THE TESTING OF

INSTRUMENT TRANSFORMERS
e =

By

B.Hague, M,SC,., D.I.C. ,AoM.IoE.Eo

3 sesese



ProQuest Number: 13916245

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 13916245

Published by ProQuest LLC(2019). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



PREFACE.

Although the testing of instrument transformers has
formed the subject of a considerable number of papers
published in the technical press duriné the past twenty
years, the information contained in these papers has
not, so far as the author is aware, been collected
together in a form in which it is easily avallable for
reference by those engineers who are interested in the
operation and calibration of instrument transformers,

_ In 1920 the writer, at the suggestion of Professor
T. Mather, F.R.S.,undertock the preparation of a volume*
dealing with the measurement of inductance and capacitance
by alternating current bridge methods and, in examining
the literature of the subject, accumulated at the same time
some data on the closely related problem of testing
instrument transformers for raéio and phase-—angle, In
1923 Professor G.W.0,Howe suggested that the complete
examination of the subject of instrument transformer
testing, a correlation of published methods and a critical
review of their utility would be of considerable '
practical value to engineers, This task the writer
undertook to do, with the result embodied in the following
pages,

The/

#*Pternating current bridge methods for the measurement 07

inductance, capacitance* and effective resistance at low and -
telephonic frequencies,” Sir Isaac Pitman and Sons, 1923,
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The subject is examined under four principal headings.
Part I deals with general introductory matters and a
discussion of the apparatus necessary for making tests in the
lgboratory or on site., Methods for testing current
transformers are dealt with in Part II, while Part III is
concerned with the methods used for calibration of voltage
transformers., In Part IV the various methods are critically
reviewed in order to determine those best suited to meet
different practical conditions. Full references to
technical literature are given and 1t 1is believed that no
paper of importance has been omitted.

Finally, in preparing the mmerous diagrams with which
the teit is 1llustrated, the author has had the invaluable
assistance of Dr. M.G.Say, to whom thanks are accorded,

The author wishes also to record his indebtedness to
Professor Howe for his interest in the work, for encourage-
ment in difficulties, and for provision of facilities
without which the work could not have been done. The work
was carried out in the Engineering Department of the
University during the sessions 1923-24, 1924-25 and 1925-26,

Glasgow,
Feb., 1926,
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GENERAL INTRODUCTION.
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CHAPTER I.
INTR GDUCTORY.

1. Preliminary.

- In modern electrical engineering practice ammeters,
voltmeters, and wattmeters, as well as relays and protective
devices, used in alternating current circuits are invariably
operated from the secondaries of instrument trandformers.
Moreover, in laborat6§y technique the use of transformers
with precision instruments is very widespread, enabling a single
instrument to be adapted to a number of scale ranges by
merely changing the ratio of the transformer with which it is
used, In eitheruggzg'the‘transformer becomes an integral
rart of the measuring unit and it is important to be able
to determine its behaviour over a wide range of secondary
load. This is especlally necessery in the case of
transformers used in connection with wattmeters and
rarticularly with watthour meters, since the imperfections
of the transformers may introduce considerable errors into
the power or energy measurements, as the case may be,

The design and construction of instrument transformers
to meet the conditions 1mposed by prectice ar®, in themselves,
sufficiently interesting topics, upon which sufficient
exact information does not seem to be available in published
papers., Indeed it seems to the writer that the design of

such/
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such transformers has very largely developed upon empiricel lines
suggested, no doubt, by tests that have demonstrated the
imperfections of an earlier type of transformer and enabled

the design to be modified so as to produce a better one.

Suffice it to say that the modern instrument transformersy,
especially the voltage transformer, is & plece of apparatus

of very high perfection and precision of action, so much so,
indeed, that most refined methods are required to determine

its small residuel imperfections, In this volume the

actual design and construction of transformers for use in

a,c, measurements will not be examined but attention will

be directed to a detailed consideration of the properties

of such transformers, their imperfections, and the ways in
which those imperfections may be practically determined.
Questions releting to design will, however, be referred to

in so far as they have a bearing upon the subject of instrument
transformer testing.

2. The use of instrument transformers.

In-strument transformers are of two distinct types
according as they are intended to deal with the main current
or with the supply voltage. The current or series transformer,
shown diagrammatically in Fig.ls, serves to transform a
relatively large primary current,@ into a smaller current ,L
which operates an ammeter A. The voltage, potential, or

shunt/ -



Se
shunt transformer, Fig 12, similarly converts the high
voltage /, into a low voltage // operating the voltmeter V.
The use of both types of transformer in conjunction with a
wattmeter or a watthour meter is shown in Fig lc. The
instruments connected into the secondary circuits are
invariasbly scaled in terms of the primary magnitudes.

Instrument transformers are used in all cases where

heavy currents or high volteges are involved. By their use,
instruments mounted upon the switchboard carry only a small
current or are worked at a low voltage; hence no heavy
current leads and no high voltaege conductors are brought to
the switehboard, with consequent cheapening of the wiring and
greater safety for the operator. The insulation between the
primary and secondary windings of the transformers serves
to 1solate all instruments from the high voltage of the main
or primary circuit. The modern power station switchboard
thus tends to become a low voltage instrument and control
board, and as a further safeguard it is usual to earth the
core and one secondary terminal of each instrument transformer.
It will be realised, therefore, that instrument transformers
must be insulated with the greatest care to withstand the
high voltages that are impressed between primary and secondary
windings, A current transformer, moreover, must be constructed
in such a way that the windings will not become displaced under
the action of the mechanicel forces that act upon them when
heavy/
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heavy shortecircuit currents flow in the primary circuit.
Thus, apart from any requirements as to accuracy of perform-
ance, instrument transformers must form a sound electrical
and mechanical link between the main and the measuring
circuits,

The use of instrument transformers is advantageous in
another direction, since they can be chosen so as to render
poasibie the standardisation of the secondary instruments.
M;dern practice tends to the adoption of a secondary current
of 5 amperes in current transformers and a secondary voltage
of 110 volts in voltage transformers, these values being
laid down in the British Engineering Standards Association
Specification No.81-1919 and in corresponding codes of
foreign nations. The adoption of such a standard greatly
cheapens the cost of manufacture of the secondary instruments
and of the transformers themselves.

3. The rating of instrument transformers.

The behaviour of an instrument transformer depends, among
other things, upon the amount and nature of the external
secondary load or burden, The amount of the burden is
usually stated as the load in volt-emperes which can be
teken from the secondary winding without specified errors
in transformation being exceeded., The B.E.S.A.Specification
No.81, pays down for current transformers rated outputs of
15 and 40 voltamperes, and for voltage transformers 15, 50
and/



and 200 volt-amperes for adoption as standard values.

Stendard ratios of transformation are also specified., The
‘1mportance of the amount of the burden, and particularly of
its nature - to which the standard specification pays but
little regard - upon the performance of instrument transformers
vill be reverted to in Parts II and III,

4, The Perfect Instrument Transformer,

‘A perfect instrument transformer 1s one in which the
secondary quantity is an exact replice of the primary
quantity to a reduced scale and in exact opposition of
rhase, independently of frequency, wave-form and secondary
budden., Such a transformer does not exist in practice for
& variety of reasons prominent among which are the following:-

(1) Some portion of the primary ampereturns is used to
set up in the core of the transformer the magnetic'flux |
requisite for the production of the secondary voltage,

(11) The primary current contains a component
accounting for loss of energy by hysteresis and eddy currents
in the iron core.

(111) The magnetic flux in the ecore does not link both
primary and secondary windings equally, since there is
inevitable magnetic leakage.,

In consequence of these facts the secondary current in a
current transformer is not equal to Primary turns/Secondary turns
times the primary turrent; similarly in a voltage transformer

the secondary voltage is not equal to Secondary turns/Primary
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turns times the primary voltage. Not only are the magnitudes
of the transformed quantities in error but the secondary
quentities are never in exact opposition of phase to the
primary quantities. It 1is the measurement of the defects in
retio and in phase opposition that forms the subjeet of
this volume. |

By using a short magnetic.circuit, preferably withdut
Joints, composed of highly permeable ferrous alloy with low
magnetic losses, and by working at low magnetic flux densities
it is possible to reduce the influence of the magnetising and
loss components of the primary current upon the ratio and
phase in an instrument transformer to a very small amount o
The effects of leakege can be minimised by sultable interleaving
and arrangement of the primsry and secondary windings, so that
on the whble the characteristica'of the transformer approach
the ideal but naturally never quite attain it. A more detailed
analysis of the effects of magnetisation and leakage will be
found in Parts II and III.
5. Definitions of ratio, ratio factor, and phase angle,

A current transformer is designed to give a definite
nominal .ratio between the primary and secondsry currents,
In a perfect transformer the 5333553 ratio would be constant
under all conditions and exactly equal to the inverse ratio
of primary to secondary turns; however, owing to the effects
of xmx leakage the Bominel suprvent ratio A, always differs
from/ . |
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differs from the ratio of secondary to pz?iniary turns.
In consequence of the imperfections indicated in the
preceding section, the ac>tua1 ratio of primary to secondary
current, see Fig.2a, differs from the nopinal ratio,
Thus in a transformer without ratlo and phase error the
secondary current would be [p//(,m and would be in direct
opposition to Ly . In an actual transformer the true
secondary current is [ , usually less than Z,;//(nc
and differing from opposition by a small angle /5 .
Then

Current Ratio = . = IP/]S

The factor by which the nominal ratio must be multiplied to
give the true ratio of current is the

Current Ratio factor = 7: = h;/Knc

A definition for /6 will be given in the following section.
In a voltage transformer, for similar reasons, the
nominal ratio differs from the ratio of primary fo secondary
turns; moreover the actual ratio /‘(,, itself differs from
the nominal voltage ratio /’(m, . The secondary voltage Ms
is in opposition to the primary voltage V,o but for a small

angle 7, the precise definition for which is giwven in
the next section. Thus for & voltage transformer,
Voltage ratio = Ky = Ko/f/s
Voltage ratio factor = /17= Kv//lfw

The ratios KC, A, apd the angles P Y are
dependent/
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depéndent upon frequency, the amount and nature of the
secondary burden, the magnitude of the currents or
voltages, and to a lesser extent omn other factors such
as wave-form, It follows that all these conditions must be
exactly arranged in testing & transformer so that the values
of ratio and phase-angle found by the test correspond with
the conditions under which the transformer is used. It
will be seen later that this is by no means easy to ensure,
In the case of a current transformer operating an
ammeter,or a voltage transformer connected to a voltmeter,
it 1s clear that correctness and constancy of ratio is
all that is required, the phase displacement between the
primary and secondary quantities being of no consequence.
A voltage transformer worﬁgzitxpractically constant primary
voltage and if carefully constructed so that the magnetic
circuit is good and the leakage small may be expected to
be an instrument of precision. Tests show this to be the
case, the error in ratio at any load being less than 1%
and the phase-angle about 0.5° or less. A current
transformer works under much less favourable conditions
since it is expected to retain accuracy of ratio and phase
over a wide range of primary current. The ratio error
may lie between 1 and 2% and the phase angle at low loeds

may be 2 or 3°; better results can be obtained by careful

design/
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design in transformers intendeé& for use with precision
laboratory instruments., It is natural, therefore, that
greater attention has been paid to the improvement and
testing of the current transformer than to the voltage
transformer, as Parts II and III will show.¥*

6, Use of transformers with a wattmeter,

The indication of a dynamometer wattmeter is proportional
to the product of the currents in its current and voltage
coils and to the cosine of the phase difference between these
currents., If a wattmeter be connected to a circuit via
current and voltage transformers, errors will be introduced into
its indigvations in consequence of the fact that the sécondary
quantities are not exact replicas of the primary quantities
to reduced scale and are not in direct opposition thereto.
Hence not only the ratio but also the phase-angle of instrument
transformers used with a wattmeter are of prime importance,
and even more so when used with a watthour meter,

Conasider a wattméter connected through transformers to s
circuit, as in Fig lc, to indicate the power therein, In
Fig.3 let Mc and 170 be shown by vectors drawn from 0, %5
being the phase angle between them so that

True power = % ‘C" 00395-
The/ '

—

¥For Interesting discusslions of ratio and phase definltions
see M.G,Lloyd, "What is the ratio of a transformer?" Ejec.
World, vol.52, pp.77-78, 1908; F.A.Kartak, "Testing o
instrument transformers," Elec.World, vol.75, pp.l368-1370,1920;
A.Barbagelata,"Sulla prova del tragsformatori di misura",L'Elett-
rotecnica, vol.8,pp.165-175, 1921.

R -
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The voltage transformer applies a voltage lé = %/Kv
to the volt coils of the wattmeter, |/ being shown in
advance of ‘L,{: by an angle v . Likewise the current
applied to the wattmeter current circuit is /= Z,o/h’c,
shown leading by 3 on ‘]} . The voltage 4 sends a
current [V through the volt coils which, in consequence of
the reactance of these coils, will lag on Vs by an angle
g = M"(wly/,e‘}) &8s shown. The reading of the wattmeter
23 a dynamometer will be proportional to L Is cos !, &
being the angle between [V and fs 3 the reading in watts
will be
Wattmeter reading = 4 4/ cos 3151
= licosd. x I cosd’
= sl cos 8. x cos/P-p+v-b)

=Wl dcos § x cos (@-3+7v=6)
A e

coagb
cn 8. o (p-6-pB+Y)
If the transformers were free from phase error, the

Hence,

True Power = KMT: X Wattmeter reading
trigonometrical factor would become cos 75/603 8. cos[¢-9),

which is the well-known correction factor for a wattmeter,

From this it is apparent that a leading /3 and a

leading Y have opposite influences upon the wattmeter;

in fact, a leading angle 3 1in a current transformer and

o/
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8 lagging angle ¥ 1in a voltage transformer each have an

effect on the wattmeter equivalent to an increase in g %

The definitions for the phase-angles are thus conveniently
taken as:-

The positive phase-angle /a of a current transformer

is the angle by which the secondary current leads on the reversed

primary current.

The positive phase-angle ¢ ¥ of a voltage transformer

is the angle by which the secondary voltage lags on the

reversed primary voltage.

* The subject is dealt with in detail in the following papers:
L.W.wild, Elecn., v0l.56, pp.705~706, 1906; E.S.Harrar,
Elec.World, vol.51, pp.1044-1046, 1908; K.A.Sterzel, Elekt.
Zelts,, vol.30, pp.489-491, 1909; W.Genkin, Lum,Eject.,
vol.B8, 2nd series, pp.69-71, 1909; K.Edgcumbe, Elec,Rev.,
v0l.67, pp.163-165, 1910; L.T.Robinson, Trans.Amer, 1.E.E. .
vol.za,gp.loos-loss,lglo; R.H.Chadwick, ETEC WOFId, VOl.8606, pp.l!

310

0871310, 1015, Ropenbayn, Eyeen.,yoyy 7., 5R,5547649,)915;
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CHAPTER II.

CLASSIFICATION OF TESTING METHODS.

1. General,

Hating briefly sketched the general properties of
instrument transformers and defined their ratio and
phase-angle, it is now necessary to review in a general
way the methods that are used for the mesasurement of
these important magnitudes, A fully detalled
consideration of the methods applicable to the two
types of transformers will be found in Parts II and III,
the present object being to deal with broad principles,

Methods of testing instrument transformers are very
numerous, but are divisible into two main groups,
Indirect and Di{rect methods, which will be discussed in
ensuing sections of this Chapter. The greater
proportion of the methods are described in a large
number of published papers scattered throughout the
technical literature of Great Britain, the United
States, Germany, France and Italy, but there are one
or two¥* papers attempting some classification of the
methods/
¥ R.5.7.3pllsbury, "Instrument Transformers," Beaua,

vole.6., pp.505-513, 1920& F.A.Kartak, "TestIng of
instrument transformers," Elec.World, vol,75, pp.1368-1370,
1920; A.,Barbagelata, "Sulla prova dl trassformatori di
misura," L!'El§etrotecnica, vol.8., pPp.165-175,1921; and

F.B.Sipsbee, "Methods for testing current tranaformers,"
Trang.Amer., I.E.B., V0l.43, pp.282-294, 1924.
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methods which have been of great assistance in preparing
the present work. Particular mention must be made of
the valusble papers by Barbagelata and by Silsbee, where

both laboratory and works methods are carefully considered.

2. The indirect method.

A most obvious method of finding the ratio and phase-
angle of an instrument transformer is to utilise the
experience gained in finding the regulation of a power
transformer, The theory of the instrument transformer
is first investigated in order to determine the way in
which the ratio and phase-angle depend upon the magnetising
characteristics of the iron core, the reactance and
resistance of the windings, the secondary load, etc..
Measurements are then made upon the transformer to find the
various quantities entering into the equations deduced
for ratio and phase-angle, these measurements corresponding
with the open-circuit and short-circuit teats made on
power transformers but with some refinement in experimental
detail in éonsequence of the smaller magnitude of the
Quantities involved. With the aid of these test results
the ratio and phase-angle can be computed. The method
has been used by a number of workers, especially for
tests on current transformers for very large primary
currents, since no specially constructed apparatus is
required and the whode test can be made with calibratgd

ammeters, voltmeters and wattmeters of ordinary types.,

3/
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3., Direct Methods,

In contradistinction to the indirect method étand
the direct methods, in which‘the ratio and phase-angle are
directly measured by adaptation of the customary '
processes used for finding the ratio of two currents or
voltages and the phase displacement between them, Direct
methods are of two main classes; Absolute or Independent,
wherein the ratio and phase-angle are determined in terms
of laboratory standards directly upon the given transformer;
Relative or Comparative, wherein the characteristics of a
given transformer are compared with those of a standard
transformer, the latter having been tested by an ebsolute
method, Both Absolute and Relative methods are again
divisible into two classes, designated Deflectional methods

and Null methods., In the former the required characteristics

are computed from the readings of appropriate instruments.

In the latter it 1s usual to arrange a compensating circuit

containing some form of alternating current detector, suitable

reactance and resistance adjustments being made to reduce
the deflection of the detector to zero; the ratio and
phase imperfectlons are thus balanced out by the auxiliary
circuit, the balance setting of which enables the desired
quantities to be calculated. Null methods resemble in
many points of principle and technique the well-kmown

a.c, bridge methods for reactance and effective resistance

measurement,
The/
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The general principle of most direct absolute methods
of testing current transformers is lllustrated in Fig.4.a.
A suitable four-terminal resistance ﬁ% is put into the
primary circuit and a similar resistance /% in the
secondary clrcuit; these resistances are chosen to give
approximately equal drops of voltage and must be as non-
reactive as possible, Moreover, since the inclusion of £}
in the secondary imposes a certain burden thereon,its value
should be kept as small as possible; a combination of
resistances aml inductances B 1s inserted in the secondary so
thet in conjunction with A5 the burden with which the
transformer will work in practice is imitated. Alternatively,
B may be & suitable instrument, provided /s 41s small enough
in comparison therewith. | The principle is then to compare
the magnitudesof the voltage drops Ao ./s and s 1
and to find the phase—angle between them. This can be done
in a varliety of ways. In the deflectional methods the
drops are compared in megnitude and phase by the use of one or
more spparately excited dynamometers or by the use of an
electrometer; alternatively the resultant of /Aol and
Rs Is may be measured in a similar way. In the null
methods this resultant voltage 1s compensated by an
asuxiliary voltage of adjustable magnitude and phase;
ad justments are made until a suitable detector (vibration
galvanometer, separately excited dynamometer, d.c. galvanometer

and/
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and synchronous commutﬁtori shows balance to have been
obtained. Other quite different procedures may be
alternatively adopted; for example k; and ﬁ; may be
replaced by sultable mutual inductors,the secondary voltages
of which can be compared or their resultant balanced in a
similar way. These and numerous other devices are fully
explained in Chapters III and IV of Part II.

Relative methods of testing current transformers fall
under two main principles. In the first the unknown and
the standard trensformers have thelr primaries excited in
series; the behaviour of certain instruments when operated
first from the secondary of the one transformer and next
from the secondary of the other is observed. The instruments
may be ammeters, dynamometers or still better, watt-hour
meters, and the methods are essentially deflectional. The
second principle is to excite the primaries in series and
to set the secondaries in opposition, measurement being made
of the resultant secondary magnitude, This may be done
deflectionally by the use of a separately excited dynamometer
or alternatively a null-method may be devised by the inclusion
of an suxiliary circuit for compensation of this resultant
and a sultable balance detector. These matters are
considered in Chapters V and VI of Part II. .

Absolute methods of testing voltage transformers are

b
based on the principle illustrated by Fig.48. A high

resistance/
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resistance ﬁ?. is put in parallel with the primary winding

and the drop ¢ voltage down a portion 7 of this is compared

with the secondary voltage Vs . The comparison may

be made deflectionally using a separately-excited dynamometer

to measure the relative magnitudes and phase displacement

of ™Wp/R and Vi ; or the two voltages may be opposed
through an auxiliary circuit provided with a means of correcting
for the phase displacement between them,and balance secured

by null indication of a suitable detector. Such methods

are examined in Chapters I and II of Part III,

Relative methods of voltage transformer testing consist
as a rule in supplying the primary windings in parallel from
an a,c, source and comparing the secondary voltages of the
standard and unknown transformers. The comparison may be
made deflectionally, or by sultable compensating arrangements
& null method may be devised, The matter is discussed in
Chapters III and IV of Part III.

The object of the next Chapter is to review briefly the
apparatus required in the testing of transformers in the
laboratory or on site, The general plan is to deal first
with the standards necessary for the purpose, then with
sources of supply, and finally with instruments and detectors.

4, Order of precision in testing.

p—

The order of precision demanded of a direct method of
testing instrument transformeras depends partly on the

accuracy/
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accuracy required in the trensformer itself and partly
on whether the tests are to be made in the laboratory with
full experimental resources or on site by the use of portable
instruments. For transformers that are to be used with
precision 1nstruments readable with the aid of a mirror
below the pointer to 0.,2% or less it is necessary to measure
the ratio within 0.1% and the phase-angle to the nearest
minute. A similar order of precision is requisite in
tests on transfofmers used with watt-hour meters,
Trensformers operating switchboard instruments other than
wagt-hour meters are satisfactory if the ratio is known to
0.5%; those used with trip coils, phase meters, or protective
devices may be tested to a much lower order of precision.
Tests on transformers of the highest class can only be made
by sensitive laboratory methods, Transformers of less
accuracy may be tested by methods of lower precision in
the test room or on site using portable appsratus of no

special design.

CEan = en > e oo = o o0
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CHAPTER TII.

APPARATUS,

l,Low Resistances. ,

It has been pointed out in the preceding Chapter that the
primary and secondary currents of a current transformer are
usually compared by passing each through a suitable low
resistance and comparing the drops of voltage therein. Since
the resistances are of a low value., invariably less than 1 ohm,
they must necessarily be of the four-terminal construction so
that the resistance mey have a definite value, The construction

and
design/theory of four-terminal resistances for use in d.c. circuits

1s well-known;* the problem is,however,much more difficult in
the case of resistances for a.c. wbrking owing to the influence
of self Inductance in the resistance and mutual inductance
between it and its potential leads, In an ordinery four-
terminal resistance or shunt, when an alternating current is
passed into the current terminals a potentisal difference 1is

set up between the potential terminals; if the shunt be free
from inductive effeets this voltage will be proportional to
and/

®

G.F.C.,Searle, "On resistances with current and potentisl
terminals," Elecn., vol.66, pp.999-1002, 1029-1033, vol.
67, pp.12-14,”54-5F8, 1911, For extension of Searles d.c.
theory to a.c. working see F.,Wenner, "The four terminal
conductor and the Thomson bridge," Bull.Bur.Stds.

vol.8, pp.569-609, 1913,
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snd in phase with the current. 1In general, however, without
. special arrangements of its components a shunt will possess
" ;same inductance, in consequence of which the current and voltage
will be out of phase relatively by an angle determined by the
ratio of the inductance to the resistance of the shunt, i.e.,
by its time-constant. Since the resistance is usually low it
follows that before a shunt can be considered sufficlently
nearly non-inductive for use in precise a.,c. testing its
inductence must be reduced to an exceedingly small value in
comparison with its resistance., This 1is by no means easy to
attain and a large smount of work has been done in trying to
prepare non-reactive low resistances.

This non-resctive feature, about which more will be said
later, is not the only one which a well-designed low resistance
must possess, Those resistances used in the primary circuit
of a current transformer when on test are frequently required
to carry very large currents, up to a few thousand amperes, and
rust be designed to dissipate a considerable amount of power
without undue temperature rise. (For example, & 0,002 ohm
resistance for 1000 amperes sbsorbs 2 kw.) This necessitates
& large cooling surface mnd such resistances may become very
bulky, In addition it is generally necessary to provide
artificial cooling, at any rate in the larger sizes; thils may
take the form of immersion of the resistance in a bath of

well-stirred oll, of cooling the oil by a coll of pipe immersed

therein carrying a flow of cold water, or alternatively the
resistance/
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resistance material may be directly water-ccoled.. The rise of
temperature of the resistance can thus be minimised and by
making the resistance of material such as manganin the change
of resistance with temperature can be kept very slight.
Permanence of value is also essential, and is secured by using
well annesled manganin, hard soldering all joints and thoroughly
sgeing the resistance before use,

Reverting to the question of non-re#ctive.construction,
it is desirable not only that the resistance should have the
lowest possible time-constant but also that the external
magnetie field should be reduced to the minimum, so that
interference with adjacent instruments 1s avoided. Two
distinct principles of construction have been utilised., In
the first method the resistance is made "closed", i.e.
the main resistance material is arranged so that portions
carrying current in opposite directions lie close to one
another; hence the resulting megnetic field is made very
small and thé inductance slight. The potential leads are
soldered to the resistance material near the current eleebwedqy
and are made short and so arranged as to be out of the influence B
of the small residusl field of the shunt, as far ashis possible.
Resistances made in this way follow tﬁzﬁgﬁiﬁﬁlﬂsﬁﬁﬁgifilar
construction or some modification thereef, Orlich# in 1909
described/ ‘

¥ E,0orlich, Zeits f. iInst., vol 29, p.241.1909; also H.Schering

and E.Albertl; Arch. f. Elekt.,*'®, pp.263-275, 1914, where
dimensions of a 88t O DIIL1lAr resistances are given,
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described resistances, shown dliagrammatically in Fig,5a
composed of folded manganin strip with a mica separating

layer between the two branches; potential terminals, not

shown, are attached at the points where the manganin is
soldered to the copper current leads. The measured time-
constants are of the order of 2 to 5 microseconds, Sharp

end Crawford,# following a bifilar design of resistance due

to Drysdale, made resistances consisting of a number of units
in parallel; & poor design of current terminal resulted in

o time~constant of 17 microseconds, In 1916 DrysdaleT
described a number of designs for resistances, these being
shown disgrammatically in Fig ® b,c, and d. For the

higher resistances the bifilar form is used. For lower
resistances the material takes the form of concentric manganin
tubes sttashed by short Pods of copper to the current terminals,
The latter consist of flat plates close to one another so as

to be as non-inductive as possible. The tubular construction,
in modified form, is applied in the lowest resistances in

the way shown in Fig.5. d. The resistances are oil cooled,
the o0il being stirred mechanically and in the lower resistances
cooled by water., A timesconstant of about 0,75 microsecond

is possible,

In/

*.H.Sharp and W.W.Crawford, Trans.Amer, I.B.Be., VOl 29, PPel517~

1541, 1911,
tC.V.Drysdale, "New low resistance standards", Elecn., vol.77,

PP.629-633, 1916.
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-In the second type of resistance the "open" type of
construction 1s used, following a principle due to Lichtenstein*
end applied to shunts by Campbell, The potential leads are in
this case placed as near to the working resistance as possible,
so that the self inductance of the resistance is nearly equal
and opposite to the mutual inductance between the resistance and
the potential leads. The p.d. at the potential terminals is
then almost exactly in phase with the resistance drop in
the shunt, the more nearly so as the shunt and potential leads
are made to coincide, Campbell!s straight resistances of
this type are shown in Fig.bSe. The principle has been
employed in the resistances designed by Paterson and Rayner1-
for the N,P.L. shown in Fig,5f. The working resistance is
& mangaenin tube soldered into copper end blocks; the potential
leads are corcentric copper tubes close to but insulated from
the resistance tube. The resistance is used with the tube
mounted vertically, a vigorous flow of cold water being
maintained through it from bottom to top; by this means
very efficlient cooling is obtained and a current density in
the manganin of 16000 amperes per square inch can be safely
used, The resistances are designed for & normal volt-drop
of/

“LIchtensteln, Dinglers Polytech, J. vol 321, p,100, 1606,
A.Campbell, "On compensation for self-inductance in shimt
resistances", Elecn., v0l.51.pp.1000-1001,1908,

tC.C.Paterson and E,.H.Rayner, "Non inductive, watercooled

standard resistances for precision alternating current
measurements’" Journal I:E.EO’ ,V01.42, pp.455”470’1909.
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of 2 volts, but if a temperature change of resistance of
. 2 parts in 10,000 can be tolerated mucl: higher p.d. can be
obtained. The following table gives the dimensions, meximum

ratings and time-constants of the set of resistances:-

kesfstance Normal |Max, |Max, |[OCutside F‘hiclmess Tength| K.W. | Time Fn uct1
in

in Current| Cur- [volt |[dia., of { of wall,|of at cone
Ohms, Anmp, rent |dropd tube. tube |max, |stant

Amp. m.m, mem, Ce.lts | Cur- |micro{ c.m,

rent.| sec.

04 50 115 [ 4.6 6 0.25 3545 | 0,53 |0,16 | 645 ’
002 100 260 | 5.2 10 0.30 40 1.35 | 0.27 | 5.4
01 200 450 | 4,5 15 0.40 39 2,00 | 0,34 | 3.4
002 1000 1300 | 2,6 30 1.00 48 3.40 | 1.85 | 3.7
.001 2000 (2500 | 2.5 40 1.50 | 42,5 | 6,25|3.,00 [ 3,0 |

The importance of a low time-constant can best be resalised i

;by & numerical example, Suppose a shunt of 0,001 ohm to have ,
i -9 -9 -3 3
‘8n inductence of 3 x 10 henry; then i/f? =3x10 /10 =3

- microseconds. If used in a 50 cycle per second circuit the phase- :
tngle would be nearly @./R= 1007 x 3 x 10~¢ radian = 0,000943

. radisn = 0.054° = 3,24 minutes. In measuring the phl.sg-angle

}
' of a current transformer, bying as a rule between zero and

%bout 120 minutes, this error in the phase of the voltage over
the/- :
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the shunt 1s by no means negligible,.*

In many methods of current transformer testing an adjustable
low resistance is often required, This is easily secured in
practice by shunting a fow-terminal resistance with a
relstively high adjustable resistance box; additional
shunting terminals are sometimes provided. Alternatively,
low value slider resistances have been constructedt.for use
in such tests. These may consist of a low resistance wire
or strip folded back on itself with insulation between the
halves, the potential slider touching one wire or the edge
of one half of the strip as the case may be,

2, High Resistances,

In the testing of voltage transformers a regular process
is to join across the primary perminals a very high
resistance or potential divider and to compare the drop of
voltage down a fraction of this resistance with the secondary
voltage of the transformer, Since transformers must be
tested at the rated voltage it 1s essential for such potential
divider resistances to be built to withstand the voltages
usually encountered in practice, which may be many kilovolts,
If such high resistances were wound with wire in the

form/

[ .

For a very complete treatment of low resistances for a.c., work :
see F.B,Silsbee, "A study of the inductance of four terminal
resistance standards," Bull.Bur.Stds., vol.l3, pp.375-421.1917.
t See for example P.G.AgneW, Bull.Bur.Stds., vol.7, pp.423-474, 1911,
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form of a simple coil,the inductance of the winding and

the electrostatic capacity from turn to turn would be
considerable and the winding would not act in any way like

& pure résistance when used in an a.c. circuit, The
inductance can be reduced to & negligible amount by the
well-known principle of bifilar winding; this, unfortunately,
still leaves considerable electrostatic capacity between the
turns of the coil, The inter-turn capacity effect, however,
can be reduced as much as desired by using instead of a
single bifilar-wound coil a number of such coils in series,
The potential difference across each bifilar section of the
winding is then for n coils only //n of the total p.d.

and the capacity effect is reduced in proportion to 1/n* .
Numerous alternative devices are used in practice¥* to effect
the same result, e.g. bifilar sectdns wound on mica cards,
Duddell-Mather resistance gauze, etc., and it is mot difffeuiit
to build a very high resistance in which the total residual
reectance, and therefore the time-constant is made very small,
Such resistances, however, prove defecdive when used as
potential dividers and for a very simple reason, A very
high resistance naturally contains a considerable amount of
wire and the wobbins or cards upon which the wire is wound

present/

C e .

For a full discussion of residuals in high resistances and me-
thods for their reduction see B.Hague, Altermating Current Bridge
Methods, pp.56-72, 1923,
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present a large area and have a relatively large electrostatic
capecity with respect to surrounding earthed objects, this
capacity being distributed over the length of the resistance.
Now the fgll of potential over eny portion of the resistance
is determined not merely by the resistance of the portion
but also by its distributed earth capacity, exactly as in an
a.c, transmission line. Hence the drops of potential down
various,frqctiona of the resistance are not by any means
proporﬁional to those fractions. This defe€t can be overcome
by a device introduced by Orlich and Schultze¥* shown in
1ts simplest form in Fig.6.. BEach section of the potential
WSudupory o Sepanoe porceton. tube
divider 1s| encased in a separate metal screen, the potential
of each screen being maintained at a value equal to the mean
potential of the resistance section contained in it. This is
done by comnecting the screens to appropriate points upon a
O Ntorelimersan
second high resistance joined in parallel with the first, anw
wound in ££§§§b@ sections. By this means the earth
capacity effects in the potential diﬁider are reduced to a
minimum and the voltage across 1t§ terminals is divided almost
exachly in correct resistance proportions. At very high

voltages, greater than 50 kilovolts, the earth eapacity of

the/

—
E,Orlich and H.Schultzeﬁ "Uber einen Spannungsteiler fir
Hochspannungsmessungen," Arch.f.Elekt., vol.l.pp.1-15, 88-94,
232, 1913. .

¢
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the auxiliary potential divider may become important; it is
then necessary to screen its sections and to keep them at the
correct potentlals by the use of a second auxiliary potential
divider,

2L2§elf and Mutual Inductors,.

In some methbds of testing instrument transformers variable
self or mutual inductors are required, and it is essential that
these should be of a type as free as possible from‘influence
by external magnetic filelds, 1l.e. of astatic constructions
For use in low current circuits, not more than 5 amperes for
example, the disec pattern of inductor is usually preferred,
Three usual types* are shown diagrammatically in Fig.w7,, of
these the Brooks and WeaverT pattern, specially designed
originally for transformer testing, has the advantage of
high time-constant, constancy of calibration during wear
of the bearings and an almost uniform scale; it is probably
the best instrument of 1ts class. The four fixed coils are
connected together and brought out to two terminals; the moving
¢coils are in series between a second pair of terminals. Both'
sets are connected astatically. Ihe dimension T is 36,8 m.m. and
the overall diameter of the fixed discs is 35,5 cm., Each

£imbd/

—

For a full discussion of the properties nf these and other
inductors, see B.Hague, loc.cit., pp.94-98, 1923,

1 H.B.Brooks and F.C.Weaver, VA variable self and mutual
inductor,” Bull.,Bur.Stds, vol.l3,pp.569-580, 1917,




31.

tixed coil is wound with 9 layers of 2 turns,##£h and each
noving coil with 9 layers of 4 turns; the wire consists of
7 insulated copper strands each 0,8 m,m. diam.s The self
inductance with fixed and moving systems in series varies
between 125 and 1225 microhenrys; the mutual inductance
between fixed and moving systems varies between =272 and
+278rlH. The total resistance with the windings in series
is 0,35 ohm and the maximum time-constant 3.4 milliseconds,

This instrument may be taken as typical for the present purpose,
In some methods 6f testing current transformers mutual
inductors are required with windings designed to carry large
currents and which must be perfectly astatic. TFortescue has ;
met these requirements by winding the inductors in toroidal form upon
marble rings of circular cross section. If the windings are :
uniformly distributed round the ring perfect astaticism can be
secured, The mutual inductance between primary and
secondary is varied by varying the number of secondary turns
in use, If the secondary be uniformly distributed,the primary
may consist of a number of copper loops, equally spaced round

the ring, which can be connected up in series, parallel, or

series parallel groups, thus adapting the apparatus to a wide

range of primary current. The apparatus is further described

in Section 46 in Chapter IV of Part II.
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4, Condensers,

The phase~angle of a transformer 1s sometimes compensated
in testing methods by means of a suitable condenser inserted
in an appropriate position in the test circuilt. Such
condensers must be accurate standards, of low loss, permanence of
capaclty, and freedom from frequency changes, These qualities
are possessed by well-made mica condensers, which for ease
of manipulation are best arranged in plug or switch operated decades
A total capacity of 1 uF, subdkyided: into decades of 1/10, 1/100,
and 1/1000 BF. sections is convenient. The properties of such
mica condensers have been fully discussed by various
experimenters, the general conclusions being summarized by the
author elsewhere,¥

5, Transformers for use as standards,

In relative methods of testing instrument transformers
& standard transformer, the characteristics of which are known
and are preferably similar to those of the transformers under
test, is required, All transformers, whether of current or |
voltage types, that are to be used as laboratory standards
must be chosen for the permanence of their characteristics and for
the small magnitude of their ratio and phase errors. This
demands in particular that the iron circuit be composed of

very good material with low iron loss and that the circuit
be/

“B.Hague, loc.cit., pp.102-104, 114122, 1923.
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‘| be very carefully assembled, preferably without joints or at

any rate with joints well interleaved and clamped. Moreover,

the windings must be grouped upon the core so that magnetic

- leakage 1s reduced to a minimum,. Only by attentlion to these

constructional mskkx details can a satisfactory standard be
prepared. Next only in importance to the proper construction
of a standard transformer is its proper maintenance, It should
be carefully used, always with 1ts proper secondary burden
connected; mnever in any circumstances should the core be magnetized
by direct current or open circuilted, From time to time the
ratio and phase-angle should be checked by an absolute method.
It 1s found in practice that with attention to these points
& standard transformer is a very permanent and trustworthy
plece of apparatus. No particular difficulty 1s encountered
in establishing a standard voltage transformer, but the
current transformer gives rise to a number of Interesting
matters that must now be briefly discussed.

Currenﬁ transformers of normal types can, with care,
be set up for use as standards., It is not uncommon to build
transformers for 1ab9ratory use with multiple primaries
whidh can be grouped in series, parallel or serles-parallel
to adapt the instrument for a variety of values of primary
current, Experience shows this practice to be quite
permissible since it is found that the ratio error and phase-

angle of a well-made transformer of this type are almost

independent/
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independent of the grouping of the primary coils. Againy for
testing on site it 1s not uncommon to use as a standard
a ring type transfomer, the iron ring being vlosely wound
! with a uniform secondary coil. The primary is improvised
at the place of test by looping a current-carrying cable any
desired number of times through the ring, thus making a
transformer of any required ratio. In this case the ratio error and
phase-angle depends very little upon the number and position of th&™
primary turns through the ring, but the variation renders the
instrument less suit;ble as a laboratory standard.

A number of suggestions have been made for the improvement
of the current transformer, especially when used as a
laboratory standard, One of the most obvious improvements
is in the material of which the iron core is composed.
Drysdale¥* has recently pointed out that by using such material//
as Permalloy QﬁJﬂumetal having a permeability about ten
times that of good iron, a loss of about one sixth and a
resistance about four times greater, the magnetising
current could be reduced to 1/6 to 1/10 of the present value
with iron, with corresponding reduction in the ratio and
phase errors, Opher investigators have designed standard

current/

%*

C.V.Drysdale, "The‘apglication of high permeability alloys to
current transformers," Journal.Sci.Insts. vol.,3, p,68, 1925,




~

Primary
circurt

I

]

Main \ JT

)

T i
_l :\ /,g::e//ar‘y

A_IVVVL‘
-

core A\
\ZEn vy _/J Terti
T4 ertiory
< [ 1. circut
T. </> S 4
an AT I
VA 1 LI Auxiliary current
—T Y L g g e
5060174(:/‘_‘/ LT
I, circurt \’ ° YI, 1
\ F/u/f//"n
> \ a
]S | IP \ z ::'/ iary
) T
 — l— ‘Ampere-turns on s
1 auxiliary core
J ! » |
LUAVAVAVEN. ¥ { {z ‘
' Auxiliory
EMF. current
Vectorsum in tertiary \
vav offganax;' winding e e R A
I i LT Tliovici’s  compounded

(4

Brooks and Holtz's compensated transformers

/G, O.

transformers




35,

current transformers in which the errors are reduced by some
compensating or compounding arrangement. Brooks and
Holtz* have described such an instrument in which the
transformation takes place in two stages. The first stage
effects transformation in the usual ﬁay; the second stage
vyields a corrective current in a tertiary winding which,
when combined with the secbndary current of the first stage
gives a sum equalling very closely what woul@ be obtained
from a perfect transformer. The combination of the
currents is effected in the instrument connected to the
transformer, which for this purpoée must have two windings one
to receive the secondary and one the tertiary current, Tests
show the performancé of these transformers to be almost perfect,
rendering them suitable for use as precision standards,
Iliovicirhas described a type of compdéunded current
transformer embodying a different principle. He has shown
that if the iron core be magnetiséd to the point of maximum
permeability, i.e. to an induction of 4000-6000 lines per
. 8¢, cm, instead of the customary 500 to 1000, by an auxiliary
slternating current in a winding having zero mutual inductance
with respect to the primary and secondary coils, the phase-angle

becomes/

%
H.B.Brooks and F.C.Holtgz., "The two stage current transformer,"
Trans ,Amer, I.E, E. vol 41, gp.382—591. 1922,

TM'TIIEFIEI_—"TFEﬁETbrmateurs "intensite compoundes," Bull.Soc.
Franc.Des Elecns., vole3., Pps55-70, 1923, -_
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becomes very small and indepdndent of the secondary current,

Such transformers have been widely adopted in France as

standards and have the great advantage over the preceding type

that the hstruments used in conjunction therewith are of
ordinary construction.
The principle of each type of compounded transformer

1s 1llustrated in Fig.8,which is self-explanatory.

' 6, Source of A.G.Sugglz.

The main source of supply for instrument transformer
tests is required, especially in the calibration of current

transformers, to deliver a not inconsiderable output. For

“ thig reason a sultable alternator direct coupled to a

di¢s shunt motor is best, the motor preferably supplied from
& battery of storage cells of adequate ampere~hour capacity.
The alternator is preferably of polyphase construction with
& winding tapped for 3-phase and 2-phase supply, thus giving

2 variety of single phase voltages as well as the polyphase

volteges required by some testing methods. The alternator
should give an approximately sine shaped wave-forma, though
this 1s not important, and together with its motor, must be
capable of covering conveniently the whole range of grequenéy
et with in practice, say 25 to 60 cycles per second., These
requirements are, as a rule, easily met by the machines
installed in most test-rooms.

Inltesting voltage transformers it is usually necessary

to/

36.
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to interpose a suitable step-up transformer between the test
circuit and the alternetor; this may convenlently be a
voltage transformer similar to that under test but used xke in
the inverse sense. Similarly, in current transformer testing
the e¢ircuit is connected to the machine through a step-down
transformer -~ an inverted current transformer often suffices -
giving 4 to 8 volts at its terminals. Regulation of the
current is most conveniently madé by use of the field regulator
of the alternator in conjunction with serles resistances on
the primary side of the step-down transformer, Alternatively
if the secondary current thereof is not too great,regulation
may be effected by an ad justable iron-cored reactance and carbon
resistances in the test circuit.

For tests on site the supply must be taken from the
available network, sultable transformers being interposed
to bring the voltage to a value convenient for use on the
test eircuit. In current transformer testing on site it
1s often necessary to test the transformers while normally
connected and to use as the testing current that flowing to
the load on the network.

For all ordinary purposes in the test-room an
alternator driven by a d.c. motor supplied at constant voltage

runs/
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mns quite sufficlently steadily. In some balance methods s
vibration galvanometer is used as the detector and this
instrument, as is well-known, works in resonance with the
supply; 1f sensitivity is to be maintained 1t follows,
therefore, that the frequency must be kept very steady.

‘ Ifyas i1s often the case, the galvanometer has more than
sufficient sensitiveness at the low frequencies at which

- transformers are tested the influence of frequency fluctuations
: can be largely minimised by working with the galvenometer
normelly slightly shunted, thus blunting considerably its
resonance peak and rendering the loss of sensitiveness with
tmall deviations of the frequency from the tuned value of
less importance. In work of very high precision, however,
vhere the maximum of sensitivity 1s desired it is often
necessary to hold the speed rigérously constant; means of
doing this have been considered by the writer in another
Place* and need not be entered into here,

- 7. Auxiliary Sources., Phase Shifting devices.

—

In many test methods it is necessary not only to
supply the transformer to be tested but also to apply
to certain portions of the test circuit auxiliery voltages
bearihg a lnown phase relationship to that of the main
Supply, This is most simply done by the use of polyphase

alternat or/

¥B.Hague, Iocs.c1it., DDP-I56-139, 1923,
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alternator supplying tﬁe main circuit from one phase and

the suxiliary circuit from such of the other phases as

the method may require, In this way phase relationships

of /2 and of 27 /3 are easily obtained between main and
auxiliary supply; the phase relation is, of course, fixed
and 1s not capable of fine adjustment. A similar result

can be attained, though less easily, with a single phase
alternator supplying the main circuit and some"phase-splitting"
device - such as are well=known in m&thods of obtaining an
approximate two or three-phase supply for starting of single-
phase induction motors - %0 which the auxliliary devices may
be connected at will.

In many methods a fine adjustment of the phase-displacement
between the voltages applied to the main and auxiliary
circuits is essential. One excellent and widely used
method, applicable only in the test-room, is to use a pair
of exactly similar rotating armature alternators coupled
directly to one another and to & common d.c. driving motor.
The field magnet of one alternator is mounted on bearings
80 that 1t can be rotated about the axis of the machine by
means of a worm and wheel; Dby this means the voltages
induced in the armatures of the two maéhines can be relatively
adjusted, without alteration of magnitude,by an electrical
phase-angle which is at once obtainsble from the observed

relative/
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relative angular displacement between their pole systems and
the number of poles in the machines., This angle can be measured
by a suitable scale and vernier attached to the worm gearing, or
for very precise measurement of small angular changes a mirror
and scale device is easily applied. The disadvantage of
the apparatus is that it requires special machines and is
not portable; 1t should be part of the equipment, however,
of any good testeroom.

Another excellent method of obtaining an auxiliary voltage
in any desired relation of phase to the main supply is by
means of the phase-shifting transformer perfected for purposes
of a.c. testing by Dr Drysdale;* this pilece of apparatus.
is, moreover, portable and can be used not only in the test room
but also on site. In principle it is identical with the
vell-lmown induction regulator and resembles an induction
notor in the assembly of its parts. The stator is wound
with a polyphase winding which can be connected directly to
the main source of supply if this be polyphase or through a phase-
splitting device if single-phase; the currents flowing in
this winding set up a rotating field in the air-gep of the
Bachine, The rotor is provided with a single phase winding

&nd can be moved by a worm gear about its axis within the
stabor/

lC-V.Drysdale,ngﬁé use of a phase-shifting transformer for
Yattmeter and supply meter testing," Elecn., v0l.62, pp.341-343,
1909.
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stator bore; the phase of the voltage induced in the rotor
vinding by the moving fleld can then be adjusted to have
any value relative to the main supply without the magnitude
of the voltage being altered, The angle is read by
a sultable scale and vernler. A sinusoidal secondary
voltage is obtained by careful proportioning and sultable
distribution of the stator and rotor windings,

A number of other methods,* more or less frequently
employed when the preceding pleces of apparatus are not
asvailable, are also used., For example, if two slider
resistances of the ordinary tubular type be connected one
between lines I and II of a three phase supply while the
other is joined between 1lines I and III the p.d. between
the sliding contacts on the resistances can be easily
adjusted in magnitude and phase by moving these contacts
along. In a better device of this type, phase regulation
with a constant voltage is obtained by the use of two couﬁled

!

auto-tranaformers;f Another arrangement 'consists of an iron

ring closely wound with a layer of insulated wire in a way
similar to a Gramme ring. The insulation is removed from
the central portion of the wires on the outer circumference

of
®e G.W.Stubbings, RleC.ReV., VOl.94, Dp.o04-606, 1024,

t C.H.Sharp and W.W.Crawford, Trans.Amer.I.E.E., vol.29, pp.
1517-1541, 1911,

1 See W.Jaeger, 'Elektrische Messtechnik, 'p.413, 1917,




of the ring; at three points ].200 apart on the inner perimeter
of the ring tapprings are taken to the three lines of a three-
phase circuit. An arm, pivoted at the centre ‘of the ring,
carries two brushes which touch the bared wire's on the outer

circumference at diametrically opposite points. As the am

' 1s rotated the phase angle of the voltage tapped off by the
brushes is varied.
8, Indicatigg Instruments.

In practically all methods of transformer testing
indicating instruments, ammeters, voltmeters, wattmetera, are
required for the purpose of making sultable adjuséments in
the circuit, These should be of the ordinary laboratory
portable type of dynamometer instrument, of first grade
éccuracy and carefully calibrated. Some relative methods make
use of watt-hour meters; these are of normal single-phase
tonstruction but usually require to be specially adjusted for
the present purpose. Their use is discussed in the proper
Places in Parts II and III,

S, Desectors,

In many methods, as already mentioned, the secondary
turrent or voltage is opposed to a portion of the primary
turrent or voltage, and some detecting device is required to
fnable the resultant to be measured. Alternatively, if as in
M1l methods this resultant is balanced out by some auxiliary ‘
¢ompensating/
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compensating circult, a detector will be necessary to indicate
vhen balance has been attained. In elther case such a

detector is really no more than some form of a.c., galvanometer
capable of detecting and measuring small alternating éurrents
snd voltages., There is a great number* of such a.c.

detectors suited for use at commercial frequencies,but of these
! only a few have been extensively used in transformer testing.
Those most favoured are (a) the separstely excited dynamometer,
~ (b) the d.c. galvanometer used with a mechanical rectifier,

(¢) the vibration galvanométer; these will be briefly discussed
in the following subsections. In addition to these, certain
special devices have been occasionally used, Of these the
electrometer is the most important; owing to its very special
construction and the difficulties attendingv its use this
instrument has not been very much adopted. It is worthy of
rention because at the P.,¥.R. in Berlin and the N.P.L. in
London the electrometer forms the detector in standard high
Precision testing methods; it is hardly likely, however,

that the instrument will be found in regular use elsewhere

than in these' two great national laboratories. Less

important devices are the differential thermocouple with d.ce.
galvanometer/

———

* B.Hague, loc. cit., pp.145-150, 152-176, 1923,
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gslvanometer, and the Northrup comparator; these are
dealt with in their proper context in Part II.
%9a, Separately exclted dynamometer - This instrument is

the same in general construction as the ordinary dynamometer
vattmeter; indeed for some of the rather less refined tests
e good watt—meter serves admirably. However, to attain
sufficient sensitiveness for laboratory use the pointer type
of pivoted instrument 1is redesigned, the moving system being
- suspended and the deflecticns read by the aid of a mirror and
~ scale or other optical device, If | be the current in the
noving coil of such an instrument and I‘ the current in its
fixed coils the reading is proportional to J[/cos 95, if 925
is the phase difference between these currents. In using the
dynamometer the current / 1s that which is to be measured;
]’ is supplied from an auxiliary source, of which the phaée
tan be regulated relative to the primary current or voltage
of the transformer under test. By taking readings of the
dynamometer first with the exciting current / in phase with
the primary quantity and then when at a phase displacemeht
of 0 relative thereto the components of I in these two
directions can be found; ¢ 1s very conveniently 909, giving
. the copponents of / in phase and in quadrature with the
Primary magnitude. The scale of the instrument can be marked
off in amperes, volts or watts as desired. In most methods

&1 error i1s introduced if the moving coil hes any appreciable

Inductance; hence, ewery endeavour must be made to keep the
MOving/
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poving coil circuit of low time-constant ether by including
8 large proportion of resistance therein in comparison with
the reactance, or by compensating the reactance with a shunted
condenser in the way often adopted in wattmeters for precision
negsurements.,

The dynamometer can be used in null tests by adjusting the
belaneing network until the instrument reads zero with ] both
in phase and in quadrature with the primary quantity; this
can only occur when [ is zero, that i1s, when balance has
been sesured. Moreover, the instrument will be sensitive to
resistance adjustments for the one position of [/ and to
resistance adjustments for the other; hence the deflection of
the instrument indicates the amount and direction of each
adjustment to be made to attain the null condition,

A great advantage of the dynamometer and of all methods 1n
which it is used 1s that the direction of the deflection of
the instrument serves to check the relative polarity or phase
sequence of the terminals of transformer windirgs, which is a
matter of considerable practical importance,
9b, Synchronous rectifier and d.c. gelvanometer - This instrument
s probably the most sensitive used in a.c, testing. It consists |
briefly of some form of rectifier, usually of a rotary |

Commtator type,¥ working in synchronism with the a.c., supply,

Pectifying/
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rectifying the current to be measured, and passing it through a
‘ld.co galvanometer; thus obtaining the advantage of the very
high sensitiveness of the modern galvanometer in a,c. testing.

Though simple in principle the instrument is very troublesome to

i useé in practice, owing to the difficulty of obtalning steady
.cqntacts on the commutator, the development of thermo-electric
e.mn.f.thereat and so on. To overcome these troubles 8harp and
Crawford®* designed a cam-operated rectifying key in which
rubbing contacts abe abolished, thereby gaining much greater
A certainty of actionj; devices of this kind have been widely used
5 by American experimenters,
T,e effect of phase shifting of the auxiliary current
in a separately excited dynamometer is obtained in the present
instrument by setting the brushes or opefating cam so that
rectification occurs at different points in the cycle. When
used in null measurements the instrument again enables
discrimination to be made between the necessary resistance
and reactance adjustments, permitting one to be adjusted
independently of the other.

9c, Vibration galvanometer., - The well-known vibration

Ealvanometer 1s widely used in null methods of transformer

testing, for which work it 1is particularly well sulted since

at comnercial frequencies the instrument has a very high
sénsitiveness. Unlike the preceding instruments the

vibration galvanometer does not give by its deflection any
indication? ,

CHoSharp & W.W.Crawford, Trans. Amer,,l.B.B, VOl.29, pp.1517-1&41,‘

1911.

N
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indication of the nature or direction of the adjustments to
be made to approach balance, This disadvantage 1s of much
less importance than would be supposed, since a very little
experience and systematic use of the adjustments enables
balance to be very quickly secured. Indeed it is probably
the most raplid instrument of all to use In null tests. The
construction, use, advantages, and theory of the galvanometer
have been fully treated by the author in the place cited and
need not be further dealt with here,

10, Secondary burdens.

The burden of an instrument transformer is the external
load connected to the secondary when the transformer is in
operation; the amount and nature of the burden have a great
influence upon the ratio and phase of the transformer,
Consequently, when transformers are tested,care must be taken
to make the tests with a burden equivalent to that with which
the transformer is to be used, Often this is not easy to
m since all methods of testing involve the inclusion of
Some part of the testing apparatus in the secondary circuit.
In some methods the burden thus imposed is slight. and may be
heglected in comparison with that of the actual ‘instrument
vhich is the transformers' normal load, In other methods
this 1s by no means the case and the transformer must then be

loaded with an artificial burden. This takes the form of

resistances/
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resistances and inductances,.capable of carrying 5 amperes,
combined to give in conjunction with the testing apparstus an
impedance equal to that of the load with which the transformer
As a guide to the proper choice of burdens the

following table gives the constants for a few typical voltmeters,

scquire for itself data concerning the instruments normally

encountered and prepare therefrom the necessary artificlal

loads.
_ At 50 cycles per sec,
Instrument., Resist- | Induct- [Inpedance | Power Volt=
ance, ance ohms. Factor, Emperes,
Ohns, Henrys.
&r &Thomson )
iron Voltmeter, )| 1996 0.45 2000 0.998| 6,05 at 100 |
volt
on Soft Iron ) 685 0.07 689 0,995| 17.55 at 110?
Voltmeter, ) volt
on Dynamo-- y| 1145 [12.6x107° | 1146 0.999 | 10,55 at 110
r Voltmeter, ) « volts
H. Dynamo- ) 0.55 0.04x10'5 0,55 1 13,M at S
I Ammeter ) amp,
B. Hot wire ) 0.05 |[Negligibleq 0.05 1 1.25 at 5 |
ster, ) amp.
-3 .
PE Wattmeter )| 0.165(0.33x10 0.195 | 0.845 | 4.88 at 5 amp
turrent coil. )
B,Wattmeter ) 0.125 |0,50x10™ 0,201 | 0.621| 5,02 at 5 amp
®at coil, ) ﬂ
— )
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1. gheory of the current trapeformer.

It 1s now necessary to look scmewhat more closely into
the theory of the current transformer than was done in Part
I, so far as ie required to enable the various characterist-
ies and their measurements to be understood. Fig. 9 shows
the vector diagram for a current transformer, drawn in its
simplest form®™ to show the current relationships. The
secondary winding is supposed to be closed through a given
ext ernal burden_consisting of some instrument or appliance
t0 be operated by the transformer; this burden together
with the impedance of the winding itself constitutes the
total secondary load of phase-angle ¢ . If now a certain
Primary current be applied there will be a drop of voltage
over the primary winding, necessitating the production of a
flux in the core sufficient to set up the primary back e.m.f.
This flux, being linked with the turns of the secondary
vinding/

See P«GeAgnew, "A study of the current transformer with
particular reference to iron loss," Bull.Bur.Stde., vol.7,
PP.423-474, 1911. For an exhaustive study see E.Rosa and
M.Ge.Lloyd, "The determination of the ratio of transformation
and of the phase relations in transformers,” Bull.Bur.stds.,
vol«8, pp.1-30, 1910, where a variety of secondary matters
are discussed. Consult also E.L.Wilder, "Operation of the
series transformer," Elec.J., vOol.l,pp.451-455, 1904; K.L.
Curtis, "The current transformer," Irans.Amep.I.E.E., vol.25,
PP«%165-734, 1907; C.V.Drysdale, "The use of shunts and trans-
formers with alternate current instrumente," Phil.Mag.,5th
Bér.,vol.16,pp.138~153,1908; E.S.Harrar, "The series trens-
former," Elec.World, vole51,pp.1044-10468, 1908.
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winding, will induce therein a vo]_.tage which causee a current

[, to circulste in the secondary cirwit ; the magnitude /
and phase 965 of the seéondary current relative to the
induced secondary voltage are determined by the reactance
and resistance of the whole secondary circult, winding and
‘burden inclusive. If magnetic leakage be neglected® the
primary current must contain a camponent opposite 1n phase
to ], and of a magnitude equal to /7 [, , where /{, is the
ratlo of the secondary to the primary turns; i.e.,

];,==fﬁnL = %%4&
or [T=LT

that is, the secondary load ampere~turns are balanced by
the primary load ampere-turns.

A certain number of primary ampere-~turns are required
to produce the flux in the core, these being represented by
& wattless magnetising component ];, of the primary current
drawn in phase with the flux. In addition there will be a
current component perpendicular to the flux, /[ , accounting
for the loes of energy by hysteresis and eddy currente in the
iron core. The total exciting current fo required for the
bagnetisation of the core is the Yector sum of [,,, and [,,, .
The primary current [P is compounded of the load component

/
1; and the exciting component ./:, , &8 shown. The ratio

of /

% This 1s examined by Me.Rosenbaum, "The ourrent transformer,"
Elecn., vol.74, pp.626-630, 1915, and is shown to lead to
Bodifications in the theory that are of secondary importance.
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of the transformer is then /’Q = .[,.,/_[s and the phase-angle ﬁ
It must be remembered that unlike the voltage transformer,
or power transformers, the current transformer operates at
variable primary voltage. Every change in the primary current
causes a different applied p.d. to be impressed on the primary
winding, necessitating a corresponding change in the flux and
with this in the exciting current. It follows, therefore, that
both /fc and /3 are functions of the amount and phase of the
secondary current and of the exciting current /; required to
produce the flux; in other words, /. and 3 depend on /;, ¢S,
]m and fw e Quantitative relations will be considered in
the next section, but it follows at once with the magnitudes
related as in Fig.9 that the true ratio H: = fP/fs exceeds
the turns ratio K-r = 75-/7/_:
2e Analytioal Theory.
The vector dlagram of Fig.9 readily lends itself to
analytical treatment. Resolving the current vectors on and

normal to ./;/ gives
/;DCos/a= Mol + b ain &g + I, coo s
poin = I,66b — [yen s

Squaring and adding, remembering that f,,, and [:,, are usually

emall enough for their products and squares to be neglected,

gives

‘//"’2 = [sz + 21 L (1, oins +dyco3ds)

Whence /



whence 52,

- | L ‘
K = 3% = h}-[‘*‘é%ji(l;441?27“jba”7%l] S

»

k-
or i
K= o+ Dnomds rhocnde

s

This showe that 1in general the true ratio is greater than

the turns ratio by an amount depending on the components of
exciting current and the magnitude and phase of the secondary
load.

For the phase-angle /% s Glviding the original equationms,

/sz./ﬁ _ j;?wggﬁs-—[wa«;anrs - Z,,Coogﬁs—_&msﬁs
K Is + L oim s + Ly coo s fr L

Relationshipe similer to these have been given by a number of
suthors® and form the basis of the indirect methods of testing
transformer characteristics; they will be further considered
in Chapter II.

" At a high power-factor on the secondary the ratio is
Principally affected by ﬁv and the phase-amgle by Z; « Thus

for example at unity power-factor, ¢% = 0 and

Ke = Ko + &,

Is
and also +@np = lﬁn
i I

¥ K.L.Curtis, loc.cit.,1907; CeV.Drysdale,loc-0it.,1908; W.
Gehkin, "Sur transformateurs d'intensité,"Lum.Blect.,vol.8,
2nd ser.,pp.87-71,1909; A.P.Young, "The theory and design of
current transformers,® Journal I.E.E.,v0le45,pp.870-878,1910;
LeTeRobinson,loc.cit.,1910; A Barbagelata,"Prova indiretta
del trasformatorl di misura per forti intensita di corrente,"
Attl dell' Assoc.Elett.Ital.,vol.l4,pp.839-854,1910; P.@.Agnew,
10c.01t.,1911; A.G.L.McNaughton, "The current transformer,"
m:_n_al IQE.E., v0l.53, pp.289-271, 1915.
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In many cases the secondary load may have a very low power-
factor, @.g., when the burden is a trip coll or even an

induction instrument. Then mak;ng the power-factor zero
K = KT+_§zz,
Tan B = ——j@i, °
e Ls
are the limiting values, showing that the ratio is now
determined by Z; and the phase angle by ,&, « Moreover,
it should be observed that at low power-factors in the
eeéondary circuit}B may reverse in sign, i.e., if originally
_@ were leading on .4 reversed 1t now lags.
It is relevant to speak here of the practical problem
of reducing the imperfectione of a transformer to a minimum.
It is obvious that /- will only be identical with A, for
all secondary burdens if Z; and .4; are zero. Similarly/B
will be zero only 1if Ln and ﬁy both vanishe. This condition
can never be attained with any practical magnetic material;
hence it 1s necessary to use the best possidble iron for the
4magnetic ¢ircuit. By making a short, jointless, magnetic
¢ircuit of highly permeable iron alloy, working at a flux
density not exceeding 1500 lines per sq.cm., /, oan be made
very emall; the reduction of J, 4is effected by choosing a
material with low hysteresis loss and a high specific reslist-
ance, so that when used in thin laminae the eddy current
losses in the iron become very emall. Drysdale hae recently

pointed out that a considerable improvement in characteristics

could/
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could be odbtained by substituting for the materials of the
Stalloy type one of the new high permeability metale such ase
Permalloy.

. @®ypigal yalues of raklo and phasg-sngle-

It will be appreciated from the preceding discussion
that very great ocare is required in the design and construction
of current transformers if ratio and phase-angle errors are to
be made small; a great diversity in behaviou® is found among
transformers constructed by various makers. The curves in
Fige.10, plotted from the classic results of Agnew and Fitch,™
show how the characteristics of a current transformer depend
on secondary current, burden, and frequency in a normal case.
The curves refer to & transformer of 200/6 ampe. ratio, nominal
ratio 40/1, rated at 40 volt-amperes; the transformer has a
secondary reslstance of 0.463 ohm and is insulated for 15,000
volgs. It will be seen that in a general way the ratio and
phase-angle curves are of similar forme, falling with increas-
ing secondary current and concave upwards. The actual numerical
velues are perhaps somewhat higher than occur in modern precision
transformers but represent quite closely the behaviou® of a good
transformer. The phase-angle /3 is usually positive, 1.9, ]S
leads on —-1; s but at heavy inductive losd [’i\ may become
negative or lag. It is to be noted in passing that in deference
to custom 2 is stated in minutes; this is a quite indefensible
Practice/

P‘g;ﬁgn” and T.T.Fitch, mllomgosgalo, vol.é, pp.281-299,
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practice® since in all practical instances where 2 1s
required in calculation 1t must be converted into radlanse.
This 18 readily done by dividing the angle in minutes by
3438. Since fb is usually small it would be a distinct
advantage to keep it in radians, for them the sine and
tangent which are generally required could without apprecisble
error be taken equal to the angle itself, thus rendsering
unnecescsary the use of trigonometrical tables. The value
orl@ s Ovon in transformers intended for use with portable
instruments, may at low loads be in excess of 3°, but with
careful design should be much lesse.

JolleyT'has recently compared the behaviour of two
distinet types of current traneformer, one of American (A)
and the other of British (B) manufacture. Both were of
' 80/6 ratio, & for 25 volt-amp. and B for 15 volt-amp. The
ratlo between 1/5 load and full load in both transformers
changed by little more than 1%. The American transformer
had a jointless core of very good iron worked at 7% lines
per sqecm.; the British transformer had interleaved joints,
inferior iron, and a flux density of 3940 lines per sqe.cm.
The phase-angle of B was nogative,'decroasins with load, :
While that of A was positive and increasinge. The negative

angle of B never exceeds 15 mine. and is always numerically
less/

% A.Campbell, "Angular unlt for emall phase differences,”

Journel Scl.Instse«, Vole3,pp.93-94, 1925.

li A«CeJolley, "Some tests on modern current transformers,”

fournal Scl.Instse, v0ol«3,pp.43-50, 1925.
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less than that of A; this small negative angle is attributed
to the higher reactance and core loss of Be.

While the curves discussed in Section 3 and shown in
Flg.10 represent the general trend of results obtained in
normal transformers, certain abnormal results are sometimes
encountered the investigation of which sheds much light on
the nature of ratio and phase errors in general. Such
results were first noticed by Edglijcumbe® in 1910 but no
explanation was offered; this was supplied'by AgnewTL in
the following yeare.

Fig.ll is taken from Agnew's memoir‘and illustrates the
effect very clearly. The phase-angle follows the normal
course, decreasing with increasing secondary current. The
ratlo, on the other hand, increases to a maximum before
finally decreasing as full load 1e approached. Such a
rntgziié quite abnormal. The tranesformer on which these
curves were taken had a turne ratio T, / o = 198/25,
nominal ratio 40/6 amperes, secondary resistance 0.51 ohm,
secondary burden 0.17 ohm resistance and 0.08 millihenpy
inductance, maximum flux 290 lines at 60 cycles and 700
lines at 25 oyocles.

Agnew shows that the form of the ratio curve depends

entirely upon the way in which the iron losses vary with

% K.Edgcumbe, '§om§lnotos on the use of Instrument brens-
formers," Elec.Reve, VOl.87,pp.16%5-160,1910.

T PeGeAgnew, 10¢.0i%es, 1911.
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the maximum flux density B in the core. Thus 1f the loss
be taken proportional to B°, the curve will be of normal
form sloping down and concave upwarde if c< 2. If c =2
the curve will be horizontal, as is approached in some
high-class transformers with low impedance load on the
secondary. If, however, C lies between 2 and 3 the curve
will slope up with downward concavity, as in the abnormal
form illustrated. Agnew was able to justify these deductione
by an extensive series of experiments undertaken to investi-
gate the variation of the loss index < with B at low flux
densities in materials such as are used in current trans-
former oore construction. He shows that ¢ 1is far from
constant under such conditions, but demonstrates that the
slope of the ratlio curve can be predicted with accuracy from
the slope of the curve obtained by plotting the core loss
against the flux on logarithmic paper, i.0., on the logar=-
ithmic slope or "ratio of variation® of the core loss.
Fig.ll will be again referred to inm Chapter II.
5 Yeristlon of characteristige with workine gonditions.
The ratio and phase-angle of a current transformer
depend very considerably upon a number of factors introduced
by the working conditions; the variations are best displayed
by plotting the ratio or ratie-factor <nd the phase-angle to
& base of secondary current for various conditions, yvide
Flg«10« The variables affecting the performance of the

traneformer/
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transformer are (a) frequency, (b) secondary burden, (c)
magnetic history, and (d) wave-form. These will now be
briefly examined.
5a. Frequengy. - PFor a glven current through a given
secondary burden a definite voltage, proportlonal to the
product of the frequency and the flux in the core, is
required. Hence if the frequency be lowered the flux will
be correspondingly increased. A larger exciting current 1s
therefore taken by the primary winding, the general effect
being usually to increase the ratio Kc and the phase-angle
p in a transformer of normal characteristiss. Moreover,
the lowering of the freguency increases not only the actual
velues of /. and @ but also the rate with which these
quantities vary with [5 .

The effect of frequency is considerable, especially
on the value of the angle 2 , and hence the frequency
should always be clearly stated in any tests on the character=-
istice of & current transformer.
6b. Secondary burden. - An increase in the impedance of the
Becondary burden calls for an increase in the induced second-
ary voltage if a given secondary current is to be maintained
&t a given frequency. This increased voltage requires a
Proportionate increase in the flux. Hence in general an
increase of secondary burden has the same influence as a
decrease of frequency, increasing the flux for a given
8écondary current and in consequence of the larger exciting
current /
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current, increasing both the ratio Kc and the phase-angle [5 .
The preclise effect of a change in secondary burden depends
not only upon the total change of impedance, or of volt-
amperes, but on the resistance and reactance alterations
that have been made. It is not sufficient in transformer
testing merely to follow the common practice of stating the
impedance of the secondary burden or the number of volt-
amperes absorbed by 1t; the resistance and reactance of
vhich it 1s composed must be clearly specified if the
figures given for ratio and phase-angle are to have a
definite meaninge In testing, therefore, it is essential
to see that tests are made with a real or an artificial
burden in the secondary circult which imitates precisely
that with which the transformer will work in practices the
statement of the constituentes of the burden as well as its
total amount 1s absolutely essential for definiteness.

It is perhaps well to point out here that the current
transformer used in conjunction with an instrument must be
locked upon as part of that instrument and partaking of the
precision damanded therefrom. The practice, still not

uncommon, of using ¥ Vwerent transformer Mpply not only'

& measuring instrument but alse such devices as protective
relays, trip coils, etg. °‘“"*~il.ﬁ::.:§£&§"’ deprecated,
since it is imposeible to expect that & transformer canm have
sufficiently good characteristics to enable it to act with
Precision as a measuring Adevice ahd simultaneously as a

plece/
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piece of protective apparatus. Such mixed burdens cannot
be to0o strongly diécoura.god; each instrument should have
its own transformer of adequate precision, while each detail
of protective gear should be operated from a low accuracy
transformer of sufficient secondary outpute.
5ce Magnetlic history. - It is well known that the secondary
circuit of a current transformer should never be opened when
the primary winding is excited. If it were opened the
secondary back ampere-turns would be removed and the core
vould be magnetised to a high flux density; this would
result in greatly increased iron losses with consequent
influence on the ratio and phase-angle. A precisely similar
effect is obtained 1f a direoct current of full-load velue
had been passed round either winding, as is sometimes done
in testing the windings for relative polarity. The influence
of such a d.c. magnetisation is shown in Fig.12,plotted from
the results of Agnew and Fit_ch, indicating the great increase
in ratio and phase-angle produced by the excessive exciting
current taken by the initially magnetised transformer. The
effect of open-circuiting the secondary ie similar, the
anount of increase in /K. and p depending upon the point in
the cycle at which the primary circuit is opened, J.e.,
Yhether the core were left more or less magnetised.

The effeocts of magnetisation dque to either ecause can
be readily overcome by opening the secondary, passing a

ourrent slightly in excess of full load current through
the/
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the primary, and then gradually reducing the current to zero.
Demagnetisation may often be more conveniently effected by
opening the primary and passing an alternating current through
the secondary, reducing it gradually to zero as before. All
transformers should be thoroughly demagnetised before being
tested for ratio and phase error, preferably by the second
method. Engelhardt® shows that a current of 0.2 ampere is
usually sufficient for the purpose. He found in certain
transformers that remanent magnetism increases the.ratlo at
full load by Ol to 0.3% and the angle by as much as 14 min.
At 1/10 full load a ratio error of 1.8% and an angle error

of 86 min. was observed.

6d. Jave-form. -~ For all practical purposes the 1nf1uence
of the wave~form of the primary current tipon the ratio and
pPhase-angle of a current transformer is negligible. The
question was origibally investigagped in 1896 by Roese:le:jr

1

for power transformers, and in 1908 by Lloyd "™ for the more

special case of instrument transformers. This experimenter
shows that the influence of wave-form depends largely upon

¥hether/

x V.Engelhardt, YUeber den Einfiuss der remanenten magnetis-
lerung auf die Angaben von Stromwandlern und fiber deren
Beseltigung." Elekt.Zeits.,vol.4l,pp.847-650, 1920.

1 GeROGBsler, "The behaviour of transformers under the influence
of alternating currents of different wave-forms.* Elecn.,
V0le38,ppe.124~128,156u~-163,184-188,219-222, 1898.

! MeG.Lloyd, "The effect of wave form upon the voltage ratio of
transformers,* E;og.¥o;;d,vol.52,pp.845-846,1908; *Effect of

wave=form upon iron losses in transformers,® ggll.ngg.stga.,
Igii4,pp.477-51o, 1908. See also Pe.GeAgnew, loc.cit.ante,
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whether the primary resistance drop preponderates over the
leakage reactance drop or the reverse. With predominating
ohmic drop a peaked wave reduces the ratio; ¥ith predominant
reactance drop a peaked wave causes the ratio to increase.

In current transformers the effects are negligible unless
the harmonic exceed half the fundamental; the magnitude of
the effect is of the same order as that due to small changes
of frequency, & peaked wave reducing both ratlo and angle.

8. Wave distortione.

S e o e S i ot i o e
T e . e e TS S D S, D -

The question of how far the wave of secondary current
of a current transformer 1es a reduced facsimlle of the wave
of primary current 1s one that has often been asked. Robinson®
by teking osclllograms of the primary and secondary currents
showed that any difference, even with a very distorted -
primary wave, must be exceedingly small. The later experi-
ments of Agnew, making use of refined methods of wave analysis,
have shown the effect to be quite negligible tn all practical
casese With a 20% harmonic in the primary cuprent the dis-
tortion in the secondary wave amounted only to 1 part in
2500, and would in practice be much less with the purer wave-
forms usually encountered. Hence the primary and secondary
currents cam be consldered, even in the most refinsd work,
to be of identical iave-rorm.

7e Iotroduction to methods of testing.

Having now discussed the oharacteristic properties of

current transformers the following chapters of this Part will
be/_

L4

b
L.T«Robineon, loc.cit.ante.,1910; P.@.Agnew, 10Q.clt., 1911.
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pe devoted to a résumérof the principal methods of measuring
the ratio and phase-angle that have from time to time been
suggested. Some of these methods are of historical interest
only, others are of the greatest practical value but they are
all classified on a purely technical basis in the present
Parte The task of separating out the methods that would
novadays be used from the great mass of those suggested is
the object of Part IV.

In Chapter II of Part I a broad general classificatlon
of methods of testing transformers was given. It is now
necessary slightly to amplify that classification in its
particular application to tests on current transformers.

The Indirect Method is first treated in Chapter II now
following. Chapters III to VI inclusive deal with Direct
methods both Absolute and. Relative. The methods are classi-
fied throughout according to the type of apparatus that must
be essentially used in them; this seemes to be simpler, to
make fewer classes and sub-classes, and to attain a greater
measure of correlation than by any other process.

The Absolute Deflectional methods of Chapter IIIX
utilise, in the main, two principles; (i) in which the primary
and secondary currents are separately measured and compared
by the readinge of certain instruments; (ii) in which the
volt-drops over four-terminal resistances ineerted in primary
and secondary circults are adjusted to approximate balance

or equality, their difference being measured by the readings
of/
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of suitable lnsttuments. The great majorlity of these
methods are based on this oppoeition or balance principle;
in some ceases the method becomes "semi-null," since one
instrument 1s adjusted to give a zero reading before the
others are reade.

The Absolute Null methods of Chapter IV are essentizlly
opposition or balance methods in which the vector resultant
of the primafy and secondary volt-drops is exactly annulled
by an auxiliary voltage of adjustable magnitude and phase,
balance being indicated by a sultable detector. These
methods are, as it were, applications of the principle of
an a.c. potentiometer of a limited voltage and angular range.

In Chepters V and VI Relative methods, respectively
Absolute and Null, are discussed. The former are essentially
opposition methods of comparing the secondary currente of
two transformers, the difference between which is measured
deflectionally. The latter are likewise opposition methods
in which the difference of the two secondary currents or
volt-drops is annulled by an adjustable auxiliary circuit.

With these preliminary remarks it i1s now posesible to
Proceed to a detalled analysis of each class of methods.
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CHAPTER 1I.
THE INDIRECT METHOD.

1. Preliminary and Historical.

In Section 2 of the preceding Chapter it has been shown
that the ratio and phase-angle of a current transformer are
very approximately given by the equations

K K ij¢S +[w50§¢5
c T + Z; 9
"l@wff) = I’"‘m¢5 — [WMC;SS
e I

N

where fﬂ- is the ratio secondary turns/primary turns, Z; and
ﬁv are the magnetising and loss components of the primary
current, [ 1is the secondary current, snd ¢, 1is the phase
displacement of the entire secondary circult. If these
various quantities can be determined, them /: and PR are
found from the above expressionse.

In the early days this method was the only one used in
current transformer testing, the process following very
closely the methods of testing power transformerse for regu-
lation. Thue Wilder®™ in 1904 measured the exciting current
of a transformer with the secondary opemn and from these values
and the open-circuit secondary ¥olts calculated approximately

the variation of ratio with varioue secondary resistance loads.

A/

® E.L.Wilder, Elec.J«, vol.1l, pp+451-455, 1904.
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A similar but more precise use of the same method was made
by McNaughton® in 1915. This experimenter measured the
exciting current L and its phase, hence determining A and
4 » by opening the secondary circuit and putting an ammeter,

8 voltmeter and a wattmeter in the primary, l.e., by the
ordinary o.c. test. By closing the secondary through an
ammeter and supplying the primary at a low voltage, measurse-
ments of primary volts, amperes and watte enable the effect-
ive impedance, resistance, and reactance of the transformer
to be found at various secondary currents. It 1s then
supposed that the secondery winding is responsible for half
the effective reactance, & supposition by no means correct.

CurtieT in 1907 endeavoured to make an application of
the method to a ring type tranmsformer by first measuring the
reactance and resistance of the secondary burden, and approxi-
mately calculating the leakage reactance of the secondary.
By this means ¢k could be estimated with some exactness.
The values of [, and [, were deduced, however, from a
ballistic test of the ring.,but these are far from being the
correct values when the core is magnetised by an alternmating
current.

These particular forms of the indirect test were soon
supplanted by simpler and more exact direct methods of
measuring ratio and phase-angle. Interest in the indirect

method was, however, again revived a few years later when
8/ -
® A.Ge.L.McNaughton, Journal I.E.E.,v0ol.53,pp.289-271, 1915.

! ReL.curtis, frans.AmersI.E.E., vol.25, pp.716-734, 1907.
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it became necessary to test transformers for very large
primary currents. The dlrect method suffers then from the
technical difficulty of constructing non-reactive low
resistances sultable for currents of 2000 amperes or more
- and the use of the indirect process enables thies trouble to
be surmounted. The procedure adopted® is to measure ] and
[, by a dynemometer method, a typical arrangement being
desoribed in the next Section. The exact determination
of & 1is, however, subject to some uncertainty owing to
the difficulty of determining the secondary leakage resactance;
fortunately this is often esmall and is swamped by the react-
ance of the secondary burden. As a general rule excellent
agresment is found between the computed and the actual values
of the ratio and phase-angle, as an example in Section 2 will

showe

2 Typical Method.

The following is a typical procedure for use of the
indirect method, introduced by Sharp and Crawford but later
improved by Agnew; the comnestions for the measurement of

Ln and é; are eshown in Fig.l13a. The secondary voltage:
from which the flux can be calculated, was set by means of
% sensitive reflecting dynamometér voltmeter V which could
be calibrated on d.c. by throwing 8; to the left. The
Primary exciting current 1s passed through a suitable four-

lerminel/

¥ See L.T.Robinson, :gana-ggeg-ffgogo,voloza,pp-loogiloss,
1010; A.Barbagelata, Attl dell’ Assoc.Rlett-Ital.,vol.l4s,
PP«83-8b4,1910; CeH.Sharp and W.W.Crawford, Irans.Amer.l.E.E.,

V0le29,pPpe1617-1541,1911; PoGoAgnel,ML;MP_EO;VOIOV:
Pp+423-474,191.; A.Barbagelata, L 'Elettro., vol.8, pp. 166-
175’ 1921. B




68,

terminal resistance ﬁ; « The procedure is then as followas:-
With Sg up and Sg to the left the phase shifter is adjusted
until D reads zero, showing that the voltage across the
primafy winding end the current / in the fixed coil of D
ars in quadrature. By throwling Sg to the right a readlng of
D is obtained proportional to [[o cos X ie0., to L o
The phase of / is then advanced by 90° and the new reading
of D, proportional to [/ wn. & or / , is taken. By
this means curves of A1 and 4; as functions of the secondary
voltage are obtainede Knowing the impedance of the secondary
burden, the resiétance of the secondery winding.,and estimating
the reactance of the latter if naéessary,it is possible to
find ¢ and also the induced secondary voltage required to
circulate L secondary amperee; from this the two components
of exciting current may be taken from the test curves. If
the turns ratio A; be known then /. and /3 are at once
calculable from the preceding equations.

To show the agreement possible between the computed
and the actual characteristice the reader should refer to
Fig.1l in which the croeses represent the values found by
the above indirect method while the circles show the values
measured by an absolﬁte methode This is the case of a
tranérormer with an abnormal ratio curve hnd hence the
egreement is the more gratifying; Agnew and othere give
results for normal transformers in which the correspondence

18 no 1ess good. As mentioned earlier the principal defect
ot/
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of the method is the difficulty of exactly estimating the
secondary leakage reactance, but this makes but a small

error 1f the external burden be at all large, as is generally

the case in practice.

5. Ug8_of the wmaguakic potentiomster.
Alberti and Viewogxhave used quite a different method

for determining the components of exciting current, namely,
by means of the magnetlc potentiometer. This simple plece
of apparatus, introduced by ChattockT in 1888, consiste of a
uniform coll of wire wound on & flexible core of cord, rubber,
or pressboard, and connected to a bellistic galvanometer. If
the two ends of the coll be at points in a magnetie field
between which there is a difference of magnetic potential,
& throw of the galvanometer will result when the field 1is
removed. This deflection will be proportional merely to the
difference of magnetic potential and independent of the con-
tour of the core upon which the coil is wound. Again if the
coil be linked through a circuit which carries a current and
ite ends are brought intoc contact, when the current be stopped
8 throw of the galvanometer will ensue proportional to the
Bem.f. round the contour of the core of the potentiometer,
1¢8., to 470 times the ampere-turns of the circuit. If the
ren
® R.Alberti and V.Vieweg,~fpnterauohung an Stromwandlern.

?gr Magnetisierungsstrom, Arche.f.Elekt., vol.2, pp.208-218,
14.

t A.P.Chattock, "On a magnetic potemtiometer,"” Proc.Phys.Soc.
V0le9,pp.23~-26,1888. See also, W-Bogowski,and W.Stehﬁﬁaua,’

Arch.f.Elekt.,vol.1,pp.141-150,1913; W.Rogowski, idem, pp.

?11-527,1915; FeGoltze, Archef.Elekt.,vo0le2, pp.303=-313,
914.
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current be alternating and the potentiometer be joined to
a vibration galvenometer, a deflection will be produced
proportional to the ampere-turns with which the potentiometer
18 linked.

This 1s the principle upon which Alberti and Vieweg's
method is based. The flexible magnetic potentiometer is
linked through the primary and secondary windings of the
trensformer and its ends brought together, see Fig.13b.

The instrument therefore measures the resultant mem.f. of
the primary and secondary ampere-tmrns when the transformer
is supplied with current and the secondary is closed through
& glven burdep,i.e., the exciting ampere-turns .L-@ e The
voltage induced in the potentiometer is opposed against the
drop of voltage in a resistance R supplied with an auxiliary
current from & phase shifting device; the tapping on the
resistance and the rhase shifter are regulated until balance
1s indicated by a vibration galvanometer, the amount of the
Yoltage bping then known by the tapping fraction qﬁ?and ite
Phase ¢ relative to the primary current of the transformer
by the readings of'an ammeter and dynamometer wattmeter in
the primary circuit, the volt coil of the watimeter being
excited at known voltage £ from the phase-shifter. The
resultant voltage in the magnetic potentiometer is thuse
known in megnitude and phase and can be drawn in a vector
dlagram in proper relation to the primary ampere-turns,
Which are known. The exciting ampere turns are at right
angles/



71,

angles to the resultant voltage, thue giving the direction
of Z; . Moreover the secondary ampere turns are known in
pagnitude, so that ];, is readily found. The results are found
to be in good agreement with the values obtalned from a direct

absolute method.
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CHAPTER III.
ABSOLUTE METHODS. DEFLECTIORAL.

1. I¥o_sumeter methods-

The ratio of a current transformer is most easily
found by the use of two ammeters,’ Ap and A<, connected
respectively in the primary and the secondary circuits as
shown in Figel4a. The ratio is then given by the ratio of
the readings of primary and secondary smmeters. The method
suffers from several dlsadvantages which render it of little
use in practice, except for quite rough tests. The accuracy
clearly depends upon the accuracy of calibration of the two
instruments and the precision with which eimultaneous readings
can be taken upon them; at the full rated current the ratio
may be determined with care to #%. The scales of most a.cCe
ammeters are usually non-uniform, the divisions being crowded
at the lower readings; hemnce at low currents the accuracy
falls off very conslderably. The accuracy at low loads
cannot be improved by the sudbstitution of a lowsr reading
ammeter in the secondary, since the burden imposed by the
Windings of an ammeter of less than § amperes range is too
great and would make the ratio of transformation quite
different from the true value. The test burden B ,therefore,

should be chosen so that together with the secondary ammeter

the/ : _

® See R.SeJ.Spllsbury, Beama, VOl.8 PpP+506~518, 1920, FeAe
Kartak, EKlec.World, Vol+75,pp.1388-1370, 1920; F.Be
Silsbee, Trans.Amer.l.E.E., Vvole43, pp.282-294, 1924.
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the total secondary burden is equal to that with which the
transformer will be loaded in service. The method is limited
in range by the fact that self-contained a.c. ammeters for

use in the primary circuit with currents exceeding 500 amperes
are not readily procurable.

The same principle applies to the use of shunted dyna-
mometers, as suggested by Robinson® and shown in Fig.l4b.

The curremt coil of Dp is put in the primary circuit and
that of [)5 in the secondary; the voltage colls are connected
in parallel with suitable four-terminal resistances, Rpa E%
in the respective circuits. By the use of reflecting dyna-
mometers 1t 1s possible to attain falrly high aceuracy; high
primary currents can be dealt with by proper choice of E%
and parallel grouping of the current coils of DP . Since
the currents are proportional to the square roots of the
dynamometor readings it follows that the accuracy is again
low at low loadse.

The two-ammeter method serves for gquick ratlo tests,
such as are frequently required when checking ammeter trans-
formers on site; the method is useless for wattmeter trans-
formers since it is not possible to obtain by its use any
measurement of the phase-angle /% .

2« Two dynamometer methods.

Two dynamometers used in conjunction with a phase shifting

avige
R L.T.Robinson, "Electrical Measuremeénts on circults requiring

Current and potential transformers," Trans.pmer.l.E.E.,
vol.28, pp.1005-1039, Discussion pp.1040-1052, 1910.
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device enable the ratlo and phase-angle to be readily |
dotermined; a8 large number of methods have been described
naving this basic principle. Referring to Fig.16a, the
primary of the transformer is connected to a source of a.c.
in series with an ammeter AP and the current coils of a
dynamometer or wattmeter [, of suitable range and sensit-
ivity; the secondary is closed through an ammeter AS and
the current coils of a second dynamometer or wattmeter EE .
The voltage colls of D? and D¢ are joined in parallel
across an auxlliary source of supply the phase of which
relative to the source feeding the primary circuit can be
adjusted. The auxiliary supply can be taken from a phase
shifting transformer excited fpom the source which supplies
the primary; or the primary and auxiliary sources may be
two similar coupled alternators with means for effecting
relative phase relationships. The ammeters ,AP, Ay are
convenlent for setting the load to a desired value but are
not essential; Ap may be retained, but any desired burden
can be substituted for As .

The process® ig-very simple and is illustrated by the
vector dlagrame of Fig.l6 b and ¢. Assuming that the voltage

coils of the two dynamometers are of negligible reactance so

a

® L.T+.Robineon, Jrans.Amer.I.E.E., vol.25,pp.727-7%4, 1907 anid
v0l.28,pp.10065-1039, 1910 uses the process only for the
determination of angle, finding the ratlo by the shunted
dynamometer method of the preceding section. TMe complete
process here described has been used by Kartak, loc.cite., j
1920, Spilsbury, logecit.,1920, A.Barbagelata, L o otecnica.
Vv0ole8,pp.186-176,1921 and Silsbee 10?001&'0 91924+ AeGeLe '
MoNaughton,"The current transformer,"Journal I.E.E.,vol.53,
PpP.289-271,1915 uses the above process to find the angle p ’

but obtains the ratio from the ammeter readings.
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that the currents 1in them are 1n phase with the auxiliary
voltage £ applied by the phase shifter and indicated by
the voltmeter \ ,adjust the phase shifter until the reading
of DP ie a maximum. Then L and -Z/; are in phase, and the
readings of DP and Ds will be, as can be verified from Fig.
160, |

Wo = Elp walls,

We = EL cos(r-p) = ~Els cop wolls,

since P 1is small the numerical value of M: 1s nearly L/
80 that
= —.

Now adjust the phase shifter until DP reads zero, then E
and ]/;, are in quadrature as shown in Fig.l5c and the new

reading of Ds is

W = EL cos(F -R) =—EL oin 3,

S ’ /
v /5 :m/’g‘,: %; or accurately fam,/a = Ws |

Ws
The method is sipple and quick, and an acouracy of 0.2¢

can be obtained at full load. The sensitivity falls off only
in proportion to the load, 80 that as a method for measuring
ratio it is to be preferred to the shunted dynamometer method
in which the sensitiveness decreases in proportion to the
8Quare of the ourrent. The method checks the polarity of

the transformer terminals, which is an advantage in practice.

The/
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The disadvantages of the method are three in number:-~
(1) The secondary burden imposed by the dynamometer Ds is
considerable and 1is about 10 volt-amperee; (ii) The range of
primary current 1s limited to about 200 amperes, which is
the greatest current for which dynamometer instruments can
be easlly constructed without the use of auxiliary trans-
formers. In addition, a number of primary dynamomet ers will
be required to retain sensitivity over the wide range of
paximum primary currents found in practical transformers;
(111) The reactance of the volt coils of D and D will
cause an error, neglected in the above simple theory.

The reactance error is easlly determined. Let QP' and 4
fs be the sngles of phase displacement between the currents
in the voltage circuits of D and Ds and the common applied
voltage £ + Then with Dp reading a maximum it is easy to
show that the readings in watts of Dp and Ds will be
Wo= Ely cobp, and Ws = Elcoobs. coo(7T-p+6~6s)
Se- E s co0bs. coo (P +65— Ep) » 80 that .
Wp/Ws = [Ipmép]/[.[scooés, CO:)[/B+65-‘8,0)] = [,b/]s’i/(c , because
s, 6p, are all small and of similar magnitude. KNow
adjust the phase of £ until D, reads zero; then if £ has
been made to lead [, by £+ ¢ this result will be secured
and the reading of Ds becomes W; = EL cobs. coo(3F —p+%—6& =
=Ll cosbs. sim (P+6s—6p) » whence Ws/Ns = far (B+0s—C)
Hence reactance in the volt colls produces no appreciable error
in A. but may have a considerable effeet on the value of B .
The error can be made zero, i1.6., Wi/Ws =7a~p Af & =6
or if b4, = 6o = O. F¥hat 1s, if the volt circuits have equal
time-constants, and hence equal phase displacements the error
in B will be zero. It will also be zero if the reactance of
both voltage coils be annulled by any of the well-known methods,
6«g+, the inclusion of a properly chosen shunted condenser in
each volt circulte The error oan also be avoided, as suggested
independently by Moore® and by Barbagelata, if the volt coils
are joined in series instead of in parallel and if the auxiliary
current, I, be measured tnstead of the auxiliary voltage.

It 1s possible to determine B by adjusting the phase

shifter/

® A.E.Moore, Journal I.E.E., vole51,pp.348-347, 1913; A.
Barbagelata, lo¢.cit., 192¢4.
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shifter so that DP and 'Ds are successively brought to zero:;®
P ie then equal to the angle through which the phase has

been rotated to obtain the two zero readings. Since (5 is so
epall - never more than 3° - this necessitates some magnify-

ing dovico»for the accurate reading of the angle upon the

scale of the phase shifter; this may be effected by optical
means. The necessity for magnifying the angle to enable it

t0o be acocurately measured may be avoided by using a process
described by Makower and \ﬁust.+ Neglecting volt coil reactance
sffects let £ be adjusted to lead on /, by anangls ¢ ; thenm
the readings in watts of Dp and Ds will ve

Wo =EL cos &
and  Js =EL co(m-p+p) =—E1 coo (p-p).

Then, W __ &, cﬁ_@ﬂ=__/_Z?:oa/3+M/3.7‘am¢]=a say;
Wo L, cop ¢

taking various values of @ 1let a be determined and a curve

showing C as a function of 45 be plotted. Then if 4,, A

be values of A from the curve corresponding with angles 525,, P2

it is easy to show that

a,— Kz
9
az 7a”'\'¢/ —a/m¢2

7‘&«»/5:

from which 3 is found. Putting this value of 5 1in the

Sxproesion/ S—
® A.E.Moore, Joc.cit., 1913.

T A.J.Makower, "Measurement of phase difference," Elecn.,
Vv0l.58,p.695,1907; A.J.Makower and A.Wust, "Phase lag in
:usgrentlgransfomors,' Elech.,v0l.79,pp.581-582,p.871,

? 19 L4
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expréssion for a, enables A, to be calculated.

A number of important modifications of the two dyna-
nomet er method,in which a polyphase sou'rce of supply takes
the pla%e of the phase~-shifter, have been used and must now
be considered.

0f the two-phase methods that of Rosa and Lloyd® is
shown in Fig.18a. The dynamometers DF" D, are of the
reflecting type in which the reactance of the voltage cir-
cuits has been conipenaa.ted- The ratio of the transformer
is found by throwing down the switches S, and Sz s and using
the dynamometers to measure the primary and secondary currents,
just as in Fig.14b. To find the phase-angle 3 , S eand S,
are thrown up thus connecting the voltage coils of the two
dynamometers in series across the second phase, which 1s in
quadrature with the maln phase supplyling the tran_sformer.
The volt coils thus carry current in quadrature with [P and
Dp will cease to read; in coﬁsequenoe of the angle /B , Ds
¥ill give a reading

d = kf;far»p = kf;;é:.mg,

!hore,/( is the dynamometer constant, [ the current in the
volt coils, 7; the total resistance of the voltage circuit
of D; , and £ the voltage across that eircuit, read upon

the voltmeter ! . If now the ewitch S, be thrown down and

fhe/

- E«B.ROBa and n.G.Lioyd, YThe determination of the ratio
of transformation and of the phase relations in trans-
formers," Bull.Bupre.St§g., vol.8, PP-1-30, 1910.
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the resistance of the volt coil circuit of [)¢ , now a’
shunted dynemometer, be adjusted to a value Té 80 that
the deflection 1s again d ’

d =kl R

Rs +15

80 that dmp = Rsls 7

R+ E

The defect of the method is that the dynamometers used had
a failrly high resistance so that the transformer is working
under unpractical conditione. This defect is overcome by
the method of Agnew and Fitch,™ shown in Fig.16b.With the aid
of this method these experimenters made one of the earlliest
extensive investigations of the propertiee of current trans-
formers. The four-terminal resistances ﬁ% and As are chosen
80 that each gives a volt drop of 0.1 to 0.4 volts, i.e.,
EZ/R% is made about equal to the nominal ratio of the trans-
former. ﬁ; must be adjustable and may consist of a four-
terninal resistance shunted by a variable and much larger
resistance, or alternatively may be a four-terminal slider
resistance. The burden imposed by K; 1s from 0.5 to 2
volt-amperes.

K and Ks; are comnected together as shown 8o that the

drops of voltage in them are in opposition; with the switch

R P.G.Agnew and T.Te.Fitch, "The determination of the constants
of instrument transformers,® Bull.Bur.Stds., vol.8, ppe.
281-299, 1910. PeG.Agnew, "A study of the current trans-
former with particular reference to iron loss," Bull.Bur.
Sids., vol.7,pp.423-474, 1911. For another two phase
method see Barbagelata, loc¢c.cit-ante, 1921.
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to the right As is adjusted until. Dy reads zero. The

resultant voltage, ¥ , compounded of @o[p and Rs /s

in the way shown 1n Fig.l6¢ 1s then in quadrature with .&,

The switch 1s then turned to the left and the reading of

the dynamometer D takene fhe current /] in the fixed

colls of this instrument is supplied from a source in
quadrature with ‘[P and hence the reading of D 1is a measure
of 7+ ; the dynamometer may be a wattmeter calibrated in
watts or the scale may be marked ln volts by applying known
voltages to the moving coils while / 1s malntained constant

in the fixed coils. From the simple geometry of the vector

diagranm,
Kol cosp = Rodp
whence A = 22 _ £s = &,
L= TR
Also V= Kol anP = Rilamp

whence /3 can be found.

The method of Agnew and Fitoh is capable of considerable
precislion; these exp.erimenters used reflecting dynamometers
and were able to find A. to 0.006% and /3 to the nearest
minute. The sensitivity, however, falls off as the square
of the current and so two-range dynamometers were used to
maintain this degree of precision over a wide range of
currente. The method 18 subject to certain errors, chiefly
in the determination of /> » arising from the reactance of

the voltage coils of D and the residual reactdnce of Ep
and /
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and g « These are investigated at length in the original
paper, where 1t is shown that the effect of the volt coil
reactance can be made negligible by the adoption of the usual
methods of compensatiocn. For the residuals, it is shown
that their effects on [5 are opposite in sign; hence if @,
and RS are both sllghtly inductive (or capacitive), residual
errors will venish when they have equal time-constants. The
ammet er A serves for adjustment of the desired secondary
loed, bﬁt can be replaced by any requlred burden.

Turning now to three=-phese methods, the simplest 1s
that due to Barbagelata,® shown in Fig.17a. Assuming the
volt coils of DF’ and DS to be compensated for reactance,
throwlng the switch upon the middle, right and left hand
contacts successively will apply voltages between lines III
and I, I and II, II and III to the voltage circults in
parallel. Let these three voltages be Mn » 14- and %
in Fig.17b, each of' equal amplitude / and successively
displaced in phase by 120°, Take readings of the two
dynamometers, in watte, with the switch in the three positions
and let 4 , b and C be the ratio of the resding of Dy to
that of Ds e Then noting that Ip is nearly in phase with %1

WL L

R coolrp) T heap
b - [{‘J. Co:)%n - -Jt;’m%r ;
T U Lcoo(3-p) T L coo(Z-p)
T
oo hibeeE _ -pems
T Lo (Bn-5p)  Leal(5+P)
¥ A.Barbagelata,loc.olt.anke.,1021; & two-phase method 1s

also described.
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pemembering that [5 is a small angle 1t is easy to show that

ff jfﬁ = numerically
and o = f/’g—a = P

A second method, due to Harned,” is shown in Fig.18a.
Thie method is primerily intended for testing of transformers
on site by means of portable instruments and an ordinary
three-phase supply. DP and O are wattmeters, the former
being excited from the voltage between lines I and IT. D
is first excited across the secondary of the transformer by
putting S to the right, enabling the secondary volt-amperes
to be adjusted to a desired value. With S to the left, both
dynamometers are excited from lines I a.nd II and will give
resdings Wp =Ll coof Ws = EL; coo (6-7-p) 3 eliminating
0 the unknown angle between the voltage £~ indlcated by
the voltmeter VV and I, ,

.[5= 7t+a/»ccoo—;-\/-’3 ..a/mm_l'-‘/f-.
E.{c EIS

The ratio is found from the ammeter readings and is subject
to the usual errors. »
5 Cimgle dynamometer methods.

The use of & single dynamometer to measure the character~
istics of a transformer appears to have been used at about

the same time by Robinson in America and Drysdale in England.

® M.L.Harned, ToOperating characteristlcs of current trans-
formers," Eleg-!_o_;},g‘ » VOle87,pp.8689~-872, I9l6&-
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The method used by Robinson,® in ite most complete form is

ghown in Fig.i9ae. The ratlo is obtained by adjusting the

phase shifter to give a maximum reading on the dynamometer

D) when S 1is put to the right and to the left successively,

the reading of A being kept constent at a value | . These

tvo maxipum readings are a measure of [5 and [p respectively.

it is best to choose /?p and s to give approximately equal

drops of voltage E/"J} and K [ ; then if L, and A/p

are the readings in watts A=K/ and W,=K [/ , giving

K= ]I; = -l'gi f:/i , neglecting the shunting effect

of the volt circuit of O « To get the angle, S is thrown

to the left and the phase shifter adjusted until D reads

zéro; then I 1s in gquadrature with ]/o s &8 shown in Fig.

19b. Then with S to the right the reading i/ of D ie noted,
We Rt T (¥ 4p) = T8 [ sinp

vhere 1 is the resistance of the volta.ge circuit ot D ,

assumed of very low or of compensated reactance. Then,

e,

: T+ K . . L W
m/b=r—;:—'z—{‘//s—:.efj/;[ —‘.—ﬁ'—‘j,‘/s
if r ie large in comparison with s « The semsitivity
1s proportional to the current.

Rosea and L].oyd‘r have used the method in a slightly

different way. The ratio 1s found from the ammeter readings.

Ihe/ —
R LeTe.RObineon, xgwa.mg.;.g.g., vol.25 25,PpP. ’-2-,"734-, i90'70
t E«B.RO8B&a and M.Ge.Lloyd, loc.cit., 1910.
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The phase-angle is determined by adjusting the phasé-shifter
first to make D read zero when connected to [, and then
yhen connected to L, . The change in the phase-shifter
setting is then the value of @ , and can be read to 0.1°

or less with the aid of a vernlier or optical magnificatione.
The method is very quick and quite accurate encugh for works
testinge The burden imposed by K. 1ie slight; in a 125/5
mmpere transformer /5 was 0.001 and s was 0.025 ohm, 8o
that the burden due to Ks was 0.625 volt-empere.

Drysdale's method™ is somewhat different from the
preceding and 1s shown in Flg.20a. The method was originally
devised to test transformers of 1/1 ratio and is not directly
applicable to other cases. The primary and secondary currents
of the transformer are caused to pass, approximately in
opposition, through the fixed'or current coll of the dyna-
momet er E%>. Alternatively a dynamometer with two current
coils may be used, the primary ocurrent passing through one
and the secondary current through the othere. By choosing
the numbers of turns in these coils so that their ampere-
turns are approximateiy equal, ratios other than 1/1 may be
dealt with. Confinirg attention.to a unity ratio transformer

&8 shown in the diagram, the vector relationships will be

$hose/

% C.V.Drysdale, "Ihe measurement of phasé differences," Eiecn.,
vole57,pp.728-728, 783-784, 1908; "Some measurements on
phase displacement in resistances and transformers,* Elecn.,
v0l.58,pp.160-161, 199-201, 1907; "The use of shunts and
transformers with alternate current measuring instrumente,"
m&., 8th 901’199, 701016’pp0138-.‘.55, 1908. :
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those drawn in Fig.20b, and the procedure will be as follows.
If £ 1is the voltage indicated by the voltmeter V , £ will
be in phase with the primary current /[

/O
1 the current / in the volt coils of D, will, neglecting

s with S on contact

their reactance,® be in phase with [F and the dynamometer
will read W watts where
W= EI, +E£L eo(nm-p) = EL,—EL conpp

With S on contact 2 a condenser equal in reactance to the
resistance just removed is inserted in the volt circuit of D,
the current | leading by 7/2 on £ and being equal to /
in magnitude. The insertion of the condenser has the same
etfect on D, as retaining the mon-reactive volt olrcuis and
sdvancing the phase of £ by 7/2. The new reading of D,
being W,/ |

W'= €L e (F-p) = -ELanp
From these equations

Is  EL-w T EL-w
W-£1,
Instesad of using a voltmeter £ can be determined from the

observed value of .{; and the value of ’?,o .

A method, resembling in some respects that of Agnew

end Fitch (see Fige.l6b), has been used by BarbasolataT and

X For a discuselon of the effect of volt coll reactance
and an alternatlive theory of the method see C.V.Drysdale
and A.C.Jolley, 'E}gctrigal Measuring Instruments, vol.2,
PP« 293-204, 1024.

t A.Barbagelata, loc.cit., 1921.
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is 1llustrated in Fig.2la. The auxiliary ocurrent [ 1e
first set in phase with J and T is adjusted until the
reading of D is zero. The voltage v applied to the volt
coil of D 1is the resultant of 7721 EP‘;" and Xsf , and is
normal to / and ./;a « If the phase of / be changed by
909, so that v and / are in phase, the reading of D will

ve v/ or

W= R M/&.[watte

From the Fig.21b. /@./;cos/@=/—g _{2,
_ LR & . R R
whence nH, = .:_-_- ?._/Ef cwp = TR
. W
and /.11/n./5 _/ljs.[s_f
W r
or faﬂ’bﬁ = -Z:? /eplo

Hence [P (or Is ) and [ must be measured. The méthod can
aleo be used by a null process as described in Section 1 of
Chapter IV.

Palm® in a long and detailed paper has described a
nethod similar to that of Barbagelata but using a more com-
Plicated series of observations with a view to making allowance
for the shunting effect of the voltage circuit and other
8light sources of error.

® A.Palm, "Prifung von Messtransformetoren mit dem Splegel-

%ektrodynamometer,' Zeits.f.Inst., vol.34,pp.281-290,
14.
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A method of low precision has been described by Dawes,®
peking use of ordinary pointer instruments, for measuring
the phase~-angle of transformers on site. In principle the
readings of a wattmeter are taken when its volt colils are
excilted from a constant voltage source (1) when a desired
current 1s passed dlrectly through the current colls and
(11) when the desired current is obtalned from the secondary
of the transformer that is to be tested. Any difference
between the readingse is due to the phase-dlsplacement intro-
duced by the transformer. As in most difference methods
great care is necessary if accurate results are to be
obtained.

4. Watt-hour meter method.

T e e ]
P e e

The method now to be briefly discussed was originally
deviaedT to enable a current transformer to be standardised
without the use of laboratory apparatus. The transformer
in question had subdivided primary and secondary windings,
the coils of which were grouped to make the nominal ratio
unity, and the transformer was tested with the colils se

commected. It is well-known that the ratio and phase-angle

® C.L.Dawes, "The phase angle of current transformers,"
#pProcsAmersI.E.E., vol.34,pp.927-840, 1915.

1 O«Knopp, "The commerciasl standardization of instrument
transformers, "Elec. 1d, vole. 87, pp. 92-93, 1918.
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of such multirange transformers is practically independent
of the grouping of the coils, provided that care is taken
in the construction of the transformer; hence they may be
regrouped for use and the test results will apply very
closely.

The principle of the method® is very simple. Two ae.ce.
peters are adjusted so that one runs about 10% faster than
the other; the speed ratio of the meters is found when the
current elements are supplied in series with normal current
and the volt coils in parallel at rated voltagee. The current
element of one meter is now put in the primary circuit and
that of the other in the secondary circult of the transformer
that 1s to be tested, the voltage circuits being supplied
from a phase shifter, as shown in Fige.22a. With the phase
shifter adjusted so that the meters are working at an apparent
pover-factor of about unity the speed ratlioc is again determined.
The change in speed ratio of the meters 1s & measure of the
ratio error of the transformer. The speed ratio is again found
.when the apparent power-factor has been adjusted to about 0.5
and from these observations 3 can be calculated. Observations
of speed ratio are most'oasily made by mounting the meters one
aébove the other and viewing both discs simultanoousiy in a
mirror, as shown in Fig.22b; the speed ratio is then easily

ed

% See also HeM.Crothers, "Field testing of instrument trens-
formers," Elec.Workd, vol.75,pp.319-320,1920; JeA.Kartak,

iocecit.ante., 1920
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deduced fram the observed colncidences of the marked spots
on the meter discs.

The theory of the method is given in Section 4 of
Chapter V as a speclal case of Agnew's watt-hour meter method
of comparing two transformers; to this discussion the reader
is directed.

b Elec_grometer methods.

It ie now necessary to notice certain methods, closely
related to those already described, in which the measuring
instrument is a reflecting gquadrant electrometer. These
néethods have assumed a considerable practical importance
since they have been established, first at the Reichsanstalt
and later at the National Physical Laboratory as the standard
process for absolute tests on instrument transformers. Electro-
statlic methods of measuring alternating quantitles have been
developed to a high degree of perfection in both these
institutions and the advantages of electrostatic instruments
for such a purpose are too well known to be repeated here.
For the present purpose it is sufficient to look into the
question of electrometer methods of testing transfosmere in
& broad general way and with little attention to detaill;
the provision of a suitable electrometer snd the technique
of its satisfactory use are matters of a highly specialised
bejure, so much 80, indeed, that it 1s hardly likely that
olectrometer methods would be set up in any other place than
% national laboratorye The following discussion will be
briet/
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brief, and the reader desirocus of further detall will find
the papers referred to, and the bibliographies contalned
therein, of consliderable value. |

Electrostatic measurements of small phase displacements
were made by Drysdale® in 1907 but it was not until Schultze
and Orlich developed and modiried the Kelvin electrometer
then 1in use that such measurements could be made with

T

comparative ease. Schultze 1in the same year described a
reflecting electrometer specially designed for a.c. testing
in the Reichsanstalt; the N.P.L. instrument, based on
Schultze's design, was describedt in 1913. These electro-
neters were made to overccme the numerous difficulties
inherent in the Kelvin instrument and to possess greater
electric stabllity, ease of operation, and sensitiveness.
All electrometer methods for current transformer
testing are based on the principle of using an electrometer
insteed of a dynamometer to compare the voltages over two
four-terminal resistances, one in the primary and one in
the secondary circuit. In the Reichsanstalt method due

to 01*2!.:!.0‘!1:‘;';K shown in simplified form in Fig.23a, E;

x é-v.nryaddlo, "Bome measurements on rhase dlsplacement 1n
resistances and transformers, Elegn.,vol.58,pp.160-161,
199-201,1907.

! Heschultze, Zeltssf.Inst., vol.27, p«8S, 1907.

| CeCePaterson, E.HeRayner, A.Kinnes, Joupnal I.E.E.,vol.51,
PP« 294~330, 1913.

*XB.Orlich, "Uber die Anwendung des Quadranten-elektrometers

2u Wechseelstrommessungen,” Elekt.Zeite., vol.30, pp.435y
439, 486-470, 1909.
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and [, are low resistances (for a 100/5 asmpere traneformer
£, 1s 0.01 ohm and A5 0.1 ohm) the former shunted by a
resistance © of 100 ohms. The drop of voltage over T and
that over A, are in approximate opposition and their
resultant 18 appllied to the quadrants of the electrometer.

An auxlliary voltage of 60 to 100 volts is maintained between
the needle and case of the electrometer by means of a phase

' shifting device. The dynamometer Dp facilitates phase
settings of the voltage - , indicated by the voltmeter
relative to the primary currente /~ 1s first set in phase
with /, and then T 1s adjusted until the electrometer
reads zero; then the resultant voltage appllied to the quadrants
1s in quadrature with £ and

% I

Rols wp = eifep

L a R - BR R,
or /(C-jf’z g(/+/€,)m/3—‘@or//+k;)

The phase of £ is then changed by 90° and the deflection
of the electrometer observed; this def.‘le&tion is proportional
to 3, the phase-angle, very nearly. The method is the
slectrostatic parallel to Barbagelata's single dynamometer
method of Fige2ls A precision of 1 part in 10000 in ratio
and 0.1 minute of angle is clalmed for the method.

Spilsbury® has desoribed the method shown in Fig.23b
¥aich/
% ReSeJeSpilsbury, Beama, vole.8, pp.505-513, 1920.
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wyhich should be compared with the single dynamometer method
of Figel9ae A pede of about 100 volts 1is maintained between
the needle and the mid points of &> and A . With the switch

S to the left the phase shifter 1s adjusted to give a maximum

reading the electrometer; simlilarly the reading is observed
with S to the right. These readings dy, ds are proportional

to/ﬁ,.{; and & /5 8o that
= 4 K
A

The phase of the auxiliary supply is regulated until when S
1s to the left the electrometer reads zero; then J and the
voltage on the needle are ix’huadrature. If S 1s now thrown
to the right, the resulting reading is mearly proportional
to B , exactly as in the corresponding dynamometer method.
To get sufficient sensitiveness the p.d. on the quadrants
must have a reasonably high value, necessltating a fairly
large secondary burden due to /‘?3 s usually about 10 volt-
amperes.

The disadvantage of the preceding method 1s overcome
in the method® used at the NeP.Le. by the connections shown
in Fig.23c. Here /Qp./;b and & /, are made about equal and
thelr small vector sum is impressed on the guadrants through
& 100 to 1 step-up transformer T . a pede of 100 volts 1s
applied between the needle and the mid-point of the secondary
of T . Alternatively, operation of & ewitch, not shown in

)
X R.S.J.8pllsbury, "A new method of testing current trans-
formers," Elecn.,vol. 88, pp.296-297, 1921.
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the sketch, alters the comnectione between the resistances
so that the drop across A, is impressed on the quadrants while
the auxiliary voltage is applied between the needle and the
mid poimt of /?/b ; connections to & end | are removed.
Tthis alternative circuit ie indicated by the dotted lines.
¥ith the dotted comnectiona the phase shifter 1s adjustéd
to make the electrometer read zero; reverting to the full-
line connections the electrometer will give a deflection
proportional nearly to /2 . Again with the dotted connections
the phase shifter is adjusted by 90°, until the electrometer
gives a maximum reading proportional to [/; « With the full-
line connections & third reading is taken. Then olearly,
it d, d,, d; be the readings

d = 100KE Rl ¢in 3,

oy = KER L,

dy = 100 KE (R 1 onp=Ro1),
where £ is the auxiliary voltage, /{ the electrometer constant

and 100 the transformation ratio of T . From these

K.o= 2o _ R 100 4 = R _loods
N .[5 'Qp d3—100d, /6 /Qp d3 =100,
adz-100A,

R; 18 about 0.4 ohm. (burden 2 volt amperes) and causes
280 om. deflection for 1% error in ratio or for %0 minutes

in angle; ratio can be found within 0.1% and angle to
pearest /
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nearest minute. Possible sources of error are (1) phase
and ratio imperfections in | ; (ii) magnetising current
taken by T upsetting drops in [, and Ks 3 (111) effect
of stray fields on | ; (iv) residual inductance of &
and Ks . These factore are shown, in general, to cause
negligibvle errors.

A method described by Baker™ utilises a principle quite
different from those hitherto discussed. In this the primary
and secondary currents are compared by passing them through
separate windings ypon a laminated iron ring and finding the
resulting magnetomotive force that they set up. Referring to
Pige24a. the mem.f. of the primary and secondary currents act
in approximate opposition round the ring and the ratio of the
turns —E, and [g in the windings can be so chosen that their

ampere-turns are nearly equal; a small flux is set up in the

ring by the resultant m.m.f. and this is linked with a tertiary

vinding connected to one of the coils of a dynamometer [ .
The other coil of D can be excited at will by the voltages
between 1lines I and II or I and III of a three-phase supply.
Referring to the vector dlagram, Fig.24b, the voltages between
the pairs of lines are shown in relation to the primary and

sécondary currents of the transformer. The resultant ampere-—

Suprns /

® H.S.Baker, Tourrent ratlo end phase angle test of series
traneformers,” Elec.World, vol.67, pp.234-235, 1911;
"Current transformer ratio and phase error by test ring
method," Proc.Aper.I.E.E., vol.37, pp.1173-1183, 1918.
See also F.B.Silsbee, loc.cit.ante., 1924.
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furns on the ring will be m , responsible for the flux in
the ring and the voltage applied to the dynamometer coll.
A reading of the dynamometer 1s taken with S first on 1
and then on 2; these readings are proportional to the components
of M in the direction of the voltages I-I1 and I-III respect-
ively. These two readings are repeated for say two other
values of /s . Since 7;[:0 is constant and 7 . 1ie in
the direction of ]; it follows that the locus of m is a
line parallel to ]; through the extremity of 7/;],5 e From
the observations the position of m can be set ocut on a
sheet of paper for the three chosen values of / and the
locu; found.. From this locus it is easy to interpolate the
value of /[ , say 7—5/ , which would make 7 perpendicular
to .@ « Then

%L csp = 7, 4

= Thtnp= Tshonp

vhere 7' 1s the measured length of 7 when normal %o [D ;
thus

A
= £ _
fe=F£=
m

fanp =2 L B, ot @np= Zn =
P =P .//3

.In Baker's apparatus the ring. is built up of laminations
8" inside diameter to a section of 2" x 2¥; the flux density

in i1t 1s about 100 lines per square inch. The wattmeter
W%OD’/QQW aff/éaamc e aon e . The

coilf 1s made of No.8 wire and contains 4 ocoils of 40 turns, 2
of /



of 20 turnse, and 1 of 10 turns, each uniformly distributed
over the ring; in addition a further distributed coil of 20
turns tapped at every turn is provided. Any desired nunmber
of secondary turns can be arranged. The primary consists of
s number of U shaped copper loope spaced out uniformly round
the ring and arranged for series, parallel or series-parallel
groupinge The wattmeter 1s preferably of the zero pattern and
the coil connected to the ring should have low resistance;
this serves to minimise the burden imposed on the test trans-
former by keeping the flux in the ring to a low value in con-
gequence of the low e.m.f. required in-the tertiary winding.
The method gives results in excellent agreement with other
wethods, it is very flexible, and is easily applicable to
testing of transformers on site.

Among the less usual methods of measuring the phase-angle
of a current transformer may be mentioned the use of a phase
meter. For this purpose the ordinary type, with three equal
voltage colls mounted on a common spindle and supplied from a
three-phase network while the fixed current coil is connected
h:oho liney, is not suitable owing to its low sensitiveness
to small ahgular displacements of phase. To attain a sufficient
wgnification Gifford® has made a phase meter in which a high
Bgnification is secured by winding the voltage coile with

a I
¥ ReD.Gifford, YA method of determining the phase-angle of
current and potential transformers,® Elecn., vol.75, pp.
166-187 » 1915 .
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unequal numbers of turne so that they set up an elliptic
instead of a circular rotating field. The current coil
reacte with the major axis of the elliptic field and pro-
duces a torque which, by making the field of suitable ratio
of major to minor strength, can be made large for small
angles. The current coll is switched successively from
primary to secondary circuit of the transformer and measures
directly the phase difference between the currents therein.
Though capable of good resulte andzgepeed Qf making a test

the instrument has not come into regular use.

D et e G s >
e s S s S D = D S D . et eSS S VD WD WS

8. Use of Oscillograph.

It remains now to mentlon the use of the oscillograph
for finding the ratio and phase-angle of a transformer by
taking simulténeoua wave-form records of primary and secondary
surrents. Some experimenters® have used the instrument for
this purpose, but the results are of very little value. The
ratio can be found with some certainty, but it is almost
impossible to measure the phase-angle upon an oscillogram
vith any accuracy, owing to the smallness of its magnitude
end the relatively broad lines by which the wave-form is
traced out. The method is of interest, but of little practical
use, as the oscillograph cannot be considered for this purpose

an instrument of precision.

* E.Bennett, YA milllampere current transformer," ProGsAmer.
L.E.E., vol.33, pp.825-839, 1914. ’



Vector diagrams for Barbagelata's rull dynamometer
method.

Fig. 25
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CHAPTER IV.
ABSOLUTE METHODS. NULL.
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One or two methods have been devised in which the ratio
and phase-angle of a transformer can be determined from the
conditions required to give zero meading upon dynamometers
connected in the measuring circuit. In general fhe methods
are rather slow to use since there %usually & number of
sdjustments to be made; consequently they are now superseded
by other more direct processes, but have, nevertheless, a
considerable technical and historical interest.

Barbagelata has described a method, illustrated in Fig.
%la and described 1n Section 3 of the preceding Chapter, which
lends itself to null operation. Referring to the circult
diagram / 1s first adjusted in phase with -{o and 1" varied -
until D reads zero, so that the resultant voltage U on the
volt coile 1s in quadrature with / s 88 in Filg.25a. The
phase of I is then shifted through an angle d 1in advance of

1; and 7 altered to a value » until the resultant voltage
v' ig normal to / and D again reade zero as in Fig.Z25b.
Finally, [/ 1is adjusted to lag by ¢ behind ]/:7 ’ ' being
changed to T so that ' and / are in quadrature and a
mll reading is again secured, as shown in Fig.25c. From the

timple geometry of these vector diagrams,
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gRE = Rlewp
LR L w6 = R lscoo(62)
_E"Rp Io oo = '?s I 009(6‘/'/5)

= 4 ~ R /Qc,
From the first o= R Rpp = K. 5
o A A
Subtracting the third from the second and dividing by the
first gives At

In particular, if 4 = 455, fan@ = 1 and
/ 174
brp = I =p
Hence the ratio and phase are determined in terms of the three
balance settings required to maintain D at zero reading.

A second method, resembling the deflectional method of
Agnew and Fitch (see Fig.18b) is due to Laws® and is illustrated
in Fige26a. It differs from the preceding in that the balancing
adjustments are made in the secondary circuit, while two dyne-
mometers are used, one as a detector and one to enable the
phase of the auxiliary vaupply to be adjusted to thé desired
position. The purpose of [, is to enable the current ! to
be set in phase with [P » and so that the setting can be
made with the greatest precision a condenser is put in the
volt colls of the dynamometer to shift the phase of the current
therein by 90° relative to the applied voltage. The desired

adjustment can then be made at zero reading of [, instead

of / _
E F.A.Laws, "Determination of constants of instrument trans-
formers," Elec.World, vol-55,_ Pp.223~224, 1910.




of at a maximum reading, with resulting increese in precision.
¥ith the ewitch S in the position 1 the voltage applied to
the voltage circuit of D, ie 7/ and the volt coil current
leads nearly 90° thereon. The elight lag of the current in
the current coil relative to ] cen be adjusted by the slunt
s until the currents in the volt and current coils are in
quadrature snd D, reads zero. The switch S is then put in
the upper position 2, so that the voltage on the volt=-coil
eircuit of D, 18 R IP , the phase shifter being regulated
to make the deflection again zero; then / and ./;D are in
phase. It i1s now possible by regulation of /’i’s ~= which in-
cludes a low resistance sllde-wire or coneists of a four-
terminal resistance shunted by a plug box — to reduce the
deflection of [, to zero, the vector relations being shown

’

in Fig.26b, whence
PP [P = /?s .[5 co3 _/37

and K

!

|

3
>

|

60

Lawsdoes not state how to find 2 ; thise can be readily done

by advencing the phase of ! through a known angle -0 and

readjusting s to a value A to make the reading of D,

agaln zero, as indicated by the vestors of Fig.28c. Then,
Rolo = Rsls co (6-53)

From the two relationehips,

= PS-RSI —
o3 R fand F

or for A = 450, 7‘3"’“@

R—Rs =
T RL _'/3
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since four separate adjustments are'required'the method 1s
somewhat slower than the preceding; Laws has described a
modification in which greater epeed of working can be attained.
Referring to Fig.28d the switch S 1is put to the right and the
phase shifter adjusted to make D read zero; them / 1is very
nearly in phase with [ . With S to the left & 1s adjusted
to restore D to zero; then as before Kpolo =Rl ces3
fhe current / 1is then advanced by § and K altered to

give zero deflection, so that A/, s = Ry I, coo (6—3)-

Thus three settings are requlsite, and only one dynamometer
need be provided. Laws has constructed a special instrument
of string galvanometer type for the purpose.

2e gggggg=ggé§§ dynamomeigf_gnd vibration Ealvanamezgf.

A method has been described in which a dynamometer is used
to enable the phase of an auxiliary current to be adjusted
while the balance of the secondary current against the primar';r
current is indicated by means of a vibration galvanometer or
other type of a.c. detector. The method 1s easy to manipulate
and is capable of determining l{c¢ within 0.1% and P to about
the nearest minute,wiih care. |

The method of de la Gorce,¥ used in the Laboratoire
Centrale de 1l'Electricité, is shown in Fig.27a, the principle
being to balance the resultant of @1} and A L 1in magni-
tude and phase, so that the voltage across the galvanometer
is zero, by the voltage drop through an auxiliary resistance

carrying/
X P. de la Goroe, "Phase lag in ourrent traneformers,” Elecns,

vol.78, pPp.463-4656, 1917. Also Bull.Soc.Int.des Flecns.,
vol.8, ppe. 299-307, 1916.
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carrying a current 7 at balance. Neglecting the reactance
of the volt coil of Dy , it is clear that the current therein
and the current / will be in phase; if the phase shifter be
sdjusted to make Dy read zero then [, and [ will ve in
quadrature, ag shown in Fig.27b. If now elther /Qp or /@5
and S or P be adjusted until the vibration galvanometer
is undeflected then ¥ , the resultant of > anda s s
vill be equal and opposite to s/ 80 that

and 7anf3 = Wi numerically.
F

1t £ be the reading of the voltmeter J/ , /=£/(stb) giving
K. = fé am/a = i

RP Ep
= _Es [
o 2 (s+p) ISP

./;, being indicated by AP .

Since it 1s not en easy matter to construct an adjustable
four-terminal low resistance it 1s convenient in practice to
use the arrangement shown in Fig. 270, The resistance A, 1s
shunted by & resistance box K with a travelling plﬁg by which
8 tapping ™/R can be obtained. The resistance S has a
elmilar moving contact. Barbagelata® has shown that the effect
of volt coil reactance on the exact setting of quadrature
between [ and ]}, in Fig.27a can be completely eliminated
by putting S and the volt coll in series and measuring ! by

Reans/

% Barbagelata, loce.cit.ante., 1921.




peans of an ammeter A . Balance is then secured by adjust-

pent of ¥ and S 3 so that

from which

H‘

and

Tan 3

Il ,

3. Methods without dynamometiers. Resistances in both circults.

il e e e e e st 4 T D e ot A e — D e e st ctan aave s s s
R R R N S N S N S S S L S e T S T T ST TR aE==

In the preceding methodq the balancing of the primary

magnitude against the secondary magnitude haes been effected

by resistance adjustmente while the opposition of phase has
been regulated with the aid of a phase shifter and dynamometer.
Complete balence has been 1lndicated in the methods of Section 1
by a dynamometer and in those of Section 2 by a vibration
gelvanometer. An important series of methods 1s now to be
considered in which the adjustment of magnitudes 1s again made
by changes in resistances but in which the phaée relation be-
tween the magnitudes is compensated without the use of phase
shifter and dynamometer. The methods partake of some of the
characteristics of an slternating current bridge since balence
is secured by means of a suitable network of properly adjusted
impedances and is usually indicated by a vibration galvanometer

or other a.c. detector.
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a. Phase angle uncompensated. - The principle of all
pethods of this class 18 easily understood by c.on.eid.eration

of the circuit shown in Fig.28. A four-terminal resistance

EP is put into the primary 'circuit and a second similar
resistance in the secondary; /?; must be adjustable, either

by shunting or by consisting in part of a low resistance slide
vire. If [

ID
vould clearly be possible to reduce the deflection of the

and ]s were exactly in opposition of phase it

galvenometer to zero by adjustment of K, until K/ = K/,
4# Since, however, [5 leads on ],; reversed by a
mall engle P it i1s pnly possible to get a minimumAdeflection
of the detector by adjustment of @ alone. In order to secure
& t1ue balance it is essential to indpoduce by means of some
reactive device an e.m.f. 1n quadrature with one or other of
the resistance drops so that the phase-angle /’3 can be allowed
for and a null reading obtained on the detector. This can
be done in a variety of ways, some of greater practical
interest than others, which it. le the object of the following
sub-sections to consider.
b. Phase_angle compensated by L . - The regquired reactive
tomponent can be most obviously provided® by inserting a self
inductance in the circuit, as shown in Fig.20a. Balance is
sttained by adjusting * and L successively until the V.G.
Ymaine undeflected. The resistance K of the compensating

R¢sh conveniently consiete of a slide wire of about 100 ohms
g/
¥ C.H.Sharp, Jrans.pmer.I.E.E., vol.28, Pp.1040-1052, 1910.




and includes in computations the small resistance of the
variable self inductance / .« Assuming balance to have been
sttained it 1s clear that the voltage /P/o /;, is equal and
oprosite to the value of r/ ; hence ! is in opposition to ‘/,;
a8 shown in Flg.20b. The secondary current L is compounded
of [51 , the current in R , and / , the current in the
compensating circuit. The voltage drop RJ; over /?3 is
squel to that over the compensating circuit, the components
veing £/ and @,/ therein. From the simple geometry of
the diagram resolving the current triangle gives

[jeop = [+ 1 ema,

[y anpp = [ tncx,

and the condition of balance makes

Rl = * I
But s = R[ /R, I} and  wna= @///R[ so that
R
[5 cop = [//7‘-/?-5' R
o wl T,
[SW\.p— %S [1
YA .
vhence, fm/é = %o =

Again, using the balance condition makes

KC=

—_—

Re _ & _7
R Ro+Rs <=f = B rie

It/



(b

Campbell’s null ¢
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It ehould be noted that for balance [, /. 1is less than K I

we

nence the eecondary resistance K, must be chosen to give
a drop in excess of that over the primary resistance before
talance ie possible. There may thus be some danger of an
exceseive addition to the secondary burden. The principal
defect of the method, however, lies in the fact that the
apparatue is peculiarly susceptible to error due to stray
fields influencing the compensating circuit; thie can be
pinimised by careful arrangement of the circuit and by the

use of an astatic inductance for L o Thimethood 4 oy c af""& 7
«WUW»—»; /'DOW N &Mm? /u-weu,w

3¢« Phase angle compensated bx between primary an
detector circults.

Mutual inductancee have the advantage in practice of
being capable of regulation down to zero a.nd if necessary
of being reversed in eign; they are therefore usually
preferred to self inductances in most testing work. Ca.mpbell’
has described a method in which the desired quadrature e.m.f.
is supplied by a varieble mutual inductance /| with one of
its windings in the primary circult of the transformer, as
ehown in Fig.30a. The resistance /Pp is a standard four-
terminal resistance with a slide~-wire shunt, and balance
is secured by adjustment of and. M . Prom the vector

diagram of BFig.30b it is clear that 7 1s opposed by: wM_&,
and that

TR
/?5[5&7:)/5 - Q'f‘l?p P’
___&..]7‘%/3= @M[p*
E"f’/?/p

r L 2 T [ ] [ ] .
T Ao RE 1100 1o 8.00000t o Yok, JTUSk R 85y, ELoo-Fhya.soc
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From these equations
K = R+&. Lecnp = BB & - k&,
¢ r @ ) 7 T /eP
bnp = IER)  whiR - g
TR, - TR =/
since £, 1is small in comparison with K . Bk feoilive amcl
/,.zﬁam Vvotlues OK/aca,.—\,be_W{d dince M cam. Kave elfen 4¢gn.
The great practical disadvantage of this method 1s that
the primary of the variable mutual inductance must be capable
of carrying the full primary current of the transformer; it

is not easy to construct a mutual to fulfil this condition.

3d. Phase angle compensated by // between secondary and
detector circuits.

The disadvantage of the preceding method can be overcome

by inserting the mutual inductance in the secondary ocircuit;
its primary winding then never carries more than 8 amperes and
a compact plece of apparatus can easily be constructed. Two
methode useing this principle have been proposed and ¥ill now
be described.

Sharp® has suggested the method shown in Fig.3l1 which
1s the mutual induotencg analogue of Fig.%9a. Balance is
obtained by adjustment of  anda M . :Lff!TU'FlF$ice 18
done, however, by working out the squwhat comploxngg&gnco
conditions sinoce the application of mutual inductance in the
secondary circult can be made in a much simpler way, suggested
by the same 1nvestigat6ro

In 1910 Sharp described the method shown in Fig.Z2a.

In/
% Ce.H.Sharp, loc.cit., 1910.
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In this R} and A gre low resistances of approximately
equal volt-drop - about 0.25 to 1 volt - Rs consisting
of a fixed four-terminal reelstance in series with a low
reslistance sllde wire,or of a low resistance shunted by e
plug box. Balance is secured by varying A and /7 until
the galvanometer is undeflected; then, as the vector diagram
of Fig.32b shows, the resultsnt volt drop V" across the
shunts is normal to ./; and is equal and opposite to @M.
Then

Rl cop =R,

’QP [P am/s = oM,

R . R
K - s @ - S
whence c /?P /5 = —EP y
7"% = L’M - .
and P R = IS

The simplicity and speed of the method make 1t one of the

moet important so far devised. Sharp and Crawford® in 1911
desoribed tests made by use of the method and gave full
details of their apparatus. These investigators claiﬁed a
brecieion of 1 part in 25000, using a drop of 0.125 volt

over A, at 5 amperes; the detector was & d.c. galvanometer
¥orking in conjunction with a synchronous rectifying key.

The resistance /?5 and the inductor " formed a self-contained

unit; Es consisted of a non-reactive resistance of manganin

8%pip/ —

® C.H.Sharp and Wew.Crawford, "Some recent developments in
exact alternating current measurements,” Trans.Amer.I.E.E.
V0l.29, pPp.1517-1541, 19lle
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stbip together with a slide wire; M was of the diec¢ type
and was astatically wound. The method has been adopted at
the Bureau of Standards, the procedure in that leboratory
being described in 1912 by Agnew and Silsbee,® who used a
vibration galvanometer as the balance detector.

Apart from the advantages of simplicity and speed the
nethod has & number of practiocal advantages. It is flexible
and of almost unlimited range, so that it 1s very sultable
for general accurate work in the test-room. The secondary
turden introduced by A and the primary of M ie slight,
being of the order of 0.1 ohm or 1 to 2 volt amperes. Since
8ll transformers have now the standard 5 ampere secondary
winding a single secondary resistance and mutual inductor
serve for all tests. Drysdale points out that R may con-
veniently be a reslstance of about 0.04 ohm shunted by a
plug resistence box; with this velue of X; , an inductor
glving about 6 microhenrys for M suffices to measure phase-
sngles up to 2° at 50 cycles per second. A suitable series
of primary resistances must be provided to meet the various
values of nominal ratio found in practice.

The method 1is subjest to certain sources of err¢gr, to
¥aich attention must now be drawn. The resistances /ﬁ» and
% must be designed so as to have negligible residual
inductances, or alternatively their residuals must either

be

® P.G.Agnew and FeBsSllsbee,"The testing of instrument transform-
ore,"Trans.AmereJ+E«E.,v0l.31,pp.1635-1638,1912. See also ReS.
J.Spilsbury,loc.cit.ante.,1920; f.B.S1lsbee,loscit.ante,1924;
CeV.Drysdale,"The testing of current transformers,*Journal Sci.
Inets., vol.3,pp.57-68,1925, for varlious details.
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be equal or known.® Inductive influence, particularly between
$he primsry circuit and the inductor M may also cause errore.
This can be avolded by careful arrangement of connections and
by the use of a properly designed astatic inductor-j' The
presence of inductlve interference can be easily detected ¥

by rearranging the connections as shown in Fig.32¢c, setting .
M at zero, and then passing full primary circuit. If there
is any stray inductance error the galvanometer will deflect;
thls deflection can then be reduced to zero by Jjudiclous
alterations in the relative positions of the various portions
of the test circuit, after which the original connections may
be resumed and the test on the transformer carried out. A
further possible source of error is due to capaclty and leakage
currents flowing from the primary cirouit and into the detector
via the interwinding capacity and insulation resistance of H
careful attention to the potential to which the set-up is
subjected enables this error te be-made negligible.

36« Phas le compensa . e frouble due ¢
inductive interference in the preceding method éﬁn“ﬁ?’ébmpletoly
avoided by compemnsating the phase angle by use of a condenser
instead of by a mutual inductance. Schering and Alberti*skhawe

described/ - -
% The theory of the method including residual effects is given

in F.A.Laws, Electrical Measurements, Chapter XII, pp.58l-
683, 1917.

} HeBeBrooks and F.C.Weaver, *A variable self and mutual
inductor,* Bull.Bur.Stds., vol.l13,pp.5689-580, 1917.

1 J.M.Stein, Egans.ggeg.;.E.E., v0l.43,pp.294-297, 1924.

%% H.Schering & E.Alberti,"Eine einfache Methode zur Prifung
von Stromwandlern," Arch.f.Elekt., vol.Z2,pp.283-275, 1914.
Also A.Barbagelata, loc.cit.ante, 1921.
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described an excellent method, shown in Fig.33a, which has
peen adopted for routine testing of transformers at the Relch-
sanstalt and which excels all others in simplicity and ease of
operation. Referring to the diagram, K»/o 1is chosen 4 to

8 timee greater than K;/ and the resistance A 1s shunted
by K , of about 200 ohms. The phase of the current ./ 1s
sdjudted by means of a condenser (’ shunting a portion S of
f and the fraction r/R 1s also altered until the volt

dgrop v/ 1s equal and opposite to A/ ~+ Balance is thus
secured by varying 7 and C . The theory of the method, in
its complete form, is far from easy but certain approximations
are admissible ihich greatly esimplify the rather complex
general expressions. Proceeding with the rigorous solution,
20 far as it 1s required, let (,, ., , and . be the
harmonic vectors of the various currents in the network at

balance. Then by application of Kirchloff's rule,
Tt =K Ls
(I?+/?P)C —@CP—SLC =0

(5+ch,) — S = O

in the three meshes of the detector circuit. Eliminating ¢

and (,

- & _Ros &ds’ K wCs f@
%‘={M%W@f R T (rwcs) RT [Fecsy) o

whére/
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where @ 1is the pulsatance of the currents and / the operator
rotating a vector through + 7/2 . From this equation, which
may be written, (p = (a-716)/,

the ratio L /L = (a*+5%)" and the angle between /
and ];2 reversed is arctan (6/a) . fThe resulting expressions
are rapher unwleldy. However in the apparatus designed by
Schering and Albertli @°C’s’ can be neglected in comparison
with unity; moreover, in the worst case possible the neglect
of the second term only introduces an error of 8 1in 10000

in the resistance component of the above impedance operator
and 1s usually much less. XNeglecting the second term in

comparison with the first makes
A .ES_ - R ’] :
very nearly. Again @ (Cs® 1s small in comparison with (R+K.)

= usually in the proportion of about 8 or less to 2000 - and

has little effect on the magnitude of the impedance operator.

Hence

Tanp =

In most cases A, 1s small in comparisan with R so that
fimally

’

e =

f

. Cs?
ﬁ’ : Rs‘
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Schering and Albertl describe a self-contained detector
circuit shown in Fig.33b. The reeistance K is made up of
three dials of resistance colls the first conteining 5 coile
of 10 ohms, the second 9 colils of 1 ohm, and the third 9 colls
of 0.1 ohme; the lagt two are compensated on the well-known
Feussner principle. In series with these are a 0.2 ohm slide
vire, a resistance of 136.1 ohms, a resistance of 0.8 ohms, and
a final resistance of 3 ohms, making the total value of < equal
to 200 ohme. The resistances are contained in a sultable box
provided with the necessary dial switches and terminalss. The
condenser ' is a mice standard of the decade pattern adjust-
sble to 1 microfarad by steps of 0.001 UF. When shunted across
the 136.1 ohm resistance 1 MF enables an angle of 100 minutes
to be compensated at 50 cycles per seconde When testing a
transformer on heavy inductive burden > may become negative;
such angles are measured by substituting for the 0.8 ohm
resistance a small inductance of equal resistance. This
inductance consists of a separate astatically wound coil having
an inductance of 9.25 millihenrys which balances an angle of =50
minutes at 60 cycles. Resistance or inductance can be inserted
at will by means of a throw-over switche The leads connecting
the compensation apparatus to & and C are of little import-
ance; those to K, must be short and thick, and should not
exceed 0.04 ohm ff error 1s to be avolded. The standard resist-
ances > and K~Rs are of doubled manganin strip for lower currents
and of tubular water~cooled construction for higher currents; they
have been described in Chapter III of Part I.

‘ The procedure for attalning balance is very simple. With
the ¥Yibration galvanometer shunted and C = 0 adjust * until
8 minimum deflection is obtained; if this cannot be secured by
the rough adjustment of T the voltages to be balanced are not
in opposition. Reverse the connections to <. and repeat the
adJustment of 7 , gradually increasing the sensitivity.
Complete the balance of alterations of the position of the
contact on the slide wire and of the condenser. If balance
cannot be secured by use of the condemser insert the inductance

coil and proceed as before. The angle is them calculated from
~a - [@WCs  wl
fonp =P = (952 - 'E),

1t/
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It is possible to carry out tests with a much simplified

apparatus. From above

- Rk R R /2
f(C—:'?:-_r'-:/‘;c R&'—]—/‘=/§1C—F

where /f,_ is the nominal ratio of the transformer. For each
value of the nominal ratio and each chosen ﬁ; it 1is possible
to choose K; so that with A = 200 ohms, / has & constant
value of say 40« Then /& = 0.2 ;. Ko .« Moreover, as
the actual ratio rarely differe more than 2 from the
nominal value and ( is 40, T need only be variable
between 39-2 and 40.8 ohms. The above described compensating
apparatus may then be replaced by the simpler circuit of Fig.
33ce Appropriate primary and secondary resistances are
detailed in the table in Fig.33 for various nominal ratiom
occuring in practice.
¢ Mgihods without dymamemeters: Resistance in oue cirouit.
It is now necessary to examine certain methods in which
a silngle resistance is used, connected alternatively in the
ﬁrimary or the secondary circuit, while electromotive forces
proportional to the primary and secondary currents are injected
into the detector circuit by mutual inductances linking that
circuit with those of the trensformer under test. These
methods have the advantage, nol possessed by any previous
method, that there 1s no direct electrioal connection between
the primary and secondary circuits; consequently, error due
to capacity and leakage currents flowing from the primary
- supply/
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supply to the detector are quite negligible.

4a. Reslistance in the primary circuit - The method shown 1n
Fige.34s hae been described by Barbagelata®. Two mutual

inductanees ﬁ% and /M, link the primary and secondary
circuits with the detector; ome winding of /%; must be
suitable for the primary current 4; and is not very easy
to construct. one winding of /M, carries /. , up to 5
amperes; both mutuals are preferably variable though it is
only essential that .ome, /), say, should be so. The
required in-phase component of voltage 1s obtained from a
shunted four-terminal resistance, as shown. Balance is
obtalned by varying T and Pqp s With or without adjustment
of /M, ; the vector relations shown in Fige34b hold at null
indication. Then

. T K
w%[swﬁ=7€_+_g’],

CUM‘;js COO/B = wMP‘Zf;a
= s = M
whence A, = ﬁ%twb/B M

4 — 'f”/?,o — I,.Q_F_-‘-_._.- .
P ey T Ran

Beyond the difficulty of making /), the method 1e
both eimple and quick, and makes use of ordinary apparatuse.
Although the capacity and leakage effects are negligible,

inductive interference is considersble unless the inductors
are made quite astatic.

%  A.Barbagelsta, loc.cit.ante., 1921.



(@) Fortescue’s mutual inductance
null method

Fia.35.



' 117.
i

4b. Resistance in the secondary circuit. - A second method
of connection, suggested by Sharp and d;awrord,’ is showm in
Fig.35a. If this dlagram be compared with Fig.32a it will
be seen that the mutual inductances replace the two resist-
ances therein used to compare the primary and secondary
currente, while the phase-angle is now compensated by a
resistance instead of by a mutual inductance. A similar
reciprocal relation between mutual inductance and resistance
exists between the preceding method Fige.34a and the method of
Fig.30a.

By adjusting /' or Ms and s balance will be secured
when the vector relations of Fig.35b are satisfied; that is,

QM I cop = @Ms [,
@M, [, omp = K,

- M M
whence Ke Mocop — , s
- K — A,
‘f‘a«»/b = _,éz = [5

The advantages of the method are many. Since it 1is
much easier to construct perfect mutual inductances - l.e.,
in which the secondary e.m.f. 18 in quadrature with the
Primary current - then to make non-reactive low resistances,
any error which would arise in measuring (2 in consequence

of residuals is removed by substituting mutuals for resistances.
The/

e

% C.H.Sharp and W.W.Crawford, loc.cit., 1911; R.S.J.Spilsbury,
joc.cit., 1920, FeB.Slilsbee, loc.cit., 1924.



118.
The secondary burden is small, being of the order of 4 volt-
amperes, while at the same time a large e.m.f. may be impressed
on the galvanometer circult with resulting high sensitiveness;
the voltage at the mutual secondaries is of the order of 4
volts. Again, since there 1is no connection between the primary
and secondary circuits capaclity and leakage effects in the
detector circuilt are absent.

The principal defect of the method is that the inductors
nust be astatic so that they can neither influence one another
nor be affected by stray fields from the transformer under
test. Fortescue® has overcome this objection by constructing
the inductore in toroidal ring-wound form. The primary and
sedondary coils of each inductor are wound upon marble rings
of circular cross-section, accurately machined and wound with
uniformly distributed coils. The inductor W& conslsts of
three toroidal mutuals connected in series, each having tapped
windings so that the inductance can be regulated in fine steps
 from a maximum value of 3.0222 millihenrys; //» consists of
avaingle toroid of 0.8285 millihenrys maximum mutual inductance.
Full particulars of the complete set-up are given in his paper,
with a detailed discussion of ita‘uses in practice. The method
is very flexible and a wide range of primary currents up to
§000 amperes is cove?ed.

8+ A.C.Potentiometer method.
The apparatus described in the preceding Sections 3 and 4

goge;iguiesl

% C.LeFortescue, "The callbration of current transformers by

means of mutual inductance," Proc-Amer.I.E.E., vol.4,
Pp.1199-1215, 1916.
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constitutes, in a variety of different ways, a simple type

of alternating current potentiometer of limited range by

means of which two voltages, proportional respectively to

the primary and secondary currents of the transformer, may

be compared and the phase displacement between them deter-

mined. Thereﬁg;, however, & number of types of a.c. potentio-

meter intended for use in a wide range of a.ce.measurements,

the best known being that designed by Dr C.V.Drysdale¥® and

constructed by H.Tinsley. A description of the instrument

is here superfluous but it wlll suffice to state that by its

use alternating voltages up to about 1.5 volte may be measured

and the phase-angles be{ween such voltages obtalned, in each

case® by direct readings on the dials of the potentiometer.
Such an instrument 1s expensive and not frequently

avallable; however, where an a.c. potentiometer is obtainable

it forme, in conjunction with a set of non-reactive, four-

terminal resistances, a ready and precise means of measuring

-'.

current transformer ratio and phase. Referring to Fig.38a,

a four-terminal resistance 1s put into each circuit of the
trensformer; for a ratio of 50/5 these may be of 0.01 ohm
and 0.1 ohm respectively in primary and secondary, and in
any other case should similarly be chosen to give equal

yolt/

¥ C.V.Drysdale, "The use of the potentiometer on alternate
fgggent oclrcuits,” Proc.Phys.Soc., voleRl, pPp.581=572,

T CsL,sDawes, %;oc-Amer.I.E.E-, V0le34,PPe927-940,19154 D.Ce.
Gall,"Testing transformers by the alternating current
?otentiometer,'Elecn.,vol-85,pp-803-604,1920; A«C.Jolley,

Some tests on modern current transformers,"Journsl Sci.

Instg.,vo0l.3,pp.43-60,1925; C.Ve.Drysdale,"The testing of
current transformers,®* idem, pp.57-58,1925.
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volt-drops of the order of 0.5 volt. The resistances must
be non=-reactive, or alternatively of known or equal time-
constants. Referring to Fig.36b measurements can be made
of UP:EP[P sy Vs =/?5[5 ,» and /5 direetly on the
potentiometer. Since ® is a swall angle,and therefore not
roeadable with great precision without the aid of some magni-
ficatlon,it is best to measure U and ¢ in its stead. Then
Vi @n B = Vend  and
He= 2 55
e o

p
sin b = B

SIS gls

The method 1s capable of high accuracy and is quick to use.
The secondary burden 1s small, of the order of 2 to 3 volt-
amperes. The princlpal disadvantage of the method is that
it requires the use of an expensive and not readily obtainable
instrument.
- Inermal detector methods.

A certaln limited use has been made of thermal methods
of comparing the primary and secondary currents of a trans-
former, and were it not that there are so mahy excellent
methods already aviilable it would seem quite worth while
to develop the use of thermal detectors owing to their
complete lmmunity from troubles inherent in inductive apparatus.
Thb methode that have been suggested dlffer in no essential
Particular from those described, except in so far as a thermal

detector/
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detector replaces the dynamometer or vibration galvanometer.
Moreover, the published results deal with the measurement of
ratio only, though it 1s possible also to measure phase-
angles.
6a. Differential thermocouple. - In this method™ two
similar thermocouples acting in opposition through a d.c.
galvanometer are heated by currente proportional to the
primary and secondary currents of the transformer, as Fig.
37e indicates. By adjusting 7 or S until the galvanometer
remains undeflected the e.m.f.s of the couples can be made
equal; the temperatures of the couples are equal and there-
fore the rates at which heat 1s developed in the resistances

7T and s must be the same, le.,

(w@)] = SG+&)1
K, = i)

R} S +Rs 'T

BeGeChurcher has greatly developed the method and has
devised and patented a means of determining /9 as well as H_ ;
his work, done in the Research Department of the Metropolitan
Vickers Co., has not yet been publiehed. |
8b. Noprthrup comparstor. - This instrument, which 1s
really a differential hot-wire voltmeter, is shown dlagrammati-
cally in Fig.37b and was suggested by Robiﬁson a8 an accurate

means of measuring transformer ratio. It consiste of two

¥ires
& L.T.Robinson, [rans.Amer.l.Es+E., Vvole28, p.1005, 1910-
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wires W, , W, attached respectively to fixed terminals
11, 22; at their middle an insulating dbridge carrying a
mirror is fixed. A spring pulle below the bridge and keeps
the wiree tight. The wire /i, 1is connected in parallel with

K, eand W, with A ; then if the volt drops in these are
unequal the wires will carry different currents and will
therefore heat unequally and the mirror will tilt. By adjust-
ing K, or R, until there is no tilt the heating of the two
wires will be the same. The two shunts are then switched
into auxiliary de.c. circuits in which the currents are
adjusted until the comparator is again undeflected. Then
the ratio of the two direct currents is the same as the ratio
of the two alternating; the d.c. ratio can be found by
measuring the volt drope over the two resistances by means
of an ordinary potentiometer- Agnew® found it possible to
obtain agreement to 1 part in 8000 between the ratio found
by thls method and that determined by a dynamometer methode.

Pe.GeAgnew, "A study of the current transformer with
particular reference to iron loss," Bull.Bur.stds.,
vol.7, pp. 423-474, 1911.
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CHAPTER V.
BRELATIVE METHODS, DEFLECTIONAL.

de Iwo a.mmeges metgog.

The ratlos of two transformers of the same nominal

ratio can be easily compared® by the use of two ammeters,
as shown in Fige38. S 1ie the standard transformer for
wvhich the ratio~secondary current characterietic 1s known;
X 1g the unknewn transformer, its nominal ratio being
equal to that of S . Al and A2 are two eimilar ammeters,
the calibrations of which need not be accurately known; they
can be inserted at will into the secondary circuit of either
transformer by operation of the switches S, and S, . With

S, to the left and S, to the right, thereby inserting A,
in the secondary of S and A, in that of X , let the
sscondary currents of S and X be [, and .[5/ respectively.
Let the readings of /-\( and Az be [, and [2/ s then 1if /(,
and kz be the correction factors for these pointe on the

ammeter scales,
. / /
L=kl ama I =kl

By throwing S, to the right and S, to the left the ammeters
are interchanged with respect to the transformers; 1f the

sameters/
E Fe.Be.Silsbee, loc.cit., 1924.
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smmeters are similar the secondary currents will be
practically unaltered. The readings of the 1lnstruments

will be [; and Ll ,» 80 that very nearly
L=kl ema [ =k[
From these two sets of observations,
F=kkll, s [ =tk ]2

The ratio of S at current .[5 is

K; = z;//j;

while that of X is
}(CX= -[,b/[s/ = [S/rc/-[s/

/
Substituting for [/ and 7/,

Ko = 75 Fe s
/ +2

eliminating the calibrations of the two instruments. Care
must be taken in interchanging the ammeters that the secondary
circults are not opened; this can be guarded against by short-
circulting the secondaries,before operating the switches S,
and S:,by means of the switches shown.

The method only glves the ratié of the transformer and
not the phase~angle. Moreover the accuracy falls off consider-
ably at low currente. It 1s an easy and quick method for
testing of ratio on site but cannot be classed as a good

method for use in laboratory worke.



Al )
U\ AWAY
S X
\‘iTr\'\ ij’lvl
o)
B ) B
A L

To prose
shifter

@) Barbagelata's two dynamometer
reélative method

Fle. 39



125.

Le ggo gzgggometer_gethods.
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Thereczﬁ & number of ways of comparing the character-
istics of two similar transformers by the use of two dyna-
nometers. One such was described by Makower and wust® and
consiste in comnnecting two transformers of the same nominal
ratio back to back; the combination ie then tested as a
single unit by the process outlined in Section 2 of Chapter
III. It 1s then assumed that the effective ratio of the
combination is equal to the square of the ratio of the trans-
formers and that the phase-angle of each is half the measured
phase~-angle of the comblnation; 1.e., both transformers are
essumed exactly similar, which ies by no means warrantable in
general.

An effective methodT is that shown in Fig.3%9a. The
common primary current flows in the current coil of the
dynamomet er DP . The secondary currents /s of the standard
and ]; of the unknown flow in opposition through separate
current coils of a dynamometer L) , or alternatively are
superposed in a single current coil as in Pig.3¢9b. The
voltage coile of [)P end [) are excited at voltage £ from
& phase shifter; they should be of equal or very low time —
constant, or alternatively they may be :ﬁﬁéﬁ;& in series,
ihe/ —
¥ A.J.Makower and A.Wust, Elecn., vol.59, pp.58l1-58Z2, 1917.
1T A<.Barbagelata, loc.cit.ante., 1921. See also E.C.Westcott,

"Differentially wound watthour meter for testing current

transformers,® Elec.World, vol.78, p.433, 1920; F.B.
Silsbee, loce.cit.ante., 1924.
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the current im them belng measured instead of the wvoltage.
The phase shifter is adjusted until £ is in phase with ./;,
indicated by ij reading & maximum, and the reading /¥, watts
of D observede [ 1is then adjusted in quadrature with j/;,
DP then reading zero, and [) 1s again read; if the indi-
cation be /i, watts, Fig.39c shows that

W, = EL coo(m-p) —E L co3 (T By),
W, = ELs co(F-P) —E L (5-5)s

/ " oo P o
whence W = /1, w0, ~[5‘°°/5]=E[/9Z’7(£" - _Kcé

W, =€ L sop L anpl == /“"Tﬁ - e

’

Now /5 and /5,( are small so that

Jo L Wi
Kex ke = £l

from which ch may be calculated. Again since /(cx = Kc

‘_,__Nz
Pr =P =T g

£ 1s read on the voltmeter V ; [;, ie calculated from
and the observed maximum reading of DP .
Silsbee® has described a method eimilar to the preceding
in which the secondary curx;ents from the two transformers are

erposed/ -
®E F.B. Silabee, ¥A method of testing current transformers,®
S¢,V0lel4, pp.317-329,1919. The original
suggostion appears to be due to WeA.Folger published in
1918 in the Proc. Pennsylvania Elec.Assoc., a journal
not avallable in this country. See also F.B.Stlsbee,
loc.cit.ante., 19«4; Ge.WeStubbings, "Ratio and phase
error tests om current transformers," Elec.Rev., vol.9%4,
PpP.804-606, 1924; FeA.Kartak, loc.cit.snte., 1920.
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superposed in the current coll of a dynamometer [ while
the phase adjustment of the auxillary voltage applied to
the voltage coll is made by a second dynamometer Ds put
into the secondary circuit of the standerd transformer S ,
as in Fig.gga. The auxiliary voltage £ , indicated by V ,
is put successively in phase and in quadrature with ./; and
the readings of D observed in each case. If these in watts

are W, and W, , then from Fig.40b.

W, = E[I,-I (8],
Wy ==ELj coo(T-p+p) ="EL s (BB,

ch ! — | Wi
h = +
whence, K. ((-\-g_'rs> ~ EIS';
— W2/
and T (Be=p) = /CIS = We 2 PP
E Is>

The current / may be read on the smmeter A , but is
preferably computed from the maximum reading of Ds and the
voltage £ ; indeed it must be so determined at low currents
vhere the ammeter ceases to be sufficiently sensitive.

The detector D must have a current coil of low impedance
and may conveniently be a wattmeter of 1 amp. range. Spilsbury™
has recently designed a special portable dynamometer detector
for test-room use scaled directly in current from +0.25 to
=0.26 amp. at 55 or 110 volts on the volt colls. Readinge on

the scale give Wi /E ana Nz/E directly and the centre zero

Snables/

¥ Re.S«JeSpilsbury, "An instrument for workshop tests of

current transformers," Journal Sci.Insts., vol.l, pp.
273-278, 1924~
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enables their sign to be correctly taken.

In general the ratio and phase errors of %( wlll be
greater than those of S ; to determine this point an
additional resistance should be added to the burden or. X .
Then if the ratio and phase errors of X were originally
greater than those of S the readings W/ and M. will be
increased; 1f less, the readings will be reduced or even
reversed.

3. Single dynawoneter Mothod-

Crothers® has introduced & simple modification of the
methods of Barbagelata dnd Silsbee described in Section 2,
1llustrated in Fige.4la. In this a slngle dynamometer 1s
used, its volt coil being of negligible reactance. Neglecting
the shunting effect of the high resistance voltage circuit
upon the four-terminal resistance ﬁ;'the reading of D in

watts will be, very slosely,
/
W= B [Ln(n-p) = L con (7-p)]
=Bl [I] cofpp— Leowpp]

as Fig.41b shows. From this,

L L _fﬂL

Koo ke T R
The method 80 far resembles Barbagelata's procedure and gives
the ratlo error of X 3 Crothers doeés not state how the phase
error may be found. If this diagram is compared with that

for Drysdale's absolute method for & 1/1 ratio transformer,

Fige20a, it will be seen that the two are very similar. 1In

Drysdale's/
¥ H.M.Orothers, "Fleld testing of instrument transformers,”
Eleg.World, vol.74, pp.119-121, 1919.
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Drysdale's method the approximately equal primary and
secondary currente of a 1/1 transformer are superposed in
the dynamometer coil; in the present method the superposed,
nearly equél, currents are obtained from two separate trans-
former secondaries. This suggests that the phase error may
be found by substituting for the resistance in the volt
circult of D a condenser of equal reactance; the current
then advances in phase on .4, by 90° and the new reading

of the dynamometer will be
Wy = &L [Leo(5-p) - L (%-p)]

—--&;2;I(Z;4¢2h/8——j;2u;_ﬁ&]’
whence px~/_g = gi_;:cl—
p<p
The method is suggessted as very convenient for testing
transformers on site since the amount of apparatus required
is slight and of a readily portable nature.
4. Agnew e watt-hour meter method.

e o oo 420 e e e o oo outh e — oo
e o o o o s n e e s 8 e s e e S e P LD e S S i e s S et D

The two ammeter method of Section 1 of the present
Chapter mey be readily modified so as to obtaln superior
precision, and at the same time determine the phase-angle
error, by substituting the current colls of two separately
excited dynamometers for the ammeterse. The ratio error can
be found by adjusting the phase of the volt coll excitation

until each dynamometer in turn gives a maximum reading. A

second/
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second pair of readings with the suxiliary voltage adjusted
approximately 90° from the maximum position enables the
phase shifter be found; or alternatively the angle through
which the phase shifter is to bve moved to bring each dyna-
mometer separately to zero can be observed, this angle being
the phase difference between the two secondary currents.
Calibration errors in the dynamometers can be eliminated by
repeating the observaticne with the instruments interchanged
in the secondary clrcuits.

Since the differences in ratio and phase-angle of the
two transformers are usually small, the interchanged dyna-
mometpr method is not capable of very high precision. Agnew®
has shown, however, that if watt-~hour meters be substituted
for dynamometers, as in Fige.42, considerable precision can
be attained, since the effects of dirferences in ratio and
phase-angle are cumulative in such instruments. The meters

& end b ere of eimilar type and should first be carefully
adjusted to work correctly on full current at unity and zero
power factor. It is a great convenience if the ratio of
gearing ocan be arranged so that 10 revolutions of the dilsc
correspond with one division on the first dlal; the discs
may also be marked off with equally spaced divisions to enable
fractions of a turn to be observed. It is an advantage if

the meters be speeded up above the normal running speed; this

X Pe.GeAgnew, "A watthour meter method of testing instrument
tranaformers,” Bull.Bur.stds., vol.1ll,pp.347-357, 1915.
Also F.A.Kartakx, ioco01§-,1920, A.Barbagelata, loc.cit.,
1921; F.B.Silsbee, locecit.,1924. An identical process
is described by A.Alemany, "Note surgx une methode

pratique de vérification dee transformateurs de mesure,"
Rev.Gen.de 1'E}l.,v0l.18,pp.515~518, 1925.
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can be arranged by shunting the brake magnets with small
iron bridge pleces. Observations are made of the number
of revolutions made by each meter disc (1) with S, to the
left and S, to the right and (ii) with S, to the right
and S, to the left,both at a known power factor between
the auxiliary voltage and IP . Let a,, 5. be the numbers
of revolutions with arrangement (1) and a,, bs the correspond-
ing revolutions with (ii) each in the same total time. If the
meters are designed so that the dial constant k s the nominal
watt~hours per rev. is the same for each, let m,, M, be the
rates of the two meters, le., the ratio of recorded watt-hours
to true wett-hours. Then if, in general,a meter 1s connected
to a circuit of power-factor cosgb via a current transformer

of ratio /{. and phase-angle 2 the watt-hours in the circuit

will be cm—-}i‘;—c'f—/g- . -/—‘g for 7 revolutions of the disc.
Ke kT
'This can be written as Tieos (1+ T ) - Applying
this formula to condition (i)
K. k as | Ao k b

Ma cofp(/+1ng 7"02/—-’;)— T my oo B (11 Tng TanB)
and to (i1)

ch /( Qx = Kk bs
M coo By (/+ Tand Tanf) my coo P (1+ Tomp T B)
at any power factor whatever. Now copB = Ceofx = gince

the angles are small. If Q,, by, @x, bs are taken with
¢ =0, i.0., with the suxiliary voltage and [p in phase
then

/\/Q g . /(Cx b" y
Ma - my,
and ch Ax Kc b.i ,

Ma ~" my
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whence,
Kex - |0, bs
K; ’ Qx  bx

Ir mﬁb be now altered to be approximately 0.5 or less
| /

so that the meters work on low power-factor, let ag, éx/) a , bs
be the new readings with conditions (1) and (ii), then
ads kK (Hhngtmp) b K (I+Tnd7anpp)
x Kex (I+1ond tanp) " by Ko (I+72nd )
or (/+ Tan fam/Sx)z L ay b R
(I+Tamg Bnp)* 7 agbs K

Remembering that tan[é and tan [:‘»x are very small,

1

3 a’ ! K
[ + 2 tang (fam px=Tanp) = —22r e

al bs TR

whence

/y/
| . 5
fon = o = B p =-'§¢';; [" i _‘M’]

s bs ax be
from yhich the angle error is found.

The slgns in the above expréssions are correct for
both secondary currents_ leading on —],; and 3 >3 .« To
test which transformer has the greater errors, add a further
non-inductive load to secondary of X « If the difference
is increased then X had originally greater errors than & .

Agnew shows that by taking a eufficiently.great number

of revolutions ample acouracy can be attained in all commercial

tests/
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tests; the ratio can be found to 0.0%% and the angle within
1 or 2 minutes. The method is independent of line fluctuations
and requires no specialised apparatus; it ie, thereforse,
adnirably sulted to tests on site. Simplified procedure
for this purpose has been suggested by Crothers® and by
Craighead and Weller.t The last named investigators reduce
the time of a test by a carefully planned procedure and the
use of a, tabular form of calculation; 7 hours is taken for a
8 point’iheck. The standard transformer should be carefully
calibrated and not differ more than 5% in ratio or 1° in
angle from the unknown. The meters must be well adjusted
and their difference in rate must be in the same direction
for cos ¢ =1 as for cos ¢ = 0.5; they must not creep.

The following results show the order of agreement obtained

on & 10/6 amp. transformer at 80 cycles.

‘ Absolute method. Watthr. meter method
Primary current. Ratio factor I Ratio factor P
1 1.0017 +29 min. 1.0010 +34 min.
2 0.9997 21 0.9998 23
4 0.9977 14 0.9977 18
2] Oo9971 12 0.9969 13
8 0.9987 10 - ! -
10 049969 9 0.9961 | 12
% H.M.Crothers, Elec.World, Vol.74, pp.119-121, 1919.

T Je.R.Cralghead and C.T.Weller, "Watthour meter method of
testing current transformers for ratio and phase-angle,"

Gen.Elec«RO6V., VOle24, pPp.542-061, 1923,
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The secondary burden in the abofe test was 0.398 ohm #4 and
510 »H, or 11 voltamperes at 0.9 power-factor for 5 amp.,
80 cyclese.

In Section 4 of Chapter III of the present part an
a;bsolute method for testing a 1/1 transformer by the use
of two watthour meters is described. Comparing Fig.22a
with Fige.42 it 1s easy to see that the absolute method is
equivalent to testing by Agnew's method an unknown trans-
former (the secondary current) with a perfect 1/1 transformer
(the primary current). If the meters be interchanged to
eliminate differences in calibration, putting fﬁy = 1, tanpx

= 0 gives for the ratio and phase angle

K. = ’ s

where @,b,, as, bs are the readings of meters 2 and b

when in the primary and secondary circuits respectively.
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CHAPTER VI.

ELATIVE METHODS. NULL.

1. Silsbee's bridge method.

s oty oo s o i 4 g e e s S i s et et i
D s A TS D St s D it M Bt D e S D D <o e S

Silsbee has shown® that the deflectional method of
Fig.40a can be readlly adapted for null operation by the
arrangement shown in Fige43. AD 1is a slide wire of 0.2
ohm resistance; +' & resistance of 30 ohms ad justable in
steps of 2 ohms; M 4is a variable mutual inductor of about
800 microhenry inductance. By regulation of M ana T the
vibration galvanometer can be made to give zero reading;
then £ and C are at the same potential. The vector differ-
ence between the secondary currents J, and L will then
eirculate through the path EB . If the pesistance of this
path be X ohms and . 1e the inductance of the secondary
vinding of M , let (. and (; be harmonic vectors of the
secondary currents. Then equating the p.d. between E and

C to zero, assuming B to the left of C gives
(Rtjol)(ii= i)+ T = jwM, = O

or (Rtr +j@l). = [R+ jce)(L+M)].‘5,
, . r_, . L
whence _57 _ R+ 1 +jwl _ I+ RT/®% )
s R'f' ./@(L‘/'M) /+'/w(/%+%

Now for brevity write

a= ~/R, b=wM/R, c¢=wl/R
an

and/
R F.B.Silsbes, EILE\J;&@_@_@_., Vole.14, DPpe 317-35 s 1919;
elso see F.B.Sllebee, loc.cit.ante, 1924.
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and remember that these quantities are all small; hence to

the second order of small quantities,

__<.:;i. - 1+6?+(‘C — (/-,«.a_—bz_é,c) —_/‘(6+a/b+ac)

s 1+j(b+c) '
Now in terms of the primary current

- ./( 7'/3) N 'j (7(—/"3‘

lg = —'[E € anrol s = _jﬁ € )

e Hex
whence
~(Bp)
(s — Kx /5){

_— = —= €

o
=5 e

/ﬁ(c_& [ oo (PBx=pB) =] S (ﬂx-/a)]
Comparing the expressions

Lt con(pep) = IFa-bibe

c

ff(cx M(/j)(-/j) = byrab+ac

Solving these equations, and again retaining only terms of
the first and second order,

2
Hex = |+ q_—-é.-BC
e 2

fan(BB) = b+ac

Substituting,
[T @ ol
ch:[”/?_ze‘— 7 e -
- @M Wl
er)= e F

If it is necessary to move B to the right of C for balance

then, 2 Qfm‘ ‘ML
[I-E R" QRI KC
= @M _ oLt _ woMr
oo o /5) = R TR T R

These/
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These four equations hold correctly if (bx '7{5 « By
arranging S to have always the smaller ratio C[) may be
omitted entirely. To determine which transformer has the
greater phase-angle, if B 18 to left of C , so that S
supplies the greater current and has the smaller ratio, add
resistance to the secondary of X . Then the lead of J.
on .;, reversed will increase; if M 4is increased to re-
balance then ]5' was orlginally leading more than f; and M
is to be taken as positive in the first pair of equations.
As & rule, unless the two transformers are of widely different
characteristice none but the first order terms need be teken
into account; then very nearly,

Key = (I*-%é)Kb
Pn(Bop) = %R = BoP

vith B to the left.
2. Barbagelata's bridge method.

This simple method,’ Fige. 44a, is primarily intended
for comparison of transformers pf unequal ratio. If S has
s greater ratio than X , L /A .1s made greater than ]é Ra.
Balance is attained by adjustment of T~ and M ; then the
drop of voltage in T and the e.m.f. of mutual induction
exactly balance K .Zs/ , a8 shown in the veetor diagram of
Fige44b. Then |

R L em(p=p) = L2 1,
R cin(p=-p) = @M

Erom/
I A.Barbagelata, 1oC.Cit., 1921.
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From the first,

or,
— g:. f\?‘f‘ﬁ/ S /€2. . _@_ /{
/(C.x - R’ . ~—T . Kc -_— _R, T .

since ﬁy and /5 are small and 53 can be neglected in

comparison with £ . Again

fan (B-p) = _f_/e/‘;(w@) = %’%@

The method is easy to operate and is of wide range; it enables
a single standard transformer to be used to test others of
any desired ratio.
3+ 4:0:Potentioneter Method:

Two transformers of any ratio, equal or unequal, can
be compared® by including a suitable four-terminal resistance
in each secondary circuilt,as in Fig.45ay and measuring by
means of an a.ce. potentiometer the volt drops v, .,1; acroses
these resistances and their vector difference U , as well
as the phase displacement ¢ between ¥ and 7, . Then

Ky = 22, % K,

Ky
Also from the vector triangle of Fig.458,

Qq@é”ﬁﬁkjﬁ) = Vame
or e (B-p) = 1 2~b = B—P.

The method is very convonient wvhen a sultable potentiometer is

available, and is capable of considerable precision.

® D.CeGall, Elocr«, voOl. 83, pp. 603-804, 1920.
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CHAPTER 1.
INTRODUCTORY .

1+ Theory of the_xgy;age f,_ransformer-

o e e e e
ittt ——— ===

The vector dliagram of the voltage traneformer, shown in
Pige48, involves a little more detail than that of the current
transformer, Fig.9. Starting in fhe ‘customary way with the main
flux in the core, linked mutuslly with both primary and secondary
vindings, an e.m.f. £, will be induced thereby in the secondary,

E; 1lagging by a quarter period behind the flux. Thie e.m.f.
causes a current ]5 to circulate in the secondary circuit, the
pagnitude and phase of which depend upon the resistance and react-
ance of the secondary winding together with that of the external
turden with which the transformer is loaded. Deducting from £
the resistance and leakage reactance drops, Rl and X5z
through the secondary winding gives I/S the p.d. at the terminals
of the burden. Turning now to the primary side, the main flux
"ill induce in the primary winding a back e.m.f. EF in phase
"ith £, and such that @/Es = 7/;/7; s the primary applied
voltage must then have a component —£, to balance this induced
Voltage. The primary current is composed of two principal com-
bonents /. and Z;,/ . The former /, 1s necessary to provide
& magnetising component ],,, in phase with and responsible for
the production of the main flux, a.nd an iron loss component jy
In phase with —f/} accounting for the power dissipated by eddy
Wrrente and hysteréeis. . The second component [/; 1s required
0 balance the secondary ampere-turns, 18 opposite in phase to /_;

and/ »

-
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and of such magnitude that [;/,7/; =1L 7T, ]/; is the vector
sun of /; and [o « To obtaln the voltage ,1{, that must be
aspplied to the terminals of the primary winding, it is necessary
to add to —Ep the resistance drop @Ip and the leakage reactance
drop Xp [P in thet winding, ae shown in the diagram. The ratio
of the transformer is then /A, = %9/1/5 and the phase-angle is 7,
the angle hetween Vs and Vp reversed. For the reason ex-
plained in Sectlion 6 of Chapter I, Part I, Y ise taken as g
positive when /, lags om —lb . It should be observed that
is always less than ./_':s , 6xcept at no-load when they are equal;
moreover under ordinary conditions |/ 1is greater than -5 .
Hence the ratio A, is always more than the ratio of turns Jpo/7s-

It should be clearly realised that the. conditions under which

the voltage transformer works are qulte different from those
imposed upon current tramsformers. In the latter the primary
current, and hence the primary applied voltage, is varied over
& wide range, with the consequent effects on ratio and phase-
angle that have been discussed in the preceding Part. In the
voltage transformer, however, the primary voltage is practically
constant under normal conditions; interest centres, therefors,
upon the way in which the characberistics depend on the volt-
fuperes taken from the secondary, 1.6., on the number and
hature of the instrumente forming the secondary burden. In this
respect the voltage transformer presents a problem essentilally
8imilar to that provided by the power transformer and simpler

than that of the current transformer. Since the primary voltage

s/
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is constant so also 1s the flux, no matter what may be the
secondary load; the exciting current ,L is therefore the same
from no=load to full load and it would be expected, therefore,
that the change 1in ratio with burden would be practically independ-
ent of I, . Experiment and theory‘ ghow thie to be the case.
The change in ratio for various secondary burdens must depend,
therefore, almost entirely on the resistances and leskage
reactances of the windings of the transformer. Since the leakage
can be kept small by interleaving the primary and secondary coils
or by a properly designed concentric construction, it follows
that the change in ratio and angle both with primary voltage and
vith frequency wlll be small. Hence it ies further to be expected
that the voltage transformer is a piece of apparatus of very high
precislion. It wmust not be supposed, however, that because the
tharacteristics are practically independent of the exciting
wrrent'that this quantity can be disregarded. It 1is essential,
just as in current trénsformers, to keep -L very small by using
& short magnetic circuit of good iron of high permeability and
low 1oss; otherwlse the changes of L; with voltage and fregquency
18y become sufficient to affect the values of A, and Y to an
sppreciable extents

It is possible to develop expressions for A, and Y 1in
lust the same way as was done for the values of A: and 3 in
the theory of the current transformer; these expressions are

*ather less simple and, for the present object, not of very

eat /

" M.G.Lloyd and P.GeAgnew, "The regulation of potential trans-

formers and the magnetising current," Bull.Bur.Stds., Vol.g,
pp. 273-280, 1910.
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great value. The indirect method of testing,! although very

occasionally used, 1is not really required for voltage trans-
tormers since the direct methods are simple and of wide appli-
cetion. Space will not be devoted, therefore, to development

of the analytical expressions upon which the indirect method
depends. Those Interested will find the matter fully dealt wlth
in Lloyd and Agnew's paper Just cited-‘t—

2 Typical values of ratio and phase-angle.

The curves of Fig.47 show typlcal ratio and phase-angle
values plotted from the classic ’results of Agnew and Fitch.
the curves relate to a transformer of 2200/110 volt ratio, 50
volt-ampere output, with /Pp = 480 ohme and AR5 = 0.393 ohms.
The normal frequency is §0 cycles per second and the tests were
zede with & non-inductive burden. The isolated points R, P are
for an inductive burden of power=-factor 0.2.

It will be seen that the change in ratio from no-load to
fll-load 1s less than 0.7%; in very good transformers it may
b6 a8 low as O.E%Vbut it is invariably less than 14. The phase-
ingle is never more than about 10 minutes, and is for rwost practi-
tal purposes quite negligible. D e

Fig. 472 shows that bLOLH ratlio and phase-angle curves are
linear functions of the secondary volt-amperes at normal,constant

Irimary voltage.

3

¥ ¥.Ililovici, "Methode d'eesal des trensformateurs de mesure 4o
tension,” Lum.Elect., vol.33, pp.2768=277, 1916; Bull.Soc.Int.
des. Elecns., vol.8, pp.155-187, 1918.

I See al80 Fe.A.Laws, Electrical Measurements, pp.575-578, 1917.
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$. Variation of characteristics with working conditions.

It is now necessary to examine briefly the variations in
the characteristics with various changes in the working con-
ditions; These are (a) frequency, (b) secondary burden, at
constant primary voltage; and (c) secondary (or primary) voltage,
st constant load. Aleo there are the unimportant questions of
(d) wave=-form and wave distortion.
%a. Frequency. =~ The general effect of a reduction of fregquency,
vith the consequent increase in flux and L at constant primary
voltage, is the same as in a current traneformer, namely, to
increase both ratio and phase-angle; see Fig.47a. The magnitude
of the increase 1s, however, very much lless than in the current

transf ormer.

b Secondary burden. - The variation of X, and Y with the

smount of secondary burden of a given power=-factor 1s, as
zentioned above, strictly linear. 1In some cases, as when the
highl;} inductive voltage coll of an 1nducti‘on‘ltype watt-hour
meter forms the burden, the secondary power-factor may become
Yery lowe The effect of this 1s, as shown 4by the points R, P

In Piged7a, to reduce the ratio slightly and to increase fairly
tonsiderably the phase-angle. Hence, as with a current trans-
former, it is essential to specify not merely the volt=-amperes
tbsorbed by the burden but also ite time-constant if the figures

ind angle are to be of practical value.

3¢/
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3¢ce Voltage. - If the voltage at which the transformer is worked
ve changed, the frequency being fixed, variations of K, and Y
are found which are represented by the curves of Fig.47b, showing
K, and ~ as functions of the secondary volts, both at no-load
and full=load. The general tendency of a reduction of voltage
is to increase both ratio and phase-angle,but the changes are
very slight over a wide range of voltage variation.

%d. WwWave~form and wave distortion. - As in the case of the

current transformer the influence of wave~form on the values of
k, and Y 1s quite negligible. Further, the distortion intro-
duced by the transformer ie inappreciable; the secondary voltage
has, therefore, a wave-form ldentical with that of the primary
voltage.

¢ Introduction to methods of testing.

e o > et s e
Pttt —=——) — e =ty

The indirect method of testing voltage transformers has
occasionally been used; the direct methods are, however, so
simple and of such superior acouracy that they are now invariably
employed. In principle the indirect test resembles the well-
mown short circuit test applied in the measurement of regulation
of power transformers.

As with the current transformers the Direct methods of
testing voltage transformers may be either Absolute or Relative.
The Absolute methods are all based upon the principle of compar-
lng & known fraction of the primary voltage with that of the
Sécondary both for magnitude and phase displacement; the |

tomparison may be made, by means of sultable séparately exclited
ynmmomet ors /
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dynamometere or electrometers, by a deflectional method.
plternatively a null method can be dévised by the inclusion
of a suitable compensating circuit. All absolute methods
essentially necessitate the connection of some part of the
testing apparatus into the high voltage or primary side; this
pay be entirely avolded by utilising deflectional or null
relative methods in which two transformers are compared by
measurement s made entirely upon their secondary circuits. Rach
of these four classes of methods will be described in the

following chapters.
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CHAPTER II.
Absolute Methodss Deflectional.

1. Two voltmeter methods.

P

The ratio of a voltage transformer is most easily determined
with the ald of two voltmetars,!i as shown in Fig.48a, one connect-
ed in parallel with the primary winding and the other with the
secondary windinge The two sides of the transformer are joined
st one poilnt, which is earthed for safety. Then if \{o and

be the readings of the voltmeters,

K = _I/B ¢
Vv Vs 3

the instruments must necessarily be calibrated.

The necessity for calibration may be avoided by an artifice
due to La.ws.T Two similar voltmeters are used, connected first
88 in Fig.48a, the resistance in series witgitprimary voltmeter
being adjusted until the reading ’7);, on it is about equal to
the reading of the instrument on the secondary side Vs . The
tvo voltmeters are then removed, connected in series, and a
turrent I passed thréugh them so that they give rea.dinés 'v;,', ’U;’
sout equal to the preceding values. Then clearly, if Ko be
the total resistance of the primary voltmeter and 1lts series

resistance, /?5 the resistance of the secondary voltmeter,

="/ 2 I, lé:/e%é,[,

L s

TF.A.Kaggak, loc.cit.ante, 1920.
T Fep.Laws, Electrical Measypements, p-584, 1917.

|
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whence,

K =R % o

—

KW %

A further variant of the f## voltmeter method is that shown
in Fig.48b. Here a single electrostatic voltmeter is connected
successlively across the secondary terminals and then across a
portion 1 of a potential divider resistance R in parallel
vith the primary; T 1s adjusted until the reading 7 of the
voltmeter is about the same as the reading 7Vs when it is put
across the secondary. By thls means calibration of the volt-

meter is obviated and thus since VP = £ b % =,

T
- K
hj, = =

Sk

The disadvantage of the two voltmeter method is the fact
that it only gives the ratlo eof the transformer. Moreover, the
possible accuracy is not very high and the sensitiveness falls
off considerably at lower readings on the_voltmeter scales owlng
to their non-uniformity.

2. Two dynamometer methods.

The sensitivity of the two voltmeter method can be 1ncréased
and, at the same time, both ratio and phase-angle be determined
by the substitution of separately excited dynamometers for the
Ofdinary types of voltmeter. Referring to Fig.49a the voltage
¢ircuits of two dynamometers, EDP and E%, s are connected
respectively to the primary and secondary terminals of the

transformer. The fixed coils of the dynamometers are comnected

in/
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in sériss and carry a current /| supplied by a phase shifting
jevice.® The phase shifter is first regulated until DP gives a
paximum reading, see Fig.49by then if the volt circuit of this
iypamometer is non-reactive VP and /| are in phage and the
reading of DP will be, in watts,

W = 1

vhile the reading of Ds with the same supposition of a non-

reactive volt circuit will be
\/1(5-,— Vi I con(m=-Y) = = Vs I cony-

the phase of / 1s now rotated through 90°, making Dy read zero;
DS will then give a new reading of
7'[ -
Wé = %ICUD(%—Y) =“Ms.[0fm-7/-

Then, the numerical value of the ratio is, very nearly,

K= b
Ws
since cooY = 1; the a.ngle is given by

+C‘4\'7/ Ws =
The method 1s capable of considerable precision and is of
"lde range. The main source of error lies in the supposition
that the voltage circuits of the dynamometers are non-reactive.
the error is easily calculated, in the manner already employed
In the theory of the two dynamometer method of testing current
iransformers in Part II, Chapter III, Section 2. | Just as in

that case the error will be zero either if the volt-circuits are

f equal time~constant or alternatively if their inductance be

fitably,

! A.Barbagelata, loc.clt.ante.,1921; Fe.A.Kartak, loc.cit.ante.,
1920. The process was used by L.T.Robinson, loc.cit.1910, for
neasurementy of Y . A full test room set-up is described in
his paper.
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sultably compensated by the well-known shunted condenser
device so often used in wattmeters.

A number of methods, essentially the same in principle,

have been described in which a two-phase or a three-phase source
of supply is utilised instead of the phase shifting defice for
exciting the dynamometers. Of these the most important is the
vethod of Agnew and Fitch,® shown in Fig.50a, and used by these
experimenters 1n tests of the highest accuracy. The transformer
is supplied from the main phase of a two-phase alternator through
s step-up transformer, and across its primary a high resistance K
is connected. In series with K 1is the fixed coil of a dyna-
nometer Dp « The voltage drop in a fraction /R the
resistance is opposed to the secondary voltage of the trans-
former at the switch 21 . With S, to the left T 1is adjusted
until DP reads zero; then the cui'rent I’ and the resultant
voltage applied to the volt-coil of DP s, assumed non-reactive,
sre in quadrature. Neglecting the reactance of K , I' 1s in
phase with VP s further neglecting the shunting effect of
the volt coll of DP on T +the resultant voltage applied thereto
18 the vector sum of Vs and '% l{o , namely vV in Fig.S50b. .
S/ ie now thrown to the right so that when S, is also to the
right ¥ 1s applied to the volt coil of a dynasmometer D , the
current coll of which is supplied with a current [ from the
second or quadrature phase of the alternator. Since ] is in

Phase with 9 , the reading of D is a measure of ¥ , and the

&Bgmt/ S -
¥ P.GeAgnew and T.T+Fltch, Bull.Bure.Stds., vol.8, p.281, 1910.
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instrument may be calibrated as a voltmeter. It should be
observed that since the resistances of the transformer windings
sre small in comparison with R the volt coil of D 1is practically
connected in series with the parallel combination of T anda R-T,
88 can be readlly verified from the dlagram. Callbration under
thé conditions of test 1s easily effected by disconnecting the
primary from the main phase, throwing S, to the left, thus
spplying a known voltage SI to the volt coil of D while still
conmected to the potential divider.

From the approximate vector dliagram 1t 1s obvious that
beny = 2
Vsainy = af
whence, K, = _@my = -?;
@ Y =

a
Vs can be measured byjsuitable voltmeter included in the

gecondary burden.

Possible sources of error are due to residual inductance
In 1+, K=* and the voltage circuit of D . The influence of
the latter on both ratié and phase=angle 1s quite negligible.
The effect of residuals in T and K-v on the ratio 1s less
than 1 part in 50,000 in the most unfavourable case. In the

tase of the phase-angle Agnew and Fitch show that
V= Yy (ol - o2),
Vs ™ R

the bracketed correction being the difference between the time-
tonstants of 7 and R . Hence if these time-constants be equal,
residuals/
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résidua.ls introduce no error. It is easy in practice to con-
struct resistances giving a correction of less than 1 minute
st commercial frequencies. The instruments used by thesse
vorkers enabled a éensitivity of 1 part in 20,000 in ratio and
0«1 minute in phase=-angle to be attained.

0f three~phase methods the most important is that intro- -
duced by Barbagelata" 1llustrated in Fig.5la and corresponding
vith the method for current transformers shown in Fig.l7a.
the test transformer ie supplied from l1lines III and I of a
three~phase system through a step-up transformer not shown in
the diagram. The volt coils of two dynamometers D, D. are
used as voltmeters across the primary and secondary windings
respectively, as in Fig.4gag the current colls are connected
in series and can be put at will acroes lines III and I, I and
II, IT and III by turning the switches successively to the middle,
right and left contacts. In each position of the switches equal
wrrents, of magnitude / , will be passed through the current
coils respectively in phase, 120 behind and 120° ahead of %
88 shown by the vectors J,, . , _/’z in Pig.51b. In each position
both dynamometers are read in watts, the ratio of the reading

of DP to that of D; being &, b, and ¢ respectively. Then,

o = Vo Im _ ¥ ’
Ve I, coa (=) =I5 coo~Y .

b = Vb["m%? = -V,mg 3
B Ir co(F-Y)  Yeco(5+Y)

¢c = K’Emg '%m.g

L e (3)  heo(EY)

¥ A.Barbagelata, loc.cit., 1921.
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. ‘gemembering that 7Y 1is small

Ky = a numerically
APV b—c
and Y = —— = Y.
7 23a 7

the method is subject to the same sources of error as the

iilmple two dynamometer method, of which it is an adaptation

. |mitable for use when a phase shifter is not avallable.

A further two dynamometer method is that used by Rosa and
Lloyd! in one of the earliest precise inwestigations into the
jroperties of voltage transformers. The two dynamometers are
tmbined in a special instrument, a double dynamometer volt-
wter, resembling in conmstruction the two-element polyphase
nttmeter. The instrument was of a reflecting pattern, two

wlt colle being mounted with planes at right énglea upon a
tommon suspension; each volt coll was provided with a fixed
wrrent coll for the excitation, the current coils also having
their planes at right-angles. To measure the ratio,one volt coil
le connected across the primary and the other across the second-
iry, each in series with 1ts own current element and an appropriate
resistance.s By arranging the torques on the two elements to be
ln opposition zero deflection of the double voltmeter can be
fscured by adjustment of the resistances; the ratio is then
%sily obtained from the resistance settings. The phase-angle
s found by using the two elements as a differential wattmeter.
The apparatus gave results of high accuracy, but has not been

wopted/ ¥

*E.b.\'(gm amd M4 @‘"A"L» Bl B, dtedo., vet 6, pp =30, (910




o~

bl B
ES

@ ¢

Ly
Simple
single dynamometer
method

Fis. 52



153.
sdopted by any other worker, so far as the writer 1s aware,
presumably owing to the special character of the double reflect-
ing dyna.mometer which is required.

% Single dynamometer methods.

=

A single dynamometer can be readily employed to measure
K, and Y by making use of the potentiometer principle shown
in Fig-52a-! she secondary voltage Ié is set in opposition to
the fall of voltage in a portion T of a high resistance K
connected across lf, « The voltage coll of the dynamometer
is arranged to measure the resultant voltage. The auxiliary
wrrent / in the current coil of D is first set in phase with
b and T 1s varied until D reads zero. Then, as Fig.52b
shows, the resultant V of ) and —%I,/o is in quadrature with )
ad ! . The phase of ] is then advanced by 90° and the read-
ing of D in watts is observed; if this be W then

W= v] = KlonY
Prther  Keooy = 2 b
vhence K, = % st =—§
wnd = JF =Y

| is read on the smmeter A , while /X can be taken from a
voltmeter in the secondary burden B . | can be supplied from
& phase shifter, as shown, or may alternatively be derived from

the main and auxiliary phases of a two-; hase source of supply.

/_

¥ L.T.Robinson, logc.¢it.,1910 used the method for ratioc measure-
mente; CeH.Sharp and W.W.Crawford, loc.cit., 1911 for phase-—
angle determinations. The complete procedure is described by
A.Barbagelata, 10G.ci%., 1921.
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In a portable, self-contained apparatus designed by Allocchio
and Bacchinin for testing voltage transformers on site the
original adjustment of T 1ie effected with the dynamometer
excited directly from_the supply. The guadrature reading
is obtained by replacing the volt-coil series resistance by
& large inductange of equal ohmic reactance. . The need for a
portable phase-dhifter is thus avoided.

The main source of error arises from the fact that the
voltage coil of D draws a definite current from the potential
divider R . The coil must, in the first place, be non-reactive;
this can be easily arranged by use of the ordinary condenser
compensatione. C::'aighea.dJr has shown that the error in calculating
the ratio from the above formula, i.e., neglecting the shunting
influence of the volt-coil circuit of D on the voltage divider,
tan be neglected if the resistance of the detector circuit be
sbout equal to T‘(R—T) / R . He further shows that if this
value of volt-coil resistance be used, the actual phase-angle
ls about double the value found by calculation from the preceding
formula. The method is, owing to this large correction, a poor

We for angle measurements.

Palmi'avoids error due to this cause by the following process.

Tis/

IIApparecchio per la misure del rapporto e dell' angolo di
fase dei trasformatori," L'Elettro, vol.9, pp.344-348, 1922.
f JeR.Craighead, "Potential transformer testing. Note on the
effect of the resistance of the detector circuit in determin-
ing the ratio of two alternating voltages, and the phase-

angle between them, by the balance method," Trans.Amer.Il.E.R.,
: vole3i, pp. 1627-1633, 1912.

A.Palm, ZGigs.f.;nago, vol.34, pp.281=-290, 1914.
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the detector is applied directly to a portion ¥ of < and
the phase shifter adjusted until the reading of D 1s a maxi-
pum, ci, say; then [ and lﬁ are in phase. The connections of
Pig.52a are then resumed and the reading of D brought to zero
by adjustment of T . Applying the volt coil of D directly
across T the phase-shifter is altered to make D read zero;
then [ and % are in quadrature. Finally the connections of
Plge652a are again resumed and a reading Ciz taken. Palm then
shows that

2

A R -
KV=:ﬁ? = ¥ @ / =

=

4

R
4 - da R-7+ PF )
K d, 1?-!§+ﬁ%‘%

vhere £ 1s the resistance of the volt coll itself and W;

that of the whole volt-coil clircuit.
4. Electrometer methods.

e e e e S e e s D g St S . s oD il S et S

Both at the Relchsanstalt and at the National Physical
Llaboratory the quadrant electrometer has been developed for
use in precision a.c. testing and takes the place of separately
excited dynamometers in methods of testing voltage transformers.
In the Reichsanstalt method™ the needle and case of the electro-
zeter are joined together and connected to the earthed common

-{point of the windings of the transformer, Flge53a. One pailr

o/
¥ E.Orlich, Elekt.zelts., vol.30, pp.4365-439, 468-470, 1909;
H.Schultze, "Die Untersuchung von Spannungstransformatoren

mittels des Quadrantelektrometers," Zelts.f.Inst., Vol.?31,
Pp. 332-345, 1911.
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of quedrants 1s jolned to the free secondary terminal; the
other palr is connected to a tapping on a potential divider
which has been put across the primary winding. The position
of the tapping is altered until the electrometer reading is
zeroy then the ratio of the transformer is equal to the ratio
of division of the potential divider by the tapping. The phase-
angle ie obteined by impressing a voltage of 50 to 100 volts
between the needle and case from a phase shifter. The latter
le regulated until the electrometer again reads zero; i.e.,
untll the voltage between needle and case 1s in gquadrature
vith Vv in Fig.53b. The angle is then read directly from the
phase shifter or computed from the readings of the wattmeter D
stmeter A and Voltmeter /' . With S to the left and the
electrometer acting as a differential electrostatic voltmeter,
at zero deflection since the needle is at zero potential

(R h)=% =0

oL /(Vz Vb:

%

ik

Vith S to the right and the electrometer reading zero as a
diifferential electrostatic wattmeter when the phase shifter
has been correctly adjusted the phase-angle is at once deter-
rlned.

In the N.P.L. method® the voltage ratio is obtained from
the readings of two electrostatic voltmeters, ome comnected
&cross the secondary and one across & bortion of the primary

Potential divider as shown in Fig.53c. These are reflecting

EE?trumente
E R.S.J.Spilsbury, Beama, vol.8, ppe 505-513, 1920.
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instruments reading up to 130 volte with scales divided to
0.01 volt, enabling the ratio to be found within 0.02%. The
electrometei' is used to determine the angle by throwing S
to the left and adjusting the phase ‘ahifter untll the instrument
reads zero. If S be now thrown to the right the electrometer
is belng used as an electrostatic wattmeter reading W watts,
yhere W=VWK [ eonvy , whence ¥ 1s found. As with all elec=-
tromet er methods the possible accuracy is very high but the
spparatus is of a very speclal character found only in these

national laboratories.
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CHAPTER III.
ABSOLUTE METHODS. NULL .

1. General.

—— oo gmse axe o
p—pdemtmmp— iy

All absolute null methods are based upon the potentio-
peter principle, in which the secondary voltage is set in
oppoeition to the drop of voltage in a portion of a potential
divider conmnected across the primary. The methods are divisible
into two main claeses. In the first the detector is a dynamo-
peter, its volt coll connected to measure the resultant of the
two voltages while its current coil is excited from a phase
shifter. Since the secondary and primary voltages are not
in direct opposition, but differ by the small angle Y , the
resultant is never zero and there is always a small current
passing through the detector coil; the reading of the dynamo-
neter can, however, be always made zero by adjusting the pha.ée
ehifter until the exciting current and the resultant voltage
ére in quadrature. Such methods, though based on the null
Principle, are not true balance methods; an exmmple is glven
in section 2. The second class contalns true balance methods
In which no current flows in the detector comnection. This
tondition is secured by providing means of altering the phase
of the current taken by the potential divider so that the voltage
scross the portion utilised is equal in magnitude and exactly
tpposite in phase to the secondary voltage. Suitable arrange-

‘menté are considered in Section 3. The detector may be a

Séparately/
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separately excited dynamometer, synchronous commutator and dece
galvanometer, or vibration galvanometer according to the practice
of various experimentere; the last named instrument is by far

the most convenient.

2« Single dynamometer method.

e
p=—t— -ttt

The method of Flg.52a 1is capable of null operation by
sdopting the following process, illusfrated by the vector
ilagrams of Fig.54 a, b, and c. Firstly, with [ in phase
vith l’/g adjust ¥ for null reading; then V and I are in
uadrature. Now successively put / in advance and behind l,/,
by equal angles 9, in each case adjusting ¥ to values ' and
" to give null readings, showing that fu” and v are normal

to the appropriate [ « These conditions are shown in Fig. 54

5 b, and ¢ from the geometry of which

= e,
Fhen = Lmlor),
_E_”M,ma =k ao(6-7).

rom these it ie easy to prove that

T y
e = _r=r
Ih particular if & = 48°. ’
/]
~ T vy
Tt = op

#he method is not a true balance method since the detector or
folt /
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Yolt coil carries a current in each case proportional to 7,
’v'/ or 'U’q .

% True balance methods.

It 18 neceesary now to examine true bhalance methods in

vhich the détector, usually a vibratlon galvanometer, carries
o current at the null indication. This necessitates the intro-
duction of some auxiliary device to correct for the ilmperfect
opposition of phase between %, and /[ E

%a. Phase-angle uncompensated. - IIL the phase angle between %
and K is not allowed for, as in‘Fig.SSa, it is only possible

to get a minimum reading on the galvanometer if T be adjusted
by moving the contact along the potential divider; this occurs
vhen the resultant voltage V of % Vp and /5 1s normal to

h , as Fig. 56b shows. Then fieor Y = ;7{ /4 ,.from which
K}==FQ/T very nearly. To get balance, is., a null indication,
the current ]. in £ must be displaced from % in the same
direction as % is displaced from ‘wé « This can be secured
by including in £ a suitable ad justable reactance which can
take any of the forms described in the following subsections.
By this means rI can be brought into direct opposition and

into equality with J/ .

Sb; Phase-angle compensated by £ . - The most obvious way of

Producing the necessary shift in phase of [ 1s to include in R
& small variable self inductance, as shown in Fig.55c. Referring

to Fig.56d4 it is obvious that for balance

I Most of these devices are briefly suggested by C.H.Sharp'and
WeW.Crawford, loc.cit.ante., 1911.
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1=V ;
A I
but [ =__r _ _ P
ANR? +w?*L? R

gpince @, 1is generally small in comparison with £ . Then

K, = s very nearly.
Noreover Tany = L - Y
’ /e .

It 1s apparent that this method of compensation only serves
when Y is positive, i.e., when (é lags on Vp reversode.

3c. Phase=-angle compensated by M . - Compensation can be

effected by putting a mutual inductance with its primary wind-
ing in series with the potential divider while its secondary

is in the detectox; circuit, as shown in Fig.556. 1In the vector
diagram of Fig.55f, if Zp be the inductance of the mutual
Inductor primary, the current [ will lag on % by a small
sugle, &, given by 7a~ Q= @ly/R . The resistance drop ##

] add mutusl eem.f. @MI must give a resultant equal in

magnitude but opposite in phase to ), . From the vectors,
Vycoo(7-o) = 1]
7La,,\ - = Q_.)—/—-V].
(r-a) = o

/A V
But ' I = 2 = 2
1/IQ2+ (e)"L; - R
and Cos (}’-0() = | N
vhence, K = ',.,2:

fom (Y-04) = Y-0t = ‘%’

~ Since/
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Since M can be positive or negative the method enables either
positive or negative, l.e., lagging or leading values of 7

to be measured. The process is thus much more flexible and

useful than that described in the preceding section.

3d. Phase-angle compensated by d. - 1¢ positive values of

~ can be compensated by a self inductance it follows that
negative angles can be allowed for by aid of a condenser, as
is shown in Fig.55g. The impedance operator for the potential

divider when a portion $ 1is shunted by a condenser d is

)
z=R-s+—5_—
/+/®CS o
- R- S __ g4 ®CS
- S + /"/‘@26152 J /+wlczsz

Now in practice co’(fzsz is usuaily quite negligible in
comparison with unity; hence

z= R—-jwCs*

{0 a high degree of approximation. Hence the condenser has
practically no effect on the resistance of the divider, but

introduces a negative reactance which can be used to compensate

for negative phase-angles. Thus

K = £

fomg = — 255 m

The method suffers from limitation to cases when -/ 1is negative,

Lo, K leading on fJ@ « Fig. 55h shows the approximate

Vector diagram.
The limitation can be removed by the device due to

Ef?agelata,x Fige55i. The potential divider consists of

! A.Barbagelata, loc.cit., 1921.

|
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s section £ 1in series with two equal resistances S,S8 , upon
the right hand section of which the potential contact is applied.
The condenser can be switched either across the left hand or
the.right hé.nd member of the equal resistances. With C' to the
left the method is exactly like Fig.55g and serves to measurs
negative or leeding angles. If C be put to the right then
the vector relations of Fige55j will hold. Here the common
voltage across C and the right hand 8§ 1is the vector difference
between VP and (R/+s) [ , [ necessarily leading on l,/b « The
current in C’, leading 90° on this p.d. and the current in the
right hand S must be egual to [ H whehce, as the vector dia-
gram shows, the current in the right hand S , upon ‘'which the
potential contact is set, lage on l{: and hence the arrange-
nent will compensate positive or lagging phase-angles. Then

a8 before

Ky

N

& 1h)

Cst

and 7‘5%\.’2/ -

taken as positive when the condenser is on the right and
negative when on phe left.

3¢. Phase-angle compensated by £ and ' =~ Agnew and
S$11sbee™ have used a compensation, shown in Fig.55k, which
tombines the methods of Filg.556 ¢ and g; this enables both
dositive/

¥ P.G.Agnew and F.B.Silsbee, "The testing of instrument

transformers," Trans. Amer. I.E.E., vol. 81, pp. 1853-1638,
1912.
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positive and negative values of ~ to be dealt with. It
will be observed that both /L and C 1lie within the balancing
section T of the potential divider. If [L'=4—~Cs’be the
effective inductance of the section the approximate vector

diagram will be as shown in Fig.551; from this
= Ao,
75 .
_—__._————-:—-,—i' b}
M€+wL
neglecting ®@.L' in comparison with R and T ,

. R
Ky-—:, '7.'

Again, , ,
Y :?—q,:w@;-‘%—_é—-mca”%
or since the angles are all small
= 4 L
7-“’1'(1* ,e)
The method is the parallel in voltage transformer testing of
the method of Schering and Albertl used in testing current

transformers, see Fig.33a.

4. Ae.CsPotoentiometer method.

U e o e D o et e S - e Y SR S e e Y koo
3ttt ]

Voltage transformers can be readily tested by the use of
an alternating current potentiometer, when a suitable instru-
ment is avallablee Since the range of such an instrument seldom
exceeds 1.5 volts it is necessary to connect potential dividers
across both primary and secondary windings and to select
appropriate tappings upon them to get voltages falling within
the range of the potentiometer. The process is then exactly
the same as for current transformers, viz., the voltages across

the/
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the primary potential fraction and that across the secondary
fraction are measured. From the known fractions of the potential
dividers used the ratio 1s calculated at once. The phase-angle
is obtalned elther by direct observation of the angle between
the primary and secondary partial voltages orvbetter still by
measuring the angle between the resultant of these voltages and
that measured on the primary. Let ﬁqb be the resistance of the
primary potential divider, T the resistance tapped off 1%,
and 1& the measured voltage across ﬁ, ;s let the correspond-
ing éeconda.ry magnitudes be K5, s and Vs . Further let 75
be the angle between 7, and the resultant of Y» and % ;
this is much more easily measured than ¥ since it is a much

larger angle. Then, if U be the magnitude of the resultant

voltage,
Y% 1 R
= L. 5L e
v Vs Tp Ks
. _ a .
om 7 = ;5 %?
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CHAPTER 1IV.
RELATIVE METHODS. DEFLECTIONAL.

l. Two voltmeter method.

s o o o T o el S S AP S S S et it st P gD S

Two voltage transformers of the same nominal ratio can be
compared by the use of two voltmeters connected as in Flg.56.
Here S is the standard transformer for which the ratio is
known; X 1s the transformer which is to be compared with S.
@\/( and Vo are two similar voltmeters which can be put at
will across the secondary of S or of X by operating the
switches 5| and S, . With S to the left and S, to the
right let the secondary voltages of S and X be ¥ and K—I
respectively; the readingh of V, across the secondary of S
will be 7V, , and that of Vo acrose X will be ’U}’ « Then
it /(, and /(, be the correction factors of the voltmeter

gcales for these values of voltage
/ /
k=kv, wma K=k,

Now throw the switches over, thus interchanging the voltmeters
with respect to S and X . Then since the instruments are
similar l_/,. and Vsl will be practically unchanged but the
readings will become 7. and ’If,/ 8o that

/
Vo =hv, wa K =kv’

From thesse,

Ir/
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If |¢ be the common primary voltage the ratio of S 1is

K = K/k
wwa of X he = B/ = 6
S
v
or ny = 1?;;; K,

vhich eliminates the necessity for calibration of the voltmeters.
vThe method is sultable for ratio tests on site but is not of very
high precision unless the voltmeters are working high up on their
scales. Its principal disadvantage is that 1t only determines
the ratio of the unknown transformer.

& Two dynamometer method.

e e e ot st e

Barbagelata® has glven a simple two dynamometer method for
comparing the ratio and phase-angle of one voltage transformer
with that of anc;ther, see Fig.567a, analogous to that adapted
for current transformers in Fig.39a. The current colls of the
two dynamometers are excited in series from a phase shifter.
The volt coil of [ 1s Joined across the secondary of the
standard transformer S ; this dynamometer serves for checking
the proper phase setting of the auxiliary current I ana also
to measure the secondary voliage Vs of S . fThe volt coil
of the detector dynamometer [) 1s joined to the secondary
windings so that it measures the difference between l(s and Vs/ .
The current | ie first set in phase with [, , see Fig.57b,
and the reading Ws of [ observed. Then
% A.Barbagelata, loc.cit., 1921.
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WS =KI - _Ve_[ watts,
from which [,4 =

K Ws
/
At the same time the reading of [ will be
, ,
W=l — Vsl coo(¥%~Y)
The phase of | 1s now advanced by 90°, so that D), reads
zero; then the reading of [ becomes
/ n
Wz ="'./s [”7(2 "7’:;"'7’)
/ .
=~V ] ain(%~Y)

From N, » remembering that the angles are small

Wk _ K
TRy
whence,
Lol = W
/‘/V Kix - ks
K
or KVX = |_:V| _K"(H"%;
Ws

which determines ny. From W,

, ']
Now 1{5=l{°//(c;(’
Yoy = ~ M L Wk,
b I W g

which determines the difference between the phase-angles of

the transformers.
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5 Single dynamometer method.

Brooks® has described a single dynamometer method for
comparing voltage transformers, shown in Fig.58a, which proves
very useful for tests to be made on site. The dynamometer D
Bay convenientlj be a low reading precision wattmeter. Readings
of D are taken first with the current coil of the instrument
carrying a current in phase with ML and secondly when this
current is advanced in phase by 90° as shown in Fig.58b. The
voltage coil is exclited by the two secondaries in opposition.
Then if kﬁ and hﬁ be the two readings of D in watts,

W, = Vs eon(m=y) = Vs I coo(n=%)
= I [Went = Vs e7] ;

Wy = Vslem(T-Y) = K1 con(F-Y)
= I[Wainy =V wn¥]:

Dividing the first by I,

lﬁ_ = Eét—/ ;%'ﬁk —1
kI =~ K Kix

8o that the ratio 1s
Ky

: - _ W
e nal A
s
Similarly dividing the second, and remembering that lé/ and [é

are nearly the same
W,

Y=Y = — Vel

% is taken from the reading of a voltmeter in the burden of

the/

® H.B.Brooks, "Testing potential transformers,” Bull.Bur.Stdse,
vol.10, pp. 419-424, 1914; F.A.Kartak, loc.cit.ante.,1920;
HeM.Crothers, Elece.World, ppe. 119-i21, 1919. T
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transformer S ;3 [ is reé.d' oh the ammeter A.

In order to determine which transformer has the smaller
ratio and which phe smaller phase—angle, Brooks suggests the
following procedure. With no load on the secondary of X arrange
the reading to be up the scale when making the observation of

/% « If on applying load the reading increases then the ratio
of X at no load is less than that of S . When taking the value
of W, , if X be further loaded its secondary current will be
caused to lag more relative to 1@ « If, thérefore, the réading
ie increased on adding non-inductive load to X the secondary
voltage thereof lage behind that of S , i.e., 7 exceeds Y .

The method gives results in good agreement with laboratory
methods, is quick, and has the great practical advantage of

using only portable instruments of ordinary commertial pattern.

4. Agnew's watt-hour meter method.

Agnew's method, using two matt-hour meters, described
in Section 4 of Chapter V, Part II, is immediately applicable
to tests on voltage transformers. Referring to Fig.59 the
gimilar meters a, b are arranged so that their voltage circuits
may be connected at will to the secondary of either transformer
by operation of the switches $;,S:2. The current circuilts are
supplied in series from a phase shifter. The process is exactly
the same as that used with current transformers. With the phase
shifter adjusted so that the meters work at unity power-factor
the revolutions made in a given time by the meter discs are

%bserved/



171.
observed (1) with meter a joined to S and meter b to X ;
(i1) with a joined to X and b to S . Then, if as,bx,ax,bs
be the observed numbers of revolutions,the enalysis given 1n
Part II at the Section cited shows that

Kox o |os bs |
Ky Qx bx

eliminating the rates of the meters. A second set of readings,

a, by, ak, be is then taken when the phase shifter is

less; if ¢ be the phase-displacement then as before’t ©F 0.5 or
Yx“/':--l———[l—- 2x lx. QSBSJ. ore
. . a,s s . max b§'° —

2tnd |'T ZE. axbs

The signs are correct if both secondary voltages lag on '4¢
and }&‘>~Y « To test which transformer has the greatep errors,
add a further non-inductive load to X- : then if the differences
are increased X had originally the greater errors, since the
addition of load increases the ratioc and phase-angle of a trans-
former.

As 1n the case of current transformers high precision is
attainable, but the method is rather slow. It is, however,

invaeluable for tests on site where high accuracy is requisite.

-—— e e Ep e an an ==
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CHAPT .
RELATIVE METHODS. NULL.

1. Barbagelata's Method.

R e e S s S e G S e S S WA S B e D e e 40

Null releaetive methode of comparirig two voltage trans-
formers are not numerous, although it would appear to.be possible
to compare the secondary voltages of two transformers by any of
the null processes described in Chapter III for balancing the
primary and secondary voltages of a single transformer. Indeed,
Agnew and Fitch in their classic paper on instrument transformer
testing suggest such a differential method; they point out, more-
over, that since the test is like that of comparing the primary
and secondary voltages of a 1/1 transformer, the resistances in
the detector ciruit are ﬁuch smaller than in the absolute method.
Consequently, with the same apparatus, the sensitivity goes uﬁ
enormously. Nevertheless, the only null relative method definite-
ly described in the literature of the subject is that due to
Barba.gelataK and illustrated in Fig.80a. The dynamometer is
used to check the phase setting of the phase shifter; regulation
of the latter and of th; value of T enables balance, i.e., null
indication on the vibration galvanometer, to be secured. Let W
be the reading of D in watts, and /, the reading of V/ , then
W=V, [cop, where ¢ 1is the phase difference between / and
[ at balance. From the geomeiry of the vector diagram of Fig.80b,

gince/

¥ A.Barbagelata, loc.cit., 1921.
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/
since 'f]. balances the resultant U of % and — Vs,

71 eo(p—%sy) tVs coo(Va=Y) = A
rIom(gS—\/wY) Vs aim (%-Y).

Neglecting ~/ -v in comparison with ¢> and remembering
throughout that the angles 3, and Y are very small, the first
relation becomes

/

t e+l = Vs
n V- = rled

Dividing by 14, = Kv [{; and substituting for [m¢ from

above

_l__/._TW
ke K Kig

whence
/\j,x‘—'-; /\/.// I+ ) /(,,(/—-T—W
For the angle.error, the second relation gives,
rlong wm(ny) = s o (5),
fam (%) = o

7
and finally, K-v = % 4/ZY'~W‘
£

2« A.C.Potentiometer method.

If an alternating current potentiometer is available the
ratios and phase-angles of two voltage transformers can be com=
pared by measuring the magnitude and phase of ihe secondary
voltages of the two transformers and also that of the vector

difference of these voltages in the usual way.
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CHAPTER I.
CURRENT TRANSFORMERS.

l. Preliminary.

In Part II a full review and classification of all the
numerous methods available for current transformer testing
has been made. This will be of value to the student or research
worker who, in making a study of any subject in which current
transformers are involved, desires to find out quickly and
briefly the principle underlying any method to which he may
find reference in technical literature. That l1ls to say, Part
II is primarily sufficient in researches where an historical
point of view is iﬁvolved. The matter 1is quite different,
however, when the subject is approached from a practical stand-
point. Many of the methods described in the text are of purely
historical interest; others, though good in themselves, have
been superseded by methods of greater practical convenience
and value. Consequently, the question that interests the
testing engineer, and all other workers who require to make
measurements of instrument transformer characteristics, is to
determine what methods are suitable for making such measurements
in various practical circumstances. It is the object of fhe
Present Chapter to show how to choose methods for current trans-
former testing which meet the requirements of modern practice;
& similar purpose is fulfilled by Chapter II of this Part with
Tegard/
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regard to voltage transformers.

The methods requlred in testing are of two main classes,
(1) High précision or laboratory methods and (ii) Methods for
tests on site. 1In each class absolute and relative methods
are used. The first class makes use of all the resources of
a laboratory or test-room, sensitive detectors, refined procedure,
and all auxiliary ailds to high precision coupled, especially in
the works test-room, with speed and convenience in operation.
The second class makes use of apparatus which must be portable,
and as the observations are made by the aid of pivoted pointer-
instrumente the order of precision is necessarily lower than
that of the first classe.

2+ Methods for laboratory tests.-

For‘tests of the highest order of precision two methods are
pre-eminent, Agnew and Fitch's method of Fig.18b and the Elec-
tromet er methods of Fige 23. These methods are of the absolute
type and are capable of extreme refinement. They have been
used in some of the most thorough and accurate investigations
into the properties of current transformers and are well suited
for research work of a very precise character. The first method
has been adopted at the Bureau of Standards; forms of the electro-
meter method occupy e similar place in the Reichsanstalt and the
National Physical Laboratory. For ordinary laboratory work, and
8till more so in the works test room such methods are too precise
and too troublesome; the first method utilises a delicate reflect-

ing dynamometer, the second method an electrometer of very speclial

construction/
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construction, both of which require a too elaborate technigue
for their satisfactory use ih any but the most favourable
conditions, such as would be found in a great national laboratory.

Of exact 'laboratory or test-room methods of the absolute
type undoubtedly the most suitable 1s that due to Schering and
Albertl, see Fig.33a, developed for high accuracy routine tests
at the Reichsanstalt. This method uses very simple apparatus,
easily procured in any test-room, and is almost entirely free
from residual or inductive interference errors. It 1is wvery easy
to use and very quick. Next in order of suitability is the
method due to Sharp, Fig.32a, which has been developed by the
Bureau of Standards for routine work of high precision. The
adjustments are again simple and tests can be quickly made;
residuel errors are slight, but the method is somewhat susceptible
to stray field interference. This can be largely avoided by use
of an astatic mutual inductor and by careful setting up of the
test circuit; full details are given in the text. A third
method, adopted by the Westinghouse Coe. of America, is that
due to Sharp but perfected by Fortescue and shown in Fig.36a.
This method has great technical advantages but has one important
practical disadvantage, namely, its cost. It 1s essential that
the mutual inductances be made perfectly astatlc; this is only
l@wponGQNMQ by building them of toroidal design, making them
very expensive to construct. It will be noted that all these
absolute methods are of the null type, requiring for their use

& vibration galvanometer. Moreover, all have the advantage
that /
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that no auxiliary source or phase shifting device is necessary-:

In some cases, 6.g., in standardleing a large number of
transformers for use with precision ammeters or wattmeters, a
relative method may be preferred; the unknown transformers can
by such a method be rapidly compared, one after the other, with
a standard transformer,the ratio and phase errors of which have
been accurately determined by an absolute method. Such relative
methods have an importent advantage in routine works testing,
namely, that a more robust and less sensitive detecting instru;
ment iszrequired than is the case 1n absolute methods. Thils
1s obvious when 1t is remembered that the detector is now
required to measure the difference between the characteristics
of the two transformers and not the absolute value of those
characteristics. Consequently the sensitivity required falls
within that which can be obtained from good pivoted instruments;
the detector usually used 1s a low reading ;attmeter- Of these
methods the deflectional method of Silsbgg, Fige40, is much used
and Spilsbury has recently devised a portable detector specially
for works use; the method is, of course, deflectional. Where a
null relative method is desired, using either a vibration galvan-
ometer or a wattmeter excited from a two-phase auxiliary supply
as detector, Silsbee's null modification of the method just
mentioned 1ls very suitable, see Fig.43. Wwhen it is desired to
use a single standard transformer to test a variety of trans-
formers of ratios differing iidely therefrom Barbagelata's

method/
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method of Fig.44 &s very useful.

If an a.c. potentiometer be available in the laboratory
this instrument can be very conveniently used to measure
absolutely the ratio and phase-angle of a transformer, as in
Fig.38, or to compare the cﬁaracteristics of one transformer
with those of another by the process shown in Fig.45.

3. Methods for tests on site.

The essential qualities demanded of a method for testing
current transformers on site are (1) adequate accuracy, (ii)
small amount of apparatus, (iii) portability and robust con-
struction of apparatus, and frequently (iv) bon-interruption
of the supply while the test is being made. This last require-
ment can usually be met by cutting the transformer out of service
by means of a Jjumper comnected across its primary side, making
the requisite test connections and then removing the jumper so
that the transformer is excited by and tested at 1ts load
current. The methods, also, should be as far as possible
independent of fluctuations in the current.

It is usual to prefer relative methods for tests to be
made on site, the one best meeting the desired conditions being
Agnew's watthour meter method of Fige42. For this are required
the standard transformer, two calibrated watt~-hour meters, two
throw-over switches, phase-shifting transformer, and a watch.
Results can be obtained with a high degree of accuracy, the
main disadvantage of the method being its slowness, about 8 o
? hours being required for a normal test. Greater speed is

attained/
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attained by ﬁon-integrating methods such as that of Silsbee
shown in Fig.40a. The apparatus required for this consists
of ammeter, voltmeter and wattmeter for phase sgttings,
standard transformer, phase-shifting transformer, and detector
dynamometer. Crother's modification of this method, Fig.41a,
possesses the advantage that the phase-shifter is replacéd by
a condenser, the wattmeter by a low resistance, while the volt-
meter is unnecessary. The three-phase methods of Barbagelata,
Fig.17a, and Harned, Fig.l18a, have the great practical advantage
of using for excitation of the detector dynamometer the available
three-phase supply. The former method is one of the simplest,
since all that is required is a suitable pair of dynamometers
and two three-way switchese.

4. Practical Precsutions.

Whether made in the test-room or on site, tests must be
carried out with regerd to certain points of practical procedurse
if accuracy of the results is to be guaranteed. It is almost
invariably the case that the available source of supply is of
too high a voltage for direct application to the transformer
under test; hence it is usual to interpose between the source
and the tést circuit a suitable step~down transformer. This
may be very conveniently an inverted current transformer similar
to that being tested. Unless the object of the test is to locate
some defect in magnetic characteristics, the transformer under
test should be carefully demagnetised, as described in Section

8¢ of Chapter I, rart II, before the observations of patio and

phase/
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phase-angle are made. Again, it is usually necessary to see
that the relative polarities of the primary and secondary
windings are correct; this is automatically checked in those
methods employing dynamometer instruments. In other cases
this matter must be made the subject of a special test with
the aid of suitable wattmeters; in no case should a direct
current be used for the purpose, as 1s often recommended,
unless the core be thoroughly demagnetised after the polarity
check has been made. Before the test proper is commenced the
wvhole set-up must be examined for inductive interference effects;
such adjustments in the lay-out of the circuit must be made to
reduce these to the nminimum possible. This precaution is
particularly essential when transformers for large primary
current are béing tested and in those methods where self or
mutual inductors form an essential feature, unless it 1§
certain that such knductors are perfectly astatic. In general,
1t may be said that the utmost care must be exercised in
assembling the test circuit and arranging the apparatus.

Before testing, the secondary burden must be adjusted to
its proper value. A complete specification of the inductance
and resistance of the burden should be made; a mere statement
of the volt-amperes absorbed by it is quite insufficient. The
frequency of the supply must be measured, maintained constant,
and stated as a necessary condition of the test. It is usual
to take observations of ratio and phase-angle at secondary

currents/
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currents of 0.5, 1, 2, 3, 4 and S5 amperes; experience shows
that the characteristics vary with sufficient regularity to
enable smobth curves to be drawn through the results for these
points from which the values at intermediate currents can be

interpolated.
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CHAPTER II.
VOLTAGE TRANSFORMERS.

1. Preliminarye.

e e S s s S s e e

Methods for testing voltage transformers are much less
numerous and of considerably greater simplicity than those
introduced for testing current transfbrmers- Consequently
the task of selecting the methods best adapted to the uses
of laboratory practice and of testing on site is an easy one,
and will be undertaken in the following sections.

2« Methods_for_ laboratory tests.

For absolute measurements of the highest precision the
dynamometer method of Agnew and Fitch, Fig.50, or the electro-
meter method, Fig.53 are avail}able. These, however, necessitate
the use of very special apparatus, reflecting dynamometers 1n~
the one case and precleion electrometers in the other. Absolute
hull methods, using such a detector as a vibration galvanometer,
do not require any very specialised material and enable measure-
ments to be made with almost equal precison. The best of these
null methods are (i) that with mutual inductance compensation
for the phase-angle, Fig.556e, and (i1) the method of Agnew and
Silsbee, Fig.55k, in which the compensation is effected with
the aid of a condenser and self inductance. A further useful
null method is that of Barbagelata, Fig.551.

Some such absolute method must be employed when it is
desired/
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desired to determine, ab initio, the characterlstics of a
transformer intended to be utilised as a standard. Once a
calibrated standard transformer is availéble, a relative
method may be used with even greater advantage than is the
case in current transformer testing. Filrstly, in relative
methods measurements are made exclusively upon the low voltage
or secondary sides of the transformers, no connection to the
high voltage primary slde being required. Consequently much
greater safety for the operator is secured. Moreover, since
all high resistance potential dividers are eliminated and
connections are made directly to the secondary circults the
sensitivity with given instruments 1s very much higher than
if these 1nsfruments were used in an absolute test; so great
is the increase that it becomes possible to attain quite
sufficient precision by substituting good pointer instruments
for the reflecting type of instruments essential in absolute
methodse

Of laboratory relative methods the two dynamometer method

of Fig.57 and the single dynamometer method of Fig.58 are
available; both are deflectional. Barbagelata's method of

Fig.80 is a satisfactory null process.

5. Methods for tests on site.

e s s e i

For testing transformers on site portability of the
apparatus and adequate sensitivity with pointer instruments

are essential featurss. The last named condition renders

relative/



188.
relative methods of special value, still more so since in such
methods greater safety is obtained than is possiblé in absolute
methods because of the fact that no part of the measuring
apparatus is conmnected to the high voltage side. Consequently
relative methods are generally preferred. Of these the Brooks
single dynamometer method of Fige.58 serves for most tests and
is quick to use. Agnew's watt;&:uplngjﬁdnghod of FlgeB9 is
Sy om0 o TR R |

4. Practical precautions.

o s soats v et s

Just as in current transformer testing,it is necessary
to assemble the test circuit so that residual errors and the
effects of inductive interferemnce are reduced to the least
possible amount. Further, since the primary side of a voltage
transformer is supplied at a high voltage the circuit must be
~arranged to give the greatest safety for the observer. 1In
absolute methods it is essential that the common point of
the primary and secondary windding be earthed; the balancing
adjustments must be put into the test circuit in such a position
as to be as near earth potential as possible. All high voltage
portions of the circuit must be put well out of reach. Relative
methods have the advantage that the primary side of the trans-
formers contains no part of the measuring gear; nevertheless
one point in the test c¢circuit connected to the secondaries
must be earthed in order to guard against the potential of the
entire secondary circuit being raised above earth potential by
8lectrostatic induction from the primary.

In/
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In carrjing out tests 1t is essential to state the

voltage, frequency, and the amount and nature of the

gecondary burden for which the ratio and phase angle

“figures are found.
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UMMARY .

The obJject of the paper is to expluin the elementary rrin- i
¢ciples of certain powerful methods of analysis sapplicable to :
the theory of symmetrical and unsymmetrical polyphuse systems,
these nmetbods being,as yet,but 1little used by British engineors.;

Following a brief introduction, Sections 2 and 3 contsain
the elementury principles of the vector theory of alternating
currents. These principles ure applied in Section 4 to the tre- -
atment of symmetricul polyphuse systems,ths series of complex
operators,equivalent to the roots of unity,which form the basis
of the method being defined und tabuluted. The applicution of |
these operators to the reprassentation of hurmoniocs in polyrhase
circuits is mude in S@ction 5,while the influence of star and
mesh interlinkage on the current® and voltage harmonics is inves
-tigated in Section 8.

b An explanation of Fortascua'é method of resolving unsymm-
etricul pdlyphese systems into « numbaer of superposed symmetri-
cal systems is given in Section 7,with an apovlication to the
detailed treatment of the thmee-phase circuit im Sectiom 8. The
raéolution of hemisymmetrical systems,notably in the balanced :
&nd unbulunoced quarter-phase circuit,into the sum ol symmetri-
cul systems 1s made in Section 9. ;

The paper concludes with s short trcatment in Sectiomn 10 oi
the way in which power is transmitted in unsymmetrical polyphasf

circuits,followed by & bradf statement im Section 11 of a num-

ber of technmical ﬁroblans which are most advantageously attack-
ed by the methods explained in previous sections.



Note Concerning Notation.

In reading the matheﬁatioal work symbols underlined in
red,thus, e,i,r, are to be taken as representing Clarendon
type.

Symbols simply knderlined in black,thus,E,I,r,are to be
taken as representing® Italic type.

Greek letters are inserted by hand,th_u&, )\,é; as also
are the symbols in indices,such as 7§w41 e?“i. In the latter

the numbers are supposed to be in ordinary type and the letters

in Italie.



THE APPLICATION OF THE ROOTS OF UNITY IN THE THECRY- OF
BALANCED AND UNBALANCED POLYPHASE CIRCUI?TS.
by B.Hague, M.Se¢., D.I.C., A.M.I.E.E.
Lecturer in Blectricul Engineering in the Univoraity of
Glasggw.

BZAEVIFALREBERLBIM AL DERIVLOE

1. INTRODUCTION

The recent aprearunce of un interestinz article by Pro-

fassor H.J.S. Heatho;% in which the theory of 4.2. armature

*H.J.S.Heuther, YA sontribytion to the theoty of direct current
srmuture winding®, World Power,vol.1,pp.158-163,March,1924.

windings is saporouched from am original point of view,draws
tttention to & nrinciple of consideradble utility in polyphase
theory which does not se:m to have received from students aad
- engineers thoe attention that bt deservas. Briefly,the nrin-
cizle involvad is the representation of a number of points
“graced uniformly round the circumference of n circle by Rhe
use Of an srtifica,wsll known to =mathematizians,hused on the
gaoamatric progorties of certain sa2quanees of gcomnlex numbers,
Tha zrincipla wus early adagcted to th2 »arreaantation of poiy-
pgasé systems of vectors by the late C.P.Steinnetjiand has

S&C{§:§teinmatz, Theory and crlculation of altarnating ggrreﬁg
‘phepomeps, 3rd. editiom,pp.434-436 and p.495,1900 :

»hreceivcd gowe remerkable generclisetionms,chiefly in the work
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of Charles L.Fortescuékund other Americen .ritsrs. This work

~%C.L.Fortescue, "Method of symmetrical coordinatas applisd to
the solution of polyphase networks",Proc.Amer.I.EK.H.,vol.37,
52.620-716,1918. ’ ’

08es not se=m to be fully appraecliated in this country,in spite
ot the simplicity which it introduces into the thesory of un-
bulanced polyphase systems.

It is the obJject of the author in this puper briotiy to
reviaw the use of the roots of unity in the treatment od poly-
phase systems,to expluin the application of Fortescue's meth-
od of silnetrioal gcoordinates to unsymmetricul systems,and to
discuss cartain importamt techmical uses of the method. It is
hopad that by these means engineers may be imnteorested in the
utility of these methods of approachimg polyphase theory. To
fix idezs the subject 13 developed with reference to alternaté
ing currents amd voltages,using the vector motatiom,but the
discussion applies with equal force to any other physiocal
qusntity,whether electrical or otherwise,that can be treated

by =« harmonikc vector algsebra.

| 2. VECTOR NQTATION.

A vsoctor guantitf,having magnitude,direction and semse
can be graphically representad by a vootor 2 of length p ino~
lined ut an angle 6 to the axis of X. rnn Clarendon letterg
throughout douotostho entire vector and synbolisosits magnit—
ude, diroction and scnso, the Itallg lettar symbolises the

scalar lagnitndo only of the vaector. It tha compom:=nts of r be

I
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be . wnu b rurallel to the axes of X and Y respectively thenm, -
Tes+b
is the vector e, uation for » in terms of its rectangular com-
ronants,as illustrated in Fig.1. If now X is u vector of unit
length meusured alomg OX und the symbol J is used to demote ¥X
the operation of rotatimg a vector through a counterclockwise
sngle of X/2 radian without chamging its magnitude,then jx
w1lll denota a vector of unit length measurad along 0Y. Than if
& be the number of times the unit vector x is contalmed in the
vector a,and D is the number of times Jx is contained in D,
then 2 = gx and D= Jjhx,s0 that
I-L{-&&)!.............(1.
Now from the defsmition of j,and as shown by Fig.i,two
operatioms with J will‘rotate a vector through 7t radians,j.e.,
Jdix=-x;further Jijx = -Jg,end 80 on. Hence demoting successive

operatioms with ] by powers of J§,

Az = Jx,
.1",‘. = -X,
Px - -ax,

and 80 om. Nhus the relation between powers of J and ] is the
sume as that conmnecting the corresponding powsrs or‘J:I with
-1.‘Hoto that thié?%ot equivalent to -uybng that J and,irf
are identical; the formmr denotes san operatioh,whilo the lat-
ter is an imaginary numerie. The correspondemnce,however,makes
it possible to treat the effact of § in arithmetical expressie

ions as eqﬁivalont to multiplication by 4-1;
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Ths complex operition denoted by (a+jb) appliéd to & unit
vector x multiplies its magnitude by r = (g?fﬁjtand rot:.ges
it through a counterclockwise angle 0 = tai‘,g[g. Mow 4 = rcosb
and b = r.sin® ,s0 that (a+Jjb) = r(cos® +1.sinb). Remembering
the arithmetic property of the operator J and applybng De
Moivre's theorem :zives

P = (a+jb)x -'g.égi, e e e e e . . (2.

as egquivalent symbols for the complex operation on the unit
vector. Tpa tensor element r alters the lencth and the rotor

30
element € the orientation of the given vector operand?k

f ..: . > XE B 5-0-R-% 4" s =z . »
aao—3*HvHaady,4—g%ggggfgg:2gggf!Eggg!ggggg—En&fed&Giea—ehertnr
JXyXytO44r+ To verify the trunsformation Jjust made,readers not
fumiliar with De Moivre's theoram may procesd thus. It is
proved in mathemagicnul bogks sthat

axpy = €¥ '1""/‘*% 1’-%’_—,+..... ....... .
Insert ¢=jb 1 a4 3 g8

Je- ( —9‘1+;€7" .-o-) +i(a _gl"'%} o---)
® ~oset1 sinb,

from the well-known 9xpensions of ¢osd and sinb for real
angles.

These operations are not restricted to s« unit operand.
Supsose u vector p of length p und givep cosition is multipli-

ed in length p'/p times and advunced through anm unglef»us ‘

3

shown in Fig.2,thersby becoming the veotor pr'. Then the rela-

tion betwecn the two vectors is
) AR
33, oe— ” . . . . . . . . . . . . . (30
r
u theorem of considerable utility in later work.
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3. ALTERNATING CUR:ENTS IN VACTOR NOTATION.

Theses gensral vector principles can now be applied to
the representation of sinusoidally varying currents. If i,
be the maximum value of an harmonicully varying current of
which the instantuneous value is j = i, cos@t, Wbeing the

3
pulsatance,the current can be rerresented in the following

4 The pulsatance of an ulternatimg quantity is 27X times its
freyuenoy.

way. Let u vector 1 of length i, ,starting initially ealong

0X in Fig.3,rotate with angular velocity @ about O; thenmn the
component of 1 along OX at auny instant has a nagnitude
;lcoshug;equal to the instauntaneous value of the current. Such
& vector is celled an 'harmonic vector' and in terms of the
unityvector X is given by the eguutiom it
i ;((oosw_g + J.sin@tX= {.€x

by simple changes in Eyuation 2. MMM
a@rﬁaalo e NMpreoer-Tolion ogoJEGuvvwdww%
3. SYMMETRICAL POLYPHASE SYSTEMS OF CURRENTS IN VECTOR

NOTATION. e o
A system of N currents of simusoidal wave-form andhfre-
quency,having equal maximum values and displaced 1# time phase
successively from one another by I[ﬁ of & period comstitutes u
syﬁnotrical polyphase system of currents. Such a system of
&Qbécnta oan be represented by a system of N harmonio veotors,
ﬁiving-oqnal lengths und the same angular velocity,radiating
from & point and equally spuced over an amgle of 2T radians W{

with a displacement of 27/N rudizns between successive vectors.
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A similuf definition &pslies to any other juantities,such as
voltuges,which may be represented by harmonic vectors under
similar conditions. The N currents flow in,or the N voltages £
wr¢ measured across,the N sections of whdch the polyphese cir-
vcuit is composed. These sections,called for convenience the
phuses,sre numbered from 1 to N to correspond to the symmetr-
iéal system of currents or voltages uader consideratipn.

It follows from Eyuation 3 that the operator 1.éﬂ>w111
rotate a vector through an angle?sin the counterclockwise or

positivé direction without alteration of its ua;ai}ude. Thus
3

take 4> = }_% ywhere X = 1,2,3, . . . N; then 1.€ ﬂrotatos a
‘given vector through & positive angle of 52{]‘ . Yriting the
values of the } op‘rator*both in expomeatial and im compoment
form,and tuking igr grunted the unityutensor factor,

J,n- cos .zl-t+;|, sin 7’1‘ -\

<

4T

eﬁn- cos*-'-—«rj.si R =N
iR 6T 3
€ "= o084 Josing = N

) .. s & o . o ¢ o . e & o o e o
jim N
€.,% cos8C «+ J.8in®® -\ = 1,

are operators rotatiag u vector through counterclockwise

angles of 2%/N, 47/N, 6R/N, . « . .27 respectively,eguwele.L v
e.bé«.x,-{vo MWM‘H)’\ MWMM’V\?I’C 21C/N.

the numerical identity of these operators lust now be
$058blished. Remembering the numerical property l“é}it is

—uum«muuu/nmumzwm/mmuumu /et/441L
q?vious ;hat Jkarn '

1 =€ e cos 2k + J.sin 2KkT.

The Nth.root of unity 1i thus

+ J
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und there will clearly be N different Nth. roots. It foilows,
therefore,that by interpreting operation yith J as numerically
egyuivwlent to multiplication withX:T,tha‘g operators above
defined are numerically equivalent to appropriaﬁe multiplica-
tions by the Nth. roots of unity. The vaiuos of the operators
ara'given in Table I for values of N usual in polyphase theory.
| Zsble I.
Operators,i, \, ):, “ e )N:‘
1,-1.
1, ‘é*lgs ‘*“A%:
1, 4,-1 3’1’
1, ‘l"‘ﬁ%v ‘i*’i%v -1, ‘Q‘J%Q ,‘}'.15:3-_°

& & 1 0 k2

Now laet 4 be an harmonic vector,repsesenting the cnrrgnt
in the first phase of a polyphase circuit; than the seguence
11\, Niy My o - X1,
is a symmetrical polyphase system of N equal vectors numbered
round the vector diagram in a sounterclockwise direction; 1i.e.
in pegutive phase geguence. The N currents attain their maxime
in descending numericul order of the phases,as is shown b% the
typicul instances giver in Fig.4. ‘4an
- Reverting again to Equation 3 the operator € will rotate
» vaeotor operand through an angle gzﬁ in a oclockwise or negat-
ive direction withoutx alteration of its magnitude. Now by £i¥
simple trigouogaf’ ’
e "- gos 37'—,2- J.sin L"—E

= 208 (_}j-_k_)z—g + 4. sin(_!!-;)q%
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™
-x

Hence the seqguqnce
N-2

1,>N3 T

lis & symmetricul polyphase system of N equal vectors numbered
round the vector diagram in a clockwise direction; i.e.in
positbve Sequence.Cases of practihcal interest are shown in
Fig.5; thses diugrams should be compafed with the correspond-
ing examples of negutive sequense given in Pig.4. The positive
sequence of vectors is the one usually employed in polyphase
theory; successive FNid ourremts attain their maxima in asce-
nding numericul order of the phases.

. The foliowixg property of a symmetrical polyphase syqtom,
whethsr of positive or negative sequonci,is'of'very great im-
portance. Remembering thet )?L 1, the sum of the N vectors of
the gystem is |

(1+)\+ ) P J'H):I_. -f‘(>\+)\t+)\3. . . .£+)\N)§_

D TS ¢S\ F .x‘)i.
For this identity to be true either A= 1,which is naver the
caao or olso the bracketted term is zero; thus

BT TS WP .+)'\H)1-o. N
Th‘yéﬁn of the currents in a symmetrical polyphase system is
therofora zero the N vectorsdrawn end to end formin closed

5\%«4-«“62
polygon as is obvious from the nature of the vector diugrams$

fhe same property is also true of & symmetrical system of volt

~ages.
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I#is becuuse of the fact thut the totsal voltage induced
inp the windings ef un N phase alternator is zero that it is
possible to interlink the phuses in myesh comnectiom without
the appeurance of any circulating current of furndamental freg-
uency,as will be further pointed out in Section 6. Moreover,if
the coils of & closed (.q. armuture winding be treated as the
phases of & polyphuse system in which N is the'numbeﬁ of coils
it is onf sccount of the property of a symmetricsal system ﬁﬂ@ﬂ
W expressed by Eyuution 4 that it is possible to use such a
closed winding in a machine witﬁ & sinusoidally distributed
flu; without an internal circuluting curremt being produced.
This theorem i1s the logical basis of the theory of armature
windings set forth by}Pfotossor‘HOathQr in his paper.

5._THE VECTOR REPRESENTATION OF W I
. POLYPHASE QIRCUTTS.
The results deduced in the last section apply primarily
to sinusoidally varyinglqnuntitios but are 1nnad1ate1y capuble
hu$~ ctcuA,w~P~a4&AL
of extensiom to cover the case of comprlex wave- forngk Let ull
of the N ourreants (or voltages) huve the same wave-form,ampli-
tudes,and fre uency,the waves being displacsd in time-phuse
successively from ome another by 1/N of a perio@. Them if the
‘Waves are analysed into their Fourier componments,it is clear
that the N fundamentsls of the waves torm:ui symmetrical N-
phase system of sinuspidel quentities and“iuy be at once rer-
'rosonted by the procedihg vector analysia It remains now to

.-show how the methods may be udupted to idgg with the whole

N
% {
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runge of harmonics into which the waves have bean assumed to
have been decomposed.

If 2X/N be the phuse dispiaeenent betwe=n the succassive
rundamentals,fho displacement betwaon successive nth. harmon-
icg in the phuses will be n.27%C/N,p bein: ths order of the har-
monic. In vector notation uny given harmomic can be represen-
tad by & harmonic vector iﬂ of length il,rotating with angulur
valocity naDus shown in Fig.8. 4
e From the pracading section it is clear that the onerutor
évﬁawill rotate @ vector 1 through a counterclockwise ungle
of gg 2ﬂ¥N 80 that the resulting vector can be taken to synbol-
ise the pth. harmonic in the‘;th. phase. Now

’k"%;'(e’kﬁ'ﬁ" - X -)\“".’
~ Hence tne soqnonco of vootora | |
n BN
10y Mo kin.-.---kg,..
represents tho‘gth. harnonic in tho N-phase systen,the vactors
being numbered in & conntorolookwise dirootion ronnd the vec-
tor diagran,;ﬂg.ii negu£iGe éoquinoo.‘As 1i 15 usual in poly-
phase theory,ss mentéoned in Sectionm 4;to treat the fundumen-
tal (g = 1) in bosiﬁivé sequence,it rollqws by a‘prooess simi-
lirAgp ;hgt.ggqptod;;h6r¢inbthstithg pasitive seywence for the

gbh, harlonic is .
o) o@z) ;&w&

. Ly ]
1, X 14 ST T |
. Adding touthw tho veoctors 1in the ‘diagrn ford the gth.

nN

harmenio gives,since A= 1,



ta
i i e

Mo = 5NN o X,

-}\(1+>\“+)\m+ . e .A(N.%}'n.

For this identity to be truc,either

N-)
(1+A 2. .X% M. = 0,

an N' nN~l)
(X s N .

or
Xi, = 11,.
Examining the t;zg& possibility,
X-JL-cuy§+JJMlﬂ,

which to equal unity necessitates n = kN. Thus the huarmonics

full into two grours,as follows;

«) If np = kKN, 1.9. if the order of the harmonic is & multiple
of the number of phases,the N vectors are coin-
cident &nd their sum is Ni,.

b) Iz g £ 5§;'lﬂg. i1 the order of the harmonic is not a mul-
tiple of the number of phases,the N vectors vhen
added totcthsr huve sero resultant and form &
closed polygon. Harmonics of these orders are
represented by symmatrical N-phase systems of
vectors im positive or negative phase sequencs,
aceording to the value or‘g,roﬁutingg with the

~ appropriate angular velocity pnw.
jkhc Az gliwctions %quﬁb Wﬁbwa%

Hapgonios in the Ihree-phase System.

It is of particular practical interest to examine by this
p ‘I§ p ‘ y
method the behaviour of the\harmonics in a three-phase circuit,
assuming for the present that the phases of the circuit are

indepsndent and not interconnected in any way. It is very usual
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in practice for the hurmonics,whether of current or voltzge,
to be of o0dd orders; cuses ure known,however,in which aven
terms exist so thet the following deducthbes are mude to
include both odd und =venr hurmonics.
Remembering that the operutor'x Potates & vactor through
J—
a positive angle of 2%/N radians letk-e be now taken snecisl-
ly to denote the opaerator producing rotation of 2T/3. Them
for the pth. hurmonic the positive sequence of the vectors is
an n
11,3 M ny Mg,
i, being the vactor of the pth. harmonic in the first or datum
e 7 harmonics

phcse of the oirouit All possible RQADEND are comprissd in
the sequence of mumbers derived from the expressions 3k+1,
3k-1,and 3k,k beins uny integer from O upwards.

‘a) g = 3k+4. This gives g = 1,4,7,10,13,16,. . . and the

ok+2 k!l
A

Veotors ure 11“ ) in. Now from the value ot‘x

fk-e - cosﬁxn.tg.sinigu{- 1
sk gkarn :
A -e. = COS2EKM +j.8in2k™ & 1.

Hence harmonics of the orders @ = 3341 are represents& dby the
2 three-phase
vectors 1i., Ai., M, ,an& forn symmetricul PEPPORA8S  systenms
in positdve seyuence with puilatance (3k+1)@
’ bhg-&;-i. rhis gives p = 2,5,8,11,14, W and the vectors are
k-z
11“, 1",X 10 Insorting fhe values of ) and~x ,and remembars

ing that )\ ) ana )« )in the case of the three-phase systen,
 ahows that harmonics of the orders n = 3571 are represented by
the vectors 14, )\19 ’ )(5 , and form symmetrical thrie-phhse

‘sjstela in negative seyuence with pulsatance (Q;—i)h).
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c) A = 3k. This gives g = 3,8,9,12, .... and the vactors
are 15,»)tk13,)?i;,,.ﬁonce haraonics of the orders n = 3k are
pepresentad by the coincident vectors 1\’39’£n’ and form a
gero segquence Or single-phase system superrosed in the cir—_
cuit.

Those woll'knq';%tocts are summarised in Fig.7,showing

X¥e for example,B.Hague, "Pressure harmonics in polyphase
systems and windings",Electrjician,vol.78,pp.710-712,740-743,
765~7€9,1917,wvhere these and reluated matters,to be dealt with
in the next section,are fully discussed by the usuual analyti-
cal methods. '

that harmonics of the orders g,- 3k+1 behave iﬁ the circuit
.in & way precisely siiilur to the ruhdunental,but at 3k+1
times fundumental pulssisance; harmonics of the orders g = 3k-1
behuvo in opposite soduonoo to the fundulontal,but at 3ke1
_§1pis fundameﬁtdl puléaf;néo; and harmonics of the orders

;& fnéglact like'a single-phase system of 3k timos fundamentsal

'pulsatancc superposed on the polyphese circuit. hee dedictions

" 6. THB YECTOR TRRATMENT OF HABMONIOS IN INTERLINKKD
POLYPHARE CIROVITS.
In Seotiomn 8 it has Desn sup’poa_e*hat the several phuses
circuit :

of wvhich the polypgsso 098008 is composed are independent. It
is vcfl—knovn,hovovar,thﬁt many importunt technical advantages
are gained By interiinking the phases im star or in‘neahgit is
of particular intersst,therefore,to examine the ¢It¢§t of such
imterlinPage on the voltuges and ourremts in the polyphase
‘girouit. |

[ P



14.

1. Stapr Connegtion.Voltages.

In the stur connection of a polyphase ciecuit,e.g.,the
windings of an alternsator,the startin- ends of the rhases ure
~Joined together,formin; a gtur point. Each finishing end is
Joined todd a line,so that in an N-phase circuit there will b2
N.lines conveying the energy in the circuit. An additional
wire,oalled = gtpr leazd ( sometimes referred to as a neutral
-lead ) may be joined to the star point, brincins the totsl
-possible number of leuds to N + 1.

Let the voltage harmonic of the order n in the successive
phases of an N-phase circuit be represented by the seyuance ot
XN harmonic vectérs ' -

1_._,,)7“;_3, "LNZ,?, R ;_:), ce e Ve,
‘o being the vootér~rebroloitiag this harmonic im the first or
“4atum phassa. These voltages are noacubed botveén the star
.poimt und the limes leading from ths phases.
~+4%:. . The voltage in the gth. ohases is X,L“-m::),and that in the
A+l th. phase )?LN-;;. The veotor difference between these two
‘woltages will be the voltage across the limes Jjoined to the f¥
free extremijie@ of phases § and ¥+i,that is

.N—.m-;) n(N-wm) n(N-m=1)
% ) - (1-) e, .

- o
The first operator in this expresston is the same as thut
oocurring in the tera ia the previous sequenee for the voltage
ia the gth. phuso.vﬁeico the N lime voltages form an N-phase
system of the same kind as the phase voltages. The factor in

brackets,beimg indepenmdeat of 3,doterminol the magnitude and
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phuse ol the lins voltages relative to the system of rhase

volteagee. Now,

1- X = 1-¢ = 1—(cosn 31.siq3|q)

pa,8 n
= 1- -cosnT +l.-sinn g

231n (singh‘ti.cosdu )

2sinn'“[ os(-—_gN) + 4. snx(--_gn)]
(“"’?*) A 1

The line voltages in an N-phase circuit are therefore reyresen-

2sin__1;N

ted by the soquence of harmonic vectors

i@-n o(N=1) \W(N-2) n(N- n-t). n
2sin_g—.e %(10,, .,X e_,,,)\ iy o o o A ey, . Ae.)

Hence the line voltages are 2siq§%‘tines 8 lurge as the
phause voltages,have the same sequence,and are advanced relative
to the phase voltages by a time displacement of%:qﬂ& Harmon-
~4cs of the orders gﬁ[ﬂ-torl sympetrical systems in positive or
negative sequence,according to the value of 3; while hurmonjcs
of the orders n=kN vanish Lrom the line voltages,s:iz:?sigg§‘-
sinkw = O.

Yoltages in the three-phage gystem. ___ Equation 5 will now
be appiicd to the thres groups of hurmoniocs distinguished in
Seotion 5 in the three-phaseé system.

a) p = 3k+1. Phase voltages of these orders form symmetricual

tﬁioo-phaso systems in positive seyuence. Substituting n = 3k+1

iaies .
, - J[" -(3kﬂ)§] _\!& 4k
1-k - 2sin(8k¢1)3 € = Zsins.ooskt € .c
[1sd
- 23111‘-‘.008 K. € e . 2sinT. e'&
-33. "3"'
—jkn

since ¢ = coskrm,and cos kw = 1. Hencefthe line voltages of
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systems
orders‘g = 3k+1 form symmetrical three-phuse 969Q988 of vectops
in positive saquancc,f- times the size of the phase voltage
vectors and sdvanced uhead of the latter by an angle T¢/6,see
_ Fig. 8u.
b) R = 3k-1. Phuse voltages of these orders form symmetrical
throo—phgao systems in negative sequence. Substituting for
= 3k-1 makes

3"k 53] T -ikn

1-) = 28in(3k- 1)3 € --2sin—.cos;x,e; '3

= ’2311)“.008 5‘[ c O-E 281"0& ‘

-3_

=13.¢ 5

Hence the liney¥ voltages of orders g = 3k-1 forn symmetrical
three-rhuse systems of vectors in negative scquence,xs times
théisizo of the phase volfage vectors and retarded behind the
latter by an angle ™/6,see Fig.8D. el =2
¢) @ = 3k. Since in gemeral sing} = O when g = 3kéthese har-
monics in the phases %anish from the line voltages when the

phases are star connected,see Fig.8c.

2. Star Compegtion. Surremts.

It is obvieus from the circuit diagram of a star connact-
ed system that the current in a line is the sameAas the curr-
ent in the phase to which the line is connected. In an N wire
circﬁit the line uhdhouéronts contain only those harmonmics for g
which n £ XN. Simge voltage harmonics of the orders n = kN do ?
not exist across the lines,currents of these orders cannot -

appear in the limes or the phéses. In an N+1 wire eirouit,$ﬂ3.’{

whepe the star lead is slso present,simce the n 4 KN harmomics ;
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form symmetrical¥ polyphuse systems in which tha inst:ntuneous |
sum of the ocurrsnts is zesro, it follows that the N linas ars,

&8 befora,nacassary and sufficient to carry theee harmonics.
The n # kN hurmonics therefore floy entirely in tha lires and
do not appeur in the star leud. Current harmonics of thas orders
B = kN are of zero seyuance, thatﬁis they are equal in mag-
nitude and :;: in the same time-phase in all the phases of the
circuit. They are therefore directed outwards at u given in-
stant in all the phuses and complete thsir circuit inwards
through the star lead. Hence the lines in an®® N+1 wire cir-
cuit carry current harmonics of all orders,but the star lead
carries @Rl the hadmonics of orders n = XN. The magnitude of
the kNth. hurmonic in the star lead i3 clearly N times 1its

vualue in the lines.

Currantg in the three-phuse gystem._ _ __ The preceding deduc-
tions will now be illustrated by mezns of the three-phase cuse.
Referrinz to Fig.9a the phasef and line currents in the three-
wire system are shown; nots the entire absence of all harmonics
of orders § = 3k.

Since the harmonics of orders n = 3k+1 and n = Sk-1 form
symmetricul three-phase systems,their instantaneous sum is
ioro; three leads therefore suftice to convey them from the
phases,one lead acting momentarily as the return for the other
two. The wddition of a fourth wire,as in Fig.9b, 4ces not affest

these hurmonics but merely provides a path by which currents of

orders n = 3k #i4/Wy urged by the phase voltages of these or-
cooe @ :
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ders into the lines, can return to the generator.

These rasults are conveniently sumuarisad as followsi-

System. 2huse Line Star
Current. Current. Lend.
Sonens

Three wire. 3k+i,3k-1. 3k+1,3k-1. ~———

Four wire.  3k+1,3k-1,3k. 3k+1,3k-1,3k. 3k only.

3. !ggg Connection. Currents.

In the mesh connection of a polyphase circuit,such us the
windings of a polyphase alternator,the finishing end of the
first phuse is Joined to the starting end of the second,end
so-on cyclically until the N phasaes form & closed mesh. A line
is tezken from each point of Junction,making N lines in all.

Let the current harmonic of order § in the suc:cessive
rhases of an N-phase circuit be represented by the sequence of
N harmonic vectors '

aN-1)  \n(N-2) w(N-m=1) 0 |
1105\ T T e
En bein,y the vector representing this harmonic in the first or

datum phases These currents would be measured by amnieters in-

sertdd in the phuses.

n(N-m-1)
The current in $the mth. phume 134% Eg,and that in the
n(N-m)
A+1th. phase i,. The vector difierence bajween these two @

currents is the current flowing ig the line Jjoined to the Junc=-
tiom of the phuses m and p+i,that is,

X’(N.M-Oj, ) )\n(w;) . )\nLN-m-\z % )_\., )& '

Making the transformation given by Equation 85 it is clear that

the line currents in an N-phase circuit are represented by the
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se.;uance of harmonic vectors
3 (‘L-'ﬂ.‘.z n{N-1) n(N-2)
2simp’ e ” (11, 4.,

bl e

n(N-m-t) .
D N T .):\1&)..

Hence the line currents are 2siq‘§ltimes as large as the
phuse currents,have the same sequence,and are advanced relative
-to the phase currents by a time displacement %-—9_’—&,. Harmonics
of the orders @ n £ kN form symmetrical polyphase systems in
positive or negative sequence,according to the value of n;
while harmoniocs of the orders § = kN vanish entirely from the
lins currents,since siqg%,- ginkT = 0. It follows,therefore
that currents of the orders n = kN circulate in the closed
mesh.

Currents in the threg-phuse system. ___ The behaviour of the
three rossible groups of ocurrent harmonics in & three-phase
mesh connected circuit will now be examined.

8) n = 3k+1. Phase currents of these orders form symmetrical
thres-phase systems in positive sequence. From the geoneral ex-
pression Jjust deduced it follows that the line currsnts of
orders n = 3k+1 also form symmetrical three-phase systems of
vectors in positive sequonce,SE time#&he size of the phase cur-
rent vectors and advanced ahead of the latter by an angle™/s,
see Fig.10a,

b) p = 3k-1. Phase currents of thesa orders form symmetrical
three-phase systems in negative seyuence. From the general ex-
pression,therefore,the line currents of orders p = 3k-1 also
form symmetrical three-phase systwms of vecstors in negative 099

soqnenoe,sg times the size of the phase curreant vactors and ﬁip

064689
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retarded behind the latter by un angle ™/6,see Fig.1Gb.

MN=’>
¢) n = 3k. Since in general sinnT = O when n = 3k these curr-

N
ent harnogios do not appesar in the lines,as shown in Fig.10ec.
4s theso ha}monies are of zero sg2quence they are equal in mag-
nitude and are in the same time-phuse in each phuse of the cir-
cuit; they are therefore added in simple series and circulate

round the mesh,as in Fig.10.

4. Megh Connegtion. Voltages.

Consider & mesh connected alternatoe. It has¥ Just besen
shown that the path of ocurrent harmonics of orders n = kN is
entirely within the closed mesh,round which these currents must
be caused to circulute by the voltage harmonics of correspond-
ing ordsrs which are induced in the phuses. Since voltages of
orders § = kN are of zero sequence they act in series round the
mosh,and produce the circulating current. The magnitude of this
current is such that the drop of voltage produced by it in
flowing through the impedance of any phease is axactly eyuuzl to
the electromotive force induced in the phase. Thus voltage har-
monics of orders n = kKN induced in the phases are entirely
short-circuited in the mesh and produce no potential difference
across the lines. In this respect they act Just like & number @
ot equal cells comnected to form & closed ring. A circulating

current (of such an amount\will flow round the ring)that the £#99

resistsnce drop through each cell exactly uses ur the internal

electromotive force of th2 cell.The total electromotive force

round the ring is the sum of the individual e.m.f.s of the
cells,but thare will be no potential difference across
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the terminuls of any cell.

Voltage harmonics ot 6rders.g # kN torm rositive or nega-
tive seyuence symmetrical N-phase systems. The voltages of
these orders induced in any given rhase ;gfthererore,at any
instunt eyuul and opnosite to the sum of the voltagses induced
in the remaining phhsos,inkonsequonoe of the property of a
symmetrical system given in Equation 4. Henee these harmonic
voltages can produce no circglating current in the mesh,and ¢
give rise to a potentiul difference across the lines.

Thus,the line voltages in an N-phase mesh connected cir-
cuit contain only harmomnics for which g A kN,equal in magnitude,
time-phuse,and in the same seyuence as the ocorresponding har-
monics induced in the phases. Harmonics of orders n= kN are 493

absent from the line voltages,and are short-circuited im the

mesh.

Yoltaces iBp the three-phase gystem. These remarks will
now be illustrated by aprlication to the mesh connected,three-

phuse circuit shown in PFig.11ws.

Comnsidering first the voltage harmonics of orders n = 3k+1
und g = 3k-1 induced in the phases,it is obvious that thesse
aprar at their full value aoross the limes. For instancepif
at 2 given instunt the voltage through phase I is directsd from
A to B,the sum of the the voltages in phases II and IITI will
also be ncting from A to B throurh these phases. This follews
from the fact that these voltages form symmetrical three-phase

systems,in which the sum of the three voltages is szero. Hence
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across the lines joined to A and B harmonics of the orders

R = 3k+1 and n = 3k-1 uppear as in phase I,and similarly for
Pacvs of,

the othar two#flines.

Now it has besn shown in the nregeding section that curr-
ents of orders 3 = 3k are necessarily contined to circulata in
the mesh and cannot exist in the lines. The voltages of these
orders are in zero seyuence,eqguual in all the phases and direc-
ted at s given instant,for exumple,from A to B on phase I, B to
C in phase II, and C to A in phase III. The current is of such
strength-equal to the phase voltage divided by'the vhuse impe-~
danee- that the induced voltage in asach phase is used up in
driving fhe current through the nhase. Hancas these harmonics
produce no potential difference across the lines.

This property of the n = 3k th. harmonics,often not prop-
erly understood by studants,can be exactly imitated by the
simple mesh connection of three cella,euch of voltage E and
resistance R,88 shown in Fig.11b. These cells consrire to send
2 ocurrent eyual to J/R circulating round the mesh,the totsl
elactromotive force roumd which is 3E. It isf physically obvi-
ous,fron e simple conaideration of the diagram,thuat there can ¥

be no potential difference ucross lines Jolned to the points

’. .A’B'and co
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7. UN§;MHETB;CA§ POLYPHASE SYSTEMS AND THEIR SYMMETRICAL

In Section 4 attention hus® been eomfined to symmetrical
polyphuse sysiams of currents and voltuges of fundamental
frequency aznd sinusoldal wave-form,rerresented by u number of
eyual radial veoctors e.ually spaced round & circle,the vectors
rotating with uniform angular velcsity egual to the pulsetance.
In many practicul instunces the currents - and sometimes ulso
the voltages - in the phuses of u polyphase circuit form an
unbalanced or unsymmetrical system und are rerresented by =«
vector diagrem in which the magnitudes und relative angular
rositions of the vectors have any desired values,determined by
the munnsr in which the varjous phases are loaded. Since the
commonly used term 'unbalanced' applied to such a system of
currents is capable of & number of inconsistent meunings it is
best to refer to the system as 'unsymmetrical',s term thut ren-
ders aprosite the method of trautment now to be d:scribed.

In Sections 5 and 6 the theorems of Ssction 4 have been
extended to enable similar complex wave-forms of the current
(or voltage) in the successive phases of an N-phase circuit io
be dealt with by resolving the waves into their component
Fourier harmonics. It was there shown that harmoniocs for which
B # KN sre represonted by symmetrical systems of harmonic veo-
tors in positive or negative sequence,according to the vulue of
Byrotating with g times the angular velocity of the vectors rep
resenting the fundamental. It follows,therefore,that any method

now to be developed for unsymmetrical fundamentals applies uf
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once to harmonics of these orders by mere substitution of the

approrriate sejusnce and pulsatance. Again,it was sbown that
»harnonios for which n = kN form a zero ssyuence or single-
phasokystem in the circuit,and ure ut once amenable to the
usual single-phuse theory,each harmonic being treuted at its
apprppriate pulsatance. Attention will therefore be confined in
this section to the discussion of the case of unsymmetrical 248
fundamentuls ,the results of the preceding sections maling thas
necessary extension to the treatment of harmonics sufficiently
obvious.

The theory of unbalunced or unsymmetrical systems is,if
‘aprroached in the usuﬁl way,of considerable analytical diffic-
ulty und the essontial,physioal features of the solution ure
oftan obscured by the excess of mathematical detail. In any
mathematical problem the labour can often be lightened and &«
more concise solutionpobtained by the choice of suitable coord-
inates to which the problem cum be referred. In a physicul sense
this mesans referring a givem complex phenomenon to a series of
simpler and similar phenomena which will represent it and are,
a8 it were,its coordinates. For exampie,in the theory of the
single-phase motor,the pulsating stetor field is often express-
od in torms of two rotuting fields moving round the eir-gar®
#t uniform,®8 eyual,and op.osite speads. The uniform rotating
fields are then the coordinautes of the existing pulsating fileld
Or again,if emergy is propagated along a transmission line by

: o
meens of an alternating ourrent® a stﬂey wave-motion is set up
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alon: the line. It is often simpler to refer the snergy trans-
mission to two travelling waves,one gsent out from the altsrna-
tor and the other,of dif:ierent amplitude umd phuse,reflected
buck from the loaded end of the line. These two waves ure then
the coordinates of the ori;inul steady stute on the line.

Iﬁ a similar way it would aprear that an unsymmetricalk
sygsten ORP of N coplanar vectors might be represented as the

sum of & number of simple symmetrical systems. Forteecué*~hus

% See Chas.L.Fortescue,loc.git.snte. While the general treat-
ment of the subjest is due to this writer,particular instunces
of the rrinciple huve been deult with by other workers. See,for
exumrle, L.V.Stokvis,"Sur la creation des harmonigues 3 dans 39
les altarnutours par suite des désdquilibrages des phases®,

Rendug,vol.189,p:.46-49,1914. P.ldllar,'Unsymmetrische
lehrphasensystene‘ Elok g.gsitg.,vol 39,p".343-346,0088 353-356,
1918,in which the principla of symmetriocal ocoordinatoes is =apprl-
ied to the graphical tresatment of undealanced two- and threo-
phuse circuits,asynchronous motors,and phuse converters. See
%10 w Taper by V.V, Lyonxgl.!gg;g,vol 75,00.1304-1308,1920. The
principle is clearly expluined in its simple ap: lication to two
and threoe-phuse circuits in A.Hay,"Alternabin: Currents®,5th.
edition,pp.375-380,1923.

shown that & system of N vectors of any length and relative
phuse dlisplacement c%ﬁﬂ&? resolved into one system of N coin-
cident vectors togeth-gkg-i symmatrical N-phase systemg,some

of positive and some of magative seguensce. These N systems ure
wmenable to the theory Just given in Section 4 and are called
~the Symmetrigsl Goordinutes of the unsymmetrical system.If N is
& prime number all the simple systems are dif‘erent; If N is
not prime,the coordinrates are ropoatadlzfsynmetrtcal grours.
Further general developrment of the idea is possible and has [

besn carried out by Fortescue in the paper cited. The purticu-
lar utility of the method lies,however,in the simplicity that
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it introduces into the theory of the unsyamstricul three-phase

systamy,which will be considered in the following section.

8. THE UNSYMMETRICAL RHREr-PHASE SYSTEM.

Let f}’in’iﬂ'be any three current vectors in positive seq-
uence. Then 1if X be the orerator rotating a veotor through 27/3
it is easy to verity that,in virtue of the proparty of 5 symm-
etrical system proved ir Ecuation 4 and since )i- 1 and X?->\,
the following identities are true:-

i = S+ +dg) +3(4 +)\31+X}m) +5(1; +)t£n+)\3,,,).
1y = 5(h +igetg) +5R(L +Mg+hdg) +5ML Mg ehap) )\ - o . 6a
= 5l oigtiy) +DcodigeNa) +5K(4 hteeia)-

Now write
1, =5(ip+i +ig),
- . - -1,
15 -}(ir‘l"XE“?XH, e o o o s o o+ 8 e . e s o« 8b
1
1 -3(11+A1l+kie;
then

- i& +ib "'1(, [

L

- iﬂ-*Xib +A£C-' ® & s e e & e e e o o s o 60

Hence the three coplanur vectors ip,ig,and ig oun be rep-

)

ros;nted by -

(1). Thres egual vestors i,,i,,ia,each eyuul to 1/3 of the
sum of it!in'ﬁni .

(1i). A symmetrical three-phase system 15, 3b,X16,ot rosit-
ive phase se uencej;and

2
(111). A symmetricul three-phase system 1c.k§$,A§9,of nega-
ti
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tive phuse seyuence.

It is obvious that precisely similar relations can bs de-

corresponding
duced in u O8899@# way for unsymmetrical voltages.

In general,therorore,th#bropertias of any unsymmaprical

system of three-phuse currents flowing im & circuit follow from

N Lot e
superrosition &n the circuit of u single-phase systempand two
symmetricul three-phuse systems of currents,one of positive and
one of negative seyuence. In a four-wire circuit the single-
phase or gero se. uence currents flow in the star connection,
and divide ut the star point into three equal pahts,ip,in the
rhases. In addition,both phe positive and negative sequence
currents are also present. In a three-wire circuit,whether star
or mesh °°n"9°t°d’i;ﬁimfi§ is zero,by Kirchhoff's rule,and
hence there is no zero sequence current. In this instunce the
unbualunced system is represented by a positive end & negative
sequence current system superposed in the circuit. If the load
becomes "balanced" or symmetrical and has positive sequence,®fd
then, i, = i; und i .= 03i.2,,the zero and negative sequence cur-
rents vanish,ss would be expected.

The geometric significance of these eayuations can be most
clearly appreciated by comsidering typical vector diagrams.
Fig.12 shows an unbalanced system of currents,such us would
occur in & four-wire circuit in whigh f‘*f@*&ﬁ‘ 0, and its sym-

metriocal coordinates. Fig.13 is the cor-esponding diagram for a

three-wire circuit where the three vectors necessarily have a

Zero sun.
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fhe method of ar.wingf{ these diugrams is very simzle and
foliows at once from the geomsatric interpretation of the vector
E uations 6a,0,und ¢. Bre#fly summarised the determination of
the symmetrival coordinates of the vectors iy 915415, 1s &s fol-
lowst- T
i). Draw the vectors iy,iy,iz and trisect them.
ii). Draw-'g)\in ,%)EE ,*5)\3._,, ,‘Jj;g,shown in chain dotted lines;remem-
bering that A rotates a vector through a ceounterclockwise
angle of 21/3,

iii). Find the vector sums corresponding to Ejuations 8b,thus
datermining 1“,£b,§°; the construction is shown by the
dotted lines.

iv). Finally draw the veotors )ib,XEp,kigand Xis,to complete

the symmetrical systems.

Scyler relations. __ In the pructicel analysis of unsymametr-
icul three-phusef systems into their symmetrical coordinates,
the vector notation of EB.uations 6 suffices in theoretical work.
For the purpose of numericul csalculations in which the magni-
tudes and time-phase relutions of the coordinates are desired
the resolution may be made graphicallypus described,or ualterna-
tively by the use of saalur expressions.

Taking 2} as & datum,ss in Fig.14,lot.the vectors i, and 1?
be respoctively p, andwg3 times as long as iI sand let them lug
thereon in time-phase by angles o, and o,, Let 39’&&’&9 lag rel-
ative to 3.1 by angles .0 40.s Then if the amppitude of _1_1 be

taken &8 unity und its time variation is assumed proportionul



to cos®@t, the three vector aquutions of 6b bsconms in sculur
form, |
d.cos(wt-aa) -’s[cos @t + r,cos(t-%) + g_5cos(co£-0t3)],
Lycos(@t-o) = 5lcos ot +P, 208 (@4~ + 5 ) +L; 008 (@t~ oy 4] )],
~ - - - 4n
iccos(wwt-are) 3[0030)__1; +p,cos(@t-o, +%) +_r_:scos(m)1:_-d~,}+9-15‘)],
#horein la,i,51.y &re the amplitudss of i,,1,,i.,for unit wmpl- ]
itude of 1,. Expunding ths trigonometrical terms and comparine "
coefficlents gives for the components of i,,i,,1.,slong and
respectively - = T
parrendiculur to i; B3BPIBENEIP

N .
locosta = 3[21,3090‘2."3."5009&5* ﬂ%
. . . . . . . . 0 . . . (7&

i,3in%a = %[g;sinck;-r_x:,,sin dg]

dincosay -t[z -_x;,_(cosdwﬁsindz) -_x_'s(cosd,ﬁﬁsind;)‘lg ( |
[ ] . . 7b
i, sinoy --t[_r_',_(sind, #3008 ). +r, (sindy~{3cosd, )]

i.coso =-"6[2 -r, (cosd, +{3sinc.) -_z_'_,,(cosol;igisinda)}% (
- - L] L * o0 vc
i.sinc, --‘é[_l_'_,,(sino\a.-ﬁcoso&) +r, (81in0, + {30059, )]

Solvin; these pairs of eyuations for the emplitudes :.nd
time-rhuses of the coordinates of the original unsymmetrical

- system gives

10_.-5,“} + 221. 2‘; 2r,cosc,+ 2r,cosd,+ 221}‘_3009(d5‘dzﬂ} 74

tan&:t- [j;,_&ind1+ gasind;l/[glcosd,«f r,cosdy+ 1]

we v -‘;3\@@-E@aa,-.\;s.-.,u,)-z,(c..d,mq;«,)-gg(m(u,.a;)—ﬁs‘;.(u,,-ouq?; §
] . 7o

tancty, = et o) Gl m0n)]/[2- 15 (T3 k) (e 45 5imh)

ic= %&“"‘i""’i - &(md,_i-ﬁs&d.) —_,(mu,)—j;u;\d,)—g}%m@-,;-d,,)*t.rsu'n(é;-d,ﬁ o

brmone = [R5 oot 2 e sk T 500
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Vanishini of coordinates. The unbulance of u threa-phase

system is ocharacterised by the appearance,in general,of a zero

sequence and u nagative seyuence system of current in the gir-
cuit togaether with a positive sequence system. It will later boe
shown that -the latter alone is respomsible for tha transmissioni
of the electrical energy in the circuit; the zero and negative
saquence components of the uhbalunce are wattless and have i
important effects in the alternator aupplying the ﬁnbalancod
load. It is of interest to examine the conditions under whioch
the zerc and negative sequence charucteristics of the unbalance
will be ubsent. | f

1). Z4vQ seguenge gurrelts. The sero sequence or single-
phase component of the umbalance will vanish ifr i, =« O,that is

ir 1‘+Eﬁ’iﬁ = O0,from Eyuation 6b. Thus there will be no sero
con;;nenébin all cases in which the three ourren:::;:rn a l
closed triangle. This comdition ocours automatically in a thrae;
wire system and may be satisfied im a four-wire ocircuit by the
proper choige of the currents. Expressed in scalar tora,£? will|
vanish if its two components are simultansously szero; putting 1

sero in both elements of Equations 7a the geometric condition

|
|

for no single-phase current 1is

', 0080+ P, COSOL, = -1
- - ol ¢ ¢ o o o o o e & s o o (.a

r,sind,;+ r,sind; = 0
11). Negative seguenge cuprents. The negative seguence
component of unbulance will be nor-existent if 4. = O,that is

ir ir4-X11+-A1m_- O,from Equation 6b. There will be no negative
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s2quence component,therefore,in all cases where the three vea-
tors 1‘ "xi‘” )\-i-t form & closed triangdd. In a three-wire sir-
cuit,since },+}K+3ﬂ 1s necessarily zero,this condition cam gnly
be sutisfied when the thrse original currents form a symmetri-
gul three-phase system. In u four-wire circuit,however,the con-
ditiom can be fulfilled by an infinite number of possible arr-
angements of the original vectods. In a scalar form,putting
both compomants of iF aqual to zero in Equation 7q§1ves
fl_(ooaduﬁ sind.) + r, (cos0,®[3 sinc;) = 2
3,,(5111&,-(3 s0s062) + r, (sbanc,+{3 cosd,) = 03 - 8
to be simultansously satisfied.
" 111). Zero and negative gegnence gurrepts. The only com-
ditionm that will simultaneously satisfy Bquations 8a and b is
that of symmetry.among the orizinal curreat vectors,that is
iy = XE? and iﬂ - \lr,or in scalar form P, =pr, = 1, o= 2n/3,
:nd A= 47/3, Hence dissymmetry is always characterised by the
presence of zero and negative saquence ocumremts in a four-wire

system and by the latter alome in a three-wire circuit.

9. HEMISYMMETRICAL SYSTEKS IN VSCIOR NOTATION, THE QUARTER-
PHASE SYSTEM. UNS RICAL IWO-EHASE SYSTEMS.

It remains to notice anothar type of polyrhase system,

originally treated by Steimmetz,vhich is defined in the follow-
ing way. A system of N currents of sinusoidal wave-form and the
laio frequency,having equal maximum values and displaced in

time-phuse successively from omne another by 1/N of a half-per-

iod constitutes s hemisymmetricul polyphase system of currents.
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Such a system of currents can bs represented by a system of N
harmonic vectors,having e ual lengths und the same angular
velocity,rudiating from a point and equally spuacad over an an-
gle of U radinne with & pha-e displacement of /N radians be-
tween successive vectors. It is obvious that the vector diagram
of such & system is exactly half that of a symmetricul system
of 2N vectors,thus Justifying the nume of hemisymmetrical. Sim-
1lur definitions clearly wpply to voltages.
¥ fo It follows from this definhtiorn thut all hemisymmatrical
N-phase systems uare necessarily unbalanced or unsymmetricnl N-
phase systems and are inmediateky capuble of treatment by resol
ution into symmetrical coordinates,i.g., a sero sequance system
nlus N-1 symmetricul N-phake systems.

Quurter-phake gystem, ____ The only hemisymmetriocal system
ot technicul importance is the hemisymmetricul two-phuse system
represented by two equal vector serarated by an angle of /2.
This is more shortly termed the “quarter-phase" system.

If_i be the vector representing the current in the first
or datum phase,a positive sequence quurter-phngse system 1is
given by the veotors

. 1,-43%;

snd a negative seyuence system by
1,44,

both of which are shown in Fig,15.

Upsymmetrioal iwo-phage systems in sygmetrigal goordigstes.

It follows from tha dotiqition of a symmatrical systen

system of
given in Szotion 4 that s symmetrical two-pfhase
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currents is represented by @ 2£3088 82 two e, ual vectors separ-
sted by #n@ angle of Tradians,i.g., in opposition,see Figs.4
end 5. An unsymmetrical twoephuse system consists of any two
vectors the lengths of which ure,in gensral,unequal and the
phuse dispiacement betwesn them is not neces:arily X radiuns. It
is cleur that the quurter-phuse system is a particulaer cuse of
the unsymmétricusl two-phase system,the vectors beinz equal in
langth but separated by 7/2 radiuns.

It will now be shown that a pair of vectors if’iF’in posi-
tive seyuence may be expressed as the sum of a sero saquence of
tvo vectors and u symmetrical two-phase system,the currents rep-

resemted by them baing sugerposad in the oircuit. It is obvious

that
1, = ¥ edg) + BL-4) - 1—“*1"1, R
1 = deoetg) - (L -1p) = 4 -1,

where
&a"z“b*‘."g, R €
1, = #(1,81,)

Hence two coplanar vectors 1"1“ can be represented by:-
(1). ?wo equal veotors i, each equal to hslf the sum of irand
3;; together with
(11). A symmetrical two-phase system i,,-1, where® i, 1is half
the Aitfcrenca between i, und ﬁF;'
An unsymmetrisal system of currents represented by 11 and

1. is therefore equivalent to a single-phase or sero seguence 9§

g
system of two eyual currents (1“,£§) and a -ym;otricul two-phase

system of €89 currents superposed in the eireuit (i, ,-i,). Fig.
18 —_—r
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16a has been drawn to show the resolution of & genersl two-
phase system into its symmetricul coordinates. In a like nan-
ner Fiz.17 illustrates the symmetrical coordinates of sa quarter
phase systea. In this instunce,since }; = Jiy,the values of 29
and i, Dbecome i, = i(ifi)}; and 1, = -$(1-1)is. Now

1) =1 + cosT ¥ J.8ing = 2.co8 J * 41.2.sinT cosT

= 2. 0084(008 JesinT)
- J2.80%

Hence for the "artor-phaao system the coordinates are

The process of drawing FPigs.16a and 17 is briefly as fol-
lows:-
i). Draw ths vectors ig,fs,and bisect them.
i1). Draw -#i ,shown in ehain-dotted line.

iii). Pind th; veotor suams ocorresponding to Byuations #b,thus
detormining 3¢_snd 1,3 the construction is shown by the
dottod linmes.

iv). Draw the veotor 115 to complete the symmetrical twe-phase

gystena.

Sgalap relationsg. The scalar magnitudes und time-phases

of the symmatricunl oocordinates of a given unsyunetrical two-
phase system are oeasily found. Teking £? &8s a datum,ns in Fig.
16a,lat the veotor iy be p, times us long as i, and 12t its lug

thereon be %2, Let i,,1i, lag relutive to ir by angles Mo, Oy,
their mugnitudes boing‘lu_and'lh.hsauming 11 to be of unit



35,

smplitude =znd’that its time vuriation is proportional to cos @t
£quations 9b become in scalur form,

locos(wwt-ca) = é[cos@_g_ +_l_',_cos(<e>_t_—°‘x)] ’

ipcos(t-otp) = é[cosw_g ‘;_x_-,‘cos(ce)_g-ﬂzﬂ.
Expanding and comparing the coefficlents gives for the compo-
nents of i?’&? alorg &nd perrvendicular to i; respactively,

1, cosSan (1 +£}eosda)%

. (10a
ia5inCae éﬁ sinol,

ipcosche= #(1 -r, cosgd,)
% . * & 0 L] [ ] L] . * * * * (10b
i, sind, ="$p, 3int,

8clving for the aumplitudes and time-phases of the coordin-

ates of the original system gives

i, = i&i + r. + 2r_cosot.
= = * e & 8 e 8 & e + & e @ (100

-—

tan ®a = p, sinsa/(1+p, coscta)

1, = iX;;+ r. - 2r_cosct.
= = = L] L] L] L] . . . . L] [ ] L ] (1od

tan N, = -p_sineh/(4-r, coso,)

It is physically obvious,or seudily deduced from Equations
1Ca,that the single-phase cogponent will vuimish only ir r, = 1
and &, = 18Q degrees,i.e., when the origimal ocurrents forn a

synmmetrical two-phuse system.

w.m—m systems injquerter-phase goorpdinatess

Unsymmetrieal two-phase systems of currents usually

ocour in a circuit ia whioh there is a quarter-phase system of
voltages, i1.9., in@ an unbulanced suarter-phase circuit. It is
of pruotical interest to determbne if it is possible to exprass

such an unsymmetrical system in terms of two gquasrter-phase sys-
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tems superposed in the circuit.
Az before,let 25,2! be any czir of veotors ir sositive
sequence; then it 1is obvious that
ﬁ-§(1t+1 )*i(i “deig) =10+ 1,
M +1-4) ¢ RA0r-detp) --v_uéi.jﬂ '

whers .

“?}f"éim)g\
(1 -1, ) (11p

« « (112

'
]
]

-
o
L]

e
N
.

Hence two coplanar vectors {!’}l can be reprssented bys-
1). A hemisymmetrical two-phase (yuartetphase) system EF
_giF of positive seyuence; tougether with
i1). A hemisymmetricul two-phuse (yuarterphuse) systam i},

Qié of negative seyuence.

An unsymametricul system of currents represented Dby &F and
iy is therefore eyuivalent to two quarter-,hase systems of
;;rrents superposed in the circuit,ons of positive :nd the 0089
other of negative seyuence. In §ig.16b the vactors 1_, and _1.,;
ot Fig 16a ure raesolved into yuurtar-phanse goordirates in the
manner represented by Bguetions 11a und b. The process of draw-
ing this diagrum is as tollows:

i). Draw the vectors iyand i, and bisect therw.
- chain-

i1). Drew #ii; sand —&Jin,shown by thehdctted lines.
1ii). Fimd thé-;eetér~anns correspondin: to Ecuations 11B,thus
datermining i_ and i,; the construztion is shown im dot-
ted lines.

v). Draw the vectors -Ji_ and Ji, to complaete the quarter-
phase systems.



37,
Sgulsr relations. Let the smrlitudes of 39 and i, be
io.8nd § (for e unit zmplitude 01.1:; let them lag on :x by
rngles O und Xyrespectively. Then usin: the notation o;‘tho
pravious scular aguuations
iccos(wp-oc) = é[cosav_t_:_ + _x;,_eos(m_t_:_—ok,-p’%_)]
dycos(@wg-oly) = ﬁ[casw; + __x;,_cos('@j_-ot,,-'%_)]
| Expanlin: snd compuring coefficients gives for the components
of ﬁ;,ié,along and perpendiculear to»i_I respectively
4.cos% = 3(1+r,sirnck,)
i_sinc. = -%p,.cosch,
licosoy = é(:1—_1;,_31:1<>h)'[g

14810y = 2p. coscls

L
} e & £-1Y

(12b

Solvihb for the magnitudes
]

i. = éki + .P.: %
tencic = -P,008%:/(1 + p.sinc) T
da = ékif rr - 2r.sinc. %

r.cosct/(1 - p.sinch)

end phuse-aungles,

+2p.8inc |
. . . . . (120

(124

L] L ] . L] . . L] .

tanoly=s

It is physicully obvious,or easily daduced

thut the negutive seguence currents vanish

X, = X/2, §.9., when the original ocurrents

- gystonm.

10. POWSR IN UNSXMMETRICAL SYSIENS.

from Equation 12b,
vhen p, = 1 and

form a quurter-phase:

It is of the greatest practical importance to exumine the

way in which power is transmitted in an unsymaetrical rolyphase

circuit. Let it bo supposed that the voltages in the phases
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form a symmetrical N-phase system of vectors,but that the cur-

rents form an unsyrmetricul system. Moreoverguniess the inter-
nal characteristiss ot the sunvly alternator are very poor,the %
voltages will remain very closely symmetrical even though the i
rhases are loaded unsymmetrically. To & high degree of approxi-
mation,therefore,the voltags dissymmetry can be taken as neg-
ligible in most pmacticul instunces. If voltage dissymnetry is
present it cun easily be treated by resolving the unsymmetridal
voltage diagram into its symwetricel coordinataes and dealing
with tha behaviour of each goordinate in turn with respect to
the coordinates oI the currant diasgran.

It will be assumed that fundumental time-veriution only
i3 involved. No lack of generality can ensue from this assump-
tion,since harmonics can be treuted at once Dy the substitution
'0f the approrriate pulsatunce and & knowledge of the proper
phuse saquence deduced in Sections 5 arnd 6 of thas paper.

Now it has Just been shown that an unsymmetrical current
dlagram can be resolved into thé sum of N diagrume, visz., one
representing u single-plase current flowing in each phase,ané
‘N~-1 symmetrical #98808 N-phuse systems some ©f positive and
some of negative sequence. If the voltagues are in rositive seq-
nence it is easy to show how®® the rower ir the circuit is alle
ocrted zmong the various symmetriocsl ccordinates of tha current
systenm, o

It should first be obLeerved by compurison of Figs.4 and 5
~that the preperties of a negative phise—-s8ejuerce ol vectors

aumbered counterclockwise round the coumterclockwise rotating
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vector diagram are exactly reprssented by a series of vectors

numbered clookwise round a clockwise rotating diagram, i.s.,
by a positive sequence of vectors potating in the op-rosibe of
the standard direction. Hence the reversal of phase sequence
san be unalytdoelly treuted us a reversal of the sign of W.
In the kth. phuse of a system in which the angular separs-
tion of the vectors is P = 27/N,the voltage is
8 =28 oos[@_t_ - (_15_-1)15] .
If there is a symmetricul system of current in the system,e.g.,
one of the symmetricul ccordinates of an unbalanced load,displ-
aced by an angle ¢>rrom the voltage system as in Fig.18a at fhe
instunt t = O, the currsnt in the kth. phase is
i, = dfecsle s - x-1)p - 4>]}.
in which @, has the sams numerical value as @ but may be of pos-
itive or negative sign atcording to the sequence of the current
system. If the current is of positive sequence the current and
voltage diuzrams rotate together ir the cduntarclockwise direc-
tion but do not change thédr positions relative to one anothar.
If the currant is of negative 3equence the ocurrent diagram rot-
ates in the oloekwise diraction,and thersfore moves its positier
relative to the counterclockwise rotating voltuagas diacgram with
an aagular valocity 2@
The instantaneous powar in the phase is
2 * 3 * 2,4,008[@s - (5-1)p]. 05| @k - (k-19p -¢]
= _l_;{cos[(w+m),)_§ - 2(k-1)p -4;_]+ coa[(w-@,)_'g +¢],

by the usual transtoramations,® and ] being the virtual values
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of the voltxzge und current.

Pogitive seguence. If the currents form u system in posi-

tive seyusnce @, = +@ &and the instuntaneous power in the kth,
phase is
Ry = BI|cosd + cos[2®5_ - 2(k-1)p —d)};
ok doubly
1.9., pulsatesjabout the uverage value EIlcos¢ .

The povwer in the entdre N-phuse system will be the sum of
this expression taken over all values of kx from 1 to N. Now

N ST

z(eos[zwi - 2(_15-1-1)[’5-4)] = cos(2wt '?*%)W‘g =0
it N is greater thun 2. Hence the totul instantaneous power
due to & positive seyuence system of voltages and u similar
system of currents is steedy and equal to
P = NRIcos ¢ .

The time-averuge of the total power over a period is thus
also steady and eyual to P,the instantaneousﬁpower.in the sys-
tenm.

Begative geauenge. .. If now the currents form » system in
negative sequence @ = -®@ und the instantaneous power in the
Ekth. phase will Dbe

T n{oos@: + 2(;—1)p] + 00![202)1 +<ﬂ‘%
which again pulsates at double froquehoy in each phase of the
systenm.

Summing,the totsl isstantaneous power in the XN-phase sys-
tem 13 .

R = }JRJoos [267)1 +¢].
which pulsates at double freyuency.

It follows,therefore,thut the tL;o—sVertgo of the totsal
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power is 2erojthe negutive seyuence currents are therefore
wattless with respect to the positive seyuence system of volt-
uwges.

Zero gequenge.
shown in Pig.18b,havinyg eyual values in sll the phuses given by |
A = i, cos(@t -9 ),
the instuntuneous power in the kth, phuse will e
D, =& icos(wt -¢ ).cos[aal - (5-1)FJ
- _lg_icos[2co_§ - (x-1)p-¢] «+ cos[(}_{,—-i)fé -ﬂi,

which pulsates at double freguency.

If the currents are in zero seyuence,4s

Summing for all the phases in the previous way makes the ;
totsl instuntaneous power in the system equal to zero. Henmce
slso the time-average of the total power due to & positive sey-
usnge system of voltuges und u zero sequence system of currents %

is z»po. Such currents ure,therefore,wattless.

If the positive,negative,and sero 80qu§ncos of current
Just considered were the symmetricsl coordinates of an umsymm-
etricul N-phuse system of currents,the following importunt con-
clusion emarges. The ontirq energy in the circuit is transmitt-
ed by the positive sequence currents,the negative und zero sey-
uence currents being wattless. Now it has be:n shown in the
preceding sectionl thut the negutive sequence currents (and in
the cuse of certain kimds of 'unbalance' the zero seguence cur-
rents also) ure the characteristic feature of dissymmetry in a
polyprhase sircuit. In u single-phase circuit,or in a completely'

symmetrical polyphuse circuit the nature of the load is spaciri-
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ed by the power-faator. In an unbalunced polyphuse circuit the
nature of the louad requires for its complete stutement the
knowledge o1 the power-fustor of the positive sequence currasnts
und in addition the amount of the wattless negative and zero

sequence currents.

The transmission of power by an unsymmetricaul system of
currents can be ckearly pictured in the following way. True
power of zmount §§1005#> is trunsmitted only by the positive 1
seyuence currents,l being the virtual value of these currents !
und ¢ their phuse displucement relative to-the positive soquonce:
of‘voltsges. The positive seyuence currehts are respomnsible for |
reactive power !1;01n¢’,und 80 fur the transmission is exactly
like that in a perfectly balunged system carrying the positive
seguence currents only. The negative sequence end zero‘soquonco
currents ure,as demomnstrated above,wattdess and therefore appar-
ently contribute a further amount to the reactive power in the
eircuit. The effect of unbulance is therefore to introduce into
& circuit transmitting « given amount of power &@@89 an increas-
ed amount of reuctive power pulsating at double freguency. Hence
80 far s the station alternator is concedned,the effeets of un-
bulance are precisely similar to th&t#of an increzsad flow of
reactive energy through ita windings,with the customary bad
effects on the regulation of the machine.

To put the matter in@ another way,suppose an alternator to
nupplying'a certsin amount of power to a circuit; the currents

and voltages are supposed to be symmatrical systems with u cert-
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aein rhase-displacement, characterising the load,between then.
Due to the reuactive energy entering the machine a certain field
@xcitution will be required to enable the alternutor to mainte
ain its volts,the excitation beinz fixed by the lagging or
leading power-factor of the load. Now,keeping the power constan;
let the loads be unbulanced. Then the above theory shows thut 2
the positive sequence currents will sup-ly all the power to the
externul load and its reactive component will call for the same

field excitution us before. But,in addition, the unbrlance,es

distinct from the true reactance of the load,calls into being
wattless negative and iero sequence currents which,in a bdroud
view,uct us un apparent increase in the load roactancq‘ Inside ~
the machine the general effect will be to influence still more
the regulation and the required excitation as compared with
what is found necessary for the same supply of power by a bal-
anced load. Of the precise muture of the internal reactionms in

the machine ocomsequent upon these negutive and zero seguence

- ourreats a few words will be said in the following section.

11, TECHNICAL APPLICATIONS OF SYMNMATRICAL COORDINATES.

Having described the properties of unsymmetrical systems
of currents,particularly in the 1;port&nt pructicul cuse Of the
- three-phuase circuit,in terms of the theory of symmetricsal co-
ordinates it is ﬁowlnctllsary briefly to state one or two
instunces in which this mathod of treatment leads to analyticsul

“simplicity,to clearer ideas,und often to new physicul concep-

tionms.
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Ihe prasticgel designntion of unbulange._ _ Unsymmetrioul
loading of the phuses of & supply system is us imrortuns to the
statlon ¢nginzsr es the influsvnce of bud puwer-fuctor. For,as
has bean shown,unbalance csuases an pparent increase im the
reactive energy circulating through the alternator,with conse-
quent effects upon the voltuge regulation. To snecify the mag-
nitude of the dissymuetry in u practical way various suggess-
tions have been mada,chiefly in the ddrection of stuting an
unbalance factor for ths system. The theory of Wsymmetrical
coordinates has been of great uwssistance in this matter,and
hus enwblad a Committee of the Americal Institute of Electrical
Snginecers to formuialt: ceirtain detfinitions of considerable prac-
tical valus.

3he gesgurensnt of uexative geyyonce guypgnt. ____  In sup-
plying thres-phu3sed enargy to & consumer it is necessary to
be able to measure,and if nedessary to lizit,the amount of the
uRb&lunce charecteristic. Sinve most thre--phase apparatus is
suppliéd on the three-wire system,negative sequence curreants
charucterise the unbaelance snd must be messured; moreover,if
they become excessive the untalanced circult must be automatic-
ally disconnected by & relay trip:worked by the negutive S0QQdN
sequenca currants only. Referriny to Eyuatéems 6b,in & three-
wire system l?" 0,80 that

1o = SN0t ¢ (O -1yig].
It is not a diffiocult majpter now to devise a network of

impedances suoplied irom currentg transformers in lines II and
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IIT such that one branch oif the notwork cuarries the zurrent i
the impedunces of the network,its mode of connection,and the
wrrangement of the trunsiormers are such that the currents

7 *
(A -1)ig and (A -1)igare superposed in the chosen branch. An -

% See J.V.Bralsky,"A phase Dalancs reiay of the negative nhase
Sﬂquﬁnce typ",ﬁlig; .l- ,V01.21,}1p.77-81,1924.

e.c. ammater or relay in this branch will them be onerated only
by the negstive seyuance current. b
The me¢asurement of power in ungymmetrical systems._ By an
extension of the procesdure Jjust dasoribed it is slearly possible
. to devise networks which will bs z2apsable of isolating the pos- !
itive,negutive,or zero se; uense currents,as desired. The curr-
entg 80 isclated cun be passed into the csurrent c0ils of suit-
ehle wattmeters or watt-hour metars,thus enabling the true powe:
the positive,negative,or zero sequence volt-amperes to be meas-

>
ured. Fortescue,Slepian,and other Americal enginmers have large-

;; §ae‘E.L.Fortoscue,7Polyphasc power representation by means of
symmetricul coordinatess”,Joyrpsl Amer.I.E.E.,vol.39,pn,.543-544,
1920. Alsc other papsrs in the same volume. '

. }
1y developed this idesa and huve devised & runge of instruments

zotuated on these principles.

1
‘

Derivation of & gimgle-chase sypply from a polyphase network,

i

An importeant techrival problem,frequertly occyrring in

a———

connection with furnace work,is the surrly of single-phuse

power fpom a polyphuse circuit and the treutment of the result-

ing dissymmetry in the latter. This matter can easily by B8P92®e
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deult with by the method of symmetrical eoordinate;F The meth-
od ulso enubles other cases of unsymmatrical sun~ly to be

treuted simply,e.g£., the suprly for the Greaves-Etchells fur- ;

|

*S28 R.E.Gilman and C.L.Fortessﬁe,"Siagle-phaso power servioce
fron central stations] Eroc.Amer.I.E.E.,vol.35,part II,pp.1431-
1451,1216, Similar problems uars treatsd by Frofesseo Miles
Walker,"The sup»rly of single-phuse power from threa-phase sys- |
tems " J . Llehefeyvoled7,,0.105-135,1512, by & mathod reseabling
thut of symmetricul coordinates -

Ihe ajr-gap field of & three-phase windjing. The magneticé

I
field in the wiregap of an induction motor or the armature re- !

uction of an ulternator has been investigated by muny writers
and the soclution of the problea 18 very well-§nown for the case
Oof o three-phase winding currying 4 symmedbricul system of cur-

rents. When the currents ure unsymmetrical,the direct analysis

|

- becomes very complex;Br.’laytom und,indegendently,the present
author have both uttempted solutions for unbalunced lousds but
| tha nuture of the trigonometrical mathematics obscures the resl
phgsical simplicity of the problea. If the unsymuetrical syst-
en of currents be split up imnto its positive,neguiive,and zero
sequence compomnents the sir-gsp field i$ the sum of the fields
- produced by the components separately. |
The positive seguence currents producs u waves of magnetic
force of changing type sweeping round the armature periphery af
synchronous speed in the same direction as the rotor or nole-
whaeel,the wave-length of the wave being a pole-pitoh. The nagu%

tive sequence osurrents produce a wave of magnetic force precise
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ly similar to that produced by the positive sQiuence currents
but of 2 differsnt amplitude and moving rognd the muchine at
symchronous speed in the opposite direction. The zsro seguence
or single-rhase currents produce 4 wave of mugnetic force
#hicgh is stationary in spuce,of a wuve-length eyual to one-
third of u role-pitchy,and which pulsates uat synchronous frequ-
ansy.

The forward,reverse,and stutionuary components of the arm-
ature field ure eausily treuted by the well-known theory which
hus been worked out fopf symmetrical ceses; The total field is
then obtalined by supervosition of the component fields in
their :orrect phise relationshdps as determined by these of the
symmetrical coordinates of the unsymmetricul system of currents
The swnalytic«l work is thus considerublp simnlified and the
pvhysics of the problem kapt in view. Some aspscts of the theory
of the fbeld produced by an armature winding carrying unsymmet-
‘ricul surrents will be trouted by this method ir a paper now in

prepaeration by Mr.S.Naville and the author.

12. CONGLUSION.

~Ian the preceding seotions an attempt hus been mude to expla-
in the principles underlyin; the vectorial treztment of roly-

phuse theory and to apply those principles to unbalunced louds.
It is the writer's hope that the explenatiors may assist stu-
:donts and others to use the® vector methods in their work,and

be of service to those who wish to read the original papers

"referred to in the text.
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Finaully,it remains for the author to record his indebted-
ness to hizs friends Messra. F.Morley Colebrook and S.Neville
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of the paper, and to Professors G.W.0.Howe und S.Parker Smith
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FCOTLINES FOR DIAGRAMS.

Fig.1. 2Rxrression of a vactor in terms of its rectangular com-
;onento. The operator J.
] 19 6+
Fig.2. Re}n?&onship between two vectors 2 =rEXx und r'=ple 3
-

Fig.3. Regregentation of i cinuscidally varying current by am
harmonic vactor.

Fig.4. Symmetricual polychesa S{stans of & gctors in negative
phuss se,uence,1i, M, X'i, . . .\"M. N = number of. ‘
phases, and )\- op erator nroducing nounyorclookvise
rotutior of 2x/N.

Fig.5. Symmetrical olyghﬁgo ggstons of vectors in positive
phase secuence, 11, X 1, « « + Ni. N = number of
ghagses,and X\ - o:ar&tor ﬁ"odu~in9 counterzlockwise
rotation of 27T/N.

Fig.6. TRepresenti.tion of & current harmonic of order n by a
rotating vector;i, = amplituds of the currents

Figs7. Poasible currant harmonice in a three-phase circuit
with independent phases. The diagrams for the possible
voltuges are presisely 3imilar. A = Qgerator producing
counterclockwise rotation of 2173 -2

Fig.8. Possible voltage harmonics in the phases and aorosslggo
lines of a threaephase star-comnected circuit. )\ =¢

¥ig.2. Showin; th3 puaths of the possible current harmonics in
three-wire and four-wire thrae~phaaa circuitsey

Fig.10. Possible current harmonics in the phases and lines ot
& threse-ghise mash-comracted sivouit., ) =¢

Fig.11. (a) Zos_ibls voltage harmonics in th: phases and acros
the lines of u three-phuse mesh-connected circuit. (b)
Thres mesh-conrnactad czlls illustratin:, the properties
of the 3kth.harmonics in the three-phuse mesh-connecte
circuit.

Fig.1%£., The resclution of wn unsymmetricel three-rhase system
of currents i, ,ig,iz,in » four-wire oircuit into its
symrmetricel coordinates, end the 1%ger“osition of the
coordinates in the circuit. )\ =

Fig.13. The resoclution of anunsymuetrical three-rhase system
of currents ir,igr,im,ir & three-wire circuit into its
gymnnsetrical coordinates; and the suPoryosition of the
coordinutes in the corouit. A=



Fig.14.

Fig.15.

Fig.16.

Fig .17,

e

Scular relationshdps batwesn an unsymmstricul $hree-
phuse system of vectors und its symmetricxl coordinates.

Positive and negative phumse sequence yuarter-phase
systems of curraats.

The resolution of an uasymmnetrical two-phase system of
surrents i,,ir,into (&) symmetrical coordinates,and (b)
juarter-phuse coordinateg; and the supsrposititon of

the current coordinates in a three-wire two-phase cir-

cuit.

The resnlution of & marter-phase system of currents
i; yig,into symmetrical coordinates.

Illustrating the productiom of power by an Nphase symm-
atrical system of voltages and the aymmetrical coordin-
ates of an unsymmetrical system of currents; (a) posit-
ive and nagative sequence coordinates,and (b) sero seg-
uence coordinates.
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THE DYNAMOMETER WATIMETER.

Some Notes on its Theory —The Application of Corrections.
By B. HAGUE, M.Sc. D.I.C,, A.M LE.E.

The object of this article is to draw attention to a detail in
the theory of the dynamometer wattmeter which does not
appear to be treated in text-books. It is well known that a
wattmeter is subject to two .principal sources of error : the
first arises from the fact that the potential circuit of the
instrument necessarily possesses some inductance ; the second
from the fact that the reading of the wattmeter includes not
only the power which it is desired to measure, but also the
electrical losses in the potential coil or in the current coil,
according to the way in which the instrument is connected
in circuit.

Figs. 1 and 2 show the two standard methods of joining up a
wattmeter to measure the power passing from the alternating
current supply at the left to a reactive load on the right of the
diagrams.

Assuming at first that the potential coil of the wattmeter is
joined to the alternator side of the current coil AB, as in
Fig. 1, the reading of the instrument will in this case include

Io=1 e

S

To Alternator
To Load
R, X.

I

F1G. 1.

the power loss in the carrent coil. On the other hand, if the
potential coil be connected to the load side of the current coil,
as in Fig. 2, the instrument will measure the loss in the
potential circuit in addition to the power supplied to the load.
Moreover, in both these cases, the readings will be affected by
the presence of reactance in the potential circuit.

The point which it is the object of this article to make clear,
and which is not treated in text-books, is that the order in
which the two corrections : (i) for the instrument losses and
(ii) for the potential coil reactance, are to be applied to the
instrument, reading is different in the two cases mentioned
above,

Let the wattmeter be of the zero pattern, 1n which the plane
of the potential coil is maintained at right angles to that of the
current coil by the application of a torque from a spring and
torsion head. The torque at any instant acting on the
potential coil is proportional to the product of the current
14 in it and the current %, in the fixed current coils. If the
currents are alternating with a period T seconds, the average
'~ torque on the potential coil tending to deflect it will be

- a7, .
T l ipi dt,
where @ is a constant depending on the numbers of turns in
 the coils and on their relative proportions. If to maintain the
coils at right angles it is necessary to rotate the torsion head
through an angle 6 radians the torque on the spring will be ¢,
_ ¢ being the torque per radian twist ; then

afT. .
ce~7f0 idt . . . . . . (1)
is the fundamental equation for the action of a dynamometer

 instrument.
to evaluate 4, and 4.

R e At

Case 1.

Consider the arrangement shown in Fig. 1, and let the
X‘gt;ge e across the potential circuit, 7.e., across the points
‘ e

e=¢; sin wl,

Where‘el is the maximum value of the voltage and w=2x/T.
en if R, be the resistance and L, the inductance of the
tential circuit

. e
l¢=~l
Zy

sin (of—9,) = 2

R, cos P,.5in (cf—Py),

The two cases can now be considered, in order

where L
Zy=VR:, L%, and 9,=tan—*(wL,/R,).
The current in the current coil is the same as that in the
load. If R, X be the equivalent resistance and reactance of

the load, R, L, the resistance and inductance of the current
coil AB then

Ge=ti=_21_sin (ot—%4c)=1, sin (ot—Pac),
Zac
Where
. X+ol,,
Zic=V 2 - %2 and Pqc=tan-1 mH oo -
1= V(R+RP+H(XFoL?, and @ac=tan=1 Fo
Substituting in equation 1, the average torque is
T
c@:ﬁT.[a %1 cos Py sin (wi—P,) sin (oft—Pac) dt
:a;}l;‘ cos Py cos (Pac—Py).

»
If £, I be the r.m.s. values of ¢ and 7, this result becomes

¢ R,0=EI cos 9, cos (Pac—P;).
a
The right hand side of this equation has the dimensions of
power ; hence the factor ER,, converts the angular reading of
a

the torsion head into power units. The left-hand side is the
power indicated by the wattmeter, P, say. Inserting FhlS
symbol, multiplying both sides by cos ?.4¢ and transposing gives

. CosPUc _p _EI cos Pac
cos Ppcos (Pac—Py)
EI
ES ~ R
ZAC(Rc+ )
=R, +1%R.

To Alternator
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Now I2R is the power expended in the load, I 2R, the loss in the
current coil ; hence if the correcting factor is

_cosPac
cos P, cos (Pac—Pp)
Power in load=Kqc (Wattmeler Reading)— Powey loss in

curvent coil.
Case II.

Let the wattmeter be connected as in Fig. 2 and agair} let
the voltage across the potential points, in this case B and C, be

e=e, sin wf;

Kac=

then as before
i,:ﬁ cos P, sin (wt—Py).
R,
The current through the load will be
i=1, sin (of—%PpBc),
€1

= VR X?

where i, and Ppc=tan? ‘%

* When the load is a simple conducting circuit R and X are its
true resistance and reactance. If, however, the load be composed
of some piece of apparatus such as a transformer, then R and X are
to be taken as the resistance and reactance of a conducting network
equivalent thereto.




The current in the current coil will be
. 3 . e . . .
zc=z;+z=IT; cos Pp sin (w!—Pp)+1; sin (wf-—~Pp().
Inserting these values in equation.

a (T(e :
50=ifo {Elp €os Pp sin (wt—Pp)
[%; cos Ppsin (wf—Pp)+14, sin (wt—‘?sc)]}dl

E2
=a [R—zp cos? ‘Pp—l—% cos Py cos (?Bc-—?,,)],

making use of the r.m.s. values E and I of ¢ and i.
Converting the scale reading to power units gives

E?
Pw:RT, cos? Pp+ ET cos Pp cos (Prc—Pp)

2
=R, ,Ez,,-;.EI cos Pp cos (Prc—Pp)
2%

=12yRp+EI cos Pp cos (PBC—Pp),
where Ip is ther.m.s. value of {p. Multiplying by cos ®rc and
transposing
cos Ppc

(Pu—1I%Rp) —— o

s -~ =EJI .
cos Pp cos (Prc—Pp) cos Pac

Now EI cos ?Ppc is the power expended in the load, while
I*,R; is the potential coil loss ; writing the correcting factor as

Kpc— cos Pac .
cos Pp cos (PBCc—Pp)

Power in load=K pc (Wattmeter reading —Power loss in potential
cotl).

Conclusion.

On comparing Cases I and II two interesting facts emerge.
In Case I the correction for the reactance of the potential circuit
is applicable to the wattmeter reading before the correction
for the instrument loss. In Case II precisely the reverse
holds, the equation indicating that the reactance correction is
to be applied affer the wattmeter reading has been reduced by
the amount of the instrument loss. Again, it will be observed
that although the correcting factors are in each case of the
same form, in Case IT the phase-angle of the load alone is
involved, whereas in Case I the angle is the total phase-
displacement over the load and the current coil in series. In
general, the difference between ¢,i¢ and P pc is slight, since R,
and oL, are small quantities and are negligible in comparison
with R and X. The difference may be of importance, how-
ever, when R and X are also small.

F 2
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PREFACE

THE object of the author in preparing the present volume is to
deal with the subject of Alternating Current Bridge Measur-
ments of Inductance, Capacitance, and Effective Resistancs
at lpw and telephonic frequencies in a manner suited to the
needs of the advanced student. The importance of such
measurements in modern laboratory and test-room praectic,
in research work and in the training of students, would seem
to be sufficient reason for the publication of a handbook dealing
fairly completely with all the matters involved. As the book
is intended primarily for practical use, every endeavour hs
been made to make clear the experimental side of the subject.
At the same time an attempt has been made to provide s
logical treatment of the theory underlying the use of ac.
bridge networks, since this is a matter which falls outside the
scope of text-books dealing with the theory of alternating
currents.

The book is based on a course of lectures given for the pas
three years to third-year students of the City and Guils
(Engineering) College, amplified by the addition of materil
intended to make the volume useful to post-graduate workes
and to others engaged on original research or accurate testing
The subject-matter is divided into five chapters, each dealin
with some aspect of the theme. The object of Chapter I
to define the various quantities which are to be dealt withi
the rest of the book ; considerable attention has been paid #
the discussion of electrostatic phenomena. In Chapter II the
theory of alternating currents is developed from the stand
point of the symbolic method, and an attempt is made to sho¥
the true relationship between the symbolic method and th
more usual vector diagram and mathematical treatment d
a.c. problems.

The apparatus required for bridge measurements is cor
sidered at some length in Chapter ITI, attention being chiely
directed to the explanation of the principles underlying th
action of the various instruments rather than to a catalogu
like description of constructional details. The various bridg
networks are classified in Chapter IV, the theory, uses, andf

vii
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details of laboratory procedure being given in each case.
With few exceptions, typical medsurements have been made
by all the methods described in this chapter, the results being
included in the text as a guide to the student in carrying out
his own experiments. Finally, the choice of the method
suitable for a given measurement and the general precautions
to be observed in laboratory practice are dealt with in
Chapter V.

In preparing the book, full advantage has been taken of
the information contained in original papers widely scattered
throughout technical literature, complete references being
given in the footnotes. In particular, the writings of Mr. A.
Campbell and his associates at the National Physical Labora-
tory, of the papers published by the Washington Bureau of
Standards, and by the Physikalische Technische Reichsanstalt
have been drawn upon to a considerable extent. The manu-
seript of the book was in the hands of the printer before
Mr. Campbell’s informative articles in the Dictionary of Applied
Physics were published, but reference has been made to them
in revising the proofs for press.

In conclusion, thanks are due to many friends for help,
advice and criticism during the preparation of the manuscript
and proofs. In particular, the author wishes especially to
thank Professor T. Mather, F.R.S., who not only suggested
the preparation of the book, but who gave his unstinted help
throughout. He has read the entire text in proof, and has
provided the foreword. Mr. G. W. Sutton, B.Sc., has helped
with the revision of the final proofs. Mr. S. Butterworth, M.Se.,
of the Admiralty Research Laboratory, has kindly read the
sections of the book on which he is an acknowledged authority.

The diagrams were all specially prepared for the book by
the author with the skilled assistance of Mr. M. G. Say, M.Sc.,
to whom thanks are accorded. The author also wishes to
record his indebtedness to the various firms, at home and
abroad, who have kindly supplied information during the
Preparation of Chapter III.

LONbON.
July, 1923.
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