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voltage transformers, resulting in displacement of the neutral
point and in certain peculiar conditions of oscillation and
mstability. Stigant and Lacey* have described an interesting
case qf voltage rise due to neutral inversion in two transformers
stepping dpwn from 33 000/110 V. The primary windings were
connected in ““ vee ”’ on the primary side and joined to the three-
phase supply through three uncoupled single-pole isolating
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switches; the secondary windings were inde

unearthed. It was found that Wit};g one switchdcllt))zgge:rﬁd 3;1}11‘:
other two open one of the secondaries flashed over to earth
and the Insulators of the open switches showed an abnormal
brush discharge, indicating a considerable rise of wvoltage.
T.he effect was traced to the establishment of neutral point
displacement and the setting up of resonant conditions between
the earth-capacitances of the system and the inductance of
the transformer windings. The radical cure was found to be
the use of coupled isolating links and the connection of the

* 8. A. Stigant and H. M. Lacey, i
ze . M. Y, * Abnormal voltage rises in e.h.t. potential
gﬁgzgor{flfrxl‘i,ers?()lgc. g’zmis, vol. 7’]7, pp- 15-18 (1930).g A. Bolyajim; agg %a IJ-
, of syste i itchi i »
Bev,vol. 34, po 436~43:’39 (rlr;) ;‘T?}l ting from switching operations,” (en. Elec.
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secondary windings in ¢ vee ”” with their common point solidly
earthed. Other observers* have described similar phenomena
in three star-star coinected voltage transformers with earthed
neutral point operating on a system which is otherwise un-
earthed.

The fundamental principle of these phenomena can be
explained by reference to Fig. 153 (a) which shows a single-
phase, two-wire circuit with equal earth-capacitances C,,,
C,, joining the lines 4, B to earth. A voltage transformer,
represented by an inductance L, is connected between line A
and earth; the whole circuit is equivalent to Fig. 153 (b); see
Appendix VIII. If the inductance draws a negligible current
and losses are neglected, the earthed neutral point N lies
midway between the potentials of 4 and B, as shown by
Fig. 153 (c), and the capacitances take equal currents in leading
quadrature with the respective voltages across them. Suppose
now the coil to take a certain magnetizing current; then the
resultant current of C,, and L in parallel will still be leading
but reduced in amount, since the branch AN in Fig. 153
{b) has an apparently higher capacitive reactance than before.
Consequently AN takes up more than half the line voltage
and NB less, so that N is nearer to B than to 4 as in Fig. 153
(d). When the magnetizing current of L and the charging
current of C,, are equal, the branch AN behaves like an
infinite impedance ; the circuit takes zero current and the points
B and N in Fig. 153 (e) then coincide. If the magnetizing
current still further increases, the branch AN assumes an
inductive character, the current lags and B moves down below
N'; the neutral point is thus outside the line voltage diagram,
a condition described as neutral point displacement or inversion,t
and illustrated by Fig. 153 (f). When the current taken by L is
twice that in C,, the resultant inductive impedance of the
branch AN will be equal to the capacitive impedance of NB;
Le. the current in the circuit is infinite and lagging. The circuit

* C. T. Weller, ‘““Saturation phenomena in potential transformers,” Elec.
Eng., vol. 50, pp. 106-109 (1931). A. Boyajian and O. P. McCarty, “ Physical
nature of neutral instability,”, ibid., pp. 110-113 (1931). C. W. La Pierre,
“Theory of abnormal voltages,” ibid., pp. 114-116 (1931). J. R. Mortlock,
“Earthed potential transformers on insulated systems,” Elec. T'imes, vol. 87,
pp. 69-71 (1935).

1 It will be understood that the displacement is relative. Since the neutral
poins is earthed its potential is fixed and the displacement is actually that of
the line potentials relative to N. The term inversion does not seem very apt;
it is liable to confusion with the geometrical process on the one hand and
with the idea that something has been turned upside-down on the other.
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is then in resonance, 4 and B in Fig. 153 (f) moving off to
infinity below. Thereafter, further increase in the magnetizing
current brings these points back from infinity above, since the
current in the circuit 4 B changes from lag to lead as resonance
is passed through, until with an infinitely large magnetizing
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Fia. 153. ILLUSTRATING NEUTRAL-POINT DISPLACEMENT IN A SINGLE-
PHASE CIRCUIT
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current the line voltage is borne across N B, see Figs. 153 (g)
and (h). It follows that inversion will occur for all values of
magnetizing current in-“excess of the charging current of C,,
and the voltage to earth of one line at least will rise to not less
than the line voltage. High voltages can thus be set up without
the necessity for exact resonance, irrespective of whether L is
iron-cored or not.

Conditions such as have been described may be established in a
single-phase circuit if L is half the primary winding of a voltage
transformer joined across the lines and earthed at its mid-point.
If the connection to the lines is via two uncoupled switches
the insertion of one switch only will suffice to reproduce Fig.
153 (a) exactly. If the normal magnetizing current of the
transformer is less than the charging current of the line, B
moves toward N (Fig. 153 (c) ) resulting in over-excitation of
the transformer and still further displacement of the diagram.
The magnetizing current may attain many times the charging
current so that the arrangement passes through resonance and
returns to the state of Fig. 153 (h). The circuit is inherently
unstable and may be set into a state of persistent and dangerous
oscillation. Losses and saturation tend to reduce the amplitude
of the resonance voltages and to change their phase, so that
the locus of N relative to 4 and B in the vector diagrams is
not the line AB but a closed curve; considerable losses may,
indeed, result in a stable non-oscillatory state.

The phenomenon is somewhat modified by saturation, as
indicated by Fig. 153 (i). The volt-ampere characteristic of
the condenser is the dotted straight line drawn to the left;
that of the coil is the saturation curve drawn to the right. The
resultant characteristic is the full-line curve and has three
regions: OC where the current leads in quadrature on the
voltage and increases nearly in linear proportion to it, the
circuit being capacitive and in a stable state; CD where the
leading current decreases with rising voltage, so that the circuit
has an instability somewhat of the same nature as that of an
electric arc; DE where the current lags in quadrature on the
voltage and increases very rapidly with rise of voltage, the
circuit being again in stable equilibrium. At the point D the
condenser current and the coil current are equal and opposite
and the resultant current is zero; the system is in parallel
resonance. It is well-known that the exciting current taken by
a transformer on switching-in may be a large multiple of its
normal value, according to the point on the voltage wave at
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which the switch is closed. Consequently, the transformer-
earth-capacitance combination may easily be put on the
unstable part CD or the part DE of its characteristic, resulting
in inversion and considerable voltage rise. Roughly speaking,
the effect of saturation is to reduce the maximum voltages
but to increase the range of circuit parameters which may
cause inversion, i.e. the probability of inversion occurring is
greater with saturation than without.

Turning now to three-phase circuits, Fig. 153 (2) may be
regarded as representing line-to-neutral conditions for one
phase of a star-connected system with insulated star-point.
In Fig. 154 (a) C,,, C,,, C,5 are the equal earth-capacitances of
the lines, and Ly, L,, L; are the inductances of the primary wind-
ings of three similar voltage transformers joined in star with the
neutral point earthed. With all the switches closed and normal
conditions, the neutral point is at the centre of figure of the line-
voltage triangle, Fig. 154 (b); each line is, therefore, at a voltage
above earth equal to the line voltage divided by /3 and repre-
sented by the heavy vectors in the diagram. Suppose now only
one switch to be closed, giving the equivalent circuit of Fig.
514 (c). Then it is easy to explain, in the same way as for a single-
phase circuit, how the voltage triangle will be displaced relative
to the neutral point as the magnetizing current of L, increases
from zero, Fig. 154 (b), to an appreciable value less than the
charging current of C,,, as in Fig. 154 (d). When the currents
in L, and C, are equal, Fig. 154 (e), the combination carries
zero resultant current and behaves as an open circuit; N then
falls on the line voltage II, III. Further increase in the mag-
netizing current puts N outside the voltage triangle, Fig. 154 (f);
this is the neutral inversion and the effective impedance of
phase I is now inductive. In the absence of losses, when the
lagging impedance of the L, C,; combination is equal to the
leading impedance of C,, and C,; in parallel, true resonance
occurs; the total current is infinite and the voltage triangle
passes off to infinity above. In this circumstance the current
in L, is three times the current in C,;. With still larger exciting
currents the triangle returns from infinity below, as in Fig.
154 (g), and finally for infinite magnetizing currents N coin-
cides with the vertex I, Fig. 154 (h); in this case the voltage
to earth of lines II and IIT is the line voltage while I is at zero
potential. When two switches are closed the argument is
similar, only the circuit constants being different.

In an actual case the locus of N relative to the voltage
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triangle is not the straight line perpendicular to I1, III; losses
and saturation make the locus a closed curve. A typical case
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Fra. 154. ILLusTRATING NEUTRAL POINT DISPLACEMENT IN A THREE-
PHASE CIrRCUIT

of neutral displacement is shown by Fig. 154 (i) where two
transformers are subjected to approximately the line voltage
while the third transformer has only a small voltage, and that
of a very distorted wave-form, applied to it.

As in the case of single-phase circuits not only may there be
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neutral displacement in the three-phase circuit but the whole
range of inversion may be gone through with a continued
oscillation of the neutral point with respect to the voltage
triangle. Weller (loc. cit. ante) has given oscillograms showing
two interesting oscillatory conditions. In the first, Fig. 154 (4),
the neutral point is displaced outside the voltage triangle
and oscillates about the mid-point of its figure at double
frequency. Approximately equal voltages of distorted wave-
shape and about 2-7 times normal value appear on the three
transformers, and these voltages are accompanied by equal,
sharply-peaked currents of about ten times the rated full-load
current in magnitude, indicating a high degree of saturation.
Much audible vibration occurs and there is excessive corona.
In the second, Fig. 154 (%), the neutral point oscillates within
the triangle about the mid-point of its figure at half the normal
frequency. Equal voltages of about 1-2 times normal value and
of impure wave-shape appear on the three transformers, which
take equal, peaked exciting currents of about fifteen times the
full-load current, indicating a degree of saturation even greater
than in the preceding case.*

Overvoltages due to neutral displacement can be limited in a
number of ways: (i) By using coupled isolating links and ensur-
ing that all three phases are simultaneously connected to the
transformer. (ii) By working the transformers with a low
saturation, so that the magnetizing current is small enough for
the potentials of the lines to be established relative to earth
by the earth-capacitances of the system, i.e. to ensure that the
transformers work on the stable part of the volt-ampere char-
acteristic, namely OC in Fig. 153 (3). (iii) By adding sufficient
star-connected resistance burden on the secondary side of the
transformers. This has the effect of lifting up the characteristic
in Fig. 153 (i), so that a given resultant current, i.e. a given
degree of inversion, requires a higher voltage for its production.
The action is somewhat analogous to the use of swamping
resistances in stabilizing an electric are.

* It will be appreciated that the diagrams of Fig. 154 (j) and (k) are merely
a convenient way of illustrating the phenomena; i.e. the triangle revolves
about the centre of figure with velocity w in order to project the line voltages
and the point N moves round the locus with velocity 2w or w/2 as the case
may be. In actuality N is at rest, since it is the zero potential point. The
triangle must revolve about its centre of figure with velocity 2w or w/2-88
the case may be, and the line joining N to the centre of figure must rotate
about N-with velocity w.

CHAPTER VI

INSTRUMENT TRANSFORMERS IN POWER OR
ENERGY MEASUREMENTS

1. Introductory. When instrument transformers are wused
merely to operate ammeters, voltmeters or similar apparatus,
it is only of importance that the ratio error should be sufficiently
small, the phase-angle being of no significance. If transformers
are used in conjunction with power- or energy-measuring
instruments it is essential that the secondary quantities should
bear a closely constant ratio to the corresponding primary
quantities and at the same time maintain accurate phase
relationships; in such cases, therefore, account must be taken
of the ratio-error and phase-angle of the transformers. Watt-
meters, power relays and watt-hour meters are the most im-
portant instruments of this class; the principles involved are
the same throughout, though the instruments are necessarily
different in construction, theory and application. It will be
sufficient to work out the effeet upon the ordinary dynamo-
meter wattmeter when connected in circuit via instrument
transformers; the conclusions will apply with even greater
force to the more important watt-hour meter since, on account
of its integrative principle, any errors introduced into its
operation will be cumulative in their effect upon the readings
of the meter. We shall first briefly review the theory of phase-
error in a wattmeter unprovided with transformers and then
show how the error is affected by the addition of current and
voltage transformers, both in single-phase and in three-phase
circuits.

2. Theory of wattmeter without transformers. It is well-
known that the indications of a dynamometer wattmeter may
be in error on account of four principal causes—

(i) The voltage-circuit of the instrument is not truly non-
reactive.

(ii) The reading of the instrument includes with the power
that it is desired to measure either the loss of power in the
voltage coil or that in the current coil, according to the method
of connection in circuit.

(tii) There is mutual inductance between the current and

293
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voltage coils, varying in amount according to the deflection of
the moving system relative to the fixed coils.

(iv) There are eddy currents in the current coils, their leads
and terminals, ete.

Of these it is our purpose to investigate (i) and (ii); (iii) is
usually a small effect and may even be beneficial ; (iv) is made
as unimportant as possible by careful disposition of the metal
parts, stranding of the conductors, ete.

Consider first the arrangement shown in Fig. 155 (a), and
let the voltage across the terminals of the load, BC, be

v = vy sin ot = (1/2)V sin wt, .
represented by the harmonic vector v of length », = (4/2)V
projected on the vertical. Let the impedance operator of the
load be z = R -- jX, so that the vector of current in the load is
i=1i, = v/
having an instantaneous value
1 =1, = (v,/Z) sin (wf — ¢) = 1 sin (0l — @)
— (V21 sin (ol — ¢).
where Z2 = R? + X2, ¢ = arctan (X/R) and [ is the r.m.s.
current in the load. If 2z, = R, + joL, is the impedance
operator for the current coil and z, = R, + jwl, that of the
voltage circuit joined to 4C, the current in the voltage circuit
is the projection of the vector

vV 2t e

2, 22, 2z,

where _
240 = (R 4+ R)+ (X + oL) =2+ z,.
The instantaneous value of the voltage-circuit current is
iv = (ZAo/ZZv)vl sin (wt + ‘75.40 - 95 - “)’
where Z,,2 = (B + R,)? + (X + ol Z,2= R,2 + w?lL.?
¢, = phase-angle of load plus current coil
= arctan (X 4+ wL,)/(R + R,),
¢ = phase-angle of load = arctan (X/R),
« = phase-angle of voltage circuit = arctan (wL,/R,)-

The average torque on the moving system over a period of
alternation, 7' seconds, is

7] /T
— T, e dl
TJ, ¢
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where a is a factor depending on the design of the coil system.
If the torque is resisted by a uniform spring control, the angular
twist on"which is 0 radians and ¢ is the torque per radian,

— X X p—

(5)

Fra. 155. ILLUSTRATING THEORY OF WATTMETER

Substituting,
00=EfTégvi Sin (@t + dyo — ¢ — «) . sin (cf — $)ds
T 0 ZZ” 1“1 A0 .
vy L VI 2,

=a. ,ZZvcos(¢A0—a)=a7?—v. 7 €os a . €os (¢, — o),

if V, I are the r.m.s. values of the voltage across and the
current through the load. The reading in watts is

VI Z
W, = (%R,,O: 7 RA,,E"—O oS o . €08 (¢,q — )
- AC
212(R+R)cosoc.cos(¢“——oc).

cos ¢ .
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Transposing,
COS b0
cos « . cos (¢, — )

W. = I*RE + I*R,,
or
IR =K, W,,— I*R,,
or Power in load = K, (wattmeter reading) — power lost in
current coil, where

- cos ¢,
" cos . cos (b — )

AC

Consider now the connections shown in Fig. 155 (b), the
voltage across the load at the points BC being again

v = sin ot = (4/2)V sin ot;
and the current in the load
1= (v, /Z) sin (ot — ¢) = i, sin (ol — ¢)
= (1/2)] sin (wt — ¢)
The current in the voltage coil is now
1, = (v/Z,) sin (ot — o),
so that the current in the current coil of the wattmeter is
b =1 4 1, = 1y sin (wt — ¢) +- (0, /Z,) sin (vt — «)
The expression for the average value of the resulting torque
taken over a period 7' is

T
¢ — % f i/idt

_ft_ TUI . p . U1 o £ d
_T[ Z:snl(a) — o) zISIH(O)t—¢)+Z—Sln (w —oc)] t

. 2 2
= a[;l—;lvcos (p—a) + é%:,: a[VI@I:—:(cos@—oc) +—;—v~2]
The reading in watts will now be

Wpo = (cla) B,0 = VI cos a.cos (¢ —a) -+ I,2R,,
which becomes
cos ¢

€oS « . COS (b — a)

(IVB(J - Iv'ZRv) == KBO (I/VEO - Iv’2Rv)
= VI cos ¢

or Power in load = K, (wattmeter reading — power lost in
voltage circuit), where

cos ¢ COS ¢z

cos o . oS (¢ — a) ~ cos o . oS (dyy — )

o ==
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Comparing the two methods of connection we see that in
the former the correction for the reactance of the voltage-
circuit is made before allowing for the instrument loss, while
in the second method the processes of correction are reversed.*
It will also be observed that the correction factors K,,, K,
are of the same form though the one involves the phase-dis-
placement in the load and current coil in series, ¢,,, while the
other depends on the phase angle of the load alone, ¢, = ¢.
The difference is, however, usually very small since both R,
and oL, are negligible in most cases by comparison with R
and X ; the distinction may be important, however, when R
and X are also small. Of the two methods the second is com-
monly preferred to the first, since the instrument loss correction
is constant when the voltage across the load is also constant ;
either it may be allowed for in calibrating the meter scale, or
one of the well-known methods of compensation for the loss
may be applied, for details of which the reader is referred to
Messrs. Drysdale and Jolley’s classic treatise on measuring
instruments. In what follows it will be assumed that the
wattmeter is connected as in the second method, Fig. 155 (b),
and that the voltage-circuit loss is either corrected for or
compensated ; then we may write

Power in load = K,, X wattmeter reading
with
cos ¢
cos o . cos (p — o)’

o =

which is the correction factor originally introduced by Ayrtont
in 1888, though in somewhat different form.
Transforming the trigonometrical terms,

K _ cos ¢ . 1 4+ tan*a 14 0?72
" cosa.cos(p—a) 1l-+tana.tang 1 - oT,tand’

where 7', = L, [R, is the time-constant of the voltage-circuit.
The wattmeter will be correct only under two conditions,
(i) « = 0, i.e. when L, = 0, thus assuming the voltage-circuit
to be non-reactive; and (il) « = ¢, i.e. when the time-constants
of the voltage-circuit and of the load are equal. In both these
circumstances K ,, becomes unity; for all other values of «,
K, is not unity and the amount of its deviation therefrom is a

..~ B. Hague, “The dynamometer wattmeter. Some notes on its theory.
The application of corrections,” Elecn., vol. 92, pp. 96-97 (1924).
T W. E. Ayrton, Journal I.E.E., vol. 17, pp. 172175 (1888).

21(T.5722)
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measure of the error introduced into the power measurement
by the voltage circuit reactance. The variation of K ,, with é
is shown in Fig~156 for the value tan « = 0-04 or o — 2-3°
or 4-01 centiradians; this is much greater than the displace-
ment usual in practice but has been specially chosen to exag-
gerate the peculiarities of the curve. For inductive loads with
¢ lying between o and =f2, K,, is < 1, i.e. the wattmeter reads

Ko too high; for inductive loads

20— with ¢ > 0 < « and for capacitive
loads with ¢ > 0 < — (#/2) + «,

Sl.i._ K, >1, ie. the instrument then

; reads too low. When ¢ = «,

Kz, = 1 and the reading is cor-

|
; } rect; when ¢ = — (7f2) - « the
. correction is indeterminate. Pro-
¢ sp” &0 0° ° ° . .
[ T T“ T vided ¢ lies between limits of
Condxensiwe lZocn';/ Irductive Zoad about i 7T/3’ or cos <]$ > 05’ the
- ) factorial correction of the instru-

ment reading is useful; in the
neighbourhood of ¢ = 4- #/2 the
' factor varies rapidly and for con-
densive loads shows an indeterminacy that renders it of little
use in theory or practice.

The matter may be more usefully regarded from the following
point of view. We may write

Fre. 156. CORRECTION-FACTOR
FOR WATTMETER

Waitmeter reading — true power = error,
and the Fractional error in terms of the true power is

. — Wattmeter reading — true power 1
? true power T K, 1
COS o . €08 (¢ — a)

= — 1 — 2 ]
cos & I =cos?a 4 cosa.sina.tang — 1.

Now « is small enough to take sin « =tan « =« and cos «
equal to 1, so that
&, = o tan ¢ = (wL,/R,) tan ¢ = T, . tan é.
The error is
&y X True power = T, tan ¢ . VI cos ¢ = ol VI sin ¢
and is subtracted from the wattmeter reading to obtain the true
power. The correction in this form is due to Drysdale* and is

* C. V. Drysdale, “The theory and use of the alternate current wattmeter,”
Elecn., vol. 46, pp. 774-778 (1901); ““The theory of the dynamometer watt-
meter,” Journal I.E.E., vol. 44, pp. 255-268 (1910).
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valid without reservations for all values of . When the power-
factor is low, which is the case where the factorial method of
correction is invalid, sin ¢ = 1 and the error becomes simply
+ o7, VI, the upper sign relating to induective and the lower
sign to capacitive loads.

3. Theory of wattmeter with transformers. Let the trans-
former be connected in circuit through voltage and current
transformers* as shown in Fig. 157. It
will be seen that the primary AB of a

the current transformer carries the load 3 1
current I, and the primary current of L ’\\j =
the voltage transformer; since V, is L% S )
constant the current taken by V7' is [V 99 A
also constant and it will be assumed S1EEESP
that its effect is either corrected for or A S 3
regarded as negligibly small. Turning e
to the vector diagram in Fig. 158, the I
true power in the load is C

F1g. 157. WATTMETER WITH
CURRENT AND VOLTAGE
TRANSFORMERS

VI, cos .

The voltage transformer applies a volt-
age V, = V, /K, to the voltage-circuit
of the wattmeter, V, being displaced from — V, by the
angle y. Similarly, the current transformer circulates a current
I, = I |K, through the current coil, displaced from — I, by the
angle 8. It will be remembered that § and y are positive when
the secondary quantity leads on the reversed primary quantity,
asshown. The voltage V, sends a current 7, through the voltage-
circeuit, 7, lagging on V, by an angle « = arctan (wL,/R,).

* The theory is given in the following: L. W. Wild, ‘Series transformers
for wattmeters,” Elecn., vol. 56, pp. 705-706 (1908); E. S. Harrar, ‘“The
series transformer,” Elec. World, vol. 51, pp. 1044-1046 (1908); W. Genkin,
“Sur transformateurs d’intensité,” Lum. Elect., vol. 8, pp. 67-71 (1909);
K. A. Sterzel, ‘‘Stromwandler fiir Wechselstrom-Leistungsmessungen,” Elekt.
Zeits., vol. 30, pp. 489-491 (1909); K. Edgcumbe, *Some notes on the use
of instrument transformers,” Elec. Rev., vol. 67, pp. 163-165 (1910); L. T.
Robinson, Trans. Amer. I1.E.E., vol. 28, pp. 1005-1039 (1910); M. Rosen-
baum, Elecn., vol. 74, pp. 626-630 (1915); A. G. L. MacNaughton, Journal
LE.E., vol. 53, pp. 269-271 (1915); R. H. Chadwick, * Errors due to the use
of instrument transformers,” Elec. World, vol. 66, pp. 1308-1310 (1915);
A. Tlioviei, Zum. Elect., vol. 33, pp. 276-277 (1916); K. Takatsu, Res. Elect.
Lab. Tokyo, vol. 95, pp. 1-74 (1921); E. Lienhard, *“Errors in high tension
power measurements when instrument transformers are employed,” B.B.
Rev., vol. 12, pp. 168-173 (1925); R. van Cauwenberghe, ‘‘Note sur ’emploi
des transformateurs de mesures,” Bull. Soc. Belge des Elecns., vol. 42, pp. 87—
88 (1928); Bergtold, “Einfluss der Wandlerfehler auf die Messgenauigkeit
von Elektrizitatszahlern,” Elekt. Betrieb, vol. 28, pp. 53—-56 (1930); G. Hauffe,
Klekt. Zeits., vol. 52, pp. 900-901 (1931).
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The torque on the moving system of the wattmeter is pro-
portional to I,/ cos ¢’, where ¢ is the angle of phase-displace-
ment between I, ard I,. The reading in secondary watts
will be

R, cosd” =V cosa.l,cosd
;/r = VJ,cosa.cos(p+y—p—a)
= (V,I,JK.K.) cosa.cos(p—oa—pf -+ y).
The wattmeter is, however, usually
scaled in terms of the nominal primary
1. magnitudes, so that the reading of

P the instrument in primary units may
be written

o~

K?’l’l] KﬂC
‘Ri ‘K“—c VpIpCOSOC X
cos (¢ —a— B + )
1
=mc.VplpcosqS><
cosa.cos (b —a—pf -+ 9y

cos ¢
hence
True Power =
cos ¢
vaccosa.cos(¢—oc—ﬁ+y) 8
Wattmeter reading.

Fic. 158. Vecror Diacram vor 1he factor F F, corrects for the ratio
Warrmerer with INsTRUMENT error of the two transformers. The
TRANSFORMERS .
second factor, correcting for the phase-
angles of both the transformers and of the wattmeter voltage-
coil can be written,

K — cos ¢ _ cos¢
" cosa.cos(p— ) cosacosd
where d=o+4 p—1.

In this form it may readily be compared with the expression
for K,,, namely
cos ¢

K =cosoc.cos(¢—oc)

BU
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Since « is small and cos « is very nearly unity the presence of
the transformers is equivalent to an alteration of « to § in the
second term of the denominator. It will be observed that a
positive value of f# is equivalent to an increased, and a positive
value of y to a decreased, value of «.* For this reason the French
and American standard specifications for instrument trans-
formers (see pp. 27 and 30) define a leading § and a lagging y
as positive, since each will then have a similar effect upon the
phase-error in a power measurement. This adoption of two
conventions for positive angles is unfortunate and confusing ;
it is, moreover, in contravention of the internationally adopted
convention that a positive angle be measured counterclockwise,
and is an unnecessary complication in mathematical work.

To express the effect of the transformers as a fractional
error write as before,

Wattmeter reading — true power  cos o cos (¢ — )

'y == = — 1.
F” true power Ir.F, cos
P

By the definitions on pp. 11 and 8 the fractional errors in
the ratios of the transformers are

e, = (YF,)— land ¢ = (1/F,) — 1,
or IfF, =1+ ¢g,and 1JF, =1 + ¢,
Also
cos (¢ — 0)fcos ¢ = cos § +sindtan¢ =1 + J tan ¢
when ¢ is small. Substituting in the expression for ¢,, taking

cos o = 1 and neglecting the products of small quantities as
infinitesimals of the second order,

81"::'(8”_}‘ EC) + 6ta’n¢: £v+ £c+ £5.
If ¢, and ¢, are in percentages and 4 in centiradians, ¢, is the

overall percentage error. The error, or amount to be sub-
tracted from the wattmeter reading to obtain the true power, is

£, X true power = ¢,V I, cos .
This is the general form of Drysdale’s correction.

In practice « is almost always positive, i.e. I, lags on V.
With an inductive load ¢ is also positive, so that tan ¢ is then

* This fact was recognized by A. C. Heap, British Patent, No. 47 (1903),
who balanced f# against y by adjusting the leakage reactance of the current
transformer by winding the primary and secondary on opposite limbs of the:
core. An even earlier attempt to eliminate the transformer error in a power
measurement is due to Siemens Bros., British Patent, No. 17 263 (1899); §
and y are reduced to zero by applying suitable shunts to the secondary
windings or to auxiliary tertiaries.
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positive ; the sign of the phase-error g5 is, therefore, determined
by that of 6. Whatever signs are determined in this way will be
reversed by a change to a capacitive load. If « + f§ exceeds v,
the following table illustrates the effect of the phase-error e
on the wattmeter reading, both for inductive and for capacitive
loads.

Sign of l
Sign of Wattmeter
Load ; !
%+ B ’ Y s &5 : Reads too
| |
I
- + + + | higa
Inductive — - — — i low
¢ and tan ¢ | + —_ + + i high
are + i - + - - ’ low
+ + + — | low
Capacitive - — - + ’ high
¢ and tan 4 + - + - ‘ low
are — ; - + — ‘ + r high

If « 4 f§ is less than y it is necessary to reverse the signs of
0 and &5, and to substitute “high” for “low’” and conversely.
The magnitude of the phase-error ¢5is plotted for various con-
stant values of ¢ as a function of cos ¢ in Fig. 159, questions
of sign being disregarded. For higher power-factors and larger
values of § the multiplication of such graphs is not convenient
and an alternative process is required, as will be indicated
below.

Nomographic representation has certain advantages. A chart with
two sets of rectangular axes and a sloping index line has been published
by Doyle.* A much simpler alignment chart with three parallel scales
for &5, d and cos ¢ respectively is given by W. Skirl, Wechselstrom-
Leistungsmessungen, 3rd edition (1930).

The total power-error can be computed in the following way. '

Read the wattmeter and correct it for instrumental errors;
determine also the volt-amperes from the indications of a volt-
meter and an ammeter joined to the secondary sides of the
transformers. The ratio of the watts to the volt-amperes gives
the apparent power-factor cos ¢’ = cos (¢ — d). From the cali-
bration curves of the transformers obtain ¢,, ¢, y and g; and
from the particulars of the wattmetet find «. Thence calculate

* E. D. Doyle, “Correcting wattmeter readings for phase-angle errors,”
Elec. World, vol. 77, pp. 314 (1921).
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6, find ¢’ from the known value of cos ¢’ and thus obtain ¢
and cos ¢. Using Fig. 159 or, if the figures fall outside the
values therein plotted, calculating directly from the expression

ey = d tan ¢
&%
b
12 2 S B S
10 -
37
8 |
6 9 1 \
N N I
1] \
2 1\5 L\\ K:b:
‘ —— ] F—t— ]
. I ——
) o0l 002 003 004 005 Cos
A
80 30
7 25'\
60 FagfY
50 \“
a0 |2 \ \\
30 10" \ ‘
2 '\\\V\\‘Q
10 \1\\\"\ ]
e [ — mn—
°s 002 004 006 008 o1 cos¢p

Fia. 159. ErRroR IN POWER MEASUREMENT DUE TO PHASE-ANGLE,
&5 as FuncrioN oF § anp Cos ¢

find &5 and thus
Ep = &y + & +£b‘
is finally obtained. Note that « is constant, as also is y for a

given voltage and burden; f varies with the primary load
current and is the only variable in usual practical cases.
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This round-about process, though not very troublesome
when only a few calculations are to be made, is rather tedious
when a large number of readings require correction. A fac-
torial procedure introduced by Robinson* is often more con-
venient. As before, find cos (¢ — &) from the measured watts
and volt-amperes, and compute & =o + f—y from the
transformer characteristics. Then from p. 300,

T F.F, cosdé .
TUe power = ———" —— . X waltmeter readiny.
Cos & cos ¢
The factor
Iﬂr]{‘c = l/(l “Y— g'v) (1 J.’” 8(‘) :(1 - gv) (1 - ‘Ec) : 1— Ep — &

corrects for the ratio error of the transformers; cos o may be
taken as unity. The phase-angle error is correctedby the factor
cos ¢fcos ¢’ ; to obtain this tables are constructed giving cos ¢/
cos ¢ as a function of § for various constant values of cos ¢
Such tables were calculated by Robinson and later extended
with improvements by Wellert and by Werres.| They are
reprocluced in Appendix IT together with illustrative examples
of their use.

The question of wattmeter errors has recently been examined from
a novel standpoint by Vahl§ and by Nierenberger. | From p. 301
cos u cos (¢ — §) 1>
F,F," cos¢
X V,I,cos ¢.

Wallmeter reading — T'rue power = <

In most national standard rules for the accuracy of measuring instru-

ments it is usual to express the error not in terms of the true value of

the measured quantity corresponding with the position of the pointer

gn t';he scale but as a fraction of the maximum scale-reading. On this
asis,

Error =

Vyl, cos ¢ cos a co3 (4 — J) . 1)
max. reading "\ F F,°  cos ¢

. VI, 1 ]
= reading ﬁ@j‘—c[cos a.cos (¢ —8)— F F, cos $]

Substituting for F, and F', their approximate values in terms of £, and

* L. T. Robinson, Trans. Amer. I.E.E., vol. 28, pp. 1005-1039 (1910).

1 C. T. Weller, ““Revised table of phase-angle correction factors for use in
power measurements,” Gen. Elec. Rey., vol. 28, pPp- 202-206 (1925).

I C. O. Werres, “A simplified method of applying instrument transformer
correction factors to wattmeter readings,” Gen. Elec. Rev., vol. 36, pp. 462-
463 (1933).

§ H. Vahl, “Der Einfluss der Wandlerfehler auf die Genauigkeit bei Leist-
ungsmessungen,” Elekt. Zeits., vol. 54, pp. 29-30 (1933).

|| R. Nierenberger, ‘“‘La correction des erreurs dans les mesurcs watt-
métriques indirectes,” Rev. Gén. de I'EL, vol. 33, pp- 177-181 (1933).
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&, taking § and a as small enough to regard the angles equal to their
sines
Error = ——-‘L’—Iﬂfv (1 + gy, -+ og) (e, + &) cos ¢ + I sin ¢]
max. reading -

The first term is the ratio of the volt-amperes to the maximum reading ;
the second term is the usual factorial ratio error. The third term con-
tains the effect of phase-error and power-factor and is worthy of further
study. Suppose that the maximum reading is obtained with rated
voltage and current at unity power-factor; then the reading will vary

Error 9
2 - .
L §=+15 centiradians, P tie
| F<\ 15 centiradians,d ~ve.
AT )\
1 A [\ B
T g re =+ 5='I'5cenﬁmd/ans,¢+v&
L oS L z /Z +i5centiradians, $ ~ve
T N >/
¢/

100 %, of Full scale
Reading.
N

.
~
~
e 20504050607}0//\@
l

! & = +15centirmdians, p+ve

/J/ ~ gF+e.==17 N ~rScentiradians,p-ve

-1 D
{1 \ /
£l >7
T /‘7[5 =—I5centiradians, § +ve.
+i-5centiradians, ¢—ve.
J

—_—

(it et U IR B

-2
Fic. 160. Maximum PossiBLE POwER ERROR As FUNCTION OF
ScarLe READING; VOLT-AMPERES CONSTANT AND TRANSFORMERS

SaATISFYING Crass 0-5 LiMITs OF ACCURACY

with cos ¢ for constant rated volt-amperes. Let the transformers
satisfy certain standard limits of error ; for example, with the I.E.C. Class
0-5 limits, the voltage transformer has &, = -+ 0-5 per cent and
y. = &+ 20, and the current transformer s, = 4 0-5 .per cent and
B = 4 30’ as the rated limits of error. Assuming the transformers
to be combined in such a way as to make the greatest power error
€,+ &, = + 1-0 per cent and § — y = 4 50’ = £+ 1-5 centiradian; neg-
lecting a this can be taken as the value of . There are now four pos-
sibilities, + 1-0 with + 1-5, 4 1-0 with — 1.5, — 1-0 with — 1-5 and
— 1-0 with + 1-5. Using these in the expression within square brackets
enables the maximum possible error expressed as a function of the
maximum scale reading to be calculated for different positions on the
scale, the volt-amperes being constant at the rated value. The result
is plotted in Fig. 160 for positive and negative values of ¢. Since these
graphs bound the maximum error, the actual error must fall within
the area enclosed within ABCDEA ; the error represents the fraction
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.ofdt'hetrina,xthnu_m It‘;iadti;ng that must be subtracted from the instrument
Indication to give the true power. This method i i
practical advontaees od of correction has obvious

4. Power measurement in three-phase circuits. Power is
often measured in three-phase, three-wire circuits by the use of
two wattmeters or of an equivalent single instrument with two
active elements, connected as shown in the left-hand diagram
of Fig. 161; this is the well-known Aron connection or two-
wattmeter method. Assuming an equivalent star-connected
load, the vectorial relationships between the currents and
voltages associated with the two meters will be as shown in the

Fre¢. 161. Two-wATTMETER METHOD FOR PoweEr MEASUREMENT
iN¥ THREE-PHASE CIRCUIT

centre diagram. Neglecting the phase-angle of the voltage
circuits, the wattmeters will together indicate the total power
in the system, namely,

VI, m Iy cos [y — (=[6)] + VII, 1 I cos [fn + (7]6)],
assuming the star-voltages V. Vi, V;to form a symmetrical
three-phase system and the load to be unbalanced. In the
particular case where the load is balanced Iy = I, = I, say,
and b = ¢n = ¢'§ writing VI, m= Vum= Vp gives
VoI, cos [¢p— (n]6)] + V,I, cos (¢ + (7/6)] = (1/3)V I, cos b.

In high voltage practice the wattmeters are connected to the
network through voltage and current transformers, the most
obvious way* being shown in the right-hand diagram of Fig. 161.

* The question of the various methods of connect; tt; in circui
via transformers falls outside the scope of the presen:;ngo:]:n:;:grissl: :;lt::lil:l‘/
branch of meter technology ; we are only concerned here with the general
principle and the contribution of correctly connected transformers to the
overall error. The reader may consult inter glia, J. Auchincloss, ““Various
methods of connecting indicating wattmeters,” Gen. Elec. Re., vol. 31 PP
257-263, 376-381 (1928). J. Mollinger, “REine eigenartige Si’:rom;ivan’dler:
Fehlschaltung bein Anschluss von Drehstromzihlern,” Siemens Zeits., vol. 7

pp. 161-169 (1927), discusses the error due to a wron, ti
transformers. W. Beetz, *Beachtenwertes beim Anscghfgssnsf)riml\ldg:s;:g:grt
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This shows two voltage transformers, designed for normal
operation at the line voltage, joined on the primary side in
“yee”’-connection. The transformers will have ratio and phase
errors, and the wattmeter voltage circuits will be reactive.
Let F,, F., a5, B, 71 refer to the first meter and F, F,y,
&, Pm yu to the second. Then the total watts read on the
meter scales in primary units will be (V, [ [F . F.) cos «.
08 [¢p — (7]6) — 0,1 + (VLo F iy Foyy) cos oy cos [ + (7]6) — 8y,
assuming a balanced load and writing 6, = o, 4+ f; — y; and
8n = oy -+ By — yu, while the true power is (1/3) V, I, cos ¢.
The fractional error is

wattmeter reading — true power
" true power
(14 )1 + £.) cos [¢— (/6) — 8]
4 (1 eI +ean)cos [¢ + (7f6) — Oy] .

(4/3) cos ¢

on substituting the fractional ratio errors in place of the ratio
factors and writing cos o; == cos o = 1. Simplifying the
trigonometrical terms by writing cos ¢; = cos dy = 1, also
sin 6, = ¢&; and sin d; = &, gives, on neglecting second order
products,
&= (1 + en + ea) [(1 + O tan ) 4 (1/2+/3) (tan ¢ — )]
-+ (l + Eynr ‘i‘ Ecn) [%(l -+ 51! tan ¢)

— (1/24/3) (tan ¢—4;)] — 1
Again expanding and omitting products of small quantities
gives finally*

1,

an Stromwandler,”” Elekt. Zeits., vol. 54, pp. 1092-1095 (1933), works out the
error in power measurement due to transformers of various classes connected
in different ways. G. W. Stubbings, ‘‘Current transformers. Methods of
interconnection in three-phase circuits,” Elec. Rev., vol. 113, p. 278 (1933),
discusses the use of Z-connected current transformers with protective gear.
See also some of the books on meter technology referred to in the Bibliography.

* J. Goldstein, “Die Zusammensetzung der Einzelfehler der Messwandler
zum resultierenden Fehler des Messaggregates in Drehstromnetzen und die
daraus resultierende zweckmissige Anordnung der Wandler,” Bull. Schw.
Elekt. Verein, vol. 11, pp. 304-311 (1920). G. Hauffe, * Drehstromleistungs-
messung in Aronschaltung mit Messwandlern,” Arch. f. Elekt., vol. 19, pp. 10—
14 (1927). H. Niitzelberger and R. Resch, ‘‘Diagramm zur Ermittlung des
durch Messwandler entstehanden Fehlers bei Leistungsmessungen in Dreh-
strom-Dreileiteranlagen,” Arch. f. Elekt., vol. 24, pp. 29-36 (1930). The more
complicated case of unbalanced load is treated by the method of symmetrical
co-ordinates by A. Iliovici, * Erreur introduite par les transformateurs dans la
mésure d’une puissance (et d'une energie),” Bull. Soc. Frang. des Elecns.,
vol. 7, pp. 1311-1324 (1927).
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&y = %(Em + &) [1 + (1/\/3) tan 95] + ’]2’<8v11 + )
) “(1/\/3) tan ¢] +- 3(0; + dy) tan ¢ — (1/2\/3) (6 — )
= %(Em + Eor ey + ) (1/2\/3) (6ot + &g — Eorr —Eeny).
tan ¢ -+ (0, + Oy) tan ¢ — (1/24/3) (6, — Ou),

in which the first two terms express the fractional error intro-
duced by the transformer ratios, and the second pair that due to
their phase-angles and to the wattmeter voltage circuit react-
ances. When the wattmeters and their transformers are identical
0= 0y = 0, €1 = &,y = ¢, and Ep = &y = &; then

&= ¢, + &, 4 dtan ¢

exactly as in single-phase power measurement.

The above expression for ¢, has some very interesting
properties. Considering first the contribution of the ratio
errors, in general,

(= FP) = 1= [+ ) (1+ el =1 (1— e, — ¢
=& T+ & .

Hepce the portion of ¢, due to the ratio errors will vanish
entirely if
FvIFcI = FvnFcu = L.*

The second term of this part of the total error will vanish if
F F,=F . F.,. Hence the transformers should be selected
S0 t}}at the products of the ratio factors are as nearly equal as
possible and as close to unity as can be obtained. It is to be
noted that with inductive loads and power-factors between
about 0-8 and 0-2 most of the power is measured by the reading
of Wy ; hence, the transformers used with it should be chosen
to make F_F,, as near to unity as possible.

_ Usually the ratio error is very small, and greater importance
is attached to the phase-angle error expressed by

3(0; 4 dy) tan ¢ — (1/24/3) (6; — 6y).

The four transformers should be grouped in such a way as will
make the gross error the least. To illustrate the point consider
the following numerical example: oy = o; =0, §, = 20 =
0-582 centira_dian, Bu = 50" = 1-454 centiradian, y, .—i — 20" =
— 0-582 centiradian, y; = — 40’ = — 1-164 centiradian. cos ¢
== 0-5, tan ¢ = 1-732. Then there are four possibilities,—

* That is if £,; + £o and &,51 + &,;; are zero individually. There is also the

ossibilit; = —
f)o be not;id(.evI + ) (€vir + £en) 8s well as (61 + &4r) = — (61 + &)

[CHAP. VI
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(i) Using By and y, with Wi, By and yy with W, Then the
percentage error is 0-866 (1-164 | 2-618) — 0-289 (1-164 —
2-618) = 3:70 per cent.

(ii) Using B, and yy with Wy, By and y; with Wy, Then the
percentage error is 0-866 (1-746 - 2-036) — 0-289 (1-746 —
2-036) = 3:36 per cent.

(iii) Using By and y, with W, p; and yy with Wy, Then the
percentage error is 0-866 (2:036 + 1-746) — 0-289 (2-036 —
1-746) = 3-20 per cent.

(iv) Using By and yy with W, B, and y; with Wy, Then the
percentage error is 0-866 (2:618 4- 1-164) — 0-289 (2-618 —
1-164) = 2-86 per cent.

In this case the fourth arrangement shows a marked supe-
riority over the others and justifiesthe choice of this particular
sequence of transformers.

As regards the actual calculation of errors in a given instance,
each wattmeter may be treated individually as though it were
making a single-phase measurement and corrected from a
knowledge of its reading, the volt-amperes, and apparent
power-factor, exactly as described in Section 3, making use
of the same expressions, graphs or tables of correction factors.
By this principle the method may be extended to apply to
three-wattmeter measurements in four-wire circuits, to the
common case of three wattmeters operated by star-connected
voltage transformers, and to more complex cases.

5. The use of instrument transformers with energy meters.
The theory given in Sections 3 and 4 is important since it
shows the nature of the error introduced into a power measure-
ment by the use of instrument transformers and the possible
methods of correction. The corrections to be applied are
necessary in all accurate power measurements, especially in
those made in laboratory work at low power-factors. The effects
are of even greater importance in commercial energy measure-
ments made by watt-hour meters, since the errors are integrated
and accumulate in their effect on the registration of the meter.
Consequently, commercial energy metering necessitates the
use of high-grade instrument transformers, particularly chosen
in regard to smallness of phase-angle.

The great majority of a.c. energy meters operate on the
induction principle, a discussion of which is outside the scope
of this book. At unity power-factor the fluxes set up by the
current and voltage elements of the meter should be in quad-
rature; this condition can be satisfied for a particular value
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of the meter current but will be somewhat upset at other
values of current. Consequently, the meter will have an error
dependent upon the current strength, and this error will be
further changed by alteration of the power-factor. If the meter
is connected into circuit via instrument transformers, the ratio
errors and phase-angles of these will influence the accuracy of
the measurement of energy in a way quite analogous to that
described above for power measurement.*

Since the primary voltage is constant, the ratio of the voltage
transformer is also constant and may be allowed for in the
calibration of the meter. The matter is not quite so simple,
however, in the case of the current transformer. With a normal
transformer the ratio increases for lower values of primary
current, i.e. the secondary current diminishes, and this would
tend to make a perfectly adjusted meter run too slowly at low
loads. To counteract this effect the light-load adjustment of
the meter may be altered to cause the meter to be intrinsically
a little too fast. Then if the error curve of the meter is the
same shape as the ratio error curve of the transformer, i.e.
falling with increasing load, the compensation for ratio error
will be almost automatic.

The phase-angle errors of the transformers cannot be com-
pensated completely by adjustments of the meter in any such
simple way as will deal satisfactorily with the ratio error. As
the phase errors are much more important than the ratio errors,
especially at low power-factors, attention must be directed
to keeping the phase-angles of the transformers as small and
as constant as possible.t In the case of current transformers,
which present the greater difficulties in this respect, systems of
compounding, two-stage transformation, nickel-iron cores and
numerous other devices have enabled very small values of §
to be attained with but slight variation as the primary current
changes from no-load to full-load. These topics have been
fully discussed in Chapter ITI.

* A. Maxwell, ‘“Measurement of energy with instrument transformers,”
Trans. Amer. I.E.E., vol. 31, pp. 1545-1550 (1912). A. Mieg, ‘“La question
des mesures d’énergie aux trés hautes tensions,”” Bull. Soc. Frang. des Elecns.,
vol. 2, pp. 182-189, 190-194 (1932).

t For a discussion of the desirable accuracy of measurement see E. C.
Wentz, ¢ Desirable accuracies in instrument transformers,” Elec. Eng., vol. 50,
pp- 657-659 (1931). Using probability analysis it is shown that in a network
with numerous meters no practical advantages accrue, either to the producer
or to the consumer of energy, by specifying overall accuracy of an individual
meter and its transformers better than 0-59%. This justifies the claim made
by many engineers that constancy of errors, i.e. small changes with load, 18
of more practical importance than their smallness.
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6. Limits of error. National rules. Practically all the
National Rules for Instrument Transformers specify classes
of transformérs suitable for use in power and energy metering,
and lay down appropriate limits of error. In general, trans-
formers for accurate power or energy metering have an accuracy
similar to Class 0-5 of the 1.E.C. Publication 44; transformers
for house-service meters or other rather less accurate purposes:
have limits of error like Class 1. Most of the Standard Ru}es
obtain the desired accuracy of power measurement by imposing
certain limits on the ratio error and phase-an‘gl(_a of the trans-
formers, e.g. Great Britain,* Germany, Italy, Sw1tzerlanc‘l, et}f'.,
deal with the question in this way. The reafler may, in this
connection, consult the summaries of the national rule'as given
in Chapter 1. Certain countries, however, lay down limits lto
the error that shall be made in a power measurement by the
inclusion of a transformer, and it is to these that attention

will now be given.
ited e p. 30), ALEE. Standard No. 14,
In the United States (see p. 30) D e amgle. corzeotion

March, 1925, defines the ratio an
factors given in the expression deduced on p. 304, namely,

F,F, cos¢

LA - . wattmeter reading.
cos o COS ¢

True power =

The N.E.M.A. Rules lay down limits for F,, Fc,ﬂy and § that
have already been discussed on p. 33. The.A.E.b.C. Stan(%la:r(lil
No. C 12—1928 gives a Code for Electricity Meter§ whic

reaffirms the above definitions and establishes Weller’s '_l‘ablc;
of cos ¢fcos ¢’ (see Appendix II) for regular use; limits o
ratio and phase-angle for suitable metering transformers are
given. It has already been pointed out that the Amerlcaré
convention for positive sign of y is the reverse of th}::
internationally adopted, but that a promised revision of the

ill remove this discrepancy. _
1'111165 }V‘]rlclmce (see p. 27) Publication No. 92 of the Union des

Syndicats de I'Electricité gives limits of error for ¢,, &, y and

B for transformers suitable for various purposes. In addition,
limits are imposed upon the permissible error that may be

meter accuracy. The ratio and_phase-amgle
effects on the accuracy of watt-hour meters brought‘about by t?e l}?troBdl%c;qu
of current transformers, in the light of the requirements o tt }e: h . n;e.te;'
specifications,” Elec. Rev., vol. 102, pp. 277-278 (1928), mentions tha 8? oter
conforming to B.S.S. Spec. 37 and a transformer to B.8.8. Spec. f;sg/
combined, may not, in the extreme case, conform to the limit of error o b

imposed upon transformer-operated meters.

* &. L. E. Metz, “Electricity
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introduced by transformers of the two higher classes when
used in power or energy measurements. Writing the power
error ¢, from p. 301 in the form

€p = €, 1 & + dtand = (¢, — y tan @) + (e, + ftan ¢) -1

o tan ¢
= &y + &y + x tan ¢,

&y, 18 the error introduced by the voltage transformer and €pe
that by the current transformer. In the French Rules the
minus sign in ¢,, is changed to

€oc% plus, since their convention of a
40 T ' J positive value of y is when V| lags
L N | on — V,, ie. the reverse of the
\Gess Brosb05 snal convention now universally

1 adopted by all other lands.

2.0 !

With Voltage transformers, if the
secondary burden does not exceed the
rated value and its power-factor lies
between 0-5 and 1, the following

20 F—
\Qlass/l, 0SP=0-5
<

+O Ccvia:gg? limits for ¢, are not to be exceceded
Class A= for all values of secondary voltage

cosgp=1 between 0-8 and 1-2 times rated value:

e} L Class A transformers; - 0-59% with

0 20 40 60 80 100 120 Z[ns cos ¢ = 1 and + 1-0% with cos b ==
Fic. 162. FRENCH STANDARD 0-5; Class B transformers; -~ 1-09,
SPECIFICATION FOR ERROR &pe with cos ¢ = 1; -+ 1-5% with cos ]
INTRODUCED 1NTG A4 POoWER = 0-5 and a non-inductive second-

MEASUREMENT BY A CURRENT ary circuit; + 3-0°, with cos ¢ =05

TraxsrorMER and a secondary circuit with a power

factor of 0-5. With Current trans-

formers the prescribed limits for £pc with the rated secondary burden
are not to exceed the following—

Class A transformers; + 0-5% from 209% to 1259 of I,.and + 19
at 109% of I,; when cos ¢ = 1, with linear variations between these
points; + 1% from 100% to 1259, of I, + 2% at 20%, of I, and
£ 3% at 109, of I, when cos ¢ = 0-5, with linear variation. -

Class B transformers; + 1% from 20% to 125%, of I,, when cos ¢
= 15 4 2% at 100% of 7, and + 4% at 209, of I, with cos ¢ = 05;
in both cases with linear graphs.

The limits of error for ¢,, are plotted in Fig. 162. Although Class A
current and voltage transformers are those intended for accurate power
metering, it is specified that Class B transformers may be used for
metering provided that the meter is the sole burden on the transformers.

The Swedish Rules (p. 29) specify two classes of instrument
transformers suitable for power and energy metering, dis-
tinguished respectively as the “W” Class and the “kWh?”
Class. The “W?” Class is intended for ordinary switchboard

[Coap. VI .
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service, while the more accurate “kWh” Class is used mainly
for measurements upon which consumers are charged. The
Rules are unique in that the accuracy of both classes is ﬁqu
by imposing limits on ¢, and not at all by statements‘ of ratio
error and phase-angle, these last being settled by a ‘cgntrol
diagram” which forms an essential part of the specification.

For Vollage lransformers the
rated secondary burden is to be centi-radians
at least 10 VA with a power- -5
factor of 0-95 for Class “W?” S
and 0-8 for Class *kWh.” With Class W ]
all values of burden down to T‘

15 €, 9%

1 VA and for secondary volt- L]
ages between 85 per cent and

105 per cent of the rated value 15 &

the following limits are imposed

oney, = ¢, — ytan . For Class

134 tﬁz limi%s are + 1-25 per cent V

when cos ¢ lies between 1 and

U-4 lagging. With these values i

of cos &, tan ¢ lies between 0 e -

and 2-29, so that there is a B¢

linear relation between ¢, and y, centi-radans

namely, 4 1:25 = ¢, — 2-29p. 05

With the upper sign and either &, — . ST

tan ¢ or y equal to zero, ¢, =

-+ 1%25; );vigh y 7% 0 and tan ¢ _0'53 %0'5 &7

= 2-29 the relation betwpen b < Class kWh

and ¢, is the sloping line in the . <05 -—+—-

lower half of the upper diagram €~ Eov

in Fig. 163, its slope being gy, 163 Swepisk “CoNTROL DiAGrAM”
1/2-29. The area within the  pop Error £,, INTRODUCED INTO A
triangle bounded by this line Powrr MEASUREMENT BY A VOLTAGE
and the part of the axis of ¢, TRANSFORMER

between + 1:25 and — 125 ) ~

must contain all values of ¢, and y which will make ¢, + < 1-25 per
cent. Similarly the upper triangle contains all. th'e values which make
€y € — 1:25 per cent. For Class ‘““ kKWh” the limits are 4 0-5 per cent
for inductive loads with cos ¢ between 1 and 0-4 (tan ¢ between 0 and
2-29) and for capacitive loads with cos ¢ betwc?en. 1 and 07 (tan ¢
between 0 and — 1-02). The lines defining th.e limits of &y and y for
these limits of ¢,, are plotted in the lower diagram of Fig. 163, the
shaded area referring to capacitive loads and the unsh?,dfed areas to
inductive loads. For Current transformers, somewhat similar cor}trol
diagrams set limits within which ¢, and 8 must be confined for specxﬁed
limits in e,, = ¢, + f tan ¢. The power factor of the burden in both
cases is to be 0-8; the least rated burden for a rated secondary current
is 5 VA and the limits of error are to be satisfied for all values of the
burden from 25 per cent to 100 per cent of its rated value. For Class
"W the limits for ¢,, are -+ 1-25 per cent at a secondary current of
22—(T.5722)
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5 amperes and -+ 2 per cent at 1 ampere, the value of cos ¢ being
between 1 and 0-6 lagging (tan ¢ between 0 and 4/3). The limit lines
for these values of secondary current are plotted in the control dia-
grams in the upper portion of Fig. 164, the method of construction
being similar to that outlined for voltage transformers; all values of
&, and 8 which satisfy the given limits of ¢,, must lie within the appro-
priate areas of the control diagram. For Class ‘“kWh” the limits for

contiradians £y, ab a secondary current of 5
@ 30 — amperes are 4+ 0-5 per cent for
L Class W inductive loads with cos ¢ between
N 1 and 0-6 (tan ¢ between 0 and 4/3)
20 ™ and 4+ 1-0 per cent for capacitive
™ loads with cos ¢ between 1 and 0-7
o N =57 (tan ¢ between 0 and — 1-02). At
€t \(“ =7 a secondary current of 1 ampere
N the limits for e,, are 4 1-25 per
o cent for inductive loads with cos ¢
\\\ between 1 and 0-4 (tan ¢ between
NN S 0 and 2:29) and £ 20 per cent
\\ for capacitive loads with cos ¢
\\\ between 1 and 07 (tan ¢ between
-20 N 0 and — 1:02). The control dia-
- grams are plotted in the lower
30 ] f diagram of Fig. 164 with the capa-
citive areas shaded.
. =20 ~-tO o) [2s) 20 €. %
centiradians .

/B 2o ¥, Sy 7. Reactive volt-ampere
e measurements in three-phase
o 3 E"‘%J T circuits. A further measure-
A fi=oA L ment in which the influence
o =tk . b of instrument transformer
AN\ % 1K errors is important is the
o et TR metering of reactive volt-
Rl RS amperes or reactive volt-
1 - ampere-hours in a three-phase

—20
Fi1a. 164. Swepisa * ConTroL Dia-
GraM” FOR ERROR &,, INTRODUCED
INTO A POWER MEASUREMENT BY A

CURRENT TRANSFORMER

circuit by the use of two in-
struments or of a single instru-
ment with two elements.* The

scheme of connections is shown
in Fig. 165, which should be compared with the corresponding
diagram in Fig. 161. It will be seen that the wattmeter W,
has the voltage Vy p applied to its voltage circuit, while
Wy, has the voltage — V; ;. Referring to the vector diagram
in Fig. 161 it is easy to see that the sum of the instrument
readings is Vy, 11 cos [(7/2) — éi] — Vi Iy cos [(7/2) + éul,

* M. Peltier, ¢ Comparaison des erreurs dues aux transformateurs de mesure
dans ’enregistrement de I’énergie active et dans celui de 1’énergie réactive,”
Rev. Qén. de PEL., vol. 21, pp. 295-298 (1927); see also A. Iliovici, loc. cit.

i Jik can
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that is, Vie wr £xsin ¢+ Vi m [ sin qS",.neglecting the phase-
angle of the voltage circuits. In the particular case of balanced

load this sum becomes .
2V, I,sin ¢.

But the total reactive volt-amperes in the system is (v/3) V1,
sin ¢; hence

I
Reactive volt-amperes _ ‘ —
= (4/3/2) sum of wattmeter readings. W
A

It will be observed that in this case the J
instruments each read one-half the total ;
thus when the load is balanced and thp
meters are perfect one instrument 1s

really adequate. I

In practice, however, the meters each  Fie. 165M TWO-WATT-
3 v -9 O METER ETHOD FOR
have some reactance 1n their voltage g VOLD-AMPERE

circuits and they are connected to the ymasuresmst v THREE-
network through voltage and current PHASE CIRCUIT
transformers. Using the same notation

as on p. 307, the sum of the readings is actually

YF, Fi,)V,I, cos o« sin (¢ — o) '
(e P F )V, cos au sin (¢ — 8n)

3
Vi

Making the same approximations as before, the fractional error
in the measurement is

wattmeter readings
r = “true volt-amperes
(1 + 81})(1 + 801) sin (d)——al) .

U0 o) (Lt e sin( — 0) |
2 sin ¢

L4 et ca) [3— 3 dicot ¢
(e o ﬁ(i+3vll+ecll) [%'“'12'511001396]—1
= $(ew + &a + o) — 3(00 + dy) cob ¢ .

1

I

I

The first term is the error due to the ratios and the seqond ’ghat
due to the phase-angles. When the transformers are identical,

e =6, + &, — 0 cot b= &, - & 4§ — dtan [(=/2) — ¢1}
(‘omparing this with
e, =g, & + Otan
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we see that the error ¢, is the same as in an active power-
measurement with a phase-angle (7/2) — ¢ in the load and a
phase-ex"ror angle of — 6. Just as before, the same methods of
computing the corrections may be employed, taking into
account these differences in the formulae for g and ¢, -

CHAPTER VII

PRELIMINARY DISCUSSION OF INSTRUMENT
TRANSFORMER TESTING

1. Introductory. The preceding chapters have given the reader
a general view of the most important characteristics of instru-
ment transformers; the purpose of the present chapter is to
sketch in a general way the methods that are used in practice
to measure the various characteristic magnitudes. A fully
detailed consideration of the subject of instrument transformer
testing is given in Parts 3, 4, and 5, the immediate object being
to deal with broad principles.*

By far the most important test to be made on an instrument
transformer is to find how correctly the secondary current
or voltage, as the case may be, is an exact reduced copy of
the corresponding primary quantity, i.e. to measure the ratio
error and phase-angle and to determine how these are affected
by the conditions under which the transformer is to operate.
For this purpose numerous experimental processes have been
introduced, classified as Indirect or Direct according to the
particular principle involved.

In addition to the errors of transformation there are other
matters requiring test. One of the most important of these
auxiliary tests is to verify the polarity of the transformer’s
terminals. Other tests of practical interest relate to the safety
of instrument transformers under normal and abnormal

* The following papers contain critical reviews of the subject: H. Gewecks,
“Strom- und Spannungswandler und die Verfahren ihrer Untersuchung,”
Elekt. Kraft. u. Bahn, vol. 12, pp. 141-148 (1914); R. 8. J. Spilsbury, ‘‘Instru-
ment Transformers,” Beama J., vol. 6, pp. 505-513 (1920); F. A. Kartak,
“Testing of instrument transformers,” Klec. World, vol. 75, pp. 1368-1370
(1920); A. Barbagelata, *Sulla prova di trasformatori di misura,” L’Elettro,
vol. 8, pp. 165-175 (1921); T. Rosskopf, ‘“Over de eigenschappen van Meet-
transformatoren in het bijzonder van Stroomtransformatoren,” Ver. v. Direct.
v. Elect. in Nederland, pp. 1-26, (7th Dec. 1923); F. B. Silsbee, ‘Methods for
testing current transformers,” Trans. Amer. I1.E.E., vol. 43, pp. 282-294
(1924); W, Janvier, “Le contrdle de la consommation d’énergie électrique
dans les réseaux de distribution,” Rev. Qén. de I'El., vol. 186, pp. 195-203,
237-248 (1924); G. W. Stubbings, “Current transformers. A critical study
of various methods of determining errors,” Elec. Rev., vol. 108, pp. 462-463
(1931); G. Keinath, “Fehlergrossen des Stromwandlers. Experimentelle
Bestimmung,” Arch. f. tech. Mess., Z224-1 (1932).

317
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conditions of operation. For example, the mechanical strength
under the influence of the large forces set up during short-circuit
conditions, particularly in the case of current transformers; the
ability to withstand thermal damage due to short-circuit
current heating effects; and the possibility of damage being
done to the insulation by voltage rises and surges, are all
questions involving special experimental investigation. For
the present, attention will be directed to the methods for testing
ratio error and phase-angle to indicate their fundamental
principles and the apparatus usually employed in them; the
other classes of tests will be dealt with in later chapters of
Part 5.

2. Indirect method for measuring ratio and phase-angle. One
of the most obvious ways of finding the ratio error and phase-
angle of an instrument transformer is to use some modification
of the methods used to measure the regulation of a power
transformer. The theory of instrument transformers being
first investigated, as has been done in Chapters I1 and IV, to
deduce expressions for the ratio and phase-angle and show how
they depend upon the magnetization characteristics of the core,
the reactance and resistance of the windings and of the secon-
dary burden, etc., measurements are made upon the transformer
to find the various quantities which enter into the equations.
These measurements correspond with the weli-known open-
circuit, short-circuit and resistance tests made on power trans-
formers, but with some considerable refinement in experimental
detail because of the much smaller magnitude of the quantities
involved. With the aid of these results the desired errors are
easily calculated.

The method has been used by a number of workers for tests
on current transformers, particularly for those having very
large primary currents; a full discussion will be found in
Chapter XVIII. Itis now, however, superseded for this purpose
by more convenient direct methods. The indirect process has
been but little applied in voltage transformer testing since
direct methods of greater precision and convenience are
available, see Chapter XXV,

3. Direct methods for measuring ratio and phase-angle. In
contradistinction to the indirect method are the direct methods,
in which the ratio and phase-angle are directly measured by
observing the ratio of the primary and secondary magnitudes
and the phase-displacement between them when the instrument
transformer is operating under its working conditions. Direct
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methods are of two main classes: absolute or @mlepmlﬁdle'rz,
wherein the ratio and phase-angle are found in terms o :h-
oratory standards by measurements made dlrec?ly uponh e
transformer ; and relative or comparative, Where}n the ¢ z;r-
acteristics of a given transformer are_compared Wlth thosg of a
standard transformer, the latter having been calibrated by an
thod. -
ab%)c};lite ;tl)zolute and relative methods are further dlws,lblle2
into two classes, designated deﬂec_twmtl methods and ?md
methods respectively. In the deflectional methods the require
characteristics are computefi
from the readings of approprl- ~, R, I
ate instruments suitably applied
to the primary and secondary

circuits. In the null methods it LA
is usual to arrange some form of v
compensating circuit containing

an alternating current detector, i -
suitable resistance and reactance -

adjustments being made to re-
duce the deflection of the de-
tector to zero; the ratio and
phase imperfection? of tl(lie trgrtl)s- 1
former are thus balanced out by
the auxiliary circuit, the balance sz‘;ﬁ;:é?g Jﬁgf;é‘g‘f‘ﬁi&i .
setting of which enables the de- o TrsTiNG CURRENT
sired quantities to b% lcal'culated. TRANSFORMERS
hods resemble in many _

lgcl)ligt;nzi" principle and technique the well-known a.c. bridge
methods so widely used for impedance measurements. |

4. Direct methods for current transformers. The genera
principle of the majority of direct ab§olutg methods for t(?stlbnlg
current transformers is illustrated in Fig. 166. A suitable
four-terminal resistor B, is put into the primary circuit a?nd a
similar resistor R, in the secondary circult; these resmtor;
are chosen to give approximately equal drops of voltage M'll
must be as non-reactive as possible, so that the poi:ent‘lail
differences at their potential termir}als are exactly in phase “}?t'
and proportional to the respective currents entering their
current terminals. Moreover, since R, imposes & certain burde;
upon the secondary of the transformer, the load burdenh
should be a combination of resistances and reactances such that
together with R, the total burden with which the transformer




320 INSTRUMENT TRANSFORMERS  [Cuar. VII

is to work in practice will be imitated. Alternatively, B may
be some instrument (ammeter, watt-hour meter, etc.) provided
R, is kept small enough to have a negligible effect on the errors
of transformation. The principle is then to compare the magni-
tudes of the voltage drops, R,I, and R, and to find the phase-
angle between them; this can be done in a variety of ways.
In the deflectional absolute methods the drops are compared
in magnitude and phase by one or more separately-excited
dynamometers, or by an electrometer; alternatively, the
resultant vector difference of R,I, and RJ, can be similarly
measured. In the null absolute methods this resultant voltage
is compensated by an auxiliary voltage of adjustable magnitude
and phase; adjustments are made until a suitable detector,
such as a vibration galvanometer, shows that balance has been
obtained. Other different procedures may be adopted; for
example, B, and R, may be replaced by suitable mutual in-
ductors, the secondary voltages of which can be compared or
their resultant balanced in a similar way to that just described.
These and numerous other devices receive detailed explanation
in Part 3.

Direct relative methods for testing current transformers
fall into two groups. In the first, the unknown and the standard
transformers have their primary windings excited in series;
the behaviour of certain instruments when operated first from
the secondary of the one transformer and next from the second-
ary of the other is observed, the relative values of the ratio
and phase-angle errors of the two transformers being computed
from the observations. The instruments may be ammeters,
dynamometers or watt-hour meters, and the methods are
essentially deflectional. In methods of the second group the
primaries are again excited in series; the secondary currents
are arranged to circulate their vectorial difference through a
branch of the test network common to both secondary wind-
ings, measurement being made of the resultant secondary
magnitude. This may be done in a deflectional method by the
use of a separately-excited dynamometer; alternatively a null
method may be devised by provision of some auxiliary device
for compensating this resultant combined with a suitable
balance detector. These methods are also considered fully in
Part 3.

5. Direct methods for voltage transformers. Direct absolute
methods for testing voltage transformers are based on the
principle illustrated by Fig. 167. A high resistance voltage-
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. vider* R is put in parallel with the primary winding; the
gglf()i(:)rf vfltagg downI; fraction 7 of this resistance is applrtoxl-
mately equal fo and is compared with the Sgcondary voltage
V,. The comparison may be made deﬂeo’monally},z usl}ng a
separately-excited dynamometer to measure rKf/ » Vo 1or
their vector difference, in magnitude and phase. Alterna 1“17'6 v,
the two voltages may be opposed through a suitable aﬁlmh iary
circuit provided with means for qorqpeqsatmg the small p ?,s:-
defect between them, a null indication of an approlzt)iladff
detector indicating when balance is obtained. Such methods
are treated in Part 4. Y

Direct relative methods for voltage trans- i

formers consist, as a rule, in supplying the AW
primary windings of the standard and un- MR
known transformers in parallel and com-

paring their secondary voltages in relative j\ A\A AL

magnitude and phase. The comparison iy

may be made either by a deﬂeptlonal pro-

cess ; or by suitable compensating arrange- A

ments a null technique can be employed. o

These methods are describid in Part.ci}3 . ; —
6. aratus. It will be appreciate

from ?vlljxg,t has been said in Sections 4 and -n.

5 that an essential preli}r:ﬁgar;} ’zo tt':he Frc. 167, TLLUSTRATONG
detailed discussion of methods of testing = ur Princrere or
instrument transformers for ITatio and DI’?:)};};II}IV{‘F%}EEE‘?\ Jom
phase-angle will be a%n e;(zmmatlon OZ 01;};: PrANSEORMERS

s required for the purpose, ]
glv)fﬁ?g}? is o(fla special character; this is the object of lPart 2.1
The general plan of this Part is to discuss the principles anc
ndards of resistance, self- and mutual
tance specially required in this branch of
measurement, followed by a description of alternating currerét
potentiometers and magnetic potentiometers, and of the sltax} -
ard current and voltage transformers rgql.nred for use inre ative
methods. Sources of supply, phasq-shlftmg_devmes, ax(lidbre%ll:-
lating arrangements then engage brief attention, followe : y g
treatment of the requisite types of indicating instruments an :
of balance detectors. The Part concludes with a discussion }(1)
the choice of natural and artificial burdens with which the

secondary circuits are loaded during the tests.

properties of the sta
inductance and capact

* At the highest voltages, condenser potential dividers are to be preferred

as they are easier to construct free from impurity.
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Some of the apparatus is of a ki amiliar i
: : ; ind familiar in general
testing practice and this will receive but brief atteni?ion. a&)tal;;
apparatus, e.g. standard resistances of very low and very high

values, standard transformers, etec., has been specially dev

eloped

for instrument transformer testi
' esting and has not received ade.-
quate treatment in readily accessible form. Consequently t}?e

space devoted in

this book to apparatus is given chiefly to

those details which the reader will be unable to find in the

usual textbooks;
things the student

for full particulars of the more familiar
is referred to the standard sources.

PART 2

APPARATUS USED IN TESTING
INSTRUMENT TRANSFORMERS FOR RATIO
AND PHASE-ANGLE

CHAPTER VIII
INTRODUCTORY

THE general purpose of Part 2 has been briefly indicated in
Section 6 of the preceding chapter; it is now our object to dis-
cuss this purpose in somewhat closer detail.

The apparatus used in testing instrument transformers for
ratio and phase-angle may be conveniently divided into two
groups, viz. (a) Standards and (b) General Equipment and
Instruments. In the first group are the standards of resistance,
self- and mutual inductance, and capacitance used in the
arrangement of the measuring circuit, and in terms of which
the ratio and phase-angle of the transformer under investiga-
tion are expressed. Related closely to these standards are the
a.c. potentiometers and the magnetic potentiometers. In this
group the standard transformers, used in the relative methods
of testing frequently employed in works practice, are also
included. Each class of standard possesses particular properties
which it is our present purpose to describe; stress is laid
solely on questions of fundamental principle, so that the
reader may assess for himself the merits of any piece of standard
apparatus he may encounter in practice or be called upon to
design. No attempt is made to describe all commercially
available standard apparatus, but rather to discuss typical
examples wherein the theoretical and practical requirements
are satisfactorily fulfilled.

In dealing with the second group it is our object to indicate
merely the special features to be possessed by general equipment
and instruments if the testing of instrument transformers is
to be carried out with the greatest facility and adequate
accuracy. The chapters in which these subjects are discussed
are by no means to be regarded as a complete treatment of the
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equipment and i i izi
rgo H}})* and operation of g standardizing laboratory or test-

In addition to the apparatus re

- uired for ac
most important is that necess 1 curacy tests the

' : ary for high voltage testin
the dielectric strength of the transformers and for %nvestioa%i(;)rf

;)lf their behaviour under surge conditions. The discussion of

-V. testing transformers and surge generators lies outside the

| ; ratus in no way differs from that

used in ordinary h.v. laboratory practice and the reader 31:s
] 1 lI-known extensive lite

this subject for details of design and operation. rature on

* For a description of the Nati i
C onal Ph
R. 8. J. Spilsbury, Journal E.E., vol. 15, pp. 30-30 ¢ 1oy, 2 Eoments see

CHAPTER IX

RESISTANCE STANDARDS

1. Introductory. The standard resistances required in the
circuits used for Instrument Transformer Testing fall into three
classes—

Low resistances, below 1 ohm in value;

Medium resistances, lying between the approximate limits
of 1 ohm and 10 000 ohms; and

High resistances, having values from about 10 000 ohms
upwards.

A resistor in any of these classes should conform as closely
as possible to the ideal of purity, i.e. the alternating current
flowing into the resistor and the potential difference across its
terminals should be in phase. In addition to this non-reactive
property, the magnitude of the resistance must be accurately
known and be independent of various possible disturbing factors
such as the arrangement of the resistor in the circuit, skin effect,
temperature rise, and so on. The practical fulfilment of these
ideals in each class involves quite distinct problems and the
use of radically different methods of construction; it is our
purpose in this chapter to examine in some detail the essential
fundamental principles underlying each class of resistor.

The case of Medium Resistances can be briefly dismissed first,
leaving the other classes for fuller discussion in subsequent
sections. The resistance material is usually manganin, or some
similar high-resistivity alloy, suitably insulated and wound
into a compact form upon a bobbin or other support; a resist-
ance unit of high accuracy, permanent value and very small
temperature coefficient is readily constructed. The method of
winding adopted varies according to the value of the resistance,
having for its object the reduction of the reactance of the unit
to a minimum; it is not possible, in general, to make the
reactance accurately zero, a small residual reactance being
usually present. In the lower resistances the residual reactance
is inductive ; in the higher resistances, the much greater bulk of
the unit results in self- and earth-capacitances of such amount
that the residual is predominantly capacitive; resistances
of about 100 ohms are most perfectly non-reactive. It is not
difficult to design resistors between about 100 and 1 000 ohms
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in value in which the time-constant is less than a few hundredths
of a microsecond, which at 50 cycles per sec. corresponds with g
phase-difference of the order of 3 X 108 radian or 0-01 minute
between the current and voltage; this small phase-angle is
usually negligible in practice. Phase-angles in excess of thig
figure occur in resistors outside these limits, owing to the greater
difficulty in sufficiently reducing the residual reactance. A
number of resistance units are commonly grouped to form g
resistance box, most conveniently arranged in decade form
with dial switches enabling any desired value of resistance to
be obtained by the addition of units in series. As a rule the
minimum resistance value obtained from a resistance box is
large in comparison with the contact resistances at the ter-
minals ; consequently the two-terminal construction is suffi-
cient to ensure definiteness of value when such a resistance box
is joined in circuit with other apparatus. The current for which
these medium-valued resistors are designed is usually small,
not greater than about 0-5 ampere, so that the cross-section
of the resistance material is small ; consequently skin-effect

ance standards will not be further discussed here, since the
subject has been fully examined in the author’s A.C. Bridge
Methods, pp. 65-96 (1932), to which the reader is referred for
greater detail. *

Resistances much outside the approximate lower and upper
limits of 1 and 10 000 ohms Present specially difficult problems.
The low-valued resistors, usually less than 0-1 ohm, carry
considerable currents and it is not possible to ensure definite-
ness of value by the ordinary two-terminal construction ; it is
necessary, therefore, to arrange them on the four-terminal
plan. Since the resistance is low, the resistor will be reasonably
free from phase-defect only if the residual reactance is reduced
to an exceedingly small figure; this involves very special
arrangements of the resistance material and the connecting

megohms, trouble is encountered principally on account of
the importance of distributed self- and earth-capacitances of
the bulky resistor units. This is especially the case in the
design of potential dividers used in the testing of voltage

* Also see A. Campbell and E. C, Childs, The Measurement of Inductance,
Capacitance, and Frequency (1935).
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“transformers with very high primary voltages. It is the pur-
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i i ine i e detail the
f the following sections to examine in som :
Eﬁ:gryq principles of design and construction of low and high

resistances.
Low RESISTANCES

2. General considerations. It has been pointed (;ut on Pag:
319 that the primary and secondary currents oh ah cmrﬁn
transformer are usually compared by passing eac }: rotggti;ﬁ
suitable low-value resist%r anddcoElpanr:l‘ght;hiec;;‘;gi (i)n (13)1?1 bential

i th in magnitude and phase.
:ﬁzr:égolr)lgary circu?t forms a part of the secondaiy test bultdslrllé
the major part being the instruments or other apg_aél.ans.
forming the normal secondary load under gperatlf)g s(t)n 1 ﬁo 1(1’
consequently the volt-amperes expended in the resistor shou d
be kept small. While the secondary resistor s-eldlorg Slax.'me:he
current greater than 5 amperes, the resistor 1I?c'u e dmth °
primary circuit may carry thousands of amperes ; in or el;: ; ge
the power wasted in it shall not be excessive its reslls ‘Znt.h
must be low, often less than a thousandth pf an th.h n (.)t-
cases, therefore, to keep down the power dissipation }t; e resis -
a,nces, are of low value; the drop of potential across t e§ neve
exceeds 10 volts and is more usually 2 volts or l‘ess. Vein sg
the power wasted in heat in the resistors used with ytiry ?‘g
currents may be quite considerable and renders special coo 1ng__}
arrangements necessary to ensure a low temperature-rise o
i terial. ‘ _
thgilrlle:(isﬁ:;;:a?cz is defined as the ratio of pot(?nmal dlffererige
to current it becomes important in these low resistors ’o<()1 sgect hy
exactly where the p.d. is to be measured ; this is ensure . y .:
provision of potential terminals. Moreover, if the resis ?,Iil(}: i
to have a definite value, the p.d. between the potentia der{}
minals must be proportional to the current and indepen z}rll
of the manner in which the current enters and .lea,ves The
resistor; this necessitates the use of current 'termzml%s*. (;‘
standard low resistor for alternating current is, thgre ore, fo
the four-terminal construction already commonly in u.se thqr

d.c. standards of low value and for amrpeter shunts., is

design is adopted primarily to ensure definiteness of {es§tance

independently of the arrangement of the connecting leads. 4

The construction and theory of four-terminal resistors useh
in d.c. circuits is well known; the problem is, however, muct
more complex in the case of resistors for a.c. work on accoun
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of the influence of self-inductance in the resistance element and
mutual inductance between the current and potential circuits.
Since the voltages are low, at the most about 10 volts, capaci-
tance effects are entirely negligible. If an alternating current is
passed into the current terminals of a resistor a potential
difference is set up at the potential terminals; if the resistor
were entirely free from inductive effects this p.d. would be
proportional to the current and in phase with it. In general
a resistor will possess some residual inductance, in consequence
of which the current and p.d. will be out of phase by a small
phase-angle determined by the ratio of the inductance of the
resistor to its resistance, i.e. by its time-constant. Since the
resistance is low it follows that the impurity of the resistor
will only be small if the effective inductance is also reduced
to an exceedingly small absolute value; this is by no means
easy to attain, especially in resistors used with very large
currents, where it is necessary to obtain all possible cooling
surface to carry away the considerable generated heat.* [n
these it is not possible. therefore. to keep current-carrying
parts with currents flowing in opposite directions very close
together and the phase-defect in them is greater than in higher
resistances.

Again, when a resistor is used with alternating current,
especially if the current terminals and resistance material
have considerable bulk the current distribution, and with it
the resistance, may be a function of frequency, in consequence
of the influence of “‘skin effect.” Let i be the current passed
through the resistor, v the p-d. across the potential terminals,
both assumed to be harmonic vectors with sinusoidal time-
variation; then

is the impedance operator of the resistor, R’ its effective
resistance and L its effective inductance. The various methods
by which L is arranged to be a small and definite quantity are
discussed in later sections, as also are the ways for making
R’ closely equal to the d.c. resistance R, definite in value and
independent of moderate temperature changes.

3. Desirable qualities in low resistances. A low resistance
standard for alternating current should possess the following
essential qualities.

* A resistor of 0-002 ohms for 1 000 amperes, for example, absorbs 2 kilo-
watts. -
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(@) Permanence of value. '

(b) Low resistance-temperature cgefﬁment.

(¢) Tacilities for satisfactory cooling.

(d) Easy exact adjustment of resistance value. _—

(e) Resistance to be definite independently of changes in the
leads connected to the current and voltage

a
l

position of the

terminals. .
(f) Lowest possible residual inductance and time-constant.

(y) Small external magnetic field.
() Negligible ““skin effect.”

se (@) to (e) and (g) are important also in standards u§ed
wi?hf tcili ff)r) \thcil mar(lgy designs have been made satisfying
these essential conditions; (f) and (h), on the other hané,
present problems which are peculiar to a.c. work and neces;l-
tate modifications in the design and construction of the
resistors to enable them to be regarded as satisfactory in
ects.
th%ig::i%nce has shown that a resistor having great permanenl(lze
and stability of value can be obtained by the use of e%lrefu y
selected, well-annealed manganin wire, tube or sheet.* This
material is an alloy of copper (about 85 per cent), manganfese
(about 12 per cent), nickel (about 5 per cent), and iron (ahew
tenths per cent); the resistivity is about 35 to 55 micro r}rlx-
centimetres, according to the composition of the alloy. The
annealing must be carefully done; the manganese in the suFfai:e
layer suffers selective oxidation, leaving a skin relatively
richer in copper and increasing the res1§tance—tempergtu?e
coefficient. This can be avoided by annealing the material in
an atmosphere of carbon dioxide. After annealing, ‘?he .outgr
surface is removed by means of emery paper or by pickling in
acid, the manganin being then silver—goldered to the copper
current-terminals ; the resistance material should be suppor.'ted
so that deformation is avoided, and ‘pe protected from oxida-
tion by a coating of enamel or varnish. A resistor tends to
rise in value about 0-1 per cent in the first year; it sh_ould be
kept, therefore, for at least a year before ﬁn_ally.ad]ustmg alild
standardizing. Thereafter the rate of ageing is very smad.
The resistance-temperature coefficient of manganin 18 exg(it.a -
ingly low, frequently not more than a few parts in a m}l 11)(})ln
per degree centigrade; by appropriate proportlom;gt' o : O(;
f i si i anin see Dictionar,
A;plltj:dr ?’hﬁ?s}z!c;}lsszls.bl?z? 2%Zzgtggzgfrg::nggr?:ne%\d Measurements of,”
Pp. 705-710 (1922).
23-—~(T.5722)
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constituents of the alloy it is possible to bring the coefficient
to zero or even to make it negative. In building a resistor with
multiple resistance elements it is often possible, by selecting
material with positive and negative coefficients, to construct
the resistor with practically no resistance-temperature varia-
tion. Since the resistance value is so slightly influenced by
rise of temperature it follows that quite considerable tempera-
ture rise may be tolerated ; even so, a resistor for large currents
may become very bulky in order that sufficient cooling surface
may be secured so that the large amount of power generated
in the resistor may be dissipated without excessive heating.
Numerous cooling devices have been used in practice, some of
which are noticed in later sections.

Constantan is sometimes used in preference to manganin on
account of its greater freedom from corrosion troubles and the
ease with which it can be soldered. This material is an alloy of
copper (66 per cent) and nickel (34 per cent) and has the dis-
advantage of a high thermal e.m.f. with respect to copper.
While this may be troublesome in standards used with direct
currents it is entirely unimportant in a.c. standards. This
material has been adopted for the a.c. standard resistors at
the National Physical Laboratory. »

These preliminary remarks sufficiently dispose of the desirable
qualities (@), (b), and (¢). The remaining conditions are some-
what closely linked together and need not be separately dis-
cussed ; the essential principles governing the design of resistors
intended to satisfy these conditions can only be appreciated
by first considering the theory of the four-terminal conductor,
which we now proceed briefly to summarize.

4. Definitions. Consider a mass of conducting material upon
the surface of which four limited areas A4, B, C, D are taken
to act as terminals for connection of the mass to other con-
ductors. If a direct current enters one area and leaves at
another there is, in general, a difference of potential between
the other pair; the ratio of this p.d. to the current is one of

the resistances of the conductor. For example, in Fig. 168 let
unit current enter at 4 and leave at B, the p.d. between C
and D being observed ; then the resistance is defined by the
symbols [CD/AB), where the first pair of letters denotes the
places between which the p.d. is measured and the second pair
the areas at which unit current enters and leaves respectively.
Using all four terminals it would appear that the conductor
has twenty-four such resistances, but a simple consideration
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ill show that in actuality there are not, more t};andmoxf. ff)(;;
oxan le, sending unit current from B to A instea o
ii(&’zlllg jéverses the p.d. between C and D; also w1f:h theuc;;rrand
in ; given direction the p.d. between ¢ and D 18 eq )

opposite to that between D and C. Thus we have, "
[CDIAB] = — [CD|BA] = — [DC[AB] = [DC[BA].

There will be five additional, similar rela,g%ns when the current
terminals are AC, AD, BC, BD, ‘andd )
respectively. These six relations ‘relucé i D T &
the original twenty-four four.—t.ermm.a; r.“
sistances of the conductor to siX, and 1 “ﬁ :
be shown that of these only two are reaily
m%gg: Izt(ril(;fn(t)ne of the resistances so deﬁnid
to be definite in Valule,tthe .ra’ﬁlo toof :h(:;
‘ tential terminals to t _
[c)u(ll"ref:‘: e;}tl:rh?go and leaving at the current tefqmlgalg mll)xsist})g
independent of the parts of each of .‘d.le are}ixs 3 d{lctz)r used
to make contact with the leads joining the C(il wtor to &
external circuit. That is, the p.d. bet\yeexll z:i pre s o e
potential terminals to cxlvlafh ths1 pr(;t‘;asr;m{a;lj zza?f :cted e he
t be the same, an is p.d. :
g%llsltsribt\)ltion of current over the areas serving . gze (igfﬁ'egz
terminals. Methods of attaining this ideal in pra
dls%ll?:idsll?ctﬁré conducting mass is supplied with al@(:,lniat;nf
current the question is more qomplex. A Zln]\;(sa;)iv ;3 ) til(;
entering at A4 and leaving at B will set up a %)) . between ©
areas O and D s 2 wil S0 LN, components, in
ent. It may be res :
;};IZsZu;;d in qua,dra?;ure with the current r(lalspectn;erllz.is’lt‘illz
ratio of the in-phase component of p.d. to tﬁe E:EI:S s
effective resistance; in consequence of skin effect dl e c.,
in general, be equal to the resistance v-alue? obtamti{ i eﬁ.e -
and one of the problems of resistor design is to melm es o e
tive a.c. and the d.c. resistances as nearly e:lluf‘: ihepcment,
The ratio of the gquadrature compongnt of p.d. Pﬁ N s,
is the reactance of the conductor with the specifie rrange.
ment of current and voltage terminals. In other words,

ratio of the e.m.f. induced in a circuit composed of the con-

i e rate of change of current
ductor and one pair of leads to th o of change o e of

in a circuit composed of the conductor

C o

Fra. 168. DEFINING
THE RESISTANCES OF
A FOUR-TERMINAL
CoNDUCTOR
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leads is the inductance for the given arrangement. There are
clearly as many reactances or inductances as there are
resistances. *

If any one of the inductances is to be definite in value, the
terminals must be brought out so that the relative positions of
the current and potential leads are invariable and definite. More-
over, since the conductor must behave as nearly like a pure
resistor as possible, the inductance should be vanishingly small.

Further consideration of the four-terminal conductor is
greatly simplified by the use of the reciprocal theorem, which
enables the relationships between the various resistances or
inductances to be more usefully developed.

5. The reciprocal theorem. The reciprocal theorem may be stated
as follows: I'm any four-terminal conductor the p.d. between 4 and B due
to unit current entering C and leaving D s equal to the p.d. between C and
D if unit current enters A4 and leaves B.

This theorem was first stated and proved for linear conductors, i.e.
circuits composed of thin wires, by Kirchhoff* in 1847, two years after
the publication of the well-known ‘¢ Kirchhoff’s rules.”

Helmholtzt in 1853 developed the theorem to apply to non-linear
conductors composed of a solid, homogeneous, isotropic material.}
The generalization for non-homogeneous, anisotropic conductors was
made by Rosen in 1887. All these earlier workers assumed direct cur-
rent, and we shall first establish the theorem for this condition, using
a form of proof suggested by Heaviside and published by G. F. C.
Searle§ in an important paper which should be consulted by the reader
interested in the complete theory of the four-terminal conductor.

Consider a conducting mass, as in Fig. 169, into which a direct cur-
rent i enters at a point A and leaves at a second point B. At any point
P in the mass a tube of current flow of small cross-section d« carries a
current di = wu . dx, where u is the current density at P. Now let ¢ be
stopped and a second current i’ enter at a point C and leave at D.
Potential differences will be set up between other pairs of points in the
mass; let the electric force e’ at P due to i’ have a direction 0 relative

* G. Kirchhoff, “Ueber die Auflosung der Gleichungen, auf welche man
bei der Untersuchungen der linearen Vertheilung galvanischer Stréme gefiihrt
wird,” Ann. der Phys. u. Chem., vol. 72, pp. 497-508 (1847).

1t H. von Helmholtz, “Ueber einige Gesetze der Vertheilung elektrischer
Strome in korperlichen Leitern mit Anwendung auf die thierisch-elektrischen
Versuche,” Ann. der Phys. u. Chem., vol. 89, pp. 211-233, 353-377 (1853).

1 A body is homogeneous if it consists of the same kind of material through-
out. A body is isotropic if it has identical physical properties in all directions.
For example, a piece of rolled steel plate is homogeneous but not magnetic-
ally isotropic, having a different permeability along the direction of rolling
from that across. In the discussion given in the text we are concerned with
electrical isotropy or its absence. A body which is not isotropic is referred to
as anisotropic or allotropic.

§ G. F. C. Searle, “On resistances with current and potential terminals,”’
Elecn., vol. 66, pp. 999-1002, 1029-1033 (1910); vol. 67, pp. 12-14, 54-58
(1911).
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to the original current. \Ye shall ¢
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to the tube of flow APB due
he value of

. Q= fue' cos 0 . dv,

Take
dv is an element of volame.
Whel“; length; the elementary volume dv

alculate

throughout the whole mass, :
an element of the tube APB,.ds i g
hat the contribution ©

= do . ds, 80 b : L on o
lement to the lnteg_ra.l is u . da .
f:}(;z Be _ds. 'The contribution of the whole

tube is thus,
difke' cos 0 . ds,
A

ral being the excess of poten-

the integ X
tial of 4 over B when @ flows fron;hC 5

to D; this is clearly %ndependerllt‘;)f ro(-_: B S ——
particular tube considered and 1S P o R

[4BJCD] denote
d by the p.d.
current passes

= i’[AB/CD]fdi — #W[ABJCD].

portional to i’. Let
the resistance measured !
between A and B when unit

f”e' cos 0 .ds = i[AB/CD], and @

A

from C to D. Then,

lar manner we can show that
Q) = fu’e cos 0’ . dv = [ CD]AB]

ed if we can show that @ = @',
far no mention has been made
s both non-homogeneous

In a simi

'The reciprocal theorem will be establish

ich i i = U 6. So
which implies ue’ cos § = w'e €os £

i i 1, i i
the body which, in general : 1ogencors
Zflgh:mrﬁgggjsp?i In anyanisotropic body the electrical resistivity

i i i a point; resolving the currept-
diffel"ent e dlff.elf Iilfltgut;icrtzg résonalgglrllténtspparallel to suitable tca:rt%zlrazré
ey P the corresponding compon.en.bs. (?f e.lec 1;0 ce
e o Sf‘cy,where Pgs Pyr Pz BTE the resxst}v1t1es in the a}i,he
3!"8 ptz'um, P;Z”Eh? [foint. Co;sequently, in an am‘soti}'opxc artx’la:spomt
r;ﬁt:iﬁ;s current-density and the resultant electric force
cannot have the same direction.

Consider now the simpler case oL ar
p; then u coincides in dirl-ec‘olon wi
e = pu, e = pu’ and 6 = 6’3 hence

we’ cos O = puu’ COS 0,

i i istivity
sotropic conductor of resis
fantlll e and u’ with e’ Moreover,

we cos B’= puu’ coS 0,
[AB/CD] = [CD]AB]
ticular case of isotropy.
the theorem for the par 111 T iheorem otreby:

homogeneo 1 app
gtolt)”ea, number of different isotropic pieces

and hence

which establishes
Notice that the mass need n
therefore, to a body cl(:impose
joined by isotropic solder.

J Searley[loc. cit.] has generz_mhzed. the proof A
of an anisotropic mass carrying direct current.

of the theorem for the case
The most general proof
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practical conditions.

6. Theory of four-termin
) four- al conductor. The twenty-
If:galntermlnal 1‘es1s’qapces (or impedances) of a congug(‘;:)lrl:
uce by the condition of symmetry given on p. 331 to the

following six—

[AB/CiD], [ACIBDY, [BCIAD), [CDIAB), [BDJAC], [AD|BCY].
Applying the reciprocal theorem,
[ABIUD] = [CD[AB]; [ACIBD)
| =[CD[LB]; ( | == [BDJAC]:
[BC[AD] = [AD/BC, s
so that only three of the four-terminal
I'flsm@nees are different. We shall now
ihg::; 'that there is a relationship between
e Referring to Fi
Fre. 170 g to Fig. 170 let 4, B be chosen
Tur Four-terymnar &8 current terminals and . D i
Coxpycror t;zrn}:inals; then with unit éurrgr?t%(zﬁ;ﬁgl
o 4 the four-terminal resistance i ]
ﬁ;]s;o;llated w1th 1t 1s the two-terminal resistancece[;lsB[/ngf{]Aalr?i
and [ iﬁgeéternllnal resistances [CBJAB], [DB[AB] [AC[AB]
pnd AD[AB]. N ow the p.d. between C' and D is eq’ual to that
veen (! and B minus that between D and B - hence

[CDIAB] = [CBJAB] — [DBJAB].

Similarly, if unit _
we shou{d hawtra1 lhafiurrent had been passed between C' and B

ulf‘iD/Ct’f] = [AB/CB] — [DBJCB] = [CBJAB] — [DBJCB]
sing the reciprocal theorem. Again i i
passed from D to B we should hav eggglr)ltalii egmt current had
(CAIDB] = [CBIDB] — [AB|D
‘ - B] = [DB/CB] —
Adding these relations, \PBICB] ~ [DBJAB]
eterring now to Kig. 171 (a), which shows a four-terminal

resistor diagrammatically, the ter
: . , m [CD|AB] may b led
the direct resistance ; [ADJCB] is the resistange thzi;; wi)lfl?ll f)e

* (23
F. Wenner, “The four-terminal conductor and the Thomson bridge,”
(1913); also see Phys. Rev., vol.g3§,

pp. 614-616 (1911).
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z)}fea]i,hix:r\;z;lver, hﬁs bien supplied by Wenner,* who has shown that
> thec applies to a non-homogeneous, anisotropi l
: : apy ‘ ropic .
Icr?;g}:l;% Zlﬁ;ztxna,tmg current, the current and i)otential é)o;t:((:)tf;dll)lgitr?;
¢ © areas upon the surface of th : ’ i
o . e mass, and not at
ence the reciprocal theorem may be regarded as established I;'g;n;slli
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found by sending unit current from one current
the opposite potential terminal and measuring

tween the other pair,
resistance ; [C.AJDB] is the ratio of the p.d. between a current

terminal and its adjacent potent; :
is passed between the other pair, it is called the cross resistance.

Then ((DJAB] = [AD|CB] + [CA[DB],

or Direct resistance = diagonal resistance -~ cross resistance.
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terminal to
the p.d. be-
it is conveniently called the diagonal

ial terminal when unit current

Dr. Searle has shown that since a A B
four-terminal conductor requires for
its specification six related resistances, (@)
it is equivalent to the network of g 4

wires shown in Fig. 171 (b), this also

having six degrees of freedom; it a

sh0ul§ be noted that some of the >—OWA

branches of the network may have \
negative values, so that in general it ¢ 2p d
is not possible to construct a model

of real wires baving the same elec- C
trical properties as the actual resistor.

If, however, the cross resistance A B
[CA/DB] -~ 0, so that the direct and

the diagonal resistances are equal, (c)
the simple five-wire network of Fig. ¢ 2

E}Zel (Ic'gsilssfo:ci:i?sﬁlyis e%;:grlalf;tng Fig. 171. EquivarLeENTt CIRCUITS
. v . ror FOUR-TERMINAL CONDUCTOR
linear. This is usunally the case n

practice where the current terminals
are attached to substantial copper blocks by lugs of sufficient length.

For example, in the well-known Reichsanstalt pattern 0-001 ohm resis-

tor the ratio % is less than 107 %; in a similar 0-0001 ohm resistor

less than 3 X 10-%; in a 0-1 ohm at the National Physical Laboratory
less than 5 x 10-8; and in the standard mercury ohm about 1019,
Hence with proper design a practical four-terminal resistor is very closely
linear and is usually assumed to be so.

It will be realized that this argument is immediately applic-
able to a.c. resistors provided that the various relationships
are taken between the impedance operators instead of the d.c.
resistances.

7. Current and potential terminals. The question of proper location
of the current and potential terminals is of great importance in deter-
mining the definiteness of value of a given resistor; the subject has
been fully considered by Dr. Searle in the paper cited, to which the

reader is referred for complete details.
TFinite currents must necessarily enter a resistor through an area and

not at a point. If current enters an area at A and leaves a second area
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at B the p.d. between € a i > ini

f:urrent across the areas is dg;ilﬁ?cew’u b ot
in that part of the resistor to Wh’i
pendent of the way in which the ¢
areas at 4 and B. This can only
the resistor so that 4 and B are su
that the current flow in the resist
on accurate placing of the curr

ill be e if the distributi

Le. if the lines of low of the gggeg'f
ch C and D are attached are inde-
urrent leads make contact with the
be.secured in practice by designin,
fficiently far from C and D to ensuri
ance material does not much depend

> > ent leads upon thei i
Searle has illustrated the magnitude of the I;ﬂf'ect zirbzeren‘:g;iltséd ]?)I‘-
3 Yy

z;)lLngngI:i ttw.o-dim_ensional flow problem shown in Fig. 172 (a), wh
e nonduc }?r consists of a semi-infinite, thin, conductin ’tw .
with an electrode A attached to one corner of thegedsg;llgl I(Zf

Q
A I t
[ ,’
| 7 (‘1
Y[ ‘ l [Ty
| P
e 2 ]
N Y
T---- U
R S

T

i
l

(6)

Fic. 172, I R B I E INALS
. LLUSTRATING THE Y F 50333
T THEOT oF PoTENTIAL MIN

At a very short distance from the end
v y 3 > of the strip the i i
2}1} ; g?cﬁi(éavtiy stéralght‘ lines perpendicular to its in)des. ?J((l)lrlllsre)e((’ltue:rfilj}l’s
e b o}‘ oo Sczn. WO 'pomts @ and P equidistant from the end on opposit(;
ahony’s the r(llp gv%l be very sma,H: Dr. Searle shows that if zfa is
i o’ver apie . fl ween .Q and P is only about 1/10 000 of the fall
N Sty sgtt of strip egua,l to a where the current has become
Srtormly dist lt u I:(::d. Hence it would appear that if a point potential
asoumed by 1t Wo ' ; gpphed ‘anyw}.lere on the line QP the potential
e ed Dy it » ou1 e pra,ctlcally independent of the situation of the
Cmont tel,m.o IZ along A Y, provided zfa > 3. This suggests that the
opent tem ?e? should be situated at the end of lugs, the length of
foh of w txc I1s at least thrge times its greatest, width Fig. 171 (a);
e oc a, ; placing of l.eads in the current terminals wi,]_l th(;n have 8,'
%n g;raitg ec(lzl on deﬁmteness.of P.d. between the potential points
a2 atlce,. towever, poten!nal contacts must also be made at a,x"ea.s
G mot OIIiom .}sl ;tﬁhe potential terminals must be so designed, there-
inva,riable " fla(ii ere 1s an area over which the potential is s’ensibly
Do atable ar; ) ependent gnly upon the magnitude of the current.
toraple ha shown that this can be attained by attaching the potential
s at the ends of rods or tongues soldered to the resistance
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material, as at C and D in Fig. 171 (a). In the two-dimensional problem
of an infinitely long tongue, Fig. 172 (b), the p.d. between opposite
points 7' and U is less than 1/100 000 of that between R and S, where
the tongue joins the resistor, it US is about four times RS ; the potential
terminal could, therefore, be attached anywhere on the line TU with-
out seriously affecting its potential. Here again, in practice, with
tongues of finite length, great definiteness is obtained if the potential
terminals are at the ends of rods or tongues of which the length is not
less than three times their width.

The system of potential tongues has the practical inconvenience of
making adjustment of the value of the resistor somewhat difficult, and
permits of adjustment only in one direction. It is necessary to attach
the tongues so that the resistance is

a little low, bringing it up to the

correct value by making sawcutbs in (:‘; O
the edge of the manganin strip, a Sawcul

method not applicable to tubular @)

types of resistor. This form of poten-
tial electrode, moreover, does not lend
itself readily to schemes for the re-
duction of the effective inductance in
a.c. working.

The method of attachment shown
in Fig. 173 (a) is frequently preferred,
and is equally applicable to strip and
to tubular resistors. The terminals
O, D are fixed at the ends of tongues
formed by making U-shaped sawcuts
in the manganin strip or tube; length-

/Pol‘ent[al Rings

ening the saw cut at C decreases and ¢ D

at D increases the resistance, thus (5)

providing adjustment in both direc- Fig. 173. TyrEs OF POTENTIAL
tions. Definiteness is secured if the TERMINALS

terminal is at the end of a tongue
having a length two or three times its width.

Tubular resistors are frequently used on account of their freedom
from magnetic leakage field and their very small residual inductance.
The cutting of slots as in Fig. 173 (a) materially affects the uniformity
of the current stream lines and results in a small local magnetic flux
linked with the potential circuit, which adds to the residual. The
arrangement shown in Fig. 173 (b) is free from this defect, and though
shown in application to a tubular resistor is equally applicable to other
forms. Three potential rings E, F and G are provided, the resistance
between E and F being slightly lower and between E and G slightly
higher than the nominal value. A fairly high resistance HK connects
F and @, having a value several thousand times the resistance of the
main conductor between F and G. Adjustment of the value is made
by soldering the tapping J to an appropriate point in HK, the range
of variation being approximately FG/EG.*

* This device may also be used to provide a variable four-terminal resistor
by making HK a slide wire upon which J is the sliding contact. Such a device

is frequently required in current transformer testing.
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8. “Open” and “ closed ” resistors. We come now to the
problem of reducing the time-constant of a resistor used with
a.c. Neglecting skin-effect, if a sinusoidal current i flows in the
resistor, the p.d. at its potential terminals would be Ri if induc-
tive effects were absent. Actually the material of the resistor has
effective self inductance 7, so that the p.d. becomes (R-+ jwl)i.
In addition, the proximity of the current and potential circuits
results in the injection into the latter of an e.m.f. of mutnal

1

. (a) (b)
I're. 174, ILLUSTRATING THE INDUCTION CORFFICIENTS OF A Four-
TERMINAL RESISTOR

induction; let m be the effective mutual inductance between the
two circuits, then the p.d. at the ends of the potential leads
will become finally [R + jo(l 1 m)J{ = v, as indicated in Fig.
174 (a); m may be a positive or a negative quantity.

Writing this as (R 4 jwL)i = v, the time-constant of the
resistor is L/R seconds and its phase-angle is arctan (wL/R) =
oL[R radians very nearly, since L[R is small. The smallness
of the time-constant is a useful measure of the perfection of a
resistor, since the phase-angle between the current and voltages
is directly proportional to it and to the frequency ; in the ideal
resistor L/R should be zero, so that in practice we must aim
at reducing L as nearly to zero as possible.

This simple theory enables us to classify resistors according
to the means adopted to deal with the effective inductance
L =1+ m. In one type sufficient mutual inductance is
provided to be equal to [ but of opposite sign; then I becomes
zero. The resistance material in this
inductive element; such arran

astatic. In the second t
tically a closed circuit,
small

case forms an open
gements are not necessarily
ype the resistance material forms prac-
so that m is zero, while ! is made as
as possible by appropriate arrangement of the go and
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return conductors in proximity. Thish classiﬁcatiog i;]ézl ;5;31;
| is i r the purpose g
losed types is convenient fql ‘ : nalys

:l?g d(;f?erent };Il)ethods of construction adoptec,l in practilcec.1 o

9. Construction of open-type resistors. The n;)et o L o

red{lcing the effective inductance of agesgtor t};) ?ﬁ]_:ou ghmm;:l ; i

e

m = —1 was first suggested by A. Camp utili; .

;%rinciple described byDLichtens‘Feln.I As shown in Fig. 17
the potential leads consist of
strips equal in width to the

working resistance placed as [ : =
close to it as possible, but msu-

or
lated from it, and tied securely T Copp"’
in position. By this a'r.rangeme.nt
the self-inductance of the resis- g *J‘ ]
tance material and the mutual- Fre. 175. CAMPBELL'S

inductance between it and the QPEN-TYPE RESISTORS

- ‘ ibly
sotential leads are made sensi ) . N
équal' exact equality could only be secured by mal;lnsg;'L gos
two p7arts strictly coincident, but very accurate comp

may be secured in practice.§ . é
P?Tf rring to Fig. 174 (b), the resistor is shown as a Shu{ét to s‘(r);llm;
o e uring device V; the various currepts and vo .agest Y
v?lf}:lag_e m?a.san gesired way. If R, are the resistance and {nduct mcl}i(-
Owt}ihgl?x}srging ir’la,teria,l, and p, A those of the potential leads up to the
terminals of V, at which the p.d. is vy3 Vt.,hen i
di di,. . dj’-%—fg'v,
vc:_—R’iCJrld—tc/%mT;’——,p-%—{—ldt+mdt+ » _—
i ing the mutual induct-
i i f cross-resistances, m being
neglei)mzlvgvetgfll%nﬂluaeﬁgep? AC.IOIf the potential leads lie very ciose té) :,ilﬁ
::s(;:tos and a,re, symmetrically situated with respect thereto we ca
take I = A = m numerically, then

d.
v, == Ri, + m%('ic + 4,) == ply + Uy m;ﬁ(% 4+ 4,)5
so that, v, == Rig — piy

* F. B. Silsbee, “A study of the inductance of four-t%rminglo %Zﬁxtggglel
standards.” Bull. Bur. Stds., vol. 13, pp. 375-421 (1916). See a
&111{1 gh%isr’nl}?lfél;m?‘ On compensation for self induction in shunt resistances,

' I 01 (1908). R

Elicri, Eghgé;lspiaginlo‘q%:xﬁ'oThéorie der Wechselstromkreise,” Dingler’s Poly.
J., vol. 321 pp. 3841, 109-112, 118-123 (1906). ¢ the working material,

é When the potential lead follows exactly the shape o e O e er,
lis alway: eaI‘;er than m on account of the flux in the insula uflg Ly : betwoon
t;xs . v‘va?}'ls glfke is also true when the potential lead consists o %Osu;gt o central
wi?‘fanc;r a ?mmber of wires in parallel ar}rlangg‘d i{’rsr?fsﬂsg,;m : b zlwa,ys oo

i therefore the effective 1 ,

;)ifvghe'ls‘fl?spiq Iri:)tthf:gezgsiiy true when the potentlaldleads do not ensheath
the resistor or when they are not symmetrically placed.
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exactly as if the inductances were absent. Note that this result is
independent of the law of time-variation followed by the voltages and
currents, and that the behaviour resembles that of a d.c. shunt
whether the potential circuit carries current or not.

This principle was ‘adopted by Paterson and Rayner* in

|
the resistors designed by them for the National Physical 2 2 2. = 2 1
Laboratory in 1909. The working resistance consists of a P PURAPON I
seamless manganin tube with thin walls, in which skin effect E N 3
e Gy i —
S ube et ﬂﬂ suep {5; '3 o
S S 383z %2 |
g T
o [ ESS— —1
Fic. 176. PaTErsox anD RAYNER’S TUBULAR RESIsTOR é — ° \‘[
=
will be very slight; the cross-section is proportioned so that gl 2 Bhw ;%
a length of about 40 cm. gives the desired resistance. After r| Sggsegmen |2 \
annealing at a red heat the tube is silver-soldered to copper = - % i
rings which are screwed and sweated into the current terminal gl
lugs, the whole being arranged to be almost astatic, as shown g It !‘
in Fig. 176; the surface of the tube is removed by immersion 2 0 =8
. s . . . =~ S RieRieRo ] |
in acid (see p. 329), after which the inner surface is stove- & B O B \
enamelled to protect it from corrosion. The potential leads © 7 3
consist of thin copper tubes, composed of foil 0-04 mm. thick, 2 ° ‘
coaxial with the resistance material and insulated from it by 5 T T ]
varnished cloth 0-2 mm. thick. The resistors are designed for 2
a drop of 2 volts with normal current, but if a temperature ;:f """""" s
change of resistance of 2 parts in 10 000 is permissible much R
higher currents can be carried. The tubes are mounted with - 3 - """ "7 ‘—g.é
their axes in the vertical plane, a vigorous flow of cold water e
being maintained through them at a rate of about 15 litres s 2
per minute; the cooling water enters at the bottom and is mg a1y
discharged at the top, thus ensuring that the tubes are always wis =wB8 o
full and cannot be damaged if switched into circuit before the 254 2% g 3
water supply is turned on. This system provides excellent R g3E% &
cooling, permitting a current-density of 25 amperes per sq. mm. i 2?, g% SEES 3
. . . [=} = R p=
(16 000 amperes per sq. in.) in the manganin to be safely used. Z55% ELE R ¢
The table on p. 341 gives the principal characteristics of 9Bcfguang | ®
the resistors; “normal current” gives 2 volts drop, while %; 2o §;E gg 3
* (. C. Paterson and E. H. Rayner, “Non-inductive, water-cooled standard g E 5a ifi §°§ § .?3 E
resistances for precision alternating current measurements,” Jowrnal I.E.E., ;2 é 5 Sﬁ A= SR
vol. 42, pp. 455470 (1909).
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“maximum current”’ can be safely carried without the
resistance value changing more than 2 in 10 000.
Hartshorn* has recently given the results of inductance mieasure-

ments made on some of the Paterson-Rayner resistors, the values
being given in the table—

Resistance in ochms . . ! 002 | 001 { 0-002 0-001
Calculated inductance, cm. . . } 5-4 i34 | 37 30
Measured inductance, em. . ; 3-8 4-1 L322 3-2

i |

Agreement is as close as can be expected, considering that the calcula-
tion takes no account of the gap at the middle of the potential sheath
and the fact that the insulation has been renewed since the calculations
were originally made. Ixperience with these resistorst during the past
twenty-six years shows that the enamel film is apt to crack, the cooling
water then causing corrosion of the resistance material, necessitating
fairly frequent adjustment and measurement of the resistance. The
residual inductance is neither as small nor as constant as is desirable,
especially in the heavy-current resistors; this has caused them to
be gradually superseded at the National Physical Laboratory by an
improved design described on p. 349.

A well-designed series of resistors using the compensation
principle has recently been described by Silsbee,I presenting
many interesting features, a typical example being shown
diagrammatically in Fig. 177. They range in value from 0-05
to 0-001 ohm and give a volt-drop of 0-5 volt. The resistance
material is folded into a series of loops, the sides of which are
about 9 mm. apart, attached to copper current-terminals;
both sides of the manganin strip are exposed to the cooling
action of an air blast supplied by a motor-driven blower
through a trunk in the top of the table. The air velocity is
about 1 600 cm. per sec. (36 m.p.h.) and dissipates 0-017 watt
per sq. cm. per ° C. rise; the 500 ampere resistor has a tem-
perature rise of about 5° C. and -the others considerably less.
Air cooling has the advantage that the resistance material is
not subjected to any corrosive action, as may occur with water
or with acid-contaminated oil; it eliminates, moreover, the
leakage and mess usually associated with oil-cooling.

* L. Hartshorn, ““Standards of phase-angle,” World Power, vol. 8, pp. 1'71"
180, 234-240 (1927); *The measurement of the inductances of four-terminal
resistance standards,” Proc. Phys. Soc., vol. 39, pp. 377-387 (1927).

T Resistors of the Paterson-Rayner type for 200, 1 000 and 2 400 amperes
have also been designed at the P.T.R.; see Schering and Alberti, Arch. fo
Elekt., vol. 2, pp. 263-275 (1914).

t F. B. Silsbee, “ Notes on the design of four-terminal resistance standards

for alternating current,” Bur. Stds. Journal of Res., vol. 4, pp. 73-107 (1930).
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sh s at @ and b,
are attached to U-shaped lugs a ‘ d b,
in Fig. 173 (a); they consist of flattened No. 30 “;31::
in lated with silk and are securely tied to the manganin : rs
msqndicated. In the 10, 25, 50, and 100 ampere res(;s Or(:,
:vsh(lare the strip is relatively narfrp;z}v, tthg pot;a?s:lt%ﬁg gsiv?ng
the centre of width of the strip as , )
gla::%ai?gi compensation for offective inductance and skin

cuap. IX]
The potential leads

Current r
Terminals g '

- Pocential
Terminals

T
~ 3
|

- .

LSS R " /
7 HMT‘:T%M@

Air Blast

3 X
ﬁ ( ﬂanganinz i)
s bo 11,

H em.

<]
(ol 7

2 n

Hem.

R
Fie. 177. SILSBEE’S AIR-COOLED RESISTO!

effect, as well as rendering the phase-angle of the resnstox}-1 pr;(;:(;
tically immune from the influence of: stray fields. II(lis t fe 0
ampere resistor with wider manganin strip th.e lea f02/10
the line alme, the part Im being situated at a dlstan(;,: c; g

of the width of the strip from the edge; this is shown by :jalorzrl
and experiment to give a more accurate compensation tha

* The use of thin wire instead of & strip equal in wifdth tofii}}l:; $Zﬁ§::$
interferes as little as possible with eooling from both sur a.ce'sl 0l e in
. strip and has practically the same compensating effect proviaec

& Strip is not too wide.
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‘is much exaggerated, the two halves of the element and the
“copper current terminals actually coming as close together as
possible. The resistors are immersed in oil which is vigorously
stirred ; about 1 watt per sq. cm. of surface in contact with
the oil can be dissipated effectively without undue temperature
rise. The table gives essential particulars of the resistors.
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it:l(; l'(i?nt?lll le&tul. l[n the 3500 ampere resistor, where the strip
5 still wider, two leads in parallel are used. fi i i
de _ ¢ F d, following the i

gé:ntrl; gn[c, gllls 'resltores the immunity to stray ﬁeldsgsacriﬁ(r:ee(;

use ol a single asymmetrically situat in ¢
. ' ymi ally situated lead in the ppe.
Eeﬁlng resistor, as well axs giving very good compensation. g‘rhee
llowing Eblj gives the principal particulars of the resistors

Resistance, ohms . 05 ‘ R " : ;
Current, ﬂmpef:: ! [((: 05 1 .,‘.’.”') ,0'01 : 0-005 100025 0-001 Resistance, ohms . . . . 0-03 0-01 0-003 0-001
Length, cm.. . 75 -3 3001100 200 £ 500 Current, amperes N T 100 333 1000
Width, em. | dre 'j,u c {65 j 76 72 Volt drop, volts ) . . 412 10 1-0 1-0
Thickness, cm. .| (056 | o S0 70 33 90 Length of strip, cm. . . . .| 51 42 19 69
Watts per sq. cm. | (091 | o0 | 0086 100811 0Q0 gy Width ., 1-42 36 685 | 145
Phase-augle at 6(). \: o 0021 0-021 1 0-055 L0050 0-083 Thickness ,, mm. 0-5 05 1-0 2:0

oycles per sec. {'4 0y gy Lo kW . . . 0-048 | 0100 | 0-333 1-00

measured, min. o O =03 gy — 20 4 Time-constant, microseconds 0-57 0-38 1-7 53
—_—— IR ——— : Inductance, cm. . . . RER Y 8 30 53
Time-constant, et 4 ‘ &

mieroseconds L 031 4023 £ 008 | g0y 031 - 1.9 Potential terminals are situated Copper
e NN B Lo B in a plane perpendicular to that con-
of If(). Constr}lctlon Qf closed-type resistors. In the closed-type tainipg the current terminals and
oI Tour-terminal resistor the resist 1 ; . are joined by very short leads to
in such ) ance element is constructed . . } t M
( ’ " & Way as to have a very small residual magnetic field the magnanin strip.
sometimes term 3 oar . ; ’ :
possiblo. whil eC‘lv the resudual), i.e. so that ! is the least A further group of bifilar resistors was

; m 1s made as nearly zero as 0ssi designed by Schering and Alberti (loc. ==
use of short, t ; . . possiple by the . . g . Marganin strip
botential leads lying outside the influence of the cit. ante) in 1914 for use in the method
for testing current transformers devel- %%

residual field. To fulf I . .
.l I these conditions the resistance material oped at the Reichsanstalt and described

on p. 469. Particulars are given in the Fie. 178. OriicH’s

table, those for currents up to 10 amperes CLOSED-TYPE RESISTORS

having natural air-cooling, while those

above 10 amperes are cooled by immersion in oil.

M{il}llirﬁo‘l;iheg istliié)gzco&lstm(};tion appears to be due to Ayrton and
n escri i isti
each compose’d of a pi&tlnold Z(zr? riSlstor consisting of twelve elements, Resistance, ohms 0-08} 0-06 | 0-05 | 0-04 | 0-03 | 0-024| 0-02 | 1-005| 0-2002| 0-05
each co iDosed of 4 platis : ﬁ) cm X 025mm. X 6 m in length Current, amperes . ..5 5 5 5 5 5 2 75 40
doabled upon i ele;nent varn}x)s ed silk be tween the halves. The re- IV.venlgt%lh (}f strip, em. . L[2X 48(2X 36{2 X 30,2 X 24(2 (;( 18 %x 29 %0 24 25x 60 ?)é 90 24>6 120
w. idth of stri .. .10 10 0 04 It “ : :
as about } ohm and they could be grouped Thickness o?gtfilxlv?mm %05 |0 o5 05 J'os o5 o5 |01 |05 i

n & variety of ways according to the current to be dealt with

Orlicht i . . . ’

rlicht in 1909 described a series of resistors, shown dia- Silsbee in 1930 has shown that by appropriate arrangement of the

Potential leads a bifilar loop may be made to have exactly zero effective
inductance. In Fig. 179 the resistance material of width w and thick-
- ness { is folded into the form AEB with current terminals attached at

4 and B. The potential leads run from points C and D, parallel to
the length of the strip at the middle of its width, for a distance I,,
after which they are taken out at right angles to the axis and are kept
close together up to the potential terminals. By caleulating the
Inductive effect of the two portions of the current element, one of
length I, and the other of length I, upon the potential leads, Silsbee
finds that the effective inductance of the resistor may be written as

L = (4mfw) (g — 3) — $,t] em.

il:}l)}rs,; f’ﬂleuit;z}i) is V(;ry thin, so that skin-effect is negligible at
supply (}11 es. In the. higher-valued resistors, the con-
1on shown on the left is used, while for the lower values

th*at; on the right is preferred ; the space occupied by insulation
anges” Froe S e, T onstuction of o induove e
1 E. Orlich, “Ueber Starkstromwiderstande mit kleiner Selbstinduktion,”

Zeits. f. Inst., vol. 29, PP- 241-256 (1909).
24—(T.5722)
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Hence if we choose 1, and 1, so that

Wl = (g — /3¢

then L will be zero. It i
. It 5
small compared it o 1S assumed that the thickness and spacings ape

It wi
will be seen from the figures that have been previously given
. L that resistors for
R f | ‘ large currents
Bg :”F_,L have g much
MD ' G - greater residual
| I ; ! ‘J than those for
. "L—~ 2> e smaller currentg,

. X THE?:IY OF POTENTIAL Lpaps oN The smaller re-
LAR RESISTOR sistors are easily
constructed ip

same as that of the individy 1

e ‘ al elements, provig

prinCipairelc:hze?ﬁaen.them 1s negligible. In illl)ustmt?(()in r(r)lf}1 zﬂﬁ

Homeipl ‘mte)o owing measured figures given by Hartshorn

o sjn'le b'ﬁl are very Instructive. The 1 ohm unit consists
g bitllar loop of wire ; _the lower resistances a:er(li)llsn-

I{'eSISt‘ance, Ohlns . . . - . 1 0-1

CIH'I ent, ampel o8 . - - . . 2 20 50
Ilme-con.stant, microseconds . . . 0‘23 0-23 0-2

Eﬂ'ective inductanc
€, CIn, . - . 230 23 8
ase-a.ngle at 5 cycles per s C., ra.dian. 0000 0 00 0

Th . .
e te(a) ﬁ]r)s: u]%e of ;lals*p{xrallehng principle appears to have been
- Urysdale* in 1910, hig arrangement being shown

* C. V. Drysdale, “A tan
or Sy , new form of non-indyct; i dard
unt,” Elecn., vol. 66, pp. 340343 (191(?)?%&%&21?:&3565 20 000
. . 0

amperes or m Y. ent blocks
] ore, a cylindrical construction is suggested, the curr: 1

L hen

; oil cooling is then

essential. i
o aesistors of 001, 0001 and 000094 col for 200, 1000 and 5000 3

amperes based on Drysdale i
Cramtond. ed or I rysdale’s design are described by C. T,
mer. 1.E.E., vol. 29, p. 1537 (lgll), bljh: rfﬁfl?; msrg,n

ol current termina] i
at 60 cycles per sec.resulted ™ phaso-angles ag largo a5 0-007 radian (20 min.

[Cuar. IX
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in Fig. 180 (#). The current terminals are forked as shown,
the bifilar loops being silver-soldered to the interlacing prongs;
the potential leads are applied to the loops according to
Campbell’s method, p. 339. An air-cooled resistor of 0-0005
ohms for 1 000 amperes had a calculated phase-angle at 50 cycles
per sec. of about 0-0003 radian, i.e. a time-constant of about
1 microsecond.

It is somewhat difficult to make a satisfactory piece of work
with straight or bent strips, which are liable to buckle during
silver-soldering. Dr. Drysdale* has therefore developed
improved designs on the bifilar principle, shown in Figs. 180
{b), (¢), and (d), using a tubular construction for the resistance
elements; these resistors are very widely used in test-roms
and are made by Messrs. H. Tinsley & C'o. For resistances of
0-005 ohm and higher the arrangement shown in Fig. 180 (b),
which is identical in principle with the construction used by
Orlich in Fig. 178, is adopted ; the diagram illustrates a resistor
of 0-01 ohm for 150 amperes. For lower resistances, usually
0:001 ohm and 0-0005 ohm to carry 700 and 1000 amperes
respectively, the arrangement is that given in Fig. 180 (c).
The current terminals consist of two large horizontal plates
separated by a thin layer of insulation; from each of these
eight lugs project, those from the upper plate passing through
clearing holes in the lower. The resistance element consists

- of two coaxial manganin tubes 6 in. and 6} in. diameter, 6 in.

“long and 0-01 to 0-02 in. in thickness according to the resistance.
Each tube is silver-soldered to two tinned copper rings which
are screwed to the lugs at the upper end; the lower rings are
screwed together with eight copper distance pieces between
them and the whole sweated up. For still lower resistances
used with very large currents of the order of 10 000 amperes,
the necessary number of parallel sections is obtained by the
Ingenious construction shown in Fig. 180 (d), which is self-
explanatory.

All the resistors are immersed in oil, provided with mech-
anical stirrers and in the heavy current types with water-

cooling pipes also.

The inductance of these resistors can be calculated approximately
from their dimensions without much difficulty. Hartshorn (loc. cit.

S

* C. V. Drysdale, “ Now low resistance standards,” Elecn., vol. 77, pp. 629-
633 (1916).
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“ante) has given the following measured values on a series of Drysdale-
Tinsley resistors, showing that their residuals are quite small.

]
} 0-1 0-005] 0-001 0-0005

Resistance, ohms 1

Current, amperes . . 3 22 200 700 1000

Time-constant, miecroseconds 075 1-34 0-22 1-4 25
0 134 1-1 14 1-3

Inductance, cm. . . . |75

Spilsbury and Arnold* have designed a precision resistor,
for use at the National Physical Laboratory, consisting of
bifilar, air-cooled elements in parallel; the construction is
shown in Fig. 181. A range of resistors for 1, 2, 5, 10, 20, 50,
100, and 200 amperes has been prepared, each giving a drop of
2 volts at normal current; the diagram illustrates the largest
size. The resistance units, H, are 2 ohms each and carry a
current of 1 ampere; the 200 ampere resistor is composed of
200 such units in parallel. Each unit consists of two double-
silk insulated constantan wires laid flat and parallel, and then
single silk-covered over all; a length of about 40in. of this
bifilar conductor constitutes the unit. The wires are soldered
together at one end to a bus-bar D, which forms the mid-point
of the resistor and is needed when used in conjunction with an
electrostatic wattmeter. The free ends are joined to the lower
bus-bars €' which act as current terminals for the units. The
time-constant of the unit is about 0-2 microsecond, and the
inductance of the bus-bars adds little to this figure in the low-
current resistors. In the high-current resistors, where the bus-
bars are both long and of considerable section, the inductance
of the bus-bars becomes the predominating factor in deter-
mining the time-constant of the complete resistor, and necessi-
tates careful attention to the placing of the potential terminals.
The bus-bars may be regarded as a transmission line with
resistance and inductance, upon which there is an inductive
leak represented by the resistance units. Spilsbury and Arnold
show that if the voltage points are taken on the bus-bars at
the opposite end to the current terminals E the inductance of
the resistor will be equal to that of the units in parallel minus
one-sixth of the inductance of the bus-bars; if the inductance
of the bus-bars exceeds six times the inductance of the units
the resistor will have a leading phase-angle. If, however, the
voltage points are situated at the same end as the current

Potentja/
Curvent terminals

terminals

P
—

el
Manganin

(&) = €

] Copoers  Insuiation
2% A
, 8 1]

anpen
rods

Maﬂgdﬂ/n
Ludes

Potential
Lerminals
¥

@)
Fia. 180, Drysparg’s REsisTors

* R. 8. J. Spilsbury and A. H. M. Arnold, “Some accessory apparatus for
Precise measurements of alternating current,” Journal I.E.E., vol. 68, pp.
889-897 (1930).
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termlna.ls the inductance of the resist
of the inductance of the units and
bus-ba.rs. 'Hence, if the inductance
than six timeg that of the units it is
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or is equal to the sum
one-third of that of the
of the bus-bars is more
possible to find voltage

of the wood case containing the resistor to the current ter-
minals £. In order to render the bus-bars astatic with respect
- to external magnetic fields they are arranged in duplicate,
- resistance units being attached symmetrically to each side.
The time-constant of the completed 200 ampere resistor is less
than 0-05 microsecond, corresponding with a phase-angle of
about 0-05 minute at 50 cycles per sec.; these figures represent
the highest degree of perfection so far attained in the design
of four-terminal resistors. The temperature rise is considerable,
40 to 50 centigrade degrees at full load, necessitating the use
of resistance material with very low resistance-temperature
coefficient if changes in the resistance value with temperature
are to be kept small. This has been attained by the judicious
selection of constantan units with positive and negative tem-
perature coefficients in such a way that the resistance does not
alter more than 1 part in 10 000 between no-load and full-load.

Arnold* has recently described an extension of this principle
applied to a resistor of 0-001 ohm for a current of 2 000 amperes.
A unit of the resistor is shown in Fig. 181 and consists of a strip
of constantan 1} in. wide and 0-01 in. thick bent back on itself
at its mid-point, the halves being separated by two strips of
empire tape each 0-005in. thick. The strips are bound at
intervals of an inch with strong thread, a small piece of keramot
ensuring that the strips are maintained close together. Each
unit has a resistance of 0-096 ohm and requires 77 in. of strip;
to save space it is bent over as shown to give an overall length
of 19-5in. When in use the element is mounted horizontally
with the flat faces of the strips vertical. The complete resistor

— 203 .

Aerangement of

~..__.2 D0ampere Resistor

i P s ces consists of ninety-six units joined in parallel. Six units are
Diﬂmm arranged one above the other in a vertical row clamped at
Linen #iead g Intervals of 3} in. to wooden bars fixed between the top and

¢ bottom framework of the resistor. There are sixteen such rows
and astaticism is secured by arranging the currents in successive
t rows to flow in opposite directions. The ends of the units in
* each vertical row are screwed and soldered to vertical brass
¢ bus-bars of 1in. X 0-25in. section. The sixteen pairs of
- vertical bars are paralleled by screwing and soldering connect-
k. Ing pieces from the middle of each bar to horizontal copper
- Dars running the whole length of the resistor. These horizontal
f bars consist of a central bar between upper and lower bars;

Detarls of 2000 ampere Res/stor
=B ampere Res/stor,

i

Fra. 181.

Narionarn PHYSICAT, T
I ABORATORY B
P IFILAR RESISTORS
FOR 200 aND 2 000 AMPERES ;

; a twinned conductor F el
B and a lead @ from the mid-polill?t;S 1121;(1):1 the voltage points ;

three-point Voltage terminal 4 &f * A. H. M. Arnold, "“A non-inductive natural-air-cooled four-terminal

. Tesistance standard for alternating currents up to 2 000 amperes,” Journal
LE.E., vol. 76, pp. 95-100 (1935).
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*i sistor for 0-0001 ohm having a mangaz}in

ctor r%-l em. thick and 10 cm. long, for :v}tl}xlc}é
hi i imed. Silsbee points out tha

; ime- tant of 1-5 microsecond is claime : A

f*tmz:seesc O(IIl)S) arylld (d) the effective inductance 1s actually nefgsaztn;e ;):(;;

] 1slrln:jller than in (¢) and (¢). The cases illu;t‘irati;ll})zhfxignséucta r(ch) ind

. interesting since by proper choice of ¢ and I >
gg ?If;dl: accurately zero. In the former case this occurs if

YU =2 + 3(sjt) + 6(ufl)
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" has been used by Moore,

the latter joi i ‘ statici i
ter are joined in parallel to preserve astaticism. The . tube 13-4 cm. inside diameter,

voltage points are located on these bars by trial to give the
lowest time-constant, which is =+ 0-1 microsecond, correspond-
ing with a phase-angle of about 0-1 minute at 50 cycles per sec.

It is well known that a conductor in which the outward
and return leads are coaxial circular cylinders, one within the

gy F—i—ﬁ

&

ile 1 latter .
while in the latte U — 3 4 2t + Bule)
and u = (a3 — @)fag, a; and az -
outer radii of the two tubes.

where s = (a4, — a;,)/a,43 = (ay— @)lay e
being the inner radii while «, and «a, are the

(a) (&) N (o)
TN
= = =1 - Potential Terminals
—l e PN i % pump ;%
"Dz — ——
) (e) (f) Lmségp = =
Fre. 182, TrEORY OF POTI}izc;ig:Og:ADs oN Coax1aL TUBULAR VA 0{; porfs A/ E/ Ol ports
T =5
other like a concentric cable, produces no magnetic field at /Em Ol o’
external points, and has the further advantage that the resist- B F ‘

ance, skin-effect and inductance may all be readily computed*
from the measured dimensions of the cylinders. It would
appear, therefore, that this form would be a particularly
advantageous one for standard resistors. Silsbeet in 1916 gave
a very complete theoretical and experimental treatment of
the coaxial cylindrical resistor, distinguishing the six cases
shown in Figs. 182 (a) to (f) which are of practical interest.

ISTOR
Fig. 183. BUREAU OF STANDARDS CoaxialL TuBULAR RES

The tubular construction has rec_ently been ngélpfgeéig)gg
he Bureau of Standardst in two resistors for 1t eaof 2000
e i e, st of potential terminals giving
' ohm while the latter has two sets nals giving

i 0-0002 ohm. The general arrangement IS
?n0§?§.5lg§'d A copper tube 4 is cqnnected to thi }fermlllr(lia,l §11‘?12
B at one end and to the copper ring C at the ot e‘i‘ai d. The
* Manganin tube E is attached to C and to a Sl\ld:ml r i %ubé
i which in turn is fixed to the terminal slab F. M ax;)%e in tubo
E of the required size was not comm.erclally Obta,léla,. 1,t0 Jhat
the tubes were built up by bending sheet materia
4 * A. E. Moore, “A new concentric standard

; hea'Vy currents, and concentric non-inductive s

J 7., vol. 55, pp. 380-402 (1917). 107 (1930).
v o?rﬁ?lé.gi{:l‘;e::Bw. g’%&. Journal of Res., vol. 4, pp. 73 107 (1930)

the disadvantage that there are two soldered joints between the potential
terminals. In the other arrangements there is one copper tube (thick) °
and one of manganin (thin). The arrangement shown in Fig. 182 (b) ;

* This is true also of parallel wire resistors, for examples of which the =
reader is referred to d.C. Bridge Methods, Pp. 90-94, and particularly pp-
281-282 (1932). Parallel wires are useful, however, only for small currents,
while tubular resistors may be constructed for the largest currents encountere
in testing practice.

t F. B. Silsbee, Bull. Bur. Stds., vol. 13, pp- 375-421 (19186).

dynamometer wattmeter fo,x;
tandards of low resistance,
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portions of a circular cylinder. The smaller tube is made of

[CHAP. IX

two pieces subtending an angle of 180°; the larger tube is -

constructed of three pieces covering 120°. All are hard-soldered

to the copper ring and after all work upon them is complete

are annealed in a nitrogen atmosphere at 450° C. Over the
manganin tube is the brass tube G. Cooling is effected by-a
stream of oil circulated by a pump through ports at the left-
hand end of 4, along the inner surface of E, through ports in
C, over the outer surface of £, being discharged through ports
at the left-hand end of &; the temperature rise of £ is about
11° C. above the oil. The tube is provided with four potential
leads in parallel for each potential point, spaced at 90° round
the tube. The potential leads at the left-hand end consist of
four thin brass pipes passing through the ports in ¢ to the
manganin. Adjustment of the resistance value is provided by
the shunting method of Fig. 173 (b), potential points at the
right-hand end being situated at about 2-5 per cent of the
resistance apart; leads from these points consist of flattened
insulated manganin wires tied down against the tube running
back to the left-hand end where they are drawn through the
brass pipes, which serve not only as potential leads but also
as conduits, thus avoiding closed loops. The final potential

connection is provided by concentric terminals. Particulars of

the resistors are given in the subjoined table.

Resistance, ohms 0-0005| 0-00025 0-00020
Current, amperes . . . . 11000 2 500
Outside diam. of tube, cm. . . . 8-57 15-2 152
Thickness of wall, cm. . . . . 0-1 0-2 0-2
Length between potential points, cm. . 35 64 51
Watts per sq. cm. . . . . 0-27 0-26
Phase-angle at 60 cycles per sec., minutes{ — 0-7 — 29
Time-constant, microseconds — 0-54 — 2:24

11. Skin-effect in resistors. In normal laboratory practice resistance

standards are intercompared and maintained by bridge measurements -

using direct current, even when such standards will ultimately be used

with alternating current. The tacit assumption in such a case is that
the effective resistance with a.c. does not appreciably differ from !

the d.c. value, which is by no means necessarily true, especially in
* resistances for large currents. Consequently, numerous methods* for

* See L. H. Hartshorn, Proc. Phys. Soc., vol. 39, p. 377 (1927); N. F.
Astbury, “A simple method for measurements of residual inductance on
potentiometers and four-terminal resistance coils,” Journal Sci. Insts., vol. 8,
pp. 221-223 (1931); A. H. M. Arnold, “The calibration of four-terminal resist-
ance standards with alternating current at power frequencies,” Jowrnal I.E. B,

vol. 69, pp. 1013-1018 (1931). Also consult A.C. Bridge Methods, p. 279 (1932).
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the time-constant of four-
have been devised and are

ssible; these arrangements

ke the form of an a.c. Kelvin double bridge and the technique

n the papers cited. o bl
where only a d.c. ca ibration has been matfle lllti 1; éi(;};l;athz
b CaS(fS to estimate the extent to which skm.-eﬁ"ec :;/ oy e,
. 'be - evzlue' this problem has been investigated by *
z(;ts 15«::5?%930), \;vho has given some .usefllll fozgr;taa;leér
) h <o of two thin, wide strips close
For the case O o o 2@3
=1t 45 Ty e
i istance is the d.c. resistance, {18 U
! i effective resistance, I is th L
W}}}ell‘:;:is cl;‘ :’1};2 strips and m? = 8n*f/ p, _f bem;g t}llxe fr(rex(lp;enfgbg; s{rips
or ec. and p the resistivity in c.g.s. nnits (-1010 If?egt On J e o
P 2'ar' apart, so that they exert no apprecla,b e te foct O hon
?irent tends’ to crowd toward the edges of th: strip! 600189 .
RIR=1+ 0-0087432p* — 0-000384p® + 00 P2, it
= I . r - e
i i the strips. The intermedial
2 mltw/w, w being the width of e late
wak;eerit? @trip:ta’? zi moderate distance apart‘ca.p i)nl); ks)lenlclll 25;1;5;}. emp
f:ll wi‘r:h the aid of test results and the princiP e (21 S ekmess 1
: %or tubular resistors consisting of & thin-walled tu
with the return conductor at a distance,
RJR =1+ (mAA[45)
- When the resistor consists of two conceniri;:)etsube
thin compared with the diameters of the tu s
o1+ onittja5)) el & (wh[45)]
R ="y anlah— (L¥2)]

1 i the external tube, t = ¢ — b
zﬁgefiiiﬂgszuizgi?iﬁeﬂtlﬁilcriilf;szagt%lglzfinternal conductor of which
the external radius is «. o large
12. Use of a resistor with a.current tra}:lsiom;zrisoossme
currents. As the preceding sections have s owzx, o t}()) e
"to construct satisfactory resistors for cufrenb]sﬂk P to 2ol
amperes or INOre, but these will be costly, Pt y,Moreover,
- waste very considerable amounts of energy 1r(1i véral oreover,
b if a wide range of currents is to be measukfe s; e i,
E will be necessary, thus further adding to ¢ 1e coemoved N
" ment. All these defects can be completely T

method adopted at the National PhySicalt I;?ffsf&tﬁﬁirs {:’;11’:1}81
now possible to construct ring-type curr(:.nand phase-angle are

nickel-iron cores in which the ratio erro ) re
very small and practically independent of the primary current;

for details, see p. 119 and p. 136. By connecting a{“ r(:ii:;ox; (;f
0-4 ohm in the secondary circuit of such a transtor ner, e
with a ratio of 5 000/5 amperes, the combination 1s eq

Cmap. IX]

: N o d
' ing the effective resistance an
: aiﬁ;:;f %esistors with alternating current

s with walls that are
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e effect being reduced approximately in
n being the number of sections. By these
cult to prepare high resistance units with
* .

h resistance units are combined in
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he self-capacitanc
roportion to 1/n?,
means it is not diffi
ery small time—t():onst%fmts.
n a number of suc S

el?(;?e to form a voltage-diwder, r;ie v
result is by no means satisfactory. g

units present a conside.rab‘le surface and . —F
" there will be large distributed eapactl—
" tances between them and from thqm 0
_earth. The current varies from point to
{ point along the resistor, both in n;al%m—f I
~ tude and phase; consequently the fal ‘to T.
potential over any portion of the resistor i

is determined not only by the resistance L
* of the portion but also by its ea?t}} Cafié'lCl- Yoy
tance, exactly as in a transmission ‘me.‘
Hence the fall of potential down various 7
fractions of the resistor will not be in pro- e 154 T oF
portion to the resistances of those fracmor}s. T A o Ramron
To make the capacitar;lce‘ e.ffgcts (;13111;32 Unrr

ite and to reduce their 1niluen ‘ '

fbll?eﬁnéllgfrision of potential, the various resistance un;fzt;i\::g
be shielded, the potentials of the shields being Elshin ned
at appropriate values; vari011136methods of accomp g

ill be considered in Section 16. '
! 114t.)e’l‘heory of high resistance earthed at t"_one :rr(lad.alljlxégﬁ
voltage voltage-dividers for transformer tels' ing are almosy
B always used with one end earthed. As a pre 1;141}1112?L g{, nsicor
L a resistor surrounded by a shield, as Fig. 1 G hieqd ? the
i resistance and « the distributed capacitance t(é 1 e kS eld, each
1 per unit length; assume the_mducta,nce and ea(ui aiet  to 38
negligible. Then with the origin at the earthe gn J, let v and |
be the potential and current at a point ¥ and.p e 'daup fential
E' of the shield. With all quantities varying smuso(li ythrou a
{ pulsatance » = 2xf, the equations for res1stamct3t : 1(’{opwill beg

and capacitance current from an element of length dx

to a 5 000 ampere resistor with a drop of 2 volts, wasting only
a few watts fnstead of 10 kW. Only one resistor is required for |
any number of transformers, and this is of a type which can be
very simply and accurately constructed. Currents lower than
the maximum value corresponding with one primary turn can
be measured by looping a suitable number of turns of the
primary cable through the transformer. There is no doubt that
the nickel-iron transformer with a secondary resistor renders
the construction of high-current resistors quite unnecessary
for most practical purposes, since the total error of the com-
bination need not exceed a few parts in 10 000 for resistance
or 2 minutes for phase-angle. Arnold has pointed out, however,
that a properly designed primary resistor has some advantages
over the transformer-resistor combination that may be impor-
tant in certain precise measurements. They are: (a) The
time-constant can be made very small, nearly independent of
frequency and independent of the current. (D) If the resistor is
not exposed to strong magnetic fields the time-constant is more
definite than that of the transformer. (c) The resistance is
independent of frequency. (d) The resistor is available for use
with direct or alternating currents.

Shield
s

HicH RESISTANCES

13. General considerations. In measuring the ratio and
phase-angle of a voltage transformer, a standard method is to
join a high resistance across the primary terminals and to
compare the drop of voltage down a fraction of this resistance
with the secondary voltage of the transformer. Since such a
resistor must withstand the rated primary voltage and should
take only a small current (usually about 3% ampere) it will +
contain a considerable amount of resistance material and will,
in consequence, be bulky. It will, therefore, have appreciable
self-capacitance and considerable earth-capacitance with respect
to surrounding objects.

If the resistance units were wound in the form of a simple
coil their inductance would be considerable. The inductance

is easily reduced to a very small amount by winding the wire p.idzw =dv,

upon mica cards, so that the turns enclose only a small area; . d — di:

the direction of winding may be reversed after every few turns, 3 Jor(v — p)dz = ) d silax = jor(v — P),
or the wire may be wound on in a series of bifilar loops. The g Or ovjox = pi and 8ifox =)

| . 65, et seq. (1932);
self-capacitance can be reduced as much as desired by sub- o 65 .

* For a dotailed discussion see A.C. Bridge Methods,
dividing the resistance unit into a number of sections in series,

’ and also Campbell and Childs, loc. cit. ante.
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whence

*v[8x? = jwrp(v — pP) = oa¥(v — p),
where *? = joxp.

The solution of this differential equation is

vV = A cosh o2 + B sinh o -

i 2

where A and B are harmonic vectors to be found from the

conditions
V=~0whenz = 0 and v — vy when o = [,
The final solution is
Vi — p(1 — cosh «f)
Vo= — -
sinh ol
and consequently

= ; sinh «f

Let i, be the current at the earthed end x = 0, then

o [‘ﬁ — p(1 — cosh al)

. o
o= b L1 = P) = p cosh al]

Similarly, if 7, is the current at the high-voltage end 2 = 1,
o

i = o sinh o L(Y1 = P) cosh ol + p]

Now write p = kv, where & is a real quantity, then
. o
I, = m[(l — k) -+ k cosh O(l] Vi,

. x ‘
and i = o Sinb 2 [(1 — &) cosh al --- klv,.

At power frequencies ol is a small quantity ; expanding in g

seties and taking two terms as a sufficient approximation,

sinhal 1 o33 ) w23 22
T =—[al+ﬁ—{—, . .]=.l+—3—!—,l[l+v~6—

24

a?? . a2[2
coshal = 1 - ST =14 5
and
acoshal 1 o2l
sinh o :-7[1 + ]

cmar. IX]

bstituting these approximate values gives 2
Su ~ a2 _1[, j wxpl (3% — 1):|V1,
1 [1"_%_-? (3k — 1)]V1—,i; 5

{CHAP. IX

-~

0

sinh a2 — p cosh ax -+~ p

where V, is therm.s. v
along the axis ¢ = 0.

ot pinh mJ now be shown. L — 0. The operator in the expression for

E The magnitude correflti
¢ earthed end, while the '
E on the voltage applied to the resistor
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i,= P
P 2
2]2 1 il adl 3k — 2)]V1.
il:[l[l—%(%—?)]‘ﬁ:ﬁ, L—j—5 ¢ '
P i 1 capaci-
But lp = R, the total resistance, while /«

tance to the shield; hence, finally,

1 k1 = /2 E—l-[l-%ijR({“c - %):]sjml,
'-—.1—{[1+,icoC’R<§—g N=VER 2

and

V . k 1 jowt g
ko1 = -_1[1—6001%(,—— )]s ,
1 . N2 - \/2 J 2 3
il_'——.ﬁl:l——]wC'R<2 3):\"1 vV R

alue of the voltage and I is a unit vect(.)ﬁ
Several interesting cases occur, as Wi

(i) Earthed shield,
i, becomes -
joCR, O ) [~ wCRJS.
1-%:—(1 + 553 >/,J
d of the resistor is greater

Hence the current at the ea_r:}z((ag C?Zr}z ) to 1 and. lags on the

than /R in the ratio of 1tor by an angle wCR/[6. This would

voltage applied to the ;fgsﬁe and phase of the drop of voltage

o express the nagn i t the earthed end relative
i f the resistor at t

SOW?I . EII;:F 581{5222 Oas would occur in voltage 1{1‘3‘1;?2%?;?

tzst?ine ; 0the amplituc’ie factor is usually a ve;lry szna co ,

it e paseangl 1 of he umont mpOrih

Similarly the operator 1n

CR . w202R2) CRJ3
1 3’—3— e (1 + S ) [t e
i t the

is thus four times as great as a
O(?u;ient at the high-voltage end leads

by an angle oCR[3.
1 When the shield is main-

3 ; id-potential, k = 3. A <
: tai(r?e)dszftz etlflileatrnnil(;-pj(o)tential of the resistor both operators are

E the same, namely,

CR . szsz) OR/12.
.CBJ:'(“L sss ) [ @CHl
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The amplitude correction is us igi
s usually negligible. In this i
i;)he currents at both ends of the resis‘coig lega(l the a liI:deﬁance
y an angle wCR[12. PP Toage
(1ii) Shield at one-third )

[ potentral, k = }. When the shield ;
?t a‘o }}])otentlal equal to } of the applied voltage, the spgladt N
Or the current at the earthed end is unity. In this case tl?ef

' B2 The residuals thus account for an angle of approximately
L o[C.R — (L/R)] between the current and voltage. Assuming
E mid-potential shielding, the total phase angle is

CR L
o[ +(on-5))

since C, is predominant and L is small, the total angle is a lead.
By artificially increasing L by the addition of an inductance in
series with the resistor, the total phase-angle will be zero if
the value of the inductance is

RYC, + (C[12)].

15. Theory of resistance units in series. It is clear that
earth-capacitance effects will have no influence upon the dis-
tribution of potential along a resistor if some form of continuous
shielding could be provided, such that the potential of the
shield at each point was equal to that of the resistor at the same
point. By this means the capacitance current to the shield
would vanish, the current at all parts of the resistor would be
the same and the fall of potential down it would be uniform.
In practice it is not easy to provide such infinitely-finely
graded shielding (see, however, p. 369), so one must be content
with an approximation; to this end high resistances are
composed of a limited number of sections joined in series, each
section being enclosed within a shield maintained at an appro-
priate potential. We shall now examine the theory of such a
resistor, consisting of m similar ghielded units in series, as

.. shown in Fig. 186.

WCR~ 0-4
Current

Leadling

Angle ar
Hi end

7

03

02

o1

-0f
Current
lagging

-02

Fic. 185 y
IBO.OVARI§TION OF PHASE-ANGLE OF CURRENTS AT Exps
F A RBESISTOR WITH POTENTIAL OoF SHIELD i

current at the earthed end i .. )
the applied voltage. end 1s equal to V,/R and is in phase with

atf[l;l(;ith;?tio; }cl)f thg phase-difference between the currents E Let vy, v, V3, . - - Vi, - - - Vi be the harmonic vectors of
Fig 185 a S 0f the resistor and the applied voltage is given in £ p.d. over the various sections, and suppose the shields to be
g $ a function of k. ; L maintained at fractions ky, ks, ks + - - Ky - . - K of the p.d.’s

across the sections they enclose. Adapting the equations on
E . 359, the current at the lower end of the nth unit can be

k. written
E , 1 . k, 1
1= p [1 —}—ij’R(§ — g) Vas

and the current at the upper end of the same unit is

. 1 . k., 1
1, — fi [1 ——_]wCR(; — §>]Vn.

But i, is also the current at the lower end of unit » + 1, ie.

s 1 . k, 1
I, = R [1 +ijR(r“2‘1 - 6)}"% + 1

25—(T.5722)

To the above phase-displacement between the cu
rrent and
Z;)]lltsaé%e bth:fle must be. added the additional displacement
o resisty (IafreSId}lal inductance and the self-capacitance of
phe I‘es(e)r.t | the inductance be L and if the self-capacitance
bet I;h nted by a condenser C, across the terminals of th
1t, then the current taken by the combination will be ob-

tained by operati X )
Operatory perating on the vector v, with the admittance _’

R+ jo [Ci1R? — (1 — 0O\ )] 1 L
B2 oL =3 [l +j(u<OlR — E)J’

neglecting ?2 i i i !
o g @*CL in comparison with 1 and 2?2 in relation to
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be taken as mv, and v; [, (m — 1) + p, (m — 2) + 1, (m — 3)
E - ...y, (m—n)+ . .. Ym—a), Where v, is the amplitude
f of v,. With the same degree of approximation we may write
v =m(l — jy)vy,
where
p=[pm—1) +p(m—2)+yp(m—3)+....
Yn (m - n) + L wm—l]lm'
The current at the earthed end of the first section is

1 . E 1
io = -R [1 -+ ](1)0.R<-21 -— 6)]‘,1

_1N -OR<h 1)] _1
= BTN T T8 =)
whence,

1 . ko1

Substituting for ¢ and summing the resulting series gives

L1 wCR 1Y | 3 5
’°‘—*%R§I+JT[’%(2—R)T’“z(z“ﬁ*’“s(“;ﬁ)
3 1 1 m
+ .. -7nkm—1 +—,”—Lkm+6'_—2_]§v-

Making the simplification &, = £, and by = ky = . . . kn—y

, .1 wCR 1 m

V 10——m§1+]’§—[2k1+k2(m—2) +"6—’§]§V.

k Two interesting cases arise. In the first case the shield poten-

tials are adjusted to make the phase-displacement between
¢ i, and v equal to zero, so that the whole arrangement behaves

as a pure resistance mR. To secure this,

; 2%k, + Ky (m — 2) + (1/6) — (mf2) = 0,

or k, = m(1]4 — kyf2) — (1/12) + ks

f For this to be independent of the number of units necessitates
¥ k, = 1/2 and hence k, = 5/12

* The phase-angle will be zero, therefore, if k, = k,, = 5[12 and
Lk, =y, ete. = 1/2.

t  In the second case all the shields are maintained at the
L mid-potentials of the units, i.e. by = ky = ks, etc = 1/2 and
b the phage-angle is a lead of wCR/12, exactly as for a single unit
E earthed at one end.

(\;vfhzrgyR 111Sn 'giletresiztan}cle of any unit and C the total capacitance
1t to 1ts shield. Equating these e i

ey Ut ‘ Xpressions ang .

romem ring that the phase-displacements are all small we

Vat+1 = [l —ij’R(—*ﬂr — 5)]% = [ —jyalv,,

where v, = (0CR)(k,,, + &, — 1)/2. The vector diagram of

Uy + vy Co8 Yy 4 vy 08 (Y, +4,) + . . . v, cos
'Pn—l)—l-...v,,,cos(y;l_f_%+'”wm’il)’ e

and

U2Sin’/’1+vssin(wl+%)+.“'v sin (1, & -
+”..UMSin(WI+1P2+"'-TPm—1). Y1 wz+....gun+1):

5}111 a well-designed resistor all the phase-angles will be small and.
o e volltages across th(? several sections will be sensibly equa
0 & close approximation, therefore, the components of v, can
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It is necessary that the shields should be maintained aceur-
ately at the desired potentials. For example, if the Units are
all similarly shielded the phase-angle is

(@CE[12) [1 4 6m(k, — 1))

which will be wCR[12 if all the shields are correctly at mig-
potential. If they should deviate by & per cent from the true
value, k; = 1(1 (¢/100)] and the angle becomes

(@CR[12) [1 4 3m(ef100)]

so that there is an error proportional to the number of units
and to three times the deviation.

To establish the correct potentials it is usual to connect a
second m-unit resistor in parallel with the first, suitable points
on the auxiliary resistor being connected to the shields. The
auxiliary is usually unshielded. With very high resistances,
however, the earth-capacitance of the auxiliary resistor results
in a non-uniform fall of potential along it and may be an
Important factor in fixing the potentials of the shields on the
main resistor. To avoid trouble due to this cause it is necessary
to shield the auxiliary and to maintain the potentials of its
shields by the use of a third resistor. The use of auxiliary
resistors may be entirely avoided by connecting the shields
of the main resistor to tappings on a transformer. Both

be found in Section 16. ‘
16. Types of shielded resistors. In this Section we shall

examine some examples of shielded resistors designed upon the ;

turn.

(i) Shielded to give zero phase-angle. Tt has been shown on
p. 363 that the Phase-angle at the earthed end of a number of
shielded resistors joined in series will be zero if the shields

shields are at mid-potential. Resistors on this principle have
been constructed by Orlich and Schultze* at the Reichsanstalt’
and by Kouwenhovent at Karlsruhe. ;
- The main resistor in Orlich ang Schultze’s design consists’
* E. Orlich and H. Schultze, “Uber einen Spannungsteiler fiir Hoch
spannungsmessungen,” Arch. f. Elekt., vol. 1, pp. 1-15, 88-94, 232 (1913).

T W. B. Kouwenhoven, “{/ber Hochspannungsmessungen,” Arbeiten Elek
Inst. Karlsruhe, vol. 3, pp. 1-47 (1913).

Cmar. IX]

f eight shielded units, each of about 200 000 qhms, i.n ser;es
%ete;vgeen the points € and B, Fig. 187. Each unit conS}sts (‘; f
thick-walled porcelain tube, 100 cm. long and 6 cm. diameter,
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und with 5 000 to 6 000 turns of silk-covered manganin wlltre
Z)V(())5 mm. diameter; the unit can withstand ab?ll‘llrf 3 OO(‘)t;VO rsé
. milli : i heating. e units a
ie. 15 milliamperes, without over
if(;unted vertically within a rectangular wooden frame, é’rcl)n;
which they are insulated by porcelain insulators. A tubula

Unit R = 200000 ohms Resistonce to

e , e ke A and &
Aux,//ar'y potential divider :;"mme etential

35 5
ZR BR R R R R R f#r gr

R R R R R R R R ¢ Farth
Moain potential divider cpg:etzi,:/

CLDE SISTOR FOR
Fra. 187. ORLICH AND SCHULTZE’S SHIELDED RESISTO
- 25 000 Vorrs

metal shield 10 cm. diameter, slit along its entill'e1 lengtlé tio
avoid eddy currents, surrounds each unit coaxially (zim tls,
insulated from the frame by ebonite rods:t}?etweten ga?l(l;o r:}tzrctl
oten .
i sistance of a few thousand obms with a p, al conta
}ls‘lier;uxiliary resistor consists of nine unshtsliled unlgs, sn(iniu:
i i ted between an ;
to those of the main resistor, connec ' a4
i i 13/12, five sections 12f12,
th lues are respectively 5/12,  f .
11711‘2 :jld 7/12 of 20% 000 ohms, thus ensuring the appropf}ate
potentials for the shields of the main resistor. The auxi lgé*sy
units are accommodated in the same framf} as the main ufn;h.
To maintain 4 and B at the same potential, a resistor oh e
necessary amount is joined between 4 and earth. .Thtz pn?isz
angle between i, and v at 50 cycles per sec. is 1 m}frillll an s
entirely attributed to the inductance of the unifilar 'splr
wound coils; each unit has an inductance of 0-18 henry.
7 i i i imnij but the units
i sistor is shielded in a sun.lla,r way
c0Illis(i);,wc‘:fr'1 %Zﬁzngslarsz lt,ubes containing a solution of 121 tgramt;nsfsz? uxolf
Mmannite, 41 grammes of boric acid and 0:06 g_ra,mme_o.blpo assiam
chloride ’per litre of water; the inductance is quite negligible a
Phase-angle very small. ’ y -
ii ) ) ) ; liary resistor.
1) Shielded at mid-potential using auxils . T
Pra(tci)sical disadvantage of the preceding method of: ihleﬁﬁ;%
is that if less than the total number of the main resistor
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- guxiliary resistor is constructed from similar cards which are
not, however, shielded; they are assembled in racks, each of
i which corresponds with two adjacent shielded boxes. The
¥ whole equipment is mounted on shelves composed of wooden
bars spaced by porcelain supports; four boxes of the main
resistor and two racks of the auxiliary are accommodated on
each shelf. It is estimated that the resistance of the resistor
does not differ more than 0-01 per cent from its d.c. value
and that the phase-angle does not exceed 0-3 minute.

are in use for lower voltages it is necessary t :
1 ol 0 rearran, g
connections to the auxiliary resistor. This isy not the casegsv}gl;
mid-potential shleldmg is used;  the shielding circuit is made
11:1;1) Ii()erma?entl.y and it is only necessary to use any desireq
mber of main units along with th i
of auciing wits g € corresponding number

Mid-potential shielded resistors h i
ave been used in i i
:Is{a@gmete‘r measurements at very high voltages* arclgngzc%?)réelegi
ofl'v‘l‘ 1\e{rsl t,m reiearc}} on X-ray apparatust. One of the latter consists
of, u. (?hm resistances, which are glass tubes 43-3 cm. lon and
: cm. dla}.meter, coated inside with a thin carbon film. The g;:ubes
318,\Ir{ev a ze}alselsitljxél:l::t of 4 'to 5 Iﬁlegohn]s each and are suitable for 20 to
; ance 18 negligible. Ten such tubes are i i
each surrounded by a tubular shield 10 i i e ceries,
: oung t cm. in diameter, th i
Il‘);l;%o;na:zlsx;tamed atdm}d-p%wntials by connecting them to : :gggﬁ
; composed of *‘Multohm ” units. For Precisio, k
ever, wire-wound resistors ar ‘their g e
pormanencs and sty e preferred on account of their greater

Auxi/iary resisfor

) W /
Y m M It | 2

NAAN!
R R R R R R
Main resistor

Fic. 188, DiscrRaM OF MID-POTENTIAL SHIELDED RESISTOR

Fig. 188 shows the diagrammatic arrange ; o
with mid-potential shield{l?rng, examples ofg trl?i:n:y(;)f(; abztiislISt?;
use at the Bureau of Standards and at the National Physgical
La.boratory.. As pointed out on p. 361 the capacitances of the
units to their shields cause the currents both at the high voltage
and at the earthed ends of the resistor to lead on the appliegd
voltage. by an angle wCR[12, where C is the shield capacitance
and R is the resistance of a unit, independently of the number
of units in use. In addition, self-capacitance C, and inductance
L may make an additional displacement of w[C,R — (LIR)]

The Bureau. of Standards resistor] is for use up to 30 000
volts and consists of twenty-seven units. Two of these have a
resistance of 10 000 ohms and the remainder are 20 000 ohms
each; the whole totals 520 000 ohms, Manganin wire is
wour}d upon mica cards 14 cm. by 56 cm., each card having
a resistance of 1 250 ohms. A 20 000 ohm unit contains sixteen
cards hung vertically in the shield on two horizontal glass rods
passing through holes in the upper corners of the cards and
resting in notches in the side of the shield. These consist of!
brass boxes 20 cm. by 20 cm. by 13 cm. filled with oil. The
503 (11%!.)1]55[)1'6(:1{9, “Uber Wechselstronunessungen,” Eu.M., vol. 33, pp. 505~

J. E. Lilien “ E

Belustmgevidomands” Ey 5o, e Bshetmiso Mo wnd
dengn ig'ss&}:&nuiegr;&l;ber das Eontinuierliche Rontgenspektrum bei verschie-
quenzen,” Ann. der Phys., vol. 72, pp. 595-616 (1923).

1 F. B. Silsbee, “A shielded resist ing,’
Stds. Sci. Papers, vol. 20, pp. 4§3§l§ I?Lr(fllgé;i’;).lmge ransformor testing,” Bur

The National Physical Laboratory resistor* consists of six
units, each of 100 000 ohms resistance ; the unit at the earthed
end is 2 000 ohms short to allow of the insertion of a variable
resistor in series with it. The resistance wire is 0-0076 in.
diameter, single-silk covered constantan wound upon paxolin
cards 29 cm. by 85 cm. by 0-3 cm. Each card has a resistance
of 2 500 ohms and 40 cards are used in each unit arranged in
two tiers in a wooden framework supported by porcelain pieces
of special design. By judicious selection of the resistance
¢ material it has been found possible to reduce the temperature

- coefficient practically to zero. The main and auxiliary resistors
f are similarly constructed ; in the latter the spacing of the cards
¥ i8S uniform, but in the former a wider space is left at the middle
£ of both tiers to accommodate a total inductance of 0-118
e henry per unit to compensate for the time constant CRf12 -
£ (C,R — L/R) and thus to render the unit non-reactive. To
 facilitate cooling, the shielded units of the main resistor are
f- contained in perforated zinc boxes 106 cm. by 47 cm. by 47 cm. ;

b * R, Davis, “The errors associated with high resistances in alternating
E' current measurements,” Journal Sci. Insts., vol. 5, pp. 305-312, 354-361
L (1928). “The design and construction of a shielded resistor for high volt-
" 8ges,” Jowrnal I.E.E., vol. 69, pp. 1028-1034 (1931). L. Hartshorn and
P R. M. Wilmotte, *“Note on shielded non-inductive resistances,” Journal Sct.

Insts., vol. 4, pp. 33-37 (1926). L. Hartshorn, ‘‘Standards of phase angle,”
World Power, vol. 8, pp. 171-180, 234240 (1927). R.- M. Wilmotte, “A
- general theorem on screened impedances,” Phil. Mag., vol. 6, pp. 788-795

b (1928).
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the auxiliary resistor is open to the air and unshiel

:kt:;) wogde}r?l‘ frames carry the main and auxiliary g:giétgrespa:; "

sh WIlltln ig. 189. Tests on the completed resistor show t’ha,t
voltages up to 40 kV the magnitude error and phase-angle

are respectively 5 x 10-% and 2 x 10-% radian (0-7 m'ange -

at 50 cycles per sec. for all conditions of use. nute)

iC 1
=

main resistor-unit is 100 000 ohms for use at 11 kV ; each con-
gists of ten 10 000 ohm sections, which are in turn composed of
f Lwelve vertically mounted resistance tubes of 8331 ohms each.
F The tubes are 12 in. long and 125 in. diameter, made of sheet
brass insulated with paper and wound with two layers of
0-011 in. diameter silk-insulated manganin wire; the layers
are wound in opposite directions to reduce the inductive
residual to a minimum. The tubes are mounted three deep and
four wide in an insulating frame about 36 in. by 8in., the
ten frames being con-

tained in a sheet-steel f —‘[o-—\/\/\/\,-?

tank 5 ft. by 3-5 ft. by

5.5 ft. filled with 530 [ ] //—\\ l—\/\/\/\/o
gallons of oil. Four TV g—L__JI
such units are grouped /\My\

Wk

Auto-trans
about an autotrans- uto-transformer

former, as shown dia-
gra'mmatlcafuy n F.lg' Fra. 190. DIAGRAM OF G.E.C. SHIELDED
190, PI‘OVIded with RESISTOR FOR 44 KV

suitable tappings to
fix the potentials of the resistor tanks at the correct values.

- Three such groups are provided for series connection to attain
132kV. The autotransformers have coupling windings to ensure
~ the uniform division of the total voltage between them when
they are joined in series. Rach resistor tank and each trans-
former stands upon insulating cylinders. The resistors weigh
E about 2-8 tons each, the transformers about 10 tons each; the
b complete equipment weighs about 65 tons, occupies a floor
 space 42 ft. by 9ft. and is 12 ft. high. The phase-angle at
E 60 cycles per sec. is about 7 minutes for one 44 XV group,
i 6 minutes with two groups in series for 88 kV, and 4 minutes
¢ at 132 kV with three groups in series. It is intended to extend
 the arrangement to 220 kV.
L (iv) Approzumate continuous shielding. It has been stated
E on p. 361 that if a resistor could be shielded in such a way that
 the potential of the shield at each point is equal to the potential
 of the resistor at that point, then earth-capacity currents could
¢ not flow and the phase-angle of the resistor would be due
E entirely to its inductance and self-capacitance. The Labora-
} toire Central & Blectricité in Paris* have designed resistors in

Fi1c. 189. GenErAL View or N.P.L. SireLpEp REsIsToR FOR 40 KV

(111) Shielded at mid-potential using transformer. Silsbee has ?’
pfc_nnted out that at very high voltages the earth capacitances
of the shields and of the auxiliary resistor sections may cause
a serious disturbance of the shield potentials and y eatly
increase the phase-angle of the main resistor; the eﬂ‘ect;gl;raries
approximately ynth the square of the volta:ge. To overcome
the trouble it is necessary either to shield the auxiliary re-
sistor and provide a tertiary resistor to maintain its shields
at !she correct potentials, or to abandon the use of resistors
ent.lrely as a means of fixing the shield potentials on the main
{)esmtor, a transformer being used instead. This method has
lelt)an adopted in the 132 kV resistor designed in the testing
aboratory of the General Electric Co. at Schenectady.* The

* C.T.Weller, ““132 kV shielded i urad
) s s potentiometer for determini
of potential transformers,” Journal Amer. I.E.E., \lr‘ol.e 48%?%%213{151205 1929)y‘

* P. de la Goree, “La réalisation d’une résistance pour les mesures en tx:és
3 haute tension,” Comptes Rendus, vol. 191, pp- 1297-1299 (1930); Rev. Gén.
L de FL, vol. 29, pp. 427428 (1931).
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which

mationar;oatzirél}ft g};:(si elzleen made to provide a close approxi

fation or continuous shieldi i o1

ofu;nrzt::f r2141111 egam}}l% for 150 kV. The main reélig‘;of (l:%n lil
. . mber of flat coils wound i i it

o . wound successivel i

St;iiggn‘sv j;c.o Feduce the inductance; 0-1 mm, d{a;rllle;;)g'posme

tan W Oier C1s‘tused .an‘d the fsotal resistance is 3 me o}i3 s,

e megohmsmt hcons1sfcs of a similar winding with a res%stallﬁzs;

. 18, the main and shield resi i
oo 5 ) istors b
oaxially and joined in parallel as shown. Both e;&geiflrt:rilgeg
g ne

HY Terminal ——

%

5///’9%4/'0_9
Keststor T = Resistor

Fia. 191 NU
. CONTINUOUSLY SHIELDED RESISTOR FoR 150 xV

in an i i : .
Proélicigtsiuil‘grmclg f_o ntamer‘ with metal end-caps, oil filling bein
at 50 cycles ooling and insulating the coils. The hase lg
been pl}"eparel()f I‘Oflect;hlis 2 I-I.lin}]tes leading. Other dgsigns-a;:;%r:
and 350 kV. 8 principle for use at 40 kV (portable)
The . . :
construs:trir(l)?lpfnmctlﬁﬂe has been used with a different, method of
Sakimura.* Thi e 3? kV resistor designed by Jimbo and :
ohms, joined in parallp s OF. three resistors, each of 660 000
acting as the sﬁielizl's; ) c(i)ll‘lc(:ll': the main resistor, the other two -
Each g ; 1t 1n a manner t 1
b resistor Is composed. of thirty-four units, o b
ohms each. A m?jto 10 0.00 ohms and the remainder 20 000
cards, one each for thcontflmS three groups of twenty bakelite |
e shield resistors and for the main resistor, :

* 8. Jimbo and H. Saki
formers,” - Sakimura, “A ne . .
ers,” Res. Elect. Lab. Tokyo, No, 36‘3”, ;ﬁt}fﬁzo(f lg%it)mngcgigﬁ:}ll trans-

RESISTANCE STANDARDS

by 5-4 cm. by 0-15 cm.; they are
ter constantan wire. In a 20 000

with ten bifilar sections of 100
between

Cuar. 1X]

he cards measuring 15 cm.
wound with 0-16 mm. diame

ohm unit each card is wound
The cards are mounted in two tiers, the space
every card of the main resistor

orresponding cards of the
The phase-angle is about 11 minutes at

ohms.
adjacent cards being 5 mm.;

is arranged to lie
shielding resistor.
50 cycles per sec.

between two ¢
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(i) In variable inductors the scale should be reasonably
uniform to admit of easy interpolation.

Deviation from quadrature is due to two principal causes,
(@) self-capacitance of the windings and inter-capacitance
between them and (b) eddy currents in the coils and their
fittings. In general, the deviation only becomes appreciable
at frequencies above 500 cycles per second, and in the low
industrial frequency range of 25-60 cycles per sec. is quite
negligible, provided all the usual precautions are observed in
construction, such as careful insulation of the coils, the use of
stranded conductors, and the removal of the terminals to a
situation of weak magnetic field. ‘

CHAPTER X

and voltage are exactly in phase. Ajj pract

elab . and we have .
or d((a)f ::f gziiautlons }?I‘e necessary to ensure thmste iﬁeﬂi};i)qu}tte
S, 4 zero phase-displace ; o urity
lnslzlghdresmtances does not liccmrge;\'tcégsilow reststances and Complete freedom from interference by external fields can
andard i NS ve. e . ST .
may be rog a%r(()lfa énductance and capacitance, on the other hand i only be obtained by the use of toroidal ring windings; this
and voltage in pgjf;t':m.dzrds of quadrature, since the current .~ method of construction is exceedingly troublesome to under-
. ¢t 1nductor o . ) . > .
fduarter period apart, lagging in the one seen g a1 [ a rule suficient ascatician can be obtained by dividing he
¢ other, i N . case and leading i i
ther. This degree of perfection is not quite atgai(:ll:c% 11:11 windings into two groups connected up in such a way that the
em.f’s induced in the groups by an external field are in oppo-

sition.

A suitable scale characteristic in variable inductors can be

secured by appropriate shaping and proportioning of the coils.
Although a uniform scale has some advantage and is favoured
by many, there is much to be said for a logarithmic scale in
which the percentage accuracy of reading is the same at all
parts.
In voltage transformer testing, whether the inductor has one
winding in the primary orin the secondary circuit of the trans-
former, the current to be carried is seldom more than a few
tenths of an ampere. In such cases any of the well-known
¢ types of mutual inductor used in a.c. bridge methods are
¢ quite suitable; pre-eminent among these are the Campbell
Inductor and the Butterworth-Tinsley inductor described in
_the Places cited. They are not, however, astatic; though this
£ 18 not likely to cause much trouble since the stray fields in
g Voltage transformer test circuits are not very important.

In current transformers testing the lack of astaticism and
the low current-carrying capacity may be serious drawbacks
to the use of these excellent inductors. When one winding of
'_ the inductor is connected in the secondary circuit and will,
E therefore, carry up to 5 amperes, the Bureau of Standards*

* H. B. Brooks and F. C. Weaver, “A variable self and mutual inductor,”
Bull, Bur. Stds., vol. 13, pp. 569-580 (1917).

struction are given *

2. Ind i
usod i ilrllﬁiﬁrcr?ensttaﬁgxggi-mieli 121d1.10tances are not much
application - mer test circuits, th
t&gm?t;lf:v;g the preparation of burdens. Mar(i;gﬁl;‘?}fgdf Itl)(fi'
o meaisurin er, employ mutual inductors to couple a detector
peliovae: thg gll‘cult with either the secondary or the prim
¢ € transformer which ig being tested SuchI;nut;\aﬁa‘,}l7

inductors may be fixed ; i
satisfy the following Co(ﬁ‘d‘;;ﬁigl_e’ usually the latter, and should:

(i} The secondary v
exactly in quadrature
(ii) The inductor should
fields of the test frequency.

oltage and the primary current should be |

be unaffected by stray magneticv.{ :

*
See also Campbell and Childs, loc. cit. gnte,
372
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132 kV. and the apparatus is extremely bulky and costly.

considerable amount of testing must now be done at 220 kV
Fand there is no doubt that higher voltages are likely in the
future; experience with resistors leads one to suppose that

he Proportions shons, give a high time~consta,nt they are unlikely to be satisfactory standards at such high

with all the coils in serjeg as a

voltages. The great success of high-voltage condensers with
gas dielectric, when used in a.c. bridges for dielectric loss

/fMonng Fixed self inductor 3 y1e
/ and an almos(t snr?fgiljleconiis) measurements, has led to numerous methods of testing voltage
o the dimension » is 36-8sca o transformers in which condenser voltage-dividers are employed.
and the diameter of the ;11 o These consist of a high-voltage condenser of small capacitance
Bronme 18 355 cm. Each fixed coﬂs?s in series with a much larger mica condenser; the former carries
Leading. in Fceed wound with nine layers of ths the greater proportion of the total voltage and can be readily
o built to withstand the largest voltages encountered in practice.

Spn'ng

Fic. 192, Broox,
MuTuay, 1

S AND Wgavgg
NDUCTOR

perfectly astatic,

inding toroidal inductors upon

10n; his apparatus js described §

turns each, the wire consisting
of seven insulated copper
strands each 0-8 mm, diameter,
the four fixed coils are con.
nected astatically in gerieg
he moving coils have nine
layer's of four turns each and

are slllmilarly astatic.

€N one windin

mutual inductor is 4o gbeocfon%
nected in the Primary circuit
of a current transformer it ig
necessary to design it to carry
arge currents and to make it -
Fortescue .

Modern practice would

Its purity is much better than that of a resistor and is attained

without elaborate constructional features. Two principal types

are of interest for the present purpose. In the first the dielectric

is air at atmospheric pressure; in the second the dielectric is

air or other gas under high pressure.

The electrodes in air condensers may be either parallel flat

plates or coaxial circular cylinders. The dimensions must be

such that the dielectric stress is well below breakdown, and
losses due to brush discharge and corona must be avoided by
¢ adequate spacing of the electrodes and careful rounding of
- their edges. The low-voltage electrode must be provided with
I 2 guard electrode to protect it against external electric fields
L and also to define the area of the low-voltage electrode in
¢ such a way that the capacitance of the condenser can be calcu-
E lated with high precision from its dimensions. The greater
 perfection of shielding and ease of construction render cylin-
L drical condensers superior to flat plate condensers, and they
fare now very widely used; several examples of both types are
 described in the author’s book previously cited.

L As a typical instance of the carefully designed cylindrical
t condenser the design illustrated in Fig. 193 may be mentioned,
j this being due to Churcher and Dannatt* of the Metropolitan-
¢ Vickers Co. The condenser is for 150 kV and has electrodes of
§ Machined cast iron protected against rust by a coating of
F cellulose enamel. The h.v. electrode is outside; the inner Lv.
f electrode is in three parts, of which the middle part is the
¥ working section while the end parts are guard electrodes.
 The capacitance is 100 uuF. At 300 kV a modified design is

* B. G. Churcher and C. Dannatt, “The use of air condensers as high
3 Vvoltage standards,” Journal I.E.E., vol. 69, pp. 1019-1027 (1931).

R AT
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re ; |
fhefir;t?g(,je Fh% eli.v. electrode stands on the ground and ig gn
noedo ;| th:g at earth potential much less clearancse'?'n
the . ound con(‘ienser.. A special tripod support holdlg :

o a ieeatzod 1()3 coaIx1ally within the outer cylinder by me
determine the ca;acittar};g: c?fe esrlllcsl?owndthat . possibleagg
o condensers within -1 part

E Tig. 194 shows a compressed-gas condenser designed at the
| Reichsanstalt by Schering and Vieweg.* The body of the
B ondenser consists of a paper tube with substantial metal
 flanges and lids, by means of which it can be closed and made
as-tight. The high-voltage electrode is a tube attached to the
upper lid; the low-voltage electrode is a coaxial tube supported

HT Electrode - [ TElectrode
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Fig. 194.. CoMmPRESSED (GAs CONDENSER FOR 230 KV

DENSERS FOR 150 KV
n a rod passing through the lower lid and insulated therefrom.

in 10%and the phase-angle is certai
defi rtainly less than 10-5 ian in ,~
'1?}(132 %Z?C?Ct fll&altplrature, i radian in F'This rod is shielded by a concentric metal tube attached to the
: pal detect of high-voltage air condensers is their. f lower earthed cover. Nitrogen or carbon dioxide at 12-14
: f atmospheres is used, the gas pressure falling about 1 atmosphere
E per month; a manometer mounted on the base enables a
¢ check on the pressure to be made at any time. The working
E voltage is 230 kV, the capacitance 54 uuF'; the overall height
f is 225 cm., the floor space 92 cm. by 92 cm. and the weight
E 300 kg. (660 Ib.).
. Another condenser, due to Palm,t is shown in Fig. 195; it
¥ 18 suitable for 140 kV and has a capacitance of 100 uuF. The

* H. Schering and R. Vieweg, “Ein Messkondensator fiir Héchstspann-

j ungen,” Zeits. f. tech. Phys., vol. 9, pp. 442445 (1928).
&t A. Palm, “Uber neuers Hochspannungsmessgerite
b Blekt. Zeits., vol. 47, pp. 873-875, 904-907 (1926).
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gas Increases with its pressure: fi .
;I;lririiiigis a dielectric strength’ a,b(c):.lt? 2(31111;11)150 a;l}iazztofl (c))ﬂa t Tl(z)
gas pressur);’ OIZ] fho other hand, changes very little with th
and portable.° N }(l)mpressed-gas condensers are compact, ligh
» ey are constant in capacitance, entirel,y free

und ihre Anwendung,”



