range and
aries from 15 to 60 volt-amperes for an accuracy of the 05 class. The
weight is 11 kg. (24 1b.), and the transformer may be used in circuits up
to 750 volts. By the provision of an insulating tube through the central
ole the safe voltage may be raised to 6 000.

When measuring apparatus is required for tests on site its easy
ortability becomes an important factor; this has been realized by
several manufacturers in the design of miniature portable instruments

673 120 150 o
75 120 Z
i 30 r/ma/y

30 &0
49 2 ® 35 Amperés ith their accompanying transformers. Messrs. Ferranti Ltd. have
e " developed a series of 2} in. scale instruments in conjunction with which
i,so 10 50 Pr/mar_q Turns they supply a multi-range current transformer for 0-5 ampere secondary
b 000 current with primary windings for 2-5, 10 and 25 amperes, higher values

being dealt with by the use of a cable primary, one turn sufficing for
200 amperes. The transformer is contained in a moulded case measur-
Ting 4% in. X 3% in. X 1% in. (12 X 95 X 35 cm.). Messrs. Everett,
Edgcumbe manufacture the ‘*Cadet” transformer, measuring 4% in. X

Common 4}in. x 2}in., giving ranges of 5, 25, 50, 125 and 250 amperes with the

I”DB’DTO'D’DE'D@
240 ‘60 \SQCO/’)da/:L/ Turns

30
pacs s primary winding. In both these examples the dimensions are about half

120 150 those of transformers designed for laboratory use, and the weight is

- Primary considerably reduced. One of the most interesting examples of this

Amperes modern tendency to produce miniature portable precision instruments

Fia. 59. PORTABLE F16. 60. Murri-raNGE CurrENT TRANS- s provided by the 11-5 x 10-8 x 4-6 cm. (4-5in. X 4-25in. X 1-§in.)
%’IULTI-RANGE CURRENT FORMER WITH TAPPED PRIMARY AND geries of the A.E.G., accompanied by a current transformer of the
RANSFORMER (S. & H.) SECONDARY 8ame size weighing barely one kilogramme.* The secondary current is

5 amperes, two built-in primary ranges, 15 and 50 amperes, being pro-
- vided ; ranges up to 600 amperes are obtained by the use of cable loops.

he output is 5 volt-amperes and the accuracy is within the 0-5 class.
Since the instruments are identical in size and shape and are so small,
- 8ny six of them with suitable leads can easily be accommodated in a
tted carrying case no larger than an ordinary attaché case.

in both cases the ranges 15, 50, 150 are given by primary tap- :

pings. The higher ratios are given with cable primary. Similar .
transformers are manufactured by other makers, e.g. Messrs. |
Everett, Edgecumbe in their “Omni-range” series and Messrs.
EBiott in their “Multiversal” and “Nikron” types, all o

which give a great variety of ranges by similar means. 18. Current transformers in parallel. Totalizing trans-

 lormers. The summation of the current or power delivered
3 by a number of parallel feeders from a generating station is a
pleasurement of great practical importance; a discussion of
the various methods, both mechanical and electrical, used for
Such multiple metering is, however, outside the scope of
P the present volume. Certain of the methods involve the use of
g Current transformers in special ways, which may have a con-
iderable effect upon their accuracy; it is within our purpose
Yo discuss only this aspect of the problem, leaving the reader

As an example of the extreme flexibility of the multi-range principl
t%]e‘ transformer manufactured by Messrs. Hartmann and Braun,t
giving no less than 41 ranges between 15 and 1900 amperes, may be

* G. Keinath, loc. cit, (1927); also see ““Stromwandler-Traghare Wandler,"
Arch. f. tech. J‘I‘?ss., Z2285-1 (1931); “Umschaltbare Stromgvandler » iden;-,
7288-1 (1932); “Tragba,re Stromwandler,” idem., Z285-2 (1932). ’

1 A. f’(eller, Neuer vielfach umschaltbarer tragbarer Prazisionstrom-
wa,nd]er,” Elekt. Zeits., vol. 48, pp. 1795-1797 (1927); “Universal-Strom-
wandler,” E.w.M., vol. 46, pp. 1072-1074 (1928) ; “Prazisionsstromwandler,”
Elekt. Zeits., vgl. 54, pp. 1258-1259 (1933); also see “H und B Prazisions-
Stromwandler,” Arch. f. tech. Mess., 7285-3, Apr. (1934), for a description

e . e e i .
of the newest transformers with nickel iron e 1 H. Vahl, “Tragbarer Prazisions-Stromwandler mit mehreren Mess

1 bereichen,” 4.E.Q. Mitt., part 7, pp. 497-499 (1930).
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to consult the technical literature for practical details of the
various methods.

. The idea of using current transformers to sum the currentg
In a number of circuits appears to be due originally to Ayrton
and Mather* who in 1893 accomplished the summationt by
leading the various feeders through the central hole of a single
ring-type transformer provided with an instrument in - its
secondary circuit scaled to read the desired sum. Their inven-
tion was before its time and it is only recently, with the tre-
mendous growth in power distribution by alterhating currents,

(a)
o
isl
is2 lpz
VI Balizing D) 1)
mer — A
LI transformer 4 —_]b-—b A
l o 0

(<) ()

F16. 61. CURRENT SUMMATION WITH CURRENT TRANSFORMERS

that the question has become one of practical urgency. The:
: 's1mp_lest method now used is shown for the case of two feeders:
in Fig. 61 (a). Each feeder} is provided with its own trans-:
former, thereby securing adequate dielectric and mechanic
strength together with high accuracy for each individual trans
former, the secondary windings being connected in paralle
to the current element of a suitable meter; the transforme

* W. E. Ayr(t‘on and T Mather, British Patent, No. 24 217 (1893).
i 1 The word summa.t}on" is derived from the verb “to sum,” to deno
:ztr,her lthe: act (;f :ummmg or the resulting aggregate. The author wish
ongly to protest against the growing use, b h
pseudo-verb “to summate.” g 8 Y & false otymology, of ¢
1 It will be understood that the discussion in the text refers to the feede
of one phase in a polyphase system. ;
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must be of “precision” class and should be liberally rated,
as will be explained below. Successful parallel operation
demands the satisfaction of certain conditions.* First, the
feeders must all belong to the same phase and terminate at

" the same bus-bars; for convenience sake the feeders should
F- not be too numerous. Second, since the transformer primaries
* gre in parallel at the bus-bars and the secondaries are in parallel

at the meter, it follows, as in the parallel-working of power
transformers, that the transformers should have the same
nominal ratio; they should, moreover, have similar ratio errors
and phase-angles. If all the secondaries are designed for
5 amperes, equality of ratio implies that the full rated currents
of all the feeders must be equal; alternatively, if the feeders

. have diffcrent ratings the rated secondary currents must be

different if equality of ratio is to be maintained. It is further
necessary that the secondaries should be paralleled at the meter
terminals and that their connecting leads thereto should be of
equal resistance. The importance of these conditions will be
apparent in the extreme case when one primary circuit carries
no current, so that the secondary circuit is in parallel with the
meter coil as the burden on the active transformer; conse-
quently the errors of this transformer will be quite different
when one feeder is inactive from their values when both trans-
formers are sharing the load. It is not difficult to show that
the “paralleling effect” will be least when the secondaries are
joined at the meter and greatest when paralleled at the trans-
formers.t With non-inductive burdens the ratio is not much
affected but the phase-angle may be considerably changed;

- the converse is true with inductive burdens. Since the effect
- depends upon the magnitudes of the exciting currents of the
transformers, it is smaller with transformers of higher volt-

ampere rating since the exciting currents in them are of less

relative importance than is the case in transformers of lower

Tating. With proper care in the choice and installation of
the transformers the total error in totalizing two or more

ircuits should not exceed the error of an individual

* “Totalizing the output of two or more a.c. circuits on one watt-hour
eter by paralleling the secondaries of current transformers,” Proc. N.E.L.4.,
vol. 85, pp. 10011014 (1928). An excellent discussion of the whole subject

 of summation is given by H. Vahl, “Summierung mit Stromwandlern,” Arch.

I- tech. Mess., V3224-1 (May, 1933).
T O. Howarth, “The metering of three-phase supplies,” Journal I.E.E.,

1 fYOL 69, pp. 381-393 (1931). E. W. Hill and G. F. Shotter, *Current trans-
- '0rmer summations,” Journal I.E.E., vol. 69, pp. 1251-1264 (1931).
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transformer, * except in the more extreme cases of unequal
load division.

The errors in ratio and phase-angle are easily worked out; as an
example consider the two transformers shown in Fig. 61 (a). Let L,
{,, be the r.m.s. primary currents, i, and i,, the corresponding hap-
monie vectors; then if the second current leads on the first by Y,

fpe = (Upaf 1) (cOS p + j siny)i,, = KV

expresses the relation between them. Further let K, K,, be the cur-
rent ratios, ¢,,, ¢, the fractional ratio errors, 8, f, the phase-angles of
the transformers; then if the secondary harmonic vectors are i, and
iy, and K, is the nominal ratio of either transformer, from p. xxiv

fg = ~ (lllfc)exjﬂlim = - (1K) (1 + ee) (L + 4By,
.:. - (llKnc) (1 + 5(:1 + jﬂl)’;pl

since ¢;, and B, are small quantities such that their product is negligible
in comparison with unity ; likewise,

isz : - (I/Knc) (1 + Eea + -7.52)1.112 : —-—(llKnc) U- + Eea -+ jﬂz)Ksjwim'

The ratio of the total secondary vector to the total primary vector is

i Fig 1B, 1 S | .

ST s = —-——(1+ 1-+ = ——=—(1 a;
& = KM( o) (1 -+ jB) = Knc( + & + jp)say,

im + Ip2 ¢

. Ut e +36) + K(1 + &, + jB,) (cosy + j sin y) 1

(1+KCOS'p)+jKSinlp I?—m
Hence,
[(1 + K cos ) + &, ]
§+ Kz, cosy — B, sin y)] + jiB, ;[(1 + K cosy) — jK siny}
cp +Ksinzp—}—K(sczsiny;-l—ﬁzcosw)] :
1 + Sc—{—]ﬁ—, 8

(1 + K® 4 2K cos y)
Separating the components of these operators gives

(1+K2+2Kcosw)(1+ec)=(l+K2+2Kcos1p)+(1+Kcosw)8
+ K(eg, cosyp — B, siny) -+ KB, siny + K2,,;

1+ K*+ 2K cosp)f=(1+ K cos )B, + K(ey, siny + §, cos )
— Ke,, siny - K28,

expressing the overall fractional ratio error ¢, and phase-angle g of th
combination in terms of those of the individual transformers. When ﬂ}
loads on the feeders have approximately the same power-factor, as

* A. M. Wiggins, “Paralle] operation of current transformers for totalizing
two or more circuits,” Elect. J., vol. 26, pp- 379-381 (1929); K. Gochts
‘‘ Messfehler bei Summenschaltung von Stromwandlern,” Elekt. Wirts., vol
31, pp. 485-487 (1932), E.u.M., vol. 51, p- 149 (1931).
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commonly the case in practice, put y = 0, cosy = 1 and sinyp = 0;
then by simple reductions,

I, e
e = —PL — g+ —FE— g,
‘Pc Ipl + IpZ e IiJl + 1132 ¢
I I
= o pp e g
ﬂ [p1+lp‘2/31 [p1+1p2 :

"By an exactly similar process for n transformers it may be shown that

n Im: " Imc
> = Pr e and f = P2 B
fe Z, 1, st p L 21,

As a numerical example of the properties of these expressions take the

case of two transformers with ¢, f¢.,, = 4, 1 and 2; then
; | | | i
? L05 o | 15 20
Tl - e | T
-y 1000 | 0-833 | 0-750 ‘ 0-700 | 0-667
Value & 4, i”ﬁci g 1:000 | 1:000 | 1:000 | 1000 | 1:000
of ey (Mo — 2 1000 | 1333 | 1-500 i 1600 | 1-667

This table shows that the total error in this case at no time exceeds the
greater value of the individual errors of the transformers.

113

Various methods have been devised to minimize the ‘‘par-
alleling effect” by removing the direct coupling of the secondary
windings. Hill and Shotter (loc. cit.) have used the arrange-
ment of separate interlaced meter coils, as shown in Fig. 61 (),
with very marked success. It is clear, however, that this
method becomes impracticable when the feeders are numerous ;
this difficulty may be overcome by the use of an inter-

. Mediate summing or totalizing transformer, the in?roduction
of which appears to be due to M. B. Field.* In Field’s arrange-
-Iment the secondaries are paralleled at the primary of the

totalizing transformer, as in Fig. 61 (c), the secondary of which
designed for a normal current of 5 amperes and supphefs
his rated current to a standard type of meter; the method is

L analogous to Fig. 61 (a) and is subject to similar sources of
'error.g Hill a,n(;(iI Shotter, and independently Vahl,} have

described the arrangement of Fig. 61 (d), which is the analogue
of Fig. 61 (b), in which the paralleling effect is eliminated. The

‘Primary of the totalizing transformer is divided up into sections,

ne for each of the feeders to be totalized. The main current

* British Patent, No. 143 160, 31st Dec. (1919). : L
¥ Hfl\zfs:hl,a“esnumn?ation durch Summenstromwandler,” Elekt. Wirts, vol.

30, pp. 256-258 (1931).
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jcransformers need not have the same nominal ratio; all tha
1s necessary is that the overall ratio of a given transformer and
1ts section of the totalizing transformer shall be the same for all
feeders. Moreover, no part of the secondary or tertiary circuit
need carry a greater rated current than 5 amperes. Since the
ampere-turns on the intermediate transformer can be made
large its contributory errors are very small, and can be still
furth.el_' reduced by the use of a nickel-iron alloy core. A single
totalizing transformer can deal with a large number of feeders
since its primary can be subdivided into any desired number
of sections. If the number of feeders is very great it may be
more convenient to divide them into groups, each group having
Its own totalizing transformer; the secondary currents of
these can then be summed in turn by another totalizing trans-
former which supplies the meter.

By analogy with Fig. 61 (d), let the instantaneous values of the
primary currents in »n feeders be Upys Tpos Tpgy « + « 4y, the correspond-
Ing secondary currents in the main current tra,nsforg?xers being 4, i,
tegs o o v by Let T, T,, T, . . . T, be the turns in the n sections of
thfa totalizing transformer’s primary and 7, its secondary turns,
being the‘instantaneous current in the meter. Equating ampere-n’lm';
on the primary and secondary sides of the totalizing transformer,

] i Ty = 4, T, + 1Ty + iggTy + - Ty
=(ip /K )T, + (Epal K o) Ty + (ol Kog) Ty + . .. (Cpnf K o) Ty,
where K, K, ete. are the ratios of the transformers. If the values
of T'}, T,, ete. are adjusted to make
T\JK, = T,/K,, = TJK,, etc.,

and we use the well-known theorem

alb=cld=e/f=...E(a+c+e...)/(b+d+f,,.),
then
im___T1+Tz+Ts+---Tn 1
Ty, Ko F Koyt Koy 1 - . . Kop !

(py -+ Ay + ipy + . .

;}f tfhe Mmeter current is a copy to scale of the sum of the currents
e e‘eders. If the main transformer and totalizing transformer
ondaries are rated at 5 amperes it follows that for this common

Tm:T1+T2+T3+ ...T,n.

< tpn)s

As a numerical example consider a two-fe i
S -feeder system with tra
formers Izated at 150/5 and 50/5, and the mete}; at the ovel
rated ratio of 200/5. Taking the rated values of the totali
transformer ampere-turns at 1000, then T,, = 200 turns and T, + 488
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200. It will suffice to take the actual ratios equal to the nominal
ratios; then
2001, = TZ—OTI@'M + 5—%1‘2721,2, from the first equation,

=200. —5—(731,1 + 4,,), from the last equation,

200
from which, 7', = 150 turns, T, = 50 turns. The contributions of each
section to the meter current are 3-75 and 1-25 amperes respectively.
If ¢, is the fractional ratio error of the totalizing transformer itself,
it is not difficult to show in the way adopted for Ifig. 61 (a) that the
overall ratio error in metering the currents in n feeders is

1 I
e, = Pl b+A pe e
L R B Y e N Y I
+... Ipn €n+sm’
Iy ¥ 1pe+ - . 1,,

with an exactly similar expression for the overall phase-angle.

The totalizing transformer lends itself readily to the metering
of currents in interconnected systems at different voltages.
Fig. 62 shows the arrangement for a single phase only, feeders
1 and 2 coming from generators at a rated voltage of V, and
feeders 3 and 4 at a voltage Vy; the system can be extended
to any number of feeders. '

If the metering is to be done at the voltage V7, the current at the ¥,
bus-bars is 4, + i, + (Vp/Vy) (i3 + 4;). Equating ampere-turns in the
totalizing transformer,

iy = _1—('i51T1 t 0Ty + Ty + 10, T,)
T’Iﬂ

1 < i i i i,
=_—(lap y op 4 Bp oy g
T’ﬂl Kcl ! KC2 ? K03 : 'ch !

I}fl we now put 7,/K,, = T,/K,, and TJK, = T,/K, = T:Vu/K,V,
en

__1 T . . VII- . _T+T2+T3+T4
tm = Ty K:ll}l + + T,:("a + 7'4)] = -1 T
L Mo ws o Vg o4
B F Ko T Tl B T Kol Tty W),

k. as required. These expressions are easily generalized for any namber
. of feeders on each bus-bar.

. A further interesting case of parallel operation has recently
- been discussed by Kriizner.* It may sometimes happen that a
4 * H. Xriizner, “ Die Parallelschaltméglichkeit von Stromwandlern,” E.u.M.,
E .vol. 53, pp. 133-136 (1935).

‘ 12—(T.5722)
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large current is to be measured and that a suitable current . i
transformer is not available. In such a case two smaller trans- .
formers may be used as a substitute, their primary windings =1
being connected in parallel and their secondaries in series. If &
the transformers are similar in construction and rating, caleu-
lation and experiment show that the overall ratio-error and
phase-angle of the group are no greater than would be obtained
with a single large transformer of the same total rating. The
errors are calculable as special cases of the expressions on p. 150
with I,, = I ,. Kriizner further shows that quite considerable

-< i
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Fia. 62. Torarizine CURRENTS IN FEEDERS AT DIFFERENT VOLTAGES

inequality of the two transformers does not make the accuracy -
of measurement appreciably worse. :
19. The effects of short-circuit currents (general). Curren
transformers are designed to operate continuously at full
rated current and to withstand a reasonable overload for .
definite interval, in both cases without undue temperatureg
rise; appropriate thermal limits are prescribed in the various3j
national standards and will be referred to on p. 591. When §
short-circuit faults occur on the primary network, currents of
many times the normal magnitude may flow, not only in largeg
power systems but also in small systems and in branch circuits
Although the duration of the short-circuit currents is ve
limited, since the fault is quickly cleared by the opening of theZ
main oil-switch in the affected section, their effects are 503
severe that the current transformers may be seriously damaged$
or even completely destroyed by the abnmormal mechanical
and thermal conditions imposed upon them; some typic

i
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. instances are shown in Fig. 63. There is, in consequence,
- considerable practical interest in the behaviour of current
- transformers under short-circuit conditions, especially since

the advent of super-power stations and interlinked systems

~ where the energy that may be momentarily passed into a fault

may reach an enormous value. ,

Short-circuit currents have four important effects on current
transformers : (a) The production of large ratio error and phase-
angle. (b) Excessive heating. (c¢) The development of mechan-
ical forces sufficiently great to deform the windings and leads.

- (d) The generation of transient voltage rises.* We shall briefly

consider these problems here; the theory of (@) has been
examined on p. 61; the detailed treatment of (b), (¢) and (d)
will form the topics of Sections 20, 21 and 26 respectively.

It has been shown in Section 11 of Chapter II that the ratio
of a eurrent transformer is approximately constant as I, is
increased from zero up to several times rated current 7,,, this
being due to the fact that the flux density in the core is normally
very low. In other words, so long as the core is unsaturated
the secondary current will grow nearly in linear proportion to
the primary current. When the primary current becomes a
large multiple of its rated value, such as would occur under
short-circuit conditions, the straight part of the magnetization
characteristic is passed, saturation sets in and the ratio “breaks
away” from approximate constancy and rapidly increases,
Le. the secondary current is smaller than it would have been

b had saturation not occurred and the ratio remained constant.
j These facts are well illustrated in Fig. 25, but in a still more
E striking way by Fig. 64; these curves are plotted from results
E published by Edgcumbe and Ockenden (loc. cit.) on a special
} transformer with a silicon-iron ring core provided with equal
. primary and secondary windings having 1 000 ampere-turns, the
j tests being made at 50 cycles per sec. with a non-reactive rated

burden of 30 volt-amperes. It will be clear that the “break-
E away” point should occur well outside the working range of the
| apparatus operated by the transformer; its position is readily
t controlled by suitable choice of the primary ampere-turns and

* L. Dorfman, “The choice of instrument transformers,” Elect. J., vol. 17,

i Pp. 341-342 (1920). C. O. Werres, “Current transformer design and applica-

tion from the overcurrent standpoint,” Gen. Elec. Rev., vol. 35, pp. 544-549

¢ (1932). J. Grillet, “La déstruction des transformateurs de courant,” Bull.
- S.Chw. Elekt. Verein, vol. 24, pp. 97-100 (1933). J. G. Wellings, ‘“The short-

Cireuit, rating of current transformers,” B.T.H. Activities, vol. 9, pp. 151-154

b (1933); Elec. Times, vol. 84, pp. 507-508 (1933).
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the sectional area of the core, i.e. by regulating the onset of
saturation. In transformers operating measuring instruments
the falling-off of secondary current with very large primary
current is a natural protection to the instruments; the “break-
away” may conveniently occur not far above the rated primary
ampere-turns. In transformers operating protective gear,
especially those actuating some form of current-balance system,
correctness of ratio must be maintained up to large overloads,
even up to 100 or more times the rated primary current; this
can be secured by the use of a core of sufficiently large section.
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Fra. 64. OvERLOAD RATIO CURVES FOR CURRENT TRANSFORMER

The thermal effects of the short-circuit current depend upon
the r.m.s. value of the current and upon the duration of the
short-circuit. The mechanical effects depend upon the initial
maximum peak-value attained by the current. Of the two.

effects the thermal effect is the more dangerous, on account of

the deleterious action of heat upon the insulation of the wind

ings; the mechanical effect may, nevertheless, be quite seriouss

in certain cases. For this reason much attention has recentl
been given to the thermal rating of transformers as well
to their mechanical strength; the various problems involved)
will be considered in the following sections. '

20. The thermal effects of short-circuit currents. There &
three sources of heat in a current transformer, viz. the core
the secondary winding, and the primary winding; of these, f:h
heat generated in the core is usually quite negligible, even wititg
the abnormal flux set up during short-circuit conditions. Th
current density in the secondary copper is usually less th
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that in the primary and, as we have seen, the ratio of the
ftransformer increases rapidly with large values of primary
{ .current; hence, as a general rule, the heating of the primary

copper is much more important than that of the secondary and
will be exclusively considered here. With rapid-action pro-
tective devices a short-circuit is cleared by the opening of the
main switchgear within about one-half second; with time-lag
protection the fault may be maintained for a few seconds.
In such short intervals the heat generated in the primary is
unable to escape by conduction through the mass of the winding
to its cooling surface, and is all utilized in raising the tempera-
ture of the winding. Since the amount of heat produced is
large the temperature rise may be considerable. In an extreme
case, where the cross-section of the primary copper has been

- unduly economized, the winding may even melt and the

transformer act as an efficient fuse! In other cases the rise
of temperature may reduce the mechanical strength of the

. copper to such an extent that the mechanical forces produced

by the short-circuit current can easily deform or even rupture
the windings.

Thermal effects may be a particular source of danger in trans-
formers which are compound-filled. The heat may cause the
compound to melt and expand, or to decompose with the
production of inflammable gases; high internal pressures may
be thus set up in the transformer case, with risk of explosion,
ignition of the melted compound and considerable fire hazard.
An example is shown in Fig. 63. These defects are to some
extent shared by oil-immersed transformers;* for this reason
both types are rated for much lower temperature rise than air-
cooled transformers. There has been a recent tendency to
remove these dangers by the use of non-inflammable insulating

"ﬂ materials, such as porcelain, and incombustible fillings, such as
. sand; examples will be encountered later.

The earlier types of air-cooled current transformers were

1 usually unsatisfactory from the point of view of thermal
 security. Numerous testst showed that though the transformers

* An interesting instance of failure of oil-filled transformers occurred at

.. the Taylor’s Lane Power Station of the North Metropolitan Electric Power

Supply Co. on 6th Dec., 1933. See Elec. Times, vol. 84, pp. 770771, 816 (1933).
T P. Torchio, “High current tests on high tension switchgear,” Trans.

: ‘Amer. LE.E., vol. 40, pp. 61-86 (1921). J. B. Gibbs and L. Dorfman,
. “Temperature and mechanical stresses in current transformers,” Elec. World,
g vol. 79, pp. 221-223 (1922). ““Tests for rating current transformers,” Elec.
b . World, vol. 82, pp. 169-173 (1923).
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withstood the mechanical forces on short-circuit, failure wa,
frequently of a thermal nature. With the growth of large powei
schepaes the problem of thermal design has recently received
considerable attention, transformers often being designed in the
same way as circuit-breakers* for definite short-circuit ratings
In air-cooled transformers this involves the provision ofga:
primary conductor with a sufficiently large section, such that a,
specified short-circuit current may be carried for a given interval
without the temperature rising to a value that will cause
permanent damage to the organic insulating materials, such
2; (;}oltét?;;lg?fge:., varnish or compound used in the construction

Let 7, be the temperature of the winding initially, -, its
temperature at the end of the period of short-circuit. W}’lelf the
tempe_ra.t}lre has some intermediate value + the resistance of
t}ole winding is R = Ry(1 -+ at), where R, is the resistance at
0°C, and o« = 1/234'5 = 42-8 X 10~* is the temperature
coefficient of resistance for copper. If I is the r.m.s. value of
the current during the whole interval of short-circuit, ¢ seconds
the power turned into heat is I,2R watts, I, being i>n amperes’
and R in ohms. Let M be the mass of the winding in grammes
and ¢ 1ts specific heat in calories per gramme per degree C.
Then, sincetis small, no heat is radiated and we may equate the
rate of generation of heat to its rate of absorption; in calories,

Mo i leTdTa: == 0-24 T 2R, f ‘at
If we write, 0

' =7, + (Y«) and T =1 + (1fx),
then, (Mola) log, (r)'[r) = 0-24 T so2 Bt
Now _let I, be the length of copper in em., 4, its cross-sectional
area in sq. cm., and y, its density, then

M=14,y, and R, = pololA,,

where Po is the resisti.vity of copper at 0° C. Substituting these
expressions and writing 6 = I /A4, for the current-density :

in amperes per 8q. cm.,
log, 7_2, = M o2,
1 0Ye

* G. L. E. Metz, “Short-circuit effect »
Rev., vol. 101, pp. 892-894 (1927). o Current transformers,” flec.
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- As average values we may take py= 16 x 10-% ohm-em.,
a =428 X 1074, ¢ = 0-095, and y, = 8-93; converting from
k. Naperian to common logarithms,

log, (7, [m,") = 8-44 6% 10-19,

which is in agreement with a formula given by Grillet.* Let
8, denote the current-density with normal rated primary
current, so that 6 = k.0, is the current-density with the sus-
tained short-circuit current I,,; then

3-35 x 104 Ty
k e — l ——
s¢ 6ﬂ'\/t /Jogl() 7_1/

It is provided in many standardizing rules that the ambient
air temperature shall not exceed 40° C. The average tempera-
ture rise of an open-type transformer with normal rated load
may be taken as about 50° C. After working some time under
normal conditions the temperature of the windings will be not
more than 90° C. If a short-circuit now occurs, the temperature
of the copper may attain say 250° C. for a short period without
the insulation being permanently damaged.t Taking =, = 250,
7, = 90, i.e. 7’ = 484-5 and 7," = 324-5, the above formula

becomes
ksc - 144(1/67:"\/0

where §,” is the normal rated current-density in amperes per
sq. mm. The curves in Fig. 65 are plotted from this expression
for ¢,” = 15, 2 and 2-5 amperes per sq. mm. (968, 1 290 and 1 610
amperes per sq. in.). It will be seen from the curves that with

. & normal current-density of 2 amperes per sq. mm. a current

100 times the rated value can be carried for { second, 71 times for
1 second, or 50 times for 2 seconds, assuming the temperature
of the transformer to rise by 160° C. from a working copper

* J. Grillet, “La déstruction des transformateurs de courant en cas de

court-circuit sur le réseau,” Rev. Gén. de VEl., vol. 26, pp. 841-852 (1929).

Grillet gives the numerical factor as 8, doubtless due to the choice of a higher
Specific heat to take account of the presence of the insulating materials. See

F also, J. Grillet, * Resistance of current transformers to short circuits,” Int.

Conf. H.T.E.S., vol. 2, pp. 309-331 (1931). C. Bresson, “Théorie et construc-
tion des transformateurs de mesure de courant,” Ecl. et Force Mot., Aug.,
Sept., Oct. (1931). . -

T The carbonizing temperature of cotton and paper is about 220°C.; a
copper temperature of 250° is permissible, however, since there is a lag between
the heating of the copper and its insulation. At the end of the short-circuit
Period the copper temperature begins to fall, but the stored heat continues
to cause the insulation temperature to rise; the copper and insulation tend
to equalize, therefore, at some temperature considerably lower than 220°.
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pemperapurg of 90° C. That such values may be safely a,tta,i_ned ,, Class 3 transformers (used for switchboard ammeters), in both
in pra,(lzmce is confirmed by numerous tests, such as those cited E ..ses without “undue heatin g,” a rather vague term. Italy
OnTIﬁ o17. . . . ) . b requires a 1 second rating of k,, = 75, while the U.S.A. adopts

e various standard specifications make some interesting P the very conservative figure of k, = 40. In all cases the

recommendations for thermal security. The British rules state
ks

secondary is supposed to be closed on its rated burden. The
German rules define the current that may be carried without
damage for 1 second as the thermal current limit (Thermischer
Grenzstrom) and base it upon a final temperature of 200° C.

25

200
TN ] ]
|
\ t It is empirically defined that the thermal limit in kilo-amperes
180 \ " - is given by the formula
i \ - Therm = 180 4,'[1000
160 ‘
\ i " where 4, is the copper section in sq. mm. This corresponds with
T \ } \ f ‘ an expression for £, in the form
" N ko = 180(1/3,"v/t)
120 \ N ‘} \‘< low scale which, for the same normal current-density and time of short-
\ \ | ! N - circuit, gives values of k,, about 25 per cent higher than the
\ \’/r\ N , . formula deduced above. According to the German rule each
100 : \\ dn § 180 amperes of the 1 second rating requires a copper section
U \\‘ \\ +S amperes + of 1 sq. mm.; hence if Therm = 100 kilo-amperes, then—
\ [\ ‘\ ~ T per sg.mm.
80 { 5
\\{ \ i AN < - Fort = ] 1 [ 2 4 9 ; 16 sec.
™. ~ 0 7 i
\\ ) ‘ ~ | ° A = ) 60 ) 85 120 180 ] 240 | sq. mm.
60 [—\ I f ~
N

This table shows that the section of primary conductor should
be determined by the time-limit of the tripping gear; the
transformers with the greater section should be installed nearer
to the power station, at which the time-limit of the protective

40 j
TN
—— 5

20

5

devices is of longer duration than at the distant parts of the

system. '
e i 21. The mechanical effects of short-circuit currents. The
8 022 A o{ss 1%t seconds - mechanical forces set up within a current transformer under

k. primary short-circuit conditions may attain very large values,
f sufficient in many cases to deform or displace the windings*
¢ and not infrequently resulting in the complete destruction of
the transformer. The forces have their greatest value when the
current arrives at its first amplitude, which may be many times
the amplitude of the normal rated primary current; this occurs

F1¢. 65. THERMAL OVERLOAD FACTOR FOR CURRENT TRANSFORMER

that 120 000 amperes per sq. in., i.e. 186 amperes per sq. mim.,
can be tolerated for § second ; with the above assumptions this
corresponds with &,, = 93 times normal current when 8,” has the
very usual value of 2 amperes per sq. mm., or a 1 second rating
of 66 times normal current. The French rules are more severs,
giving a 1 second rating of k,, = 80 for Class 2 transformers
(used for switchboard watt-hour meters) and k,, = 200 for

* R. Riidenberg, “Kurzschlussstrome beim Betrieb grosser Kraftwerke,”
Eau.M., vol. 43, pp. 77-90, 98-106 (1925). Also see the papers by Grillet and
by Bresson already cited.
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at a very short interval after the incidence of the short-circuit,
say about 1/200 second, and the forces thereafter decline rapidly

~as the current falls towards its steady short-circuit value, as

shown in Fig. 66. This short duration of the period during
which the maximum forces occur gives to the forces something
of an impulsive or “hammer-blow ” character; one may safely
conclude that if the transformer is sufficiently strong to with-
stand the forces due to the first amplitude, the remainder of the
short-circuit period is of no further dynamical interest, though
it is of prime importance from the thermal point of view.
The mechanical effect depends on the square of the first
current peak, the square of the number of turns, and upon the

i

[\/\/\/\/\t

VEVAYAY AV

Fi¢. 66. CURRENT WAVE WITH INITIAL TRANSIENT

shape of the coils. It is well-known that the forces acting on a
coil of any shape tend to deform it in such a way that its area
becomes a maximum for a given perimeter, i.e. if the coil is not
circular it tends to become so. Hence coils of circular shape

with the fewest possible number of turns will be best from the -

mechanical point of view. The ideal transformer for mechanical
security will have a single-bar primary surrounded by a ring
core with a toroidal secondary, such an arrangement being
practically immune from dangerous forces: see Section 22.

The forces fall into two groups, (i) those acting upon the

windings, more particularly the primary; and (ii) those stress-
ing the primary leads. Dealing first with the former group, these
forces are most serious in the core- or shell-type transformer
with coaxial primary and secondary windings, as in Fig. 67 (a).
If the transformer is symmetrically constructed, the system
of forces consists* of (@) a radial force acting outwards on the
primary coil, tending to burst it and putting its conductors

* See Grillet, loc. cit. ante; also W. Reiche, “ Uber die Kurzschlussfestigkeit
von Stromwandlern,” Elekt. Zeits., vol. 49, pp. 1772-1776 (1928). The
formulae given in Reiche’s paper for the radial force are defective; their cor«
roct form is given later in this Section.
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into a state of peripheral hoop tension; (b) a radial force acting
inwards on the secondary coil, subjecting it to compression;
and (c) forces compressing the windings in the axial direction.
If the coils are not originally circular, the peripheral forces
. tend to change them to the circular shape; thus, windings
with rectangular, oval or link-shaped coils are least satis-
factory, the ideal shape of coil being circular, since this is least
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Fr1a. 67. MECHANICAL FoRrcEs IN CURRENT TRANSFORMER WITH

Coaxiar Corts
(@) when symmetrical; (b) when there is axial and radial dissymmetry

E liable to deformation. Even if the coil is originally circular it
- may suffer deformation if the leakage field is not distributed
F symmetrically around it, as when one portion of the coil is
¢ Dearer the iron core than the rest; an example is shown in
1 Fig. 63. When there is a radial and axial dissymmetry, whether
¢ due to constructional imperfection or otherwise, as in Fig. 67 (b),
. there are added to the preceding system two additional
* forces (d) acting radially, tending to restore the coils to
E Co-axial symmetry and (e) tending to displace the coils in
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the axial direction, increasing thereby the longitudinal ]

dissymmetry.

The accurate calculation of the forces is a matter of some

difficulty and resembles in some respects the corresponding
problem in the design of power transformers; this matter has

been discussed in some detail by the writer* in an earlier . ;

publication, to which the reader is referred. We shall content
ourselves here by noting certain methods of calculation speci-
ally adapted to current transformers.

The axial forces (c) and (e) tend to cause crushing of the
insulation, slipping of the layers one over the other, and piling
up of the winding against the ends of
the core window; their calculation is
not easy, though approximate formulae
have been given by Grillet (loc. cit.)
and Liebold,T and an exact solution by
Clem.f For small axial displacements
Grillet 'suggests that the magnitude of
the total axial force can be estimated
from the formula

gD
e F, = 1,2 T, DAJI?)10-5

kilogramme,

¥ra. 68. CALCULATION OF
Hoopr TENSION IN TRANS-
FORMER CoIL

where 4, is the first peak of the short-

circuit current in amperes, D the mean

diameter of the coil in cm., [its axial length in cm., and A is
the amount of axial displacement in cm. between the primary
and secondary coils, assuming these to have the same axial
length. As Fig. 63 shows, the axial forces may be very des-
tructive. The one example is a 30 VA, 200/5 transformer
damaged by a current peak of 100 000 amperes i.e. 350 tim
the amplitude of the normal current. In the other examplé

a small porcelain-insulated transformer has been completel :

wrecked by a peak only 75 times the normal value. In bot

* B. Hague, Electromagnetic Problems in Electrical Engineering, pp- 2082
309, 313-325; Oxford University Press (1929), contains a full treatment OX
the exact solutions of Rogowski and of Roth on this subject and a sho
bibliography of related literature is given on p. 343.

1 R. Liebold, “Kurzschlusskrafte an Wandlern und Transformatoren
zif;)\sf)erlauf der Feldstiarke im Streuraum,” Elekt. Zeits., vol. 49, pp. 134-1

t J. E. Clem, “Mechanical forces in transformers,” Journal Amer. I .B.E
vol. 46, pp. 814-817 (1927). See also, I. Schigyo, Journal I.E.E. Japan, V'
54, pp. 98-99, 819828 (1934); Galmiche, Bull. Soc. Frang. des Elecns., V
Pp- 885-900 (1934).

¥ cmap. 1117 THE CURRENT TRANSFORMER 165

& cases the relative axial movement of the windings and the piling
E up of their turns is clearly shown. The only practical remedy
is to have windings of equal lengths, to centre them accurately
Eand clamp them securely in position.

Consider now the radial force on a coil such as the primary

| in Fig. 67 (a) tending to burst it from within, in much the same
3 way as a cylinder subjected to internal fluid pressure. Imagine

the coil cut in two by a diametral plane, as in Fig. 68, the
equilibrium being maintained by applying forces F, at the cut
surfaces. If F, is the total radial force, the force upon an
element of periphery D . d6/2 will be D .d0 . F,|2nD or FTdOI2vr,
assuming F, to be uniformly distributed. The horizontal
components of these elementary forces balance on the right

and left sides of the line # = 0; the sum of the vertical com-
-~ ponents is equilibrated by 2F,, i.e.

)2
2/ (F,f2m) cos 0 dO = 2F,
or F,=F,[27

In the actual coil, F, is provided by a peripheral or hoop ten-
sion and results in the conductors being subjected to tensile

stress.
Exact formulae have been given by Roth and others for the

f radial force but they are somewhat difficult to use; we can,
however, easily obtain simple expressions that will provide upper
b and lower limits to the magnitude of the force. Assume first
B that the primary and secondary ampere-turns are numerically
b equal. Since they are in opposition with respect to the core
t flux, they act togesher in producing leakage flux in the inter-
 space between the windings. We shall assume that the leakage
fflux in the space between the coils is of uniform density H from
Fend to end of the coils and that the tubes of induction therein
Lare uniform, straight and parallel to the length of the coils;
f within the coils the field is supposed to fall off linearly as shown

In Fig. 67 (a). These assumptions are untrue in a.ctua,l. trans-
formers and virtually postulate that the coils are of infinite
axial length. If ¢, is the first peak of the short-circuit current

$in amperes, D the mean diameter and I the length of the coil

cm., the total radial force on the external primary coil is

H 3,7, (A7 1T\ Ty
510 LoD = 5(1_6 )10 . wD dynes.

F, —
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Dividing by 981 000 gives
F, = 202 X 10 (1,,2T",2DJl) kilogramme.

Now let d,, be the current-density in amperes per sq. cm. due

to the current 7., and d, the normal r.m.s. current density due -
If @ is the winding depth and ¢

to rated r.m.s. current [,,.
the space factor of the winding

1.1, = alo b,

and putting §,, = k4,
makes F, = 202 x 10-° a*lo2Dk?4,?2 kilogramme,
and F, = F,[27 = 32 X 10-°a?s2Dk?$,2 kilogramme,

This peripheral force is carried by a copper area cal, so that
the hoop tensile stress in the copper is

Pp = 32 X 107% acDk?5,2 kg. per sq. cm.,
whence
k = (5 600/6,)v/(p,lacD) = (56/6,')\/(p,lacD)

where 4, is the normal current density in amperes per sq. mm.
Similar expressions may be deduced for the internal secondary
coil.

These equations certainly over-estimate the forces. We -

have seen on p. 155 that with short-circuit conditions the
primary and secondary ampere-turns are by no means equal,
since the secondary current falls away considerably fro
proportionality to the primary current as saturation oce
in the core. In the extreme limit, the secondary ampere-t
may be neglected in comparison with the primary ampere-t
and, at the resulting high saturation, we can regard the col
permeability as being roughly unity. Treating the primary
an air-cored inductance, the force acting radially upon it will
L

Fo=4i0 2007 = i,2 %107 dynes,
where L is the self inductance of the coil in henries compu
from any suitable formula. Using Nagaoka’s formula,* we
write

L = N72T 2 (D?[l) 10~* henries,

* E. B. Rosa and F. W. Grover, “Formulas and tables for the calculs
of m:;ltual and self inductance (revised),” Bull. Bur. Stds., vol. 8, pp- 1
(1913).
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where IV is a function of D[l which has been computed and is
Habulated in the publication cited and elsewhere. Differen-
iating
4 8L T,? aN

Putan N Sl ) AN o Yindd 9.

; D™ D[ZA 4 DaD]lO ;

‘ hich makes .
i F, =101 x 10-92N - D(aN/aD)] a%l 02Dk?5,2 kg.,
F, =16 x 10-2N + D(aNJaD)la?lo2Dk?5,2 kg.,

and p, = 16 X 10-9[2N + D(aN]aD)] asDk?),?kg. per sq. cm.,

with a corresponding expression for k, giving a lower limit for
the force.

If the primary is not to be permanently damaged the peri-
pheral stress set up by the first current peak must not exceed
the elastic limit of copper;* this, however, falls considerably
with a rise of temperature, as also does the breaking stress,
in the way shown in Fig. 69. At 250° C., the value assumed in
short-circuit temperature-rise calculations in Section 20, the
elastic limit may be taken as 1 400 kg. per sq. cm. Even if the
copper is not actually ruptured by the hoop tension it may
stretch sufficiently to burst the insulating wrappings, as shown
iin Fig. 63 for the primary coil of a 200/5 transformer damaged
£by a current peak of 59 800 amperes.

i To illustrate the properties of the formulae we shall calculate
k for the primary of a 50 kV transformer having D = 13-3 cm.,
= 15em., I = 15 em., ¢ = 0-33. Taking p, = 1400 kg. per
4. cm. we obtain for the assumption 1,7, = I.T,

k= 814/8,;

L * The yield point of copper, especially at high temperatures, is a somewhat
» dsﬁm'te matter since this metal exhibits in a marked degree the phenomenon
bf creep,” i.e. increasing strain with continued application of a given con-
grant stress. Consequently, it is very difficult to decide at what stress Hooke’s
YW ceases to hold; somewhat analogous difficulties occur in connection with
Rho breaking stress. Moreover, any values that are obtained are much affected
Py th? presence. of small impurities and the mechanical handling of the
terial, such as drawing, etc. The curves given are from figures given by
iche (breaking stress) and Grillet (elastic limit), though it should be noted
g6t these differ in congiderable degree from results for annealed electrolytic
foPper published by A. K. Huntington, “The effect of temperatures higher
20 atmospheric on tensile tests of copper and its alloys and a comparison
3 wrought iron and steel,” Journal Inst. of Metals, vol. 8, pp. 126-144
£912). Wo shall use the term “elastic limit” in the sense of the stress which
g ©%ceeded will produce creep which tends to breakdown.
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and for the assumption of an air-cored coil and /; = 0
k= 1035/9,,

since for this coil N = 0714 and aN/8D = — 0-0157. These
expressions are plotted in Fig. 70, from which it will be seen
that with a normal r.m.s. current density of 2 amperes per
sq. mm. the initial peak may reach the mean value of 460 times
the rated r.m.s. current without the hoop stress exceeding the
elastic limit of copper at 250° C. If this peak value is main-
tained with a sine-shaped wave, then for this final temperature

kg.
pra | || [ ] |
« Ulfimate stress
2000 \<\/ (Reiche)
N
N
3
\\
Yield point i S
(Grillet) B
1000
O o,
o 100 200 300 400 C

Fi1e. 69. UrLtiMATE STRESS AND YIELD POINT OF COPPER AS A
FuncrioN oF TEMPERATURE

the thermal multiplier is 326 times rated current, which ca
be carried for only about 0-05 second, i.e. for about 2-5 cycle
of a 50 cycle supply. In practice, of course, the initial peak
not maintained but is rapidly damped out, so that the ther

limit is not reached for a much longer time than this. T
British, Italian and American standards regard a transformg
as mechanically satisfactory if it is not damaged by the curreny
corresponding with 1 second thermal rating given on p. 169
The German rules define the dynamic current limit (Dynamisché
Grenzstrom) as the first amplitude which can be carried withol
damage when the secondary winding is short-circuited, bW
gives no numerical values for the limit. The French rules sta¥
that for Class 2 transformers a current having a maxim
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 value equal to 240 times the r.m.s. rated value (k = 240) shall

be carried for 0-1 second without mechanical deformation;
for Class 3 transformers a corresponding figure of £ = 600 is
specified, the secondary in both cases being closed on its rated
burden.

Turning now to the forces on the primary leads, the most
important case occurs when both leads pass together as parallel
conductors inside a common porcelain insulator, a construction
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Fia. 70. MECHANICAL, OVERLOAD FACTOR FOR RADIAL FORCE
IN CURRENT TRANSFORMER

i frequently adopted in large current transformers of the oil-
t. immersed or compound-filled types for high voltages. Treating
¥ the leads as parallel wires of length I and distance apart d,
£ the force of repulsion in kilogrammes is given by the formula
e (Hague, Electromagnetic Problems, p. 327)

F = 2:04 X 10-%,2 [1/(1 + 12/d2) — 1]

E which is plotted in Fig. 71 for a current of 1 000 amperes; for
¢t any current all that is necessary is to multiply the ordinates by
| the square of the current in kiloamperes. For comparison the
1 dotted line gives the value of the force on the assumption that
. the conductors form a section of length  taken from infinitely
long wires, and demonstrates that this commonly-used formula

13—(T.5722)
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may be seriously in error, especially for the smaller values of I/d.
As an example of the force to be expected consider two leads
30 cm. long and 2 em. apart carrying a peak current 400 times
the rated r.m.s. current of 100 amperes, i.e. 40 kiloamperes. The
force per kA is 0-287 kg., so that the total force of repulsion is
402 X 0-287 = 459-2 kg. or 0-41 ton. Such large forces necessitate
the conductors being securely bound together with string or wire
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Fia. 71. MecHANICAL FORCE ON
PARALLEL WIRES
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F1e. 72. LEAD-IN
BusHING WITH
Coax1AL LEADS

if this force is not to separate them and crack the porcelain insu-
lator by internal pressure. An actual example of such a frac-
ture is shown in Fig. 63 taken from Riidenberg’s paper cited
on p. 161. Alternatively, the conductors may be confined within
a steel tube which can safely withstand the stress, the tube
acting as a lining to the insulator. A

Some firms, e.g. the A.S.E.A., eliminate entirely the force
on the lead-in conductors by the arrangement shown dia-
grammatically in Fig. 72. One conductor is a rod passin
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axially down a tube which serves as the return lead. It is not

i difficult to show (see Appendix I) that even when the conductors

are not coaxial there is no force tending to produce relative
displacement ; the tube is subjected to internal pressure and
its material to hoop tension, and there is no difficulty in pro-
portioning the tube to withstand the short-circuit stresses.

With parallel conductors vibration and possible resonance
may greatly increase the stresses, as Grillet has pointed out.
Treating the conductors inside the porcelain bushing as bars
fixed at their ends, the natural frequency of such bars in eycles
per second is easily shown to be*

Ju = (L2[B) (Bx?ly)

where [ is the length in cm., £ the modulus of elasticity for
copper (1-15 x 10% kg. per ¢cm.2), « is the radius of gyration of the
section of the bar about an axis through its centre of figure and
perpendicular to the plane of flexure, and y, is the density of
copper (89 x 10-3 kg. per em?). For example, consider two
parallel bars 3 em. broad and 0-8 cm. thick ; then «? = 0-8%(12; if
I = 55 cm. the natural frequency of oscillation is found from
the above formula to be 100 cycles per sec. Since the force due
to the a.c. in the bars has two maxima per cycle of the current,
if f= 50 cycles per sec. the bar will be set into resonance.
Such a circumstance can only be avoided by modifying the size
of the bar until resonance coes not occur and by preventing
forced oscillation of any kind by firmly binding the two lead-in
conductors together.

22. The Bar-type current transformer. The simplest type of
current transformer has a ring core upon which the secondary
turns are toroidally wound; the primary consists of a single
conductor passed centrally through the opening of the ring.

k. The primary and secondary are easily insulated from one

another up to the highest voltages by the use of paper or
porcelain tubes, condenser bushings, or by other means. The

{ symmetrical arrangement of the parts results in a compact,
8 robust, and mechanically strong construction; there are no
b electrodynamic forces tending to produce relative displacement

of the windings. Moreover, it is easily possible to provide such
a cross-section of primary conductor that excessive primary
currents produce negligible heating. The insulation is dry and

* S. Timoshenko, Vibration Problems in Engineering, p. 233 (1928). Also
for the classical treatment of the vibration of bars, see Lord Rayleigh, Theory

k. of Sound, vol. 1.
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practically fireproof. Consequently, this construction may be
regarded as ideal from the standpoint of thermal and mechanical
security under primary short-circuit conditions, since its
strength in both these respects is almost unlimited.

We have seen earlier in this book that the ratio error and
phase-angle of a simple current transformer will be small only
if the exciting ampere-turns for the core are a small fraction
of the total primary ampere-turns, and it has been shown
that this necessitates a core of large section and short length

Core height
in mm.
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800 : } \
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300 \

sooh \ \
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80 v \V
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Fie. 73. VariarioN oF Core HEIGHT WirH PRIMARY CURRENT
o RATING IN BAR-TYPE TRANSFORMER

(i) Si-Fe core; (ii) 8i-Fe core with additional magnetization ;

(iti) Ni-Fe core; (iv) Ni-Fe core with additional magnetization
of magnetic path together with a value of primary ampere-
turns not less than 1000 when high accuracy is demanded of
the transformer. Since, in the type under consideration, there.
Is only one primary turn, the ampere-turns become equal to the
primary current; hence high accuracy can be obtained with &
single primary conductor only with large primary current
It is easy to obtain the low accuracy of ratio suitable for rels;

operation with any value of primary current, large or smallg

With a silicon-iron core and a rated output of about 15 VA. hig
accuracy within the limits of Class 0-5 cannot, be easily secure
with less than 500 amperes or of Class 1-0 with currents belo
300 amperes. Bar-type transformers are, therefore, unsuite

for the operation of watt- and watt-hour meters below thesed

primary current limits, unless auxiliary means are provided
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for the reduction of their ratio and phase defects at these lower
currents, between 50 and 500 amperes, usual in modern high
voltage systems. Again, at high voltages the thickness of
insulation between the primary conductor and the secondary
becomes considerable, thereby greatly increasing the mean
perimeter of the ring core, the exciting ampere-turns required
by the iron and the ratio error and phase-angle of the trans-
former.* The simplicity of the single-conductor or bar-type
transformer, the ease with which it can be insulated for high
voltages and its ideal short-circuit-proofness make it most
desirable for general adoption wherever possible in modern
networks. Considerable attention has been given in recent
years to the perfecting of numcrous compensating methods by
which high accuracy, suitable for metering, can be secured at
currents as low as 100 amperes; many of these are discussed in
Sections 4, 5, 6, and 8 of this chapter. The desired properties
may be most simply obtained by the use of a nickel-iron core,
as described in Section 9; further, by combining one of these
compensating devices with a nickel-iron core, metering accur-
acy has been attained down to 50 amperes.

In this connection some tests made by Reichet may be cited. Using
rings of the same diameter, transformers werc made of silicon-iron and
of nickel-iron plates built up into cores of various heights, with or
without additional magnetization. With a constant non-reactive bur-
den of 15 VA. the primary current was determined for which the trans-
former retained the accuracy of Class 0-5; the results are plotted in
double-logarithmic co-ordinates in Fig. 73, showing in a striking way
the advantage of nickel-iron over silicon-iron in regard to the bulk of

- the transformer core. It is to be moted that to secure high accuracy
F: with low primary currents, even using nickel-iron and auxiliary mag-
& Detization, the core becomes very high; e.g. with I, = 50 amperes
f the core is nearly a metre high and will be both heavy and expensive,
but is practically feasible if required.

Billig} has pointed out that there are instances where it is desired

f to obtain, with a small number of primary ampere-turns, a higher
§ accuracy than can conveniently be got from a silicon-iron core and yet

maintain this accuracy over an unusually long range of current, an

* W. B. Buchanan, “Overload limitations of high voltage single-turn-

1 Primary current transformers,” Univ. of Toronto Eng. Res. Bull., No. 1,
k Pp. 191-239 (1919). H. Neugebauer, “Stromwandler fiir Schutzsysteme,’

Sremens Zeits., vol. 11, pp. 147-151, 192-198 (1931). ‘“‘Accuracy of measure-

ment and short-cireuit reliability of current transformers,” 4.5.E.4. Journal,
] vol. 7, pp. 55-56 (1930).

T W. Reiche, “Die Verbesserung des Stabstromwandlers fiir kleine Primar-

f Strome,” Elekt, Zeits., vol. 53, pp. 961-965 (1932).

! E. Billig, “Normale Stromwandler mit Mischkernen,” E.u.M., vol. 52,

- PP. 199-203 (1934). See also A. Kussmann, loc. cit. on p. 103.
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advantage which the high saturation density of silicon-iron would pro.
vide. He suggests combining the properties of nickel-iron (high acey-
racy, low saturation density) with those of silicon-iron (lower accuracy,

high saturation density) by constructing a transformer with a ‘‘mixed *

core,” consisting of a suitably selected combination of both materials,
His tests show that it is easy by this means to secure an accuracy of
ratio and phase-angle little inferior to that obtainable from a nickel-
iron core, and to maintain this accuracy up to a ‘‘break-away” point
almost as good as would be given by a silicon-iron core.

In the bar-type transformer proper the primary conductor
forms an integral part of the construction and consists of a
copper bar of circular section proportioned to satisfy the con-
ditions of the short-circuit thermal rating, this bar passing
through the toroidally-wound ring core, as shown diagram-
matically in Fig. 74 (@). Such transformers are frequently made
with two independent cores having different characteristics,
one core operating measuring instruments and the other
actuating relays, etc., as in Fig. 74 (b). To obtain adequate
accuracy it is now common practice to make the measuring
core of nickel-iron plates, while silicon-iron is used for the relay
core. Since nickel-iron saturates at about 9 000 lines per sq. cm.
and silicon-iron at about 17 000 lines per sq. cm. a small
nickel-iron core will, in consequence of its early saturation,
give considerable protection to the instruments against damage
on overload while giving high accuracy of measurement under
norinal conditions. It is cheaper to use a double-core trans-
former of this type than two separate transformers. The
Siemens & Halske Co. -obtain measurement and relay service
from a single core by the device shown in Fig. 74 (c).
predetermined value of the secondary current the ammeter
and relay are supplied in series; when this current is reached
an over-current relays hort-circuits the ammeter while the
relay continues to operate alone.

Fig. 74 (d) shows a 200/5 bar-type transformer with two
cores manufactured by Siemens & Halske,* the sheet metal
cover being removed to show the internal construction. Fig
74 (e) shows the arrangement of the transformer in a mor

* Numerous examples are given in the following papers and elsewhere
C. Schrader, ‘Kurzschlusssichere Stromwandler,” Hlekt. Zeits., vol. 43, P
1478-1482 (1922); E. Zopf, ‘XKurzschlusssichere Stromwandler,” Elekt.”
Betrieb, vol. 22, pp. 27-28 (1924); C. Lampis, “ Riduttori di corrente a scopo
protettivo,” L’Eletiro., vol. 12, pp. 665-672 (1925); A. M. Wiggins, ‘‘Ring-
type current transformers,” Elect. J., vol. 24, pp. 621-625 (1927); A. Kutzer,
“Uber Einleiterstromwandler,” Elekt. Zeits., vol. 49, pp. 316-318 (1928);.

K. Sachs, “Progress in Brown-Boveri design during 1932,” B.B. Rev., vol. 2
Pp- 29-31 (1933).

Uptoa
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Overcurrent
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(c) Single Core with
Qvercurrent Relay.

Fig. 74. THE BAr-TYPE CURRENT TRANSFORMER

diagrammatic way. At higher voltages longer insulating tubes
are necessary, as in the example of Fig. 75 (a) constructed by
the Metropolitan-Vickers Co. for 35kV. Alternatively the
insulation may be a condenser bushing with intersheaths.
Other firms* insulate the bar with porcelain, accommodating °
* . Keinath, “Porzellanisolierte Stromwandler,” Arch. f. tech. Mess.,

2286-1, July (1933). Figs. 74(f) and (g) are adapted from diagrams in this
article.
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the cores on the outside of a one-piece bushing, as in Fig. 74 ()
or within the body of a two-piece insulator in the way shown
by Fig. 74 (g). Fig. 75 (f) illustrates a 35 kV transformer with
porcelain insulation, the cores being enclosed in a cast-iron
box suitable for outdoor use.

Fig. 75 (b) is an interesting example of a transformer provided

Metropolifan -
Vickers.

F16. 75. TyPES oF BAR-TYPE CURRENT TRANSFORMERS WITH
Fixep PriMary CoNDUCTOR

with three cores upon a common primary bar, one for relays,
the second for meters, and the third for differential protective -

gear. The ratio is 150/5, the circuit voltage 10 kV; the output
is 30 VA for errors within Class 1 for the measuring core and
Class 3 for the other cores.

The bar of circular section is usually used for currents up to
about 5 000 amperes ; above this value it is often more convenient
to use a bar of rectangular section, or several such bars in par-
allel, passing through a core with a rectangular opening. Fig. 75

" core used with rectangular-sec-
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(c) shows a type of transformer for direct insertion in a bus-bar

f' for currents from 100 to 3 000 amperes; the core is clamped

between moulded insulating caps and two secondary coils are
provided, one on each side of the bar. A great advantage of
the circular ring core is that it is quite immune from the influ-
ence of stray magnetic fields set up by neighbouring conductors,
since it is completely overwound with its secondary coil. This
advantage is not nearly so easily secured with the rectangular

tion bars for large currents and
the accuracy of transformers so
constructed may be seriously
impaired by stray field effects.
Fig. 75 (d) shows an example of a (!
non-astatic transformer with only
a single secondary coil upon the
upper yoke, the primary bar being
designed for currents up to 2 000
amperes and insulated for 2 kV to
earth. Fig. 75 (e) illustrates a
transformer for 30 000 amperes
with four secondary coils giving
approximate astaticism: at 60
eycles per sec. and a rated burden
of 25 VA with cos ¢ = 0-8, K,
varied from 1-0025 to 0-999 be- '

bveen 10 per cent and 100 per o 76 Bawovrs Conve
cent of full-load, A changing from  ‘Caprm or Bus.Bar PriMary
-+ 9 min. to — 2 min.

Toroidal ring cores are frequently used to slip over a con-
ductor or cable, thereby forming a bar-type transformer
without the primary as an integral part of the construction.
A core such as Fig. 76 (a) (Ferranti) may either be mounted
upon the insulator of a switch or a transformer or assembled
upon the primary conductor within the oil-tank.* For mount-
ing in the run of a conductor or cable, suitable insulating bush-
ings of porcelain, paper, bakelite or other material may be

* For a consideration of the properties of bushing type transformers, see
P. Bary, “La protection différenticlle des lignes et des transformateurs de
puissance du moyen des transformateurs de bornes,” Rev. Gén. de 'EL., vol. 18,
Pp. 565-572 (1925). K. Maekawa, Y. Noritomi and G. Takeuchi, “The bush-
g type current transformer,” Res. Hlect. Lab. Tokyo, No. 280, pp. 1-29
(Feb., 1930). C. Bresson, ‘Montage sur,_ les bornes des interrupteurs de trans-
formateurs de mesure,” Rev. Gén. de ElL., vol. 29, pp. 227-234 (1931).
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provided, as in Fig. 76 (b) (Metropolitan-Vickers). For assembl
over bus-bars the rectangular core with four secondary coily
is usually preferred, as shown by Fig. 76 (c) (Ferranti). Thj:
T A example is rated for 60 VA up
to 15 000 amperes and, in order
to avoid very high voltages if
the secondary is opened, has a
secondary current of 50 am-
peres; this is stepped down to
the standard 5 amperes by
means of an intermediate 50/5
transformer. An interesting
example of a special design*
of the transformer to build
round very large bus-bars is
shown in Fig. 77. The secon-
dary consists of a closed chain
of units in series, cach of which
is designed for a current of 5
amperes with a primary current
of 2000 amperes; the number
of units is chosen to correspond
with the total primary current.
The transformer illustrated is

400 Turns

€% minutes

=]

40 000 am i
—— %0 ‘ peres supplied to a
\ ﬁ / carbide furnace, and consists of
/

o | 2 20 units assembled on site round
. the primary conductors, which-

05 — o are omitted from the diagram.
Error curves are shown. It was

(o}

0 .
o 50 100 %, ticallyunaffected by stray fields
Fie. 77. Kewvare’s “CHAIN” a’. return  conductor 20 cm.
CurRENT TRANSFORMER (S. & H.) distant had no influence upon

the results, showing that the

arrangement is almost astatic. It is to be noted that the curves

are of an abnormal shape, due largely to the effects of the

magnetic leakage (see p. 134). .
The modern high-voltage cable is a triumph of successful

insulation design; by using such a cable as the primary

* G. Keinath, “Der Kettenstromwandl i ir ho
stirken,” Elekt. Zeits., vol. 41, pp. 788—798? I?EOXVandler fiir hgehste Strom

Cuar. III] THE CURRENT TRANSFORMER 179

. able; the accuracy is within .~ " -

.- netization provided by aux- Erminal for§

used to measure a current of -
iliary cores it is possible to

. cheaper than through-bush- ~ CurrExt TRANsFORMER (A.E.G.)
found that these were prac- _.

%

conductor of a bar-type transformer the insulation of the cable
takes the place of the bushing, etc., normally interposed be-
tween the primary and the ring core with its secondary winding.
Two types of cable-primary transformers have been developed -
in Germany. The first, due to Rottsieper,* is made by the
A.E.G. and takes the form of a cable terminal box of silicon-
aluminium alloy designed to accommodate the ring core, as
shown in Fig. 78 for a
30kV unit; the diagram
indicates clearly the general
principle of construction.
To facilitate the testing of
ratio and phase-angle before

Coble core —_! 3

Porcelain

and after Installation, an Fxing for oo
auxiliary primary, consist- metalhzed coonaary,
yp A intersheaths Termial box

ing of a copper tube, ix
provided. A full range of _

. Terminal for
transformers for primary 7st P‘”’g)’l e
currents from 100 to 500
amperes and voltages from

30 to 100 kilovolts is avail- Core

Secondary

the limits of Class 1, but by Casing r-—
the use of auxiliary mag- L

")
fest primary Brass gland

7
reach the accuracy of Class Plumbed joint
0-5. Tt is claimed that the Leod-sheathed §
cable terminal transformer coble

is lighter, less bulky, and Fic. 78. CaBLE TERMINAL-BOX

ing or oil-filled types. :

The second type of cable-primary transformer is manufactured
by Koch & Sterzel A.G. of Dresden, and is shown in Fig. 79.
It is designed for assembly upon the spare length of cable
passing from the cable-duct to the cable terminal, the method of
construction being as follows: The divided base plate and t

* K. Rottsieper, “Kabel-Endverschiuss-Stromwandler fiir hohe Spann-
ungen,” A.E.Q. Mitt., part 4, pp. 161-164 (1928); Elekt. Wirts., vol. 27, pp.
555-558 (1928); E.u.M., vol. 46, pp. 963-964 (1928). “‘Schaltungen zur .
Priifung von Kabelendverschluss-Stromwandlern und angeschlossenen Netz- ¥ i
schutzeinrichtungen,” A.E.G. Mitt., part 8, pp. 289-291 (1932). *Kabelend-
verschluss-Stromwandler mit Fehlerkompensation (D.R.P. Angemeldet),” ENN
4.E.G. Mitt., part 2, pp. 38-40 (1933). i
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:;Iil(f;)ﬂaftlrn% }11:ube are dﬁrst ﬁxgd round the cable to form g, founda- for convenience of construction between one to five elements,
eonsisg f: secondary coils and cores. Each secondary coil ¥ high accuracy and considerable output can be obtained over a
a centrslo wlo S‘}Paraﬁ‘? parts wound.upon formers subtending  #F current range from 100 to 1000 amperes.* For example, a
the cabalb i’ngl e of 150%; the two coﬂ-sectorso are placed round -~ ¥ five-element core gives Class 1 accuracy for 100, 230, 500 and
© to leave an angular aperture of 60° as shown by the ] 1000 amperes with rated burdens of 10, 30, 120 and 400 volt-

dotted lines in the plan view. Each core plate is a ring split amperes respectively; the transformer weighs 60 kg. and has

an overall height of 77 em.

It is appropriate to mention here a further modification of the bar-
type transformer, namely, the split-core or clip-on type of current
transformer used in conjunction with a portable
ammeter to check the current in feeders, fuses, ete..
during inspection routine. The ring core is divided
into two parts, one attached to each of the limbs of
a pair of tongs which are normally kept closed by a
strong spring. Pressure on the handles of the tongs
opens the core, which may then be passed over any
¢ suitably insulated conductor and clipped thereon
- while readings are taken. A typical design is illustrated
in Fig. 80 (Compagniec des Compteurs), having the
abutting faces of the core shaped to give a good
joint; the apparatus is insulated for 800 volts. Similar
transformers are made by many manufacturers, both
British and foreign, and are adapted to higher
. voltages by the provision of long insulated handles.
These transformers are calibrated to work at a single
frequency with a given ammeter; the faces of the
core must make good contact and, to this end, must
be kept free from'dust and dirt. A much improved

Cable terminal
msulator

lnsu/af/qg dsc

[nsu/ofrrg fube

b Meiod of mserting
il core laminations

/nsu/aﬁry Spiinder

< Sheef metal cose

| Completed coe
ond secondary

i

Gurrent fronsformer | - split-core transformer has been patented by Mr. ¥ g&mf\f‘:’ -oN
. Shotter and is manufactured by Messrs. Elliott Bros. TRANSFORMER

- This has a rectangular core with the secondary wound (COMPAGNIE DES
upon inwardly projecting poles, the magnetic circuit COMPTEURS)
- containing a permanent air-gap so that the presence of

dirt has no effect on the accuracy; moreover, the length of the gap can
t be adjusted by means of a graduated screw to vary the range of the
¢ transformer. The rated primary current ranges from 50 to 1000 am-
f Peres; the rated secondary current is only 50 milliamperes, enabling
E long leads to be used without affecting the accuracy of calibration.

F1a. 79. CURRENT TRANSFORMER FOR ASSEMBLY AROUND A CABLE
(Kocr & StERZEL)

23. Short-circuit-proof current transformers with multi-
¥ turn primary windings. No current transformer is, in the
P Strictest sense, absolutely proof against the thermal and
f mechanical effects of an unlimited primary current, but we
have seen in the preceding section that the bar-type trans-
former approaches the ideal in this respect, since its construc-
F tion renders it almost perfectly secure under the severest
b short-circuit conditions encountered in practice. At high

alor}g one radius so that the plate can be opened and bent into
position within the coil-sectors; care is taken to “break joint”
and when the whole space is filled the coils are turned to be
symmetrically situated about the horizontal line in the plan.
The process 1s repeated for the second, third, etc., cores, the,
qudlngs being finally put in series. After adding the upper.
divided plate the transformer is covered with a split insulating

tube and a sheet-iron casing. By using a large area, divided * See Reiche, loc. cit. ante on p. 173.
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voltages the rated primary currents are often much less than
few hundred amperes, and it has been shown that the attain-
ment of a sufficiently small ratio error and phase-angle in g
bar-type transformer presents considerable difficulty, esti)ecia,ll

for the lowest currents, below 150 amperes. Nor is it easy tZ
obtain from low-current bar-type transformers a reasonably
large secondary output unless heavy and bulky cores are used
The desired high accuracy and large output can be secured,
and the size of the transformer reduced, by the use of a woun(i

(a) (4) (c) ) (e}

Frc. 81. EvoLuTioN or Wouxb PRIMARY FROM BAR PRIMARY
primary with several turns, thereby increasing the primary

ampere-turns, but this tends to sacrifice the inherently robust
character of the bar construction and makes it mugh more

difficult to attain a high degree of dynamical security. Much -

attention has recently been given, especially in Germany,* to
the design of a short-circuit-proof current transformer with
multi-turn primary ; it is the purpose of this section to examin
some of the most successful solutions of the problem.

Fig. 81 (a) shows in diagrammatic section a simple bar-type:
transformer consisting of a ring core with its toroidal winding,

* G. Keinath, “ Uber die Anforderung an Stromwandler in Kraftwerken,
Elekt. W,i,r‘ts., vol. 30, pp. 60-68 (1931). “Uber den Bau moderner Stro
wandler, }dem., vol. 30, pp. 85-90, 195-199 (1931). ““Kurzschlussfeste Strom
wandler fiir Hochspannungsanschliisse mit kleinem Nennstrom,” Arch.
tech. Mess., Z250-1 (1932). Also see Elekt. Zeits., vol. 42, pp. 905—’910 (1921
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 jccuracies and outputs if so desired. Alternatively, the bushings

may pass through the “windows” of a shell-type core with the

g secondary on the middle limb, as in Fig. 81 (¢) * It will be
- appreciated that the primary turn, especially at high voltages,
¥ is necessarily long, making it wasteful of copper and mechani-
-~ cally weak; considerable bracing is required to produce any

reasonable security against deformation under short-circuit
forces. Moreover, the long coil has a relatively large self-
inductance, increasing the susceptibility to transient voltage
rises (see Section 26).

The insulators may be of porcelain or of paper, the former alone being
suitable for outdoor transformers. Paper bushings for the highest
voltages are constructed on the condenser terminal plan.t Fig. 82 (a)
shows a porcelain-insulated transformer for 7 kV to earth and a pri-
mary current not exceeding 300 amperes, with one ring core (B.T.H.);
the insulators are provided with a copper lining connected to the pri-
mary coil, in order to eliminate silent discharge and corona, the pro-
duction of acid action and consequent deterioration of the insulation.
The overall length is about 52 cm. Fig. 82 (b) shows an example with
brown-glazed porcelain insulation for a working voltage of 100 kV
(Koch & Sterzel), the primary current being from 20 up to 800
amperes and the rated output 120 VA at 50 eycles with an accuracy
within the limits of Class 1. It will be noted that the insulators are
braced at the open ends by metal caps, within which the primary turns
are enclosed, these acting as terminals. The transformer is 288 cm.
long. A further example, Fig. 82 (c), is a very large transformer nearly
4 metres high constructed by the Sachsenwerk A.G. for the super-
Power station at Bohlen; this transformer has paper condenser bush-
ings for a working voltage of 135 kV, its current ratio being 400/20.

The A.E.G. has recently developedl a series of short-circuit-proof
transformers, for working voltages of 11-5 and 23kV (42 and 64 kV
test voltage) and rated primary currents from 5 to 400 amperes,
Wwhich have interesting features. Fig. 83 illustrates a 23 kV transformer
for an output of 30 VA (Class 1) or 15 VA (Class 0-5). The primary
winding is porcelain-insulated, and the insulators are braced by strong
cast-iron terminal caps. The secondary is wound upon a shell-type

* For a discussion of the influence of different numbers of conductors in

, the two windows upon the magnetic leakage and accuracy of the transformer,

see p. 137.
t The first application of a condenser terminal to a wound-type bushing

b transformer is in German Patent No. 220 920 of 4th Dec., 1909 (Siemens &
- Halske). .

I G. Friedlaender and K. Wethmiiller, “Uber die Kurzschlussfestigkeit
df?s Mehrleiterwandlers,” A.E.G. Mitt., No. 8, pp. 491495 (1931). “Mehr-
1elter-Durchfiihrung-Stromwa,ndler mit hoher Kurzschlusssicherheit,” idem.,
No. 4, pp- 156-157 (1932); also see Arch. f. tech. Mess., Z284-2 (Nov., 1932),

and 4.E.G. Mitt., No. 3, pp. 85-86 (1934). A somewhat similar type made

by the Sachsenwerk A.G. is described by W. Riegel, “Ein und Mehrleiter
(Slt;gmwandler mit Porzellan Durchfiihrungen,” Elekt. Zeits., vol. 52, p. 286
1).

*
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core; .tvwo cores can be provided, both for measuring
{or t?ls purpose and one of lower accuracy for relay
ranstormer is compensated by the method of Fj
s gs. 43 and 55,

ghermal securlt}f of 100 and dynamic security of 250-300 can ei,si]A
e guaranteed, i.e. the transformer will withstand a sustained short,y
tclxrcult; current of 100 times the rated value for one second without;
hermal damage and a first current amplitude 250-300 times that of
the normal current Wiithr)ut, mechanical deformation. It is possib(l)e

purposes or ope
operation. The
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Fi1c. 82. TypEs oF CURRENT TRANSFORMERS WITH WouxD

PRIMARY aAND THROUGH BUSHINGS

greatly to increase these figures, say ten tim i
;nea,ns. _S%nce there is neither comp(};und, papii, Orfoxr-n (())ilie’inbf};’hZII(ti:ll;;‘j
t;)lrmer it is al?solutely ‘ﬁre-proof. The design illustrated is for use as &
rough bushmgz but it can be easily adapted for insertion in a bus-
bar or other horizontal conductor. In this form a one

is used. i - - .
i S?Sui) ;fientlcal a,bove‘ the core with Fig. 83 but completed below a3

The length of turn in the shell-type, two-bushing transformer
of Fig. 81 (¢) can be greatly reduced, and the short-circuit-
Proofr}ess ther.eby increased, by the simple artifice of Fig. 81 (d),
In which the insulator consists of a single bushing intersected.
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at right angles to its axis by an insulating tube surrounding
the secondary coil. Such an arrangément is readily constructed
in ribbed porcelain, as in Fig. 81 (e), the ribs resulting in a
further reduction in overall height for a given voltage. Current
transformers on this ‘““cross-hole” principle are made by
Messrs. Koch & Sterzel* for primary currents from 5 to 800
amperes up to a test voltage of 100 kV ; as it is difficult to make
satisfactory one-piece porcelains
of the desired type to withstand
higher test voltages, cascade connec-
tion of two elements is resorted to
up to 180 kV and of three elements
for 250 kV (see Section 25). Fig. 84
shows a cross-hole transformer of
the through-bushing type in part
section, and indicates clearly the °
method of construction; Fig. 85
gives, in a similar way, an illustra-
tion of the supporting-insulator
type, also shown diagrammatically
in Fig. 81 (f). The insulators are
metallized upon the inner surface
and the completed transformer is
filled with graphite and sand, form-
ing a fireproof conducting filling
which eliminates internal corona
from the primary winding. This
latter is made of flexible cable to facilitate the insertion
of the turns through the confined space within the insulator.
As would be inferred from the excellent mechanical design,
this transformer is in the highest possible degree short-circuit-
proof.

From the mechanical point of view a circular primary coil
is least liable to deformation; several types of short-circuit-
proof transformers embodying this principle are in existence.
Of these the ‘“crossed coil” transformer due to Keinath,t
manufactured by the Siemens & Halske A.G., is of particular

o Protective
Res:stance

F1c. 83. SHORT-CIRCUIT-PROOF
CurrRENT TRANSFORMER (A.E.G.)

* D.R.P. 325 495, 11th June, 1919. F. J. Fischer, “ Stromwandler,” K.u.S.
Mitt., No. 12, pp. 1-35 Sept. (1927). W. Reiche, “Die Anpassung des Quer-
loch-Stromwandlers an schwere Kutzschlussbedingungen,” E.w.M., vol. 46,
Pp- 1006-1009 (1928). “‘Schwierige Porzellankorper fiir den elektrotechnischen
Apparatebau,” Elekt. Zeits., vol. 52, pp. 278-279 (1931).

t D.R.P., Nos. 394 552 (4th Dec., 1920), 413 254 (Aug. 30, 1923), 430 317
(12th Dec., 1923). G. Keinath, “Neue Richtlinien fiir den Bau elektrischer
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interest; it is shown both diagrammatically and in outside
view in Pig. 86. The secondary winding is a toroid wound upon
a ring core; the circular primary turns are threaded through
the opening and are overwound with insulation until the hole
is filled. A presspahn shield protects the more lightly insulated
upper portion of the primary coil. This construction is mechan-
ically ideal and lends itself readily for use at very high voltages.
For the lower voltages porcelain-insulated types have been

Frotective
Resistonce

Fic. 84. Tue “Cross-HOLE” F1e. 85. Tue “Cross-HOLE”
CURBRENT TRANSFORMER ; CURRENT TRANSFORMER ;
TurouveH TyrE (KocH SurrorT Tyre (KocH
AND STERZEL) AND STERZEL)

designed by the Compagnie des Compteurs and by the Sach-

senwork A.G. The former design is shown in Fig. 87 (a); g

from this sectional diagram it will be seen that the primary
conductor is threaded through a curved porcelain tube which
gives to the winding the desired circular form. Similar in

principle, but rather different in construction, is the Reifensirom-

wandler (literally, “tyre current transformer”’) of the Sach
senwerk,* shown in external view in Fig. 87 (b). Tests on &

Messgeriite,” Zeits. des V.D.1., vol. 72, pp. 1784-1790 (1928); “Die Entwick
lung der Stromwandler fiir Hochspannung,” Messtechnik, vol. 4, pp. 287-292
(1928); *“Messwandler. Allgemeines. Stromwandler. Spannungswandler,” Bull
Schw. Elekt. Verein, vol. 24, pp. 93-97 (1933). Keinath’s other general papers,
previously cited, may also be advantageously consulted.

* “Reifen-Stromwandler,” Elekt. Zeits., vol. 53, p. 219 (1932). A. L.
Miller, “Kurzschlussversuche an einem Reifen-Stromwandler,” E.u.M.
vol. 51, p. 138 (1933).
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transformer of this type for 20kV, 30/5, 15 VA, Class 0-5,
show that it safely withstood for 10 cycles a sustained short-
circuit current of an amplitude 319 times that of the normal
rated current, clearly demonstrating its mechanical security.
A further interesting design for use up to 35kV is that due
to the Ateliers des Constructions Electriques de Delle, shown

Fre. 86. THE “CrossED-cOIL” CURRENT TRANSFORMER (8. & H.)

in Fig. 87 (c). The porcelain body takes a form resembling a
disc suspension insulator, the eircular primary turns passing
through a channel in it; the core is of horseshoe form and
carries two secondary coils, one within the porcelain and one
on the lower yoke. )

A further group of transformers uses both primary ar}d
secondary coils in toroidal form, a typical example shown in
Fig. 88 (a) being due to the firm of Walter in Paris. The core
with the secondary is mounted on a porcelain bobbin, the
whole being fixed with compound inside & supporting insulator
which carries the toroidal primary; this insulator is, in turn,




