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PREFACE

THIs book had its origin in a systematic study, begun nearly
nine years ago, of the numerous methods that have been devised
for the testing of Instrument Transformers. It was originally
intended that this study should be published as a sequel to a
book on alternating current bridge measurements,* to which
the subject is closely related, but pressure of other duties
prevented this intention being carried into effect. In revising
the work from time to time it became clear that a wider scope
would be desirable, since it is not easy to discuss the testing of
instrument transformers without at the same time examining
the theory, construetion, and characteristic features of the
transformers in some detail.

The resolve to prepare a book dealing with this wider aspect
of the subject was strengthened by observing that there is no
complete analysis published in the English language of the
very extensive literature dealing with instrument transformers,
though there are several excellent reviews of portions of the
field in some recent books. On the Continent there are a few
fairly complete treatises, in French, German, and Russian,
though even these do not deal with the most recent develop-
ments.and are, moreover, beyond the reach of many English-
speaking engineers. Since most of the useful material concern-
ing instrument transformers is to be found in periodical-
literature, it was felt that it would be useful for one person to
read and summarize the large number of papers that has been
published, in order to give the busy engineer, research worker
and advanced student a general view of the whole subject.
With what success the author has attempted to perform this
tagsk the reader alone can judge. Being unconnected either
with the manufacturing or with the operating side of the elec-
trical industry, the author may fairly claim to be reasonabl
free from bias in favour of this or that type of transformer 6r
method of use; he has endeavoured, as a teacher, to conden-
trate chiefly on an exposition of fundamental principles, illus-
trated by a description of apparatus in which those principles

* Alternating Current Bridge Methods for the Measurement of Inductance,
Capacitance and Effective Resistance at Low and Telephonic Frequencies, third

edition, 1932 (Sir Isaac Pitman and Sons, Ltd.). Referred to throughout this
volume as A4.C. Bridge Methods.
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seem most satisfactorily to be embodied. If some parts of the
subject are not so completely treated as the reader, and indeed
the author, would have wished, consolation may be found in
the fact that full references to the literature are given, so that
anyone who is interested to do so may easily find further
information.

In writing the book certain limitations were imposed at the
outset. First, the book deals primarily with the transformers
used in electrical measurements; transformers used in connec-
tion with protective systems are only given secondary con-
sideration, insofar as they conform to the common gencral
principles. Much of the interest in protective transformers lies
not in the transformers themselves but in the particular circuits
to which they are connected, and it was felt that this subject
lay outside the real purpose of this book; moreover, the use
of nr_wective transformers has recently been ably and fully
~<ascussed by Mr. G. W. Stubbings (see p. 521) in a very useful
and practical way. Second, attention is confined to transformers
used at supply frequencies; those used in radio-frequency
circuits are entirely omitted as they are adequately treated
elsewhere in more appropriate fashion. Third, problems of
design, in the ordinary practical meaning of the term, are not
considered ; each individual works has its own way of simul-
taneously satisfying the requirements of electromagnetic
principles and the stern laws governing the economic produc-
tion of a saleable article. Design in this sense is not a suitable
topic for academic discussion. The reader is again reminded
that the foremost thought in the author’s mind has been to
set out fundamental principles; with these clearly stated and
understood all else follows without much difficulty. While it
is perhaps true that the present volume will be primarily of
interest to the specialist, it is the author’s hope that the corre-
lation of the various subjects dealt with will interest students
and others who may be concerned with the theory and practice
of A.C. measurements, while the bibliographical study of
British and foreign technical literature which it provides—
much of which is not readily accessible to the general reader—
will be useful to the research worker in many branches of
electrotechnical and physical investigations.

A few words regarding the plan of the book may not be out
of place. Part 1 is devoted to the theory of instrument trans-
formers and to an examination of such constructional or other
practical features as may exert an important influence upon
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their operating characteristics. On the constructional mdcz‘
this Part is to be regarded neither as a complete catalogue o
types nor as a critical comparison Qf the products of different
manufacturers; again the illustration of principles has been
the paramount idea. An attempt has been mgmde in this Part
to discuss the various national and 1nterng,tlonal rules that
have been proposed as the standard for satisfactory perform-
ance, a subject that seems likely to undergo drastic revision
in the near future. Part 2 approaches the subject of apparatus
used in testing transformers. Certain topics, such as the design
of low- and high-value resistors, are very fully treated since
little is to be found on such subjects in other bqoks, whl%e other
things are treated with brevity where fuller information can
easily be found elsewhere. Parts 3 and 4 deal respectively w 1t}q
the testing of current transformers and voltage transformers
for ratio and phase-angle errors, while Part 5 examines other
tests, such as those for temperature rise, dielectric strength,
ity, ete.

pO'II?J}I;etBIC,eader of Parts 3 and 4 will be impressed by the con-
siderable number of different methods that have been proposed,
by the small proportion of these that have been generally
adopted in practice, and by the great waste of effort, due to
lack of co-ordination, that has resulted in the repeated re-intro-
duction of an old method as new. With regard to the number
of methods, it is the author’s experience in research that a
method not generally adopted for its original purpose may prove
to be useful in quite other fields, and for this reason is worthy
of being put on record. As regards the waste ?f effort, to which
reinvention bears witness, it is the authpr s hope tl}at tl}e
co-ordination provided by the bibliographical study given in
Parts 3 and 4 may do something to prevent in the future much
unnecessary duplication of work. At the same time an attempt
has been made at a critical appraisal of those methods which
have been found best for transformer testing. .

The diagrams have all been specially prepa}red for this book.
The bulk of the illustrations are line drawmgs, but in cases
where it has been necessary to convey some idea of external
appearance shaded drawings have been used in preference to
photo-blocks, since they give a much more strlklng impression
of the features it is desired to bring to the reader’s attention.
Thanks are offered to the firms mentioned below for their
generous provision of drawings or photogmphs whlch.ha,lve
been used in making many of the illustrations. Particular
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acknowledgment will here be made to the Institution of Elec-
trical Engineers for permission to use material in the .J. ournal
from which Figs. 55, 181, 189, and 193 have been prepared.

In preparing a book of this kind, where so much is in the
nature of a compilation of existing data, the author is necessarily
deeply in debt to those whose experimental results, theoretical
skill and practical experience have been so freely placed at his
disposal ; numerous individual acknowledgments of this debt
will be found in the text. This opportunity is taken to thank
collectively all those who have given help, but who cannot be
separately mentioned on account of limitations of space. In
response to a questionnaire circulated in 1928 and to later
requests, the following manufacturers generously supplied a
wealth of useful information, only a fraction of which could be
used in the space available in this book ; to these firms and
to their engineers sincere thanks are tendered—Allgemeine
Elektrizitats Gesellschaft ; Brown-Boveri & Cie. ; Elliott Bros. ;
Everett, Edgcumbe & Co.; Cie. pour la fabrication des
Compteurs et Matériel d’Usines & Gaz, Bau et Electricité;
Ferranti Ltd.; General Electric Co. (of Great Britain) and
Chamberlain & Hookham Ltd.; General Electric Co. (of
Schenectady) and British Thomson-Houston Co.; Koch &
Sterzel A.G.; Landis & Gyr Ltd.; Metropolitan-Vickers
Electrical Co.; Nalder Bros. & Thomson Ltd.; Sachsenwerk
Licht und Kraft A.G.; Sangamo Electric Co.; Siemens &
Halske A.G.; Westinghouse Electric and Manufacturing Co.
of Pittsburg; Zenith Electrical Co. It is appropriate here to
acknowledge the valuable assistance given by the British
Standards Institution and by the similar organizations
responsible for the preparation of standards in various foreign
countries.

To Mr. A. J. Small, B.Sc., the author’s thanks are due for
the great assistance he has given in the task of proof-reading ;
to his painstaking care and vigilance the volume owes much in
accuracy and clarity of statement. Finally, cordial thanks are
offered to Professor G. W. O. Howe, whose kindly criticism
and friendly counsel were ever at the author’s disposal; with-
out the stimulus his continuous encouragement has afforded
it is doubtful whether this long, interesting, but often wearying
task could have reached a satisfactory conclusion.

B. HAGUE.

GLAascow,
April, 1936.

CONTENTS

PREFACE '
XixX
ABBREVIATIONS
. XX111
SUMMARY OF DEFINITIONS

PART 1

THEORY AND CHARACTERISTICS OF
INSTRUMENT TRANSFORMERS

CHAPTER 1

GENERAL INTRODUCTION . . y
imi i i roperties
ary and historical—2. The advantages and p
(1)'f ilralls‘ﬁ‘lunxl:xgniytransformers—Ii. The imperfections of n}strlgng?it
transformers—4. Definitions: Cufr}%né transfc;;'grﬁ;;;;;s foe; in:
1 : t; transformers—6. LE.C. recom ¢
ztomnms .eIXOItra;gnesformers-—T National spemﬁcatcllo%s foxc'l msizzl)lrréir;t
itai tralia an anada ; .
transformers—(a) Great Britain, Aus : . o
i ; tzerland ; (e) Italy;
; Czechoslovakia and Poland; (d) Swi !
(r?;u;%’x‘;égt)a; (9) Sweden; (k) United States of America—S8. Some
fundamental principles in transformer theory

CHAPTER II

THEORY OF THE CURRENT TRANSFORMER

ratio snd phece-anglo-5. °é‘§£‘21?&$§3’}ifr°’£;e,§;ﬁ;f}’;§§ aﬁéznfo
D s Pha. aering sumont.__7. Variation. of K, and
ﬁhe?:fgleﬁg'd?a};‘iaiﬁcéf Mﬁllingert}?ndMGe::gka——gja';‘r};em direct
%‘?:?;ﬁ.ﬁ:gg{; gfagnlfga?rxfeﬁfoér%‘% 2th§/c[>rzr};2§g tfiig:.igrtlx;}tlﬁeﬁ:t(i;‘
g?;ﬁoggi%rngxgﬁ)sﬁlg(.m'g}lg(’::;;ut of aacurrent transformer

CHAPTER III

CHARACTERISTICS OF THE CURRENT TRANSFORMER

i ducing ratio error and

. Introductory—2. Simple methods for re Y -
}1>h sl,:a-lz‘zlgl;g—g The use of secondalx;y_ and pnmarzctsi};gngi mﬁg)
d non-reactive shunt; (b) Primary non-reacts ;
(Sce) C)Sx;cgflydary capacitive shunt; (d) Prxma.ryt ca&z(g:}gr:m :ll}sunt'é ;
i hunts—4. Two-stage curren —5.
(\ifzelliIx?gdsuﬁ‘(Iie Msa;rg}s compensated transformer—6. The 1f1‘se of
magnetic shunts and similar devices—7. The influence of core
cha%gcteristics: General—8. The use of additional magnetization

xi

39

70



CONTENTS

—9. The application of nickel-iron alloys: (a) Hipernik; (b) Perm-
alloy; (¢) Mumetal—10. Influence of law of iron-loss upon shape
of characteristics—11. The effects of remanence on ratio and phase-
angle—12. Magnetic leakage—13. The effects of frequency—14.
The effects of wave-form—15. The effect of secondary burden—186.
The effect of secondary current rating—17. Multi-range trans-
formers—18. Current transformers in parallel: Totalizing trans-
formers—19. The effects of short-circuit currents: General-—20.
The thermal effects of short-circuit currents-—21. The mechanical
effects of short-circuit currents—22. The bar-type current trans-
former-—23. Short-circuit-proof current transformers with multi-
turn primary windings—24. The insulation of current transformers
—25. Current transformers for very high voltages: Cascade trans-
formers—26. Voltage rises and surge phenomena

X1i

CHAPTER IV
THREORY OF THE VOLTAGE TRANSFORMER

1. Vector diagram of the voltage transformer—2. Expressions for
ratio and phase-angle—3. The diagram of Méllinger and Gewecke—
4. Numerical example—3. Variation of K, and y with secondary
power-factor-—6. Variation of K, and y with secondary output—
7. Determination of leakage reactances and turns ratio

CHAPTER V
CHARACTERISTICS OF THE VOLTAGE TRANSFORMER

1. Introductory—2. Methods for reducing ratio-error and phase-
angle—3. The effects of frequency-—4. The effect of wave-form—
5. The effect of secondary burden—6. The effect of primary volt-
age—7. Construction and insulation of normal types of voltage
transformer-—8. “Dry-type’® voltage transformers—9. Voltage
transformers for very high voltages: Cascade transformers—10.
Three-phase and five-limb transformers—11. Combined voltage
and current transformers—12. Protection against overload and
faults—13. Voltage rises and surge phenomena

CHAPTER VI

INSTRUMENT TRANSFORMERS IN POWER OR ENERGY
MEASUREMENTS

1. Introductory—2. Theory of wattmeter without transformers—
3. Theory of wattmeter with transformers-—4. Power measurement
in three-phase circuits—5. The use of instrument transformers
with energy meters—6. Limits of error: National rules—7. Re-
active volt-ampere measurement in three-phase circuits

CHAPTER VII

PRELIMINARY DISCUSSION OF INSTRUMENT TRANSFORMER
TESTING

1. Introductory—2. Indirect method for measuring ratio and
phase-angle—3. Direct methods for measuring ratio and phase-
angle—4. Direct methods for ecurrent transformers—35. Direct
methods for voltage transformers—6. Apparatus

PAGE

(S
o
He

293

317

ww

T —

CONTENTS xiii
PART 2
APPARATUS USED IN TESTING
INSTRUMENT TRANSFORMERS
FOR RATIO AND PHASE-ANGLE
CHAPTER VIII -
INTRODUCTORY 323
CHAPTER IX
RESISTANCE STANDARDS 326
1. Introductory: Low Rusistances—2. General considerations—
3. Desirable qualities in low resistances—4. Definitions—5. "The
reciprocal theoremm—6. Theory of four-terminal conductor—7. Cur-
rent and potential terminals—8. ““Open’’ and * Closed” resistors—
9. Construction of open-type resistors—10. Construction of Closed-
type resistors—11. Skin-effect in resistors—12. Use of a resistor
with a current transformer for large currents: Hicn REeSIsSTaNcEs
-—13. General considerations—14. Theory of high resistance
earthed at one end—-15. Theory of resistance units in series—16.
Types of shielded resistors
CHAPTER X
INDUCTANCE AND CAPACITANCE STANDARDS 372
1. Introductory-—2. Inductance standards—3. Capacitance stand-
ards for high voltages-—4. Capacitance standards for low voltages
CHAPTER XI
A.C. POTENTIOMETERS . . . . 380
1. Introductory—2. Polar potentiometers—3. Rectangular co-
ordinate potentiometers
CHAPTER XII
THE MAGNETIC POTENTIOMETER 387
1. Theory—2. Construction and calibration
CHAPTER XII1
STANDARD TRANSFORMERS . . . . . 391

1. General—2. Current transformers




xiv CONTENTS

CHAPTER X1V
SOURCES OF SUPPLY . . . :};)AQG?}:

1. Alternators and transformers—2. Phase-shifting devices

CHAPTER XV
INSTRUMENTS . . . . . 398

1. Indicating instruments—2 Detector

> . s: (a) The elect ;
(b) The separately-excited dynamometer; (c)) D.C. galzarx?gxﬁzetj;x"
with rectifier; (d) The vibration galvanometer

CHAPTER XVI
BURDENS . . . . 403
1. General—2, National standards: (@) Current transformers ; (b;

Voltage transformers—3. Typ; i
ans - Typical instru t b —
mentary prineiple of burden calculation men urdens—4. Ble.

PART 3

THE TESTING OF CURRENT TRANSFORMERS
FOR RATIO AND PHASE-ANGLE

CHAPTER XVII
INTRODUCTORY . . . . . 407

CHAPTER XVIII

THE INDIRECT METHOD FOR THE MEASUREMENT OF RATIO
AND PHASE-ANGLE ERRORS . . 410

I}r;ir{x?rodu(;tory~2. Measuremer}t of exciting current—3. Deter.
mi lau}n o turns-ra‘mtxo.—4. Estimation of impedance and phase-
gle of secondary circuit—5, Typical result of indirect method

CHAPTER XIX
ABSOLUTE DEFLECTIONAL METHODS FOR

THE MEASUREMENT
OF RATIO AND PHASE-ANGLE ERRORS

1. Two-ammeter thods—2, T : . . A
- - metnods-—2. Two-dynam, i —
%ﬁ%ﬁ;ﬁnfmom;}}tleti methods—4, Wat}tr-nhougmnie?c;r 2251223: g
eter methods—6, M.M.F. bal * the
phase-meter—8. Use of the oscillogra;}?ce methods—T. Uso of th

CONTENTS

CHAPTER XX

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

1. Introductory—2. Methods with one or two dynamometers and
phase-shifter—3. Method with dynamometer, vibration galvano-
meter and phase-shifter—4. Bridge methods: Preliminary remarks
—5. Bridge methods with two resistances: Compensation by self-
inductance-—6. Bridge methods with two resistances: Compensa-
tion by mutual inductance between primary and detector circuits—
7. Bridge methods with two resistances: Compensation by mutual
inductance between secondary and detector circuits: (i) Residual
reactance effects; (ii) Impurity effects; (iii) Inductive interference;
(iv) Capacitance and leakance effects—8. Bridge methods with two
resistances: Compensation by capacitance: (i) Residuals; (ii) In-
ductive interference; (iii) Earthing—9. Bridge methods with two
mutual inductances: Compensation by resistance in primary circuit
—10. Bridge methods with two mutual inductances: Compensation
by resistance in secondary circuit—11. The use of alternating cur-
rent potentiometers—12. The use of thermal detectors

CHAPTER XXI

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

1. Two-ammeter method—2. Two-dynamometer mothods—3.
Single dynamometer method—4. Watt-hour meter methods

CHAPTER XXII

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

1. Shotter’s double-dynamometer method—2. Barbagelata’s bridge
method—3. Silsbee’s bridge method—4. Stubbings’ bridge method
~~b5. Arnold’s bridge method—=6. Hohle’s bridge method—7. The
use of alternating current potentiometers

CHAPTER XXIIT

CHOICE OF METHOD FOR MEASUREMENT OF RATIO AND
PHASE-ANGLE ERRORS . .

1. Introductory—2. Methods for laboratory tests—3. Methods
for routine tests—4. Methods for tests on site—5. Testing pro-
tective transformers

CHAPTER XXIV

PRACTICAL PRECAUTIONS . . .

1. Introductory—2. Stray magnetic field effects—3. Capacitance
and leakance effects: Earthing—4. Burdens: Secondary leads—
5. Testing procedure

XV

PAGE

449

488

504

b17

524

‘ B R s s o . e



xvi CONTENTS

PART 4

THE TESTING OF VOLTAGE TRANS-
FORMERS FOR RATIO AND PHASE-ANGLE

CHAPTER XXV prom
INTRODUCTORY . . . . . . . . 529

CHAPTER XXVI

ABSOLUTE DEFLECTIONAL METHODS FOR TilK MEASUREMENT
OF RATIO AND PHASE-ANGLE ERRORS . . . . b32

L. Two-voltmeter methods—2. Two-dynamometer  methods—3.
Single-dynamometer methods——4. Electrometer methods

CHAPTER XXVII

ABSOLUTE NULL METHODS FOR THE MEASUREMENT OF
RATIO AND PHASE-ANGLE ERRORS . . b46

1. Introductory—2. Method with dynamometer and phase-shifter
~—3. Bridge methods: Preliminary remarks—4. Bridge methods
with resistance voltage-divider : Compensation by self-inductanco
~—5. Bridge methods with resistance voltage-divider : Compensation
by mutual inductance—8. Bridge methods with resistance voltage-
divider : Compensation by capacitance on primary side—7. Bridge
methods with resistance voltage-divider : Compensation by self-
inductance and capacitance on primary side—S8. Bridge methods
with resistance voltage-divider : Compensation by capacitance on
secondary side—9. Bridge methods with condenser voltage-divider :
Compensation by mutual inductance—10. Bridge method with con-

resistance—11. Bridge method with condenser voltage-divider :
Compensation by capacitance and resistance—12. Bridge method
with high-voltage condenser: Compensation by mutual inductance
and capacitance—13. The use of a.c. potentiometers

CHAPTER XXVIII
RELATIVE DEFLECTIONAL METHODS FOR THE MEASURE-
MENT OF RATIO AND PHASE-ANGLE ERRORS . . 568

1. Two-voltmeter method—2, Two-dynamometer method—3.
Single-dynamometer method—4. Watt-hour meter method

CHAPTER XXIX

RELATIVE NULL METHODS FOR THE MEASUREMENT OF RATIO
AND PHASE-ANGLE ERRORS . . b75

1. Shotter’s double-dynamometer method—2. Leeds and North-
rup’s dynamometer method—3, Barbagelata’s bridge method—4,
A.C. potentiometer method

I o T -

CONTENTS xvii

CHAPTER XXX o

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

] tory tests: High voltage
1. Introductory—2. Methods for lzafbora y roltay
tests—3. Metgods for routine testing and for tests on site—4,

Practical precautions

580

PART 5

ADDITIONAL TESTS ON CURRENT
AND VOLTAGE TRANSFORMERS

CHAPTER XXXI

POLARITY AND TERMINAL MARKING
1. Introductory—2. National rules: (a) C\;u'rent transfo?ulxers;
(b.) Single-phase voltage transformers; (3) Three-phase voltage
transformers; (d) General remarks—3. Testing polarity

582

CHAPTER XXXII

589
TEMPERATURE RISE

i 3 s—2. National rules:
1. L.E.C. recommendations: (zeneraljremarkb 2. >
(a) Great Britain; (b) Germany ; (¢) France; (d) U.S.A.; (e) Italy

CHAPTER XXXIII

595
DIELECTRIC TESTS

indli i igh- est for primary
. d inding—2. Applied high-voltage test P
v}vinsdeiflogn—;:l;:ylrmﬁcedghigh-voltage test for voltage transformers—
4. Dielectric loss tests

APPENDICES

APPENDIX I |
FORCES ON STRAIGHT CONDUCTOR WITHIN A TUBULAR 601
RETURN . .

APPENDIX II
TABLES FOR PHASE-ANGLE CORRECTION FACTORS IN POWER

MEASUREMENTS
2—(T.5722)

i
§§
¥
i
i
T




xviii CONTENTS

APPENDIX IIT

USE~ OF VOLTAGE TRANSFORMER WITI ELECTROSTATIC
VOLTMETER FOR PRECISE MEASUREMENTS OF CURRENT
AND VOLTAGE . . . . . 610

PAGE

APPENDIX 1V
CAPACITOR METHODS FOR MEASURING HIGH VOLTAGES . 614

APPENDIX V
BIBLIOGRAPHY . . . . . . . . 620

APPENDIX VI
ADDITIONAL REFERENCES . . . . . 621

APPENDIX VII
PERIODICAL LITERATURE . . . . . 623

APPENDIX VIII

NOTE ON THEORY OF NEUTRAL-POINT DISPLACEMENT IN
SINGLE-PHASE CIRCUIT . . . 625

APPENDIX IX
REVISION OF BRITISH STANDARD SPECIFICATION FOR INSTRU-

MENT TRANSFORMERS . . 628
a . . . -
AUTHOR INDEX . . . 635
SUBJECT INDEX |, . . 639
INSETS
To face

FIG. 63. CURRENT TRANSFORMERS DAMAGED BY EXCES-

SIVE OVERLOAD CURRENTS p. 155
FIG. 93. COMPOUND-FILLED AND OIL-IMMERSED H.V.
CURRENT TRANSFORMERS . . 194

ABBREVIATIONS

A.C.E.C. Journal.

A.E.G M.
Ann. der Phys. .
Ann. der Phys. u. Chem.

Arbeiten Elekt. Inst.
Karlsruhe

Arch. f. Elekt.
Arch. f. tech. Mess.
A.8.E.A4. Journal.

Atti dell’ Assoc. Elett. Ital.

B.B. Rev.
Beama J.

Bell Syst. Tech. J.
B.T.H. Activities .

Bull. Bur. Stds.
Bull. Schw. Elekt. Verein

Bull. Soc. Belge des
Elecns.

Bull. Soc. Frang. des
Elecns.

Bull. Soc. Int. des Elecns.

Bur. Stds., Jowrnal of
Res.

Comptes Rendus .

Dingler’s Poly. J.
Ecl. et Force Mot.
Elec. Eng.

Journal des Ateliers de Constructions
Electriques de Charleroi.

A E.G. Mitteilungen.

Annalen der Physik.

Annalen der Physik und Chemie.

Arbeiten aus dem elektrotechnisches In-
stitut in Karlsruhe.

Archiv fiir Elektrotechnik.

Archiv fir technisches Messen.

Allmianna Svenska Elektriska Aktiebola-
get Journal.

Atti dell’ Associazione Elettrotecnica
Italiana.

Brown-Boveri Review.

Beama Journal (British Electrical and
Allied Manufacturers Association), con-
tinued as World Power.

Bell System Technical Journal.

B.T.H. Activities (British Thomson-
Houston Co.).

Bulletin of the Bureau of Standards;
continued as Bur. Stds., Journal of Res.

Bulletin des schweitzerische elektrotech-
nische Verein.

Bulletin de Ia Société Belge des Klec-
triciens.

Bulletin de la Société Francaise des
Electriciens.

Bulletin de la Société Internationale des
Electriciens.

Bureau of Standards, Journal of Research.

Comptes Rendus hebdomadaires. des
séances de I’Academie des Sciences.

.Dingler’s polytechnisches Journal.
Eclairage et Force Motrice.
Electrical Engineering.

p.43.9



XX ABBREVIATIONS ABBREVIATIONS xxi

Elecn.

FHlec. Rev.
Elec. Times.
Elec. World.
Elect. Club J.

Elect. Comm.

Elect. J.

Elekt. Betrieb

Elekt. Kraft w. Bahn.
Elekt. Wirts.

Elekt. Zeats.
ENT.

oM.

Gen. Elec. Rev.
Helios .
Int. Conf. HT .E.S.

Journal Amer. 111 .

Journal Frank. Inst.
Jouwrnal I.H.F.

Jowrnal 1.E.E. Japan .

Journal Sci. Insts.
K.u.S. Mitt.

L’ Elettro.

Lum. Elect. .
Messtechnik.

M.V. Gaz. .
Phil. Mag. .
Phys. Rev. .
Phys. Zeits..
Power. .
Proc. Amer I.E.E.

Proc. N.IE.L.A.

The Electrician.,
Electrical Review.
Electrical Times.
Electrical World.

Electric Club Journal; continued as
Hlect. J.

Electrical Communication

Electric Journal.

Elektrische Betrieb.

Elektrische Kraft und Bahnen.
Elektrische Wirtschaft.
Elektrotechnische Zeitschrift.
Elektrische Nachrichten-technik.
Elektrotechnik und Maschinenbau.
General Electric Review.

Helios.

International Conference on Large High-
Tension Electrical Systems.

Journal of the American Institute of
Electrical Engineers; continued as
LBlec. Eng.

Journal of the Franklin Institute.

Journal of the Institution of Electrical
Engineers.

Journal of the Institution of Electrical
Engineers of Japan.

Journal of Scientific Instruments.

Koch und Sterzel Mitteilungen.

L’Elettrotecnica.

La Lumiére Electrique.

Messtechnik.

Metropolitan-Vickers Gazette.

Philosophical Magazine.

Physical Review.

Physikalische Zeitschrift.

Power.

Proceedings of the American Institute of
Electrical Engineers.

Proceedings of the National Electric
Light Association.

Proc. Phys. Soc. .
Proc. Roy. Soc. A.

Res. Elect. Lab. Tokyo .

Rev. Gén. de VEL. .
Schw. Elekt. Zeits.

Siemens Jahrbuch
Siemens Nach.
Siemens Zeits.
Stahl u. Eisen
Trans. Amer I .K.E.

Trans. S. Afr.1.E.E.

Unwv. of Illinots, Bull. .

Univ. of Toronto Eng.
Res. Bull.

V.D.E. Fachberichte

Ver. v. Direct. v. Elect.
Nederland

Wiss. Verdff. Siemens
Konz.

World Power
Zeits. des V.D.I. .

Zeits. f. Electrochemie

und ang. phys. Chem.

Zeils. f. Inst.
Zeits. f. tech. Phys.

Proceedings of the Physical Society.

Proceedings of the Royal Society of
London, Section A.

Researches of the Electrotechnical Lab-
oratory, Ministry of Communications,
Tokyo.

Revue Général de 'Electricité.

Schweitzerische elektrotechnische Zeit-
schrift.

Siemens Jahrbuch.
Siemens Nachrichten.
Siemens Zeitschrift.
Stahl und Eisen.

Transactions of the American Institute
of Electrical Engineers.

Transactions of the South African In-
stitution of Electrical Engineers.

Bulletin of the University of Ilinois.

University of Toronto Engineering Re-
search Bulletin.

Fachberichte des Verbandes Deutsche-
Elektrotechniker.

Verhandlung van Directoren van Elee-
tricitat in Nederland.

Wissenschaftliche Veréffentlichungen aus
dem Siemens Konzerns.

World Power.

Zeitschrift des Vereines Deutscher Inge-
nieure.

Zeitschrift fiir Electrochemie und ange-

wandte physikalische Chemie.
Zeitsehrift fiir Instrumentenkunde.
Zeitschrift fir technische Physik.




ERRATA
Page sviil line 13, FMor 13) read (e).
Page 23 line 3.
Page 650 Tine 15,
5/‘:’,”,“./@(1/‘,."

Yy omer D H v - ¢
Page 221 line 8. Fop

B elaly = Bopanlits”™ read B adal, ==

—7 EIRPI— .
=Ly, (R, sin X,., cos MV, read

Page : ."%3.&211; )/\0 (\[;307;. i“l . Loy cos R
le,ﬁo ok h:w 'ym 'p.,,uJ,,“/{,,ull, /’y”z’” read p e Pyltys poit.
o 5. w3 For . :»mL =[O (1 -+ w222 peud
oL =0 (1 5 mis)n
Page 561, line 9. _tmend (o read YN =S

ey~

Page 635, line 14 (left). For <623 read ‘621,

Page 645, line -
Lge 645, line 20, lnend to read ** Great Britain, 591, 633.”

Page 645, 1ine 25, 1y o

ge 6845, > =0 Lwend to read © National Specificati 59
s nernd fo read * National Specifications. 5956,

Page 650, line 56. For 6217 read ‘622,

2, " (et M '

Page 651 line 2. Add aster <209, <621,

., = N fogo4
Page 654, line 55. For 2777 read 275,

(1.5722)

For “hetwe ) ”»
etween 1 and 17 read “ between +and .7

Py

ny
Ins
K
P
I,
K

&

~

¢

F,
K,
Er

p

Vop
V’ILS
K,

V,
v,
K,
€y

F

v

K,

&,

14

a

é

ne

SUMMARY OF DEFINITIONS

CURRENT TRANSFORMERS

= Nominal or rated primary current.

= Nominal or rated secondary current.

= Nominal or rated current ratio = I, /I,

= Primary current.

= Secondary current.

= Current ratio = I, fI,. .

= Current ratio error in per cent = [(K, /K. — 1]100
= [(I/F,)— 1]100.

== Current ratio factor = K /K ,. = 1/[1 4 (e,/100)].

= Turns ratio = T T ,.

— Turns ratio error in per cent = [(K,/K)— 1]100.

— Phase-angle = angle between I, and I, reversed; positive
when — I, leads on I,; usually in centiradians.

VoLTAaGE TRANSFORMERS

= Nominal or rated primary voltage.

= Nominal or rated secondary voltage.

— Nominal or rated voltage ratio = V,,,f/V ;.

= Primary voltage.

= Secondary voltage.

= Voltage ratio = V,[V,.

= Voltage ratio error in per cent = [(K,,/K,) — 1]100
= [(YF,)— 1]100. :

= Voltage ratio factor = K,[K,, = 1/[1 + (£,/100)]

= Turns ratio = T',/T ;.

— Turns ratio error in per cent = [(K,,/K,") — 1]100.

— Phase-angle = angle between ¥, and ¥V, reversed; positive
when — V, leads on V,,; usually in centiradians.

Power MEASUREMENT
= Angle of lag of current in voltage circuit relative to voltage
applied to it = arctan (wL,/R,) usually in centiradians.
= a + B — y usually centiradians.

XxXin




xXxiv SUMMARY OF DEFINITIONS

¢ = Phase displacement of current in main circuit relative to
voltage; positive when voltage leads on current.

§ =g

e, = Power error in per cent = ¢, - &, + &5
= &y + &, + a tan ¢.
eg = 0 tan ¢.
€ = &, — y tan ¢ = overall power error due to voltage trans-
former.
€pe = &, | f tan ¢ = overall power error due to current trans-
former.

Fracrioxan Errors
It is sometimes convenient to use ¢, &,, &, €5, &, and &,, a3
fractions rather than percentages. Their definitions follow from
those given by omitting the factor 100. Likewise it may be more
convenient to express the angles 8, y, «, and § in radians. In all cases
it will be clear from the context which definition is intended.

VEcror NoTaTion
The notation for harmonic vectors explained in A.C. Bridge
Methods will be used. For a current transformer, if ¢, is the fractional
ratio error and f is in radians, the vector relation between the

Pprimary current i, and the secondary current f, is

. 1 . . 1 ... .
iy = 2 —in-P g, = — R—aff)’z,, =— j{-lu . Fl—&"ﬂlz,
[ [ ne c

—E?(1+e»@wﬁ+¢anmhé;—gia~raﬂl+ﬂnn

ne

2 [+ &) + B

ne

Similarly for a voltage transformer,

1 X 1 . 1 1 .
Ve = 'j{—;é‘_ﬂn_y) V, = — E)Ejy Vp= — Km, > Eé']y Vy
1 .. . 1 .
=— g (L+e)(cosy 4-jsiny) v, = — A+ e)(l+jyv,
nv nv

. 1 R
=- Fm[(l + &) + jyive.
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INSTRUMENT
TRANSFORMERS

PART 1

THEORY AND CHARACTERISTICS OF
INSTRUMENT TRANSFORMERS

CHAPTER 1
GENERAL INTRODUCTION

1. Preliminary and historical. In modern electrical engineering
practice electrical energy is generated in steam or hydraﬁhc
power stations, and transmitted by polyphase alternating
currents to the distributing network, whence 1t 1s utilized by
the consumers to whom the energy is sold as a c.ommercw,l
commodity. The annual financial value of the electrical e.ngrg.y
used throughout the world reaches a tremendous figure ; ];t is
not surprising, therefore, that considerable attention has been
devoted to its accurate measurement. A highly deve.loped art
of electrical measurement has been gradually evolved, including
within its scope not only the measurements required by tfhe
engineer in practice but also those used in the 1ab0ra,ti(‘)ryh or
purposes of standardization and research. In all of ¢ gsci
branches Measuring or Instrument Transformers are an essentla
feature in modern measurement technique. Ammeters, volt-
meters. wattmeters and watt-hour meters, of §w1tchbpa.rd or
la.borat’ory types, as well as relays and protective devices are,
for convenience, accuracy and safety, invariably operated in
the secondary circuits of suitable instrument transformers.
These are of two main kinds, Current Transformers and Voltage
Transformers, according as their purpose is to operate current-
measuring or voltage-measuring apparatus.

The use of instrument transformers appears to have become
general toward the close of the nineteenth century, when t}ie
development of alternating current dist.rlbutxon on a large scale
became possible after the introduction of the three-phase

1




2 INSTRUMENT TRANSFORMERS [Cuap. 1

system of transmission in 1890 and the improvement made in
the earlier types of power transformer during the last decade
of the century. Currents and voltages increased rapidly in
magnitude with the growth in power generation and trans-
mission, and it soon became apparent that for convenience and
safety the measuring instruments should be connected to the

network through suitable transformers. The idea seems to

have occurred simultaneously and independently to several
engineers, so that it is hardly possible to assign the invention
of instrument transformers to a single individual.

There are, however, certain historical facts* that are of considerable
interest in the early development of instrument transformers. The
earliest account of a current transformer appears in a patent specifica-
tion filed by Ferranti and Thompsont in 1882, in which a description
is given of an a.c. electrolytic quantity meter with a self-contained
air-cored transformer. The main current is passed through the pri-
mary, which is a thick copper spiral, while the secondary terminals are
joined to the electrodes. In 1887 Dick and Kennedy? first suggested
the use of a step-down transformer in conjunction with a Cardew hot-
wire voltmeter, their object being to eliminate the use of the delicate
electrostatic instruments which were the only means known at that
time for the measurement of high voltages; their invention constituted
the earliest application of the voltage transformer.

During the next five years numerous patents were taken out for
instruments of various types operated by transformers, but none were
of remarkable interest until in 1893 Ayrton and Mather § patented the
iron ring or toroidal type of instrument transformer threaded over one
of the a.c. mains. Their original purpose was to compensate, by the
voltage induced in the secondary windings, the reading of an electro-
static voltmeter for drop in the feeder, but their patent also provides
for the measurement of current by joining the secondary directly to
an electrostatic instrument; both arrangements are shown in Fig. 1 at
(@) and (b). It will be appreciated that the secondary is virtually on
open-circuit and to obtain secondary voltages proportional to the cur-
rent the iron core is provided with an air-gap. Ayrton and Mather also
suggested the totalizing of the currents in several feeders by passing
them through a common toroid, and they further described the use of
a split or hinged core to clip over cables or bus-bars, thus anticipating
many recent inventions.

The first description of a current transformer with a closed secondary

* The author is much indebted to Professor T. Mather, F.R.S., and to
Professor Dr. George Keinath for many valuable suggestions.

t 8. %. de Ferranti and A. Thompson, Brit. Pat. No. 4 596, Sept. 27th (1882).
See also Konrad Norden, “Elektrolytische Zihler,” p. 145 (1908), for a brief
description. Also correspondence in BuM., vol. 51, pp. 319-320 (1933),
between Professor Benischke and the author.

1 R. Dick and Rankin Kennedy, Brit. Pat. No. 4 027, Mar. 17th (1887).

§ W. E. Ayrton and T. Mather, Brit. Pat. No. 24 217, Dec. 16th (1893).
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cirouit s due to Albrt Campbel® 1n 1900, S eate, Campbell showed
i i e in the se y )

ic})nnt?ezk?zw;rﬁi}yvgﬁglaéﬁgondm currents are proportu.)naml.ttioS ;);15
anither and independent of frequency if the s'ec0nd{fr‘y'ht:lllxe;c1;:7 bls st
ficiently inductive, and he further showed this ’bo ek e oy
transformer had an iron core. Though Campbell’s W%rh referred ony
to laboratory measurements there is little doubt that i had a onsider
({)levinﬁuence on the adoption of current transformers;i} 11n }Pra(éo ce and
Za,ve engineers faith in their performance. By 1898 Elphins

(t)
@)
Ayrton_and [Mather,

u

(C) Llphinstone _and Heop..

(e) Schrottke.

Tre. 1. Vartous EarLy TyPES OF CURRENT TRANSFORMERS

Heapt had produced a shell-type current transformer with a closed

i i sien, as Fig. 1 (c¢) shows. o
lroélo;(ggezggll:am;ﬁg:srsn (vlvzsg made in Germany abozt t(}insvotﬁ?;
Benischke} in 1898 described various types of currexgei I::n ! voltage
transformers made by the A.E.G., one of the formstlzir erg shows o
Fig. 1 (d); while the products of Siemens & ]i[}e:,lb ‘:hivsv'ﬁrm eseribed
4 SChI'O‘Df,Dke vy lg(zlls,fthough ﬂﬁ?t}suli'oogo;v}')g ye:rs earlier than this
i ormers so
g:ig. uii.trilsn‘llftrg-ebsﬁng to note that some of the early German current

* A Campbell, “On the measurement of very large ar;%']vzalrg'gzx)nall alter-
nating urregts * Phil. Mag., 5th series, vol. 42, pp. 271- 718 Aug 25th
+ G K. B, Rlphinstene and A. C. Heap, Brét. Pat. No. , Aug.

(1§9%2- Benischke, “Neue Wechselstrom-Messinstrumente und Bogenlampen

» 3 . 82-89
der Allgemeinen Elektricitéats Gesellschaft,” Elekt. Zeits., vol. 20, pp

ite,’ b . 657~
(18§9%').. Schrottke, “ Ueber Drehfeldmessgerate,” Elekt. Zeits., vol. 22, pp. 6
667 (1901).

=



4 INSTRUMENT TRANSFORMERS [Caar. T
transformers were provided with an air-gap in the core, a typical
example being shown in Fig. 1 (e). :

From about 1900 instrument transformers became increasingly
important in practice* and an improvement in their accuracy was
necessary. In the case of voltage transformers no serious problems
were presented, but it was not until 1904 that the theory of the current
transformer and its rational design were understood. The fundamental
principles were explained in papers by Wilder and by Curtis in America,
by Gérner in Switzerland and Germany and by Drysdale in England
in the interval 1904-08.+ In 1909 Keinatht published a dissertation
which greatly stimulated development in the Continent, as Drysdale’s
work had done in Great Britain. Thereafter progress was continuous
and a discussion of it is the sub Jjeet-proper of this book.

2. The advantages and properties of instrument transformers.
Instrument transformers are designed to fulfil one of two
purposes, namely, the operation of measuring instruments or
of protective devices. They are of two distinet types, according
as they are intended to deal with the main current or with the
supply voltage. The current or series transformer, the circuit
of which is shown diagrammatically in Fig. 2(a), serves to
transform a given primary current [, into a, relatively smaller
current / which operates an ammeter or other current-measur-
ing device . The voltage, potential, or shunt transformer, ¥ ig.
2(b)is used to convert the voltage V', between the mains into
a relatively lower voltage V, which is applied to a voltmeter or
other voltage-measuring device V. The use of current and
voltage transformers with a wattmeter or a watt-hour meter is
shown in Fig. 2 ().

Instrument transformers are used in all cases where heavy
currents or high voltages are concerned, in order to reduce them
to values more convenient for measurement. By the use of
transformers the instruments and protective devices carry
only a small current or are worked at a low voltage; hence
it Is unnecessary to bring heavy cables or bus-bars to the

* See F. Punga, “Measuring instrument transformers,” Elecn., vol. 51,
pp- 1008-1001 (1903). K. Edgeumbe and F. Punga, “Direct reading instru-
ments for switchboard use,” Journal LE.E. vol. 33, pp. 620-669, 671-693
(1904). _

1 E. L. Wilder, “Operation of the serios transformer,” Klect. Club .J L vol. 1,
Pp. 451-455 (1904). J. Gorner, “Stromwandler,” Schw. Elekt. Zeits., vol, 3,
pp- 434-435, 444445, 455-457, 474475, 489- 490, 504506 (1906); “Vortrag
liber Stromwandler fiir Messgeriite,” Rlekt. Zeits., vol. 27, 208-209 (1906).
K. L. Curtis, “Tho current transformer,” Trans, Amer. LE.E., vol. 25, pp.
715-734 (1907). C. V. Drysdale, “The use of shunts and transformers with
alternate current measuring instruments,” pp;. Mayg., 6th series, vol. 16,
pp. 136-153 (1908).

1 G. Keinath, ‘“Untersuchung an Messtransformatoren,”

A " Dissertation.
Technische Hochschule in Miinchen (1909).
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switchboard and high-voltage cqnductors are gllmlnatedhthere(i
from, with a consequent cheapening of the wiring and emw a,nlcet

safety for the operator. As a further safeguard it IS u;ua, 1?
earth the core and one secondary terminal of each tla,.nsl.orme ;
The insulation between the primary and secondary winc }ngts o-
the transformers serves to isolate all the measuring (1lnsr rut
ments from the high voltage of the primary circuit, and mus

¥
~ IP ~ k’p
al Ly,
N nua
T &
]
Z I""‘ Z
7
(@) (b
T
V) ‘(p -Z;,

) L,

\A jnuny

/e
AN A A A

A
T \,
vy \___<L D V j
L d W v
)
F1a. 2. FunpAMENTAL Circurrs oF CURRENT AND VOLTAGE
TRANSFORMERS

be designed with great care. Since a current transformer c.zlmrrlss
the main current in its primary winding it will necessarily he
subjected to the short-circuit currents which may ﬂo“( in t :
primary network under abnormal Qondltlons. ‘Hence it mu}?
be designed so that its windings will not be displaced by the
severe mechanical forces acting on them when abnormal cur-
rents flow, and the transformer must not be da.maged by the
excessive heat generated by these currents. It is clear, th'er?-
fore, that instrument transformers must be reliable links
between the main and the measuring circuits. )
Instrument transformers are also advantageous in another
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direction, since their use makes it Possible to standardize the
measuring instruments by the adoption of fixed secondary
ratings. It is modern practice to use a rated full-load secondary
current of 5 amperes in current transformers, and from 100 to
150 volts at the secondary terminals of voltage transformers.
Such a measure of standardization greatly cheapens the cost
of manufacture of the instruments and of the transformers
themselves,

3. The imperfections of instrument transformers. Tn an ideal
instrument transformer the secondary quantity would be a
copy of the primary quantity to a reduced scale and exactly
opposite to it in phase, independently of all changes in the
operating conditions. In such a transformer the primary and
secondary ampere-turns would be equal and opposite in their
effect on the core [see Section 8], the ratio of primary current/
secondary current equal to the ratio of secondary turns/primary
turns, while the value of primary voltage/secondary voltage
would equal that of primary turns/secondary turns.

Practical transformers do not fulfil these ideal conditions
for a number of reasons, prominent among which are the
following—

(i) Some portion of the primary ampere-turns is utilized to
set up in the core of the transformer the magnetic flux requisite
to induce the secondary voltage :

(ii) The magnetization characteristic of the core material is
not linear:

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

(iv) Since there is inevitable magnetic leakage the magnetic
flux in the core does not link both the primary and secondary
windings equally.

In consequence of these and other reasons the secondary
current in a current transformer is not equal to primary turns/
secondary turns times the primary current ; similarly, in a
voltage transformer the secondary voltage is not equal to
secondary turns/primary turns times the primary voltage.
Not only are the magnitudes of the secondary quantities some-
what in error but they are not exactly in opposition of phase
to the primary quantities ; moreover, on account of the charac-
teristics of the iron core, these errors in ratio and phase are
not constant, but vary with the operating conditions of the

- transformer. It is the object of the designer to reduce these
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imperfections to the minimum and to appr(()ia,ch ;a)heS 11?1?‘1&1%
condition as closely as possible; this may be (cl)n'e é’h ful
design and the use of various devices dlscusse in Chap
II{L.arll)igliitions. Current transformers. A current tran:fo?:}?r
is intended to operate normally with the rated purrindo nde
network into which its primary winding 1s inserted and,
with this current flowing, to y
deliver in its secondary circuib I A
a specified rated current. Let
I, be this rated primary cur-
rent and I, the rated secqnd—
ary current ; then the nominal
or rated current ratio for Whl?h
the transformer is designed is
K, = I'np/Ins,
sometimes also called the
marked ratio, since it is the
value inscribed upon the rating A
plate of the transformer. The j
value of I,, is universally 8 y
standardized at 5 amperes, ex- @
cept in special instances to @)
which reference is made on p. 1 -,
142, K, is expressed.f ast.a.n (4 . e
unreduced roper fraction Fra. 3. RATIO AN 1ASE-
showing theprafed values of DrriINITIONS

1,, and I, e.g. 200/5. ' .
]in practice,ga,s has been indicated in Section 3, the actual

rati current transformer does not remain consta,r}t as
tizl(l))r?riai'y current is varied, and its value may be a,ppreela,blyt
different from K,.* Let I, be any value of primary C}lrr}elan
and I, the corresponding value of the secondary current; then
the true or actual current ratio will be

K, = I z»l I,: . )
the current I, will differ from the ideal value I, /K, in ma.gmli
tude, and from exact opposition of phase to I, by a 312@
angle, B, called the phase-angle, or phase-error or lph.ase h.zs—
placement of the transformer. These fu.nda.rr}ental_re a.tlol@st ips
are illustrated in Fig. 3 (@), assuming sinusoidal time-variation

* See M. G. Lloyd, “What is the ratio of a transformer?” Elec. World,
vol. 52, pp. 77-78 (1908).
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of the various currents. The factor by which the nominal ratio
must be multiplied to obtain the actual ratio is called the
current ratio factor, defined by

Fc = KCIKm~

The purpose of a current transformer is to measure the
primary current in terms of the secondary current; conse-
quently, the instrument in the secondary circuit is scaled in
nominal primary values. Let I, be the secondary current, then
the value of primary current read upon the instrument scale
will be K, .I,; but, in consequence of the transformer’s imper-
fections its true ratio is K, and the actual value of the primary
current is [, = K I,. The current read upon the scale is thus
in error by the amount

Read current — true current = error = K, I, — K I,

In terms of the true current the percentage current error is

— 100 Knels = KLy oo Kels = 1y 100 Lo Lol Koe)
R T R
I (Kc” =100{7 — 1)

The error in a current measurement is positive when, with a
given secondary current, the primary current indicated by the
instrument exceeds the actual value, i.e. when the instrument
reads too high; or with a given primary current the actual
secondary current is in excess of its ideal value I,/K,,; or
again, when the nominal ratio exceeds the actual ratio. This
error, which is due to incorrectness and variation of ratio is
frequently known as the percentage ratio error or more concisely
as the current error or ratio-error; and as defined above is
recommended by the International Electrotechnical Com-
mission for general adoption.* Remembering that ¢, is usually
small, the current ratio factor can be written.

1 i &
Fe= 1 egion) = '~ 1on

* Definitions equivalent to this are contained in the Standard Specifica-
tions of France, Germany, Great Britain, Italy, Japan, and Switzerland.
The Specification of the United States makes exclusive use of the Ratio
Factor. It may be added that there is frequent lack of clarity in the defini-
tions.

S ———
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Then since

& read current — true current ’

100 true current
read current

1 (ef100)

Rewriting the expression on p. 8,

- p t |
True current = read current — error = read current 4

1 ¥ 033
¥ read current.
True current = F, x

- correction,

so that ) i
' Correction = — error.

Tixpressing the correction as a percentage of the reading,
¢, = 100K, — Ny Wy = — b0
i } _.. The ity ¢, de-
since I . is usually not very different from K. The (}uanﬁlnz;r 5;7 o
scribed ngﬂs the percentuge current correclion ()I"trh(‘ :p;‘)c%lé uyiai’ds fmd g
' ' ' i e 2 ke b~
ratio of transformadion, is adopted in the' bvu(hns 1t>0'c}‘n( ards and =
defined also in those of France. The relative advantages o ; ,\mn o
‘ S N\ v
e or of ¢, are clearly argued by Hauffe,* who concludes in fava
€ ce g aiai o =

the former.

The phase-angle p is usuall}y Tery strtmlll,Lselbctocr(x)lmg;e?terz ;111113;1;
3 degrees usually much less. It has e a
f)r;}gtgizzezo ir;(%ress they angle in minutes of arc and,lm d((;fgreg;loiz
to this common usage, this unit is freqqently emp oyedl_x; this
book. The practice has, however, nothing to commen 1l (tic
the author would take this opportunity to enter an (?hmp 1;: o
protest against its international.adoptlon. It wﬂlﬂ 11)3; bt;)iwono_
Chapter VI and elsewhere that it 1s alr.nost ahyayb © %mau
metrical functions of f that are required; since g is z:hk 1l
angle these functions are obtainable' at once without the u
of tables from the approximate relations

sin f = tan f = and cos f =1,

when B is expressed in radians. Hence 1% would be mEChdrir:f:
rational to express § in radians, or even better in cen gra hars,
than in minutes.t Moreover, as will be seen in Part 3, a | the
methods used for measuring g give the result directly in radia

* . Hauffe, “Uebersetzungsfehler und Messfohler bei Messungen mit

W, » . Zeits., vol. 52, pp. 900-901 (1931). ) .
“J’F“(SILZI‘IX. g;ilrc\i)beﬁ,s“Angular punit for small phase-differences, Journal

) ;- ‘ Standard Speciﬁcations. of Franr_:e,
e o (1923,53(.1 a't.[‘rﬁftheaUnited States contain a_deﬁplte
Ttaly prescribes the centiradian;
also does the I.LE.C.

Germany, Great Britain, Switzqu d
recommendation to measure f§ in minutes; e o
while Sweden specifies either unit as acceptable, a

3—{(T.5722)
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measure. In order to make eas i
units to the other we note that ¥ conversion from one system of

1 radian = 57-3 ' i
an. = X 60 = 343
80 ghat 1 ceptlradlan = 10 -2radian — 348?31;1111:111}111;373’68
an 1 minute == 0-02908 centiradian — O-OOOéQOS
radian ;

also 1 degree = 1-745 centiradians.

The phase-angle is positive }Vhen the reversed secondary

adzpted in all countries.

impefiiff;t' t}‘an(isformer 18 designed to operate with g definite

R e Joined to the terminals of its secondary winding

ohus mpeteince consisting of some piece of apparatus, such as’

it ‘wometer or Ia Watt-}rmu'r meter current coil, together with

o ng .eads._ This external load connected to the
ary termlgals 15 called the burden of the transformer

Cuar. 1] GENERAL INTRODUCTION 11

fluctuates widely from the rated value in consequence of load
variations in the primary network, i.e. when the voltage applied
to the primary winding is far from constant. The voltage
transformer, on the other hand, works at the line voltage
which in practice is nearly constant and is, in consequence,
much less subject to sources of error in ratio and phase-angle.
Let V,, be the rated primary voltage and V,, the rated
secondary voltage; then the nominal or rated voltage ratio for

which the transformer is designed is
K’nfu = Vﬂp/VﬂS)

sometimes also called the marked ratio. The value of V,,, is not
the same in all countries but lies between the limits of 100 and
150 volts; it is unfortunate that a definite figure, such as
100 volts, has not been agreed upon for international adop-
tion.* K,, is expressed as an unreduced proper fraction show-
ing the values of V,, and V,,, e.g. 15 000/100.

In practice the actual ratio of a voltage transformer varies
with changes in the primary voltage, the secondary load and
other factors, and may be appreciably different from K,,. Let
V, be any value of primary voltage and V, the corresponding
value of the secondary voltage; then the true or actual voltage

ratio will be
K,=V,V.

The voltage V, will differ from the ideal value V /K, , in magni-
tude and from exact phase-opposition to ¥, by a small angle,
v, called the phase-angle, phase-error or phase displacement of
the transformer. These relationships are shown for sinusoidal
quantities in Fig. 3 (b). The woltage ratio factor is

F,=K,|K,,;
and the percentage error in a voltage measurement, the
percentage voltage error or ratio error is

Kans_Kst Kans _ Vp =100 Vs - (Vm/Kﬂv)

AR & A, A Vol Ko)
Knv - Kv . Km; . 1
= IOOT = 100(?{7‘ 1) = 100<ﬁ_’;— 1)

* The LE.C. Recommendation is 100 to 125.
100 to 115; Ttaly, 100 to 120; France, 100 to 150.

Germany and Switzerland
adopt 100; Great Britain and Sweden, 110; the United States, 115; Japan,

FERuT S v
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so that
1 . £,
Fo= T o0 =1~ 160

The error in a voltuge measurement is positive when, with a given
secondary voltage, the primary voltage indicated by the instru-
ment in the secondary circuit exceeds the actual value, ie,
when the instrument reads too high; it is understood that this
Instrument is scaled in nominal primary values. Otherwise,
error is positive when, with a given primary voltage, the actual
secondary voltage is in excess of its ideal value V [K, ,: or
again, when the nominal ratio exceeds the actual ratio. Further

read voltage .
1+ (e,/100) —

The phase-angle y is generally very small and, though cus-
tomarily expressed in minutes of arc, would be more rationally
stated in centiradians. The Phase-angle is positive when the
reversed secondary voltage vector is aheqd of the primary
voltage vector, i.e. when the actual secondary voltage V, leads
on the ideal secondary voltage V (K, in F ig. 3 (b). This
convention is, unfortunately, not adhered to by all countries,*
in spite of its recommendation by the I E.C. for international
adoption ; the question is discussed in Chapter VI, p. 311.

The external load, consisting of a voltmeter or other instru-
ment with its connecting leads, connected to the secondary
terminals of a voltage transformer is its burden and, as before,
may be specified either in ohms or in volt-amperes with a stated
power-factor. The rated burden is that with which the trans-
former can be loaded at the rated secondary voltage without the
values of ¢, and y exceeding the limits laid down in the national
standard specification.

6. LE.C. recommendations for instrument transformers,
The importance of instrument transformers as accurate
measuring units has long been recognized in many countries
by the issue of national standard specifications to which the
accuracy and performance of such transformers should conform.
The progress effected in the design and construction of trans-
formers during recent years has rendered the provisions of many

* The notable exceptions are the United States and France. The U.S.A.,
however, have their Standard Specification under revision and propose to
alter their convention to agree with that given here; see Journal Amer. I.E.E.,
vol. 49, pp. 749750 (1930). France defines Y as negative when the reversed
secondary voltage vector leads on the primary voltage vector and adheres to
this in the new specification of 1930,

True voltage = » X read voltage.
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of these specifications out of date and some attemp}:; has been
made in preparing their revision to correlate the 'va,r}](_‘)}?s
definitions and standards upon an international basm.b g
grounds for this action will be evident when it is rememt_ere?1
that (i) electrical energy is now a commodity sold acrolss I(ia, 1(;'na,
frontiers and that a considerable measure of standardiza 13n
of electrical machinery and apparatus has already been made
by international action; and (ii) instrument tmpsformers la;u‘(z
manufactured in all countries not only for natlongl g\se u
also for export. For these and other reasons it lb_l ‘Ver);
desirable that the general principles, if not the detai rs, 13
standardization should be the same throughout the an;} .
As a step toward the unification of st.a,n'dard 51)001ﬁczxt1?nis ! ﬁe
International Electrotechnical Commission has compme(l e
various national rules and at a plenary m.eetm% held in ROS)O in
July, 1930, approved a specification entltlegl }E(} _ecor;l;
mendations for Instrument Transformers, 'Iubhcatl({x‘lf '
(pp. 1-9), issued by the ILLE.C. at 28 Victoria Street, West-

minster, S.W.1.* -
For bURRENT TRANSFORMERS the recommendations are

made under the following headings—

i 41 hese bein
1. Phase-displacement, 2. Ratio error, 3. Correction fuctor, thes ecg

equivalent to the definitions given in Section 4 for f, ¢, and 1 — 106

respectively. ) ) :
41.) Rated primary currents to be recognized as standard are, in

amperes,

5 — o
10 - 100 1000
15 150 1500
20 200 2 000
30 300 3 000
40 400 4 000
50 500 5 000
75 750 —

less a lower power
5. Rated secondary current shall be .5 amperes, un

consumption in the connecting leads is desirable, when 1 ampere may
be used. '

6. Rated secondary burden is not to be less than 5 volt-amperes ; the
burden may have any desired larger value and may be (;xpressed either
in volt-am eres, at the rated secondary current', or in ohms.

7. Infomﬁation given on the nameplate shall include (a) the class of

* The following abstract of this publication is made by kind permission of
the International Electrotechnical Commission.
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the transformer (see No. 11); (b) The rated burden; (c) Optionally the
value of 8.

8. Temperature rise shall conform to the I.E.C. Rules for Power
Transformers.

9. High voltage tesls consists of {(a) The test voltage of the primary
cireuit, to be applied between primary and secondary, core, frame
and/or case, connected together, shall correspond with that laid down
by the LE.C. Rules. (b) The test voltage of the secondary circuit
‘applied for one minute between secondary and the primary, core and
frame joined together to be 2 000 volts. (¢) In transformers with
divided secondaries or primaries, the sections shall withstand 2000
volts applied between them for one minute.

10. A current transformer shall withstand without permanent injury
the opening of the secondary circuit during a period of one minute
when rated current flows in the primary.

11. Two classes are recognized, corresponding with the Permissible
percentage ratio error at rated current and burden, designated Classes
0-5 and 1 respectively. Limits of error when tested with an inductive
burden having a power-factor of 0-8 and any value lying between 25
per cent and 100 per cent of rated burden shall not exceed the follow-
ing limits—

Percentage of 8
Rated &g -~
Class Primary o I R —
Current [, , + % In Minutes I;&Z?:g-

10 1-0 60 1-745

0-5 20 0-75 40 1-163

190 0-50 30 0-872

— 120 0-50 30 0-872
S S I N

10 2:0 120 3-490

! 20 1-5 80 2-326

100 1-0 60 1-745

120 1-0 60 1745

If the transformer has a protective resistance it shall be in place
when the tests are made. These limits are plotted in Fig. 4 and will
be referred to later in discussing the corresponding classification of
current transformers under the various national standard rules.

For Vorrage TRANSFORMERS the recommendations are made
under the following headings—

12. Phase-displacement, 13. Ratio error, 14. Correction factor, these
being equivalent to the definitions given in Section 5 for ¥, &, and
1 — (¢,/100) respectively.

15. Rated secondary voltage shall have a value between 100 and 125
volts.

18. Rated secondary load is not to be less than 10 volt-amperes but
may have any higher value. It shall be expressed in volt-amperes at
rated secondary voltage.

S
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i i late shall include (a) The
17. Information to be given on the namep ! 0
class of the transformer (see No. 20); (b) The rated load; (c¢) Optionally
the value of y. )
18. Temperature ri

Transformers. )
19. High voltage tesls are the same as in Item 9 above. ] .
20. Limits of error when tested with a secondary load having al._‘ ag(i

ging power-factor of 0-8 and any value lying between 25 per cent an

ée shall conform to the I.E.C. Rules for Power

€%
20
[
0 < - Class {
I e Class 05
o L

0 2 4 & 8 100 R0 lp

minutes

@120 \

o0 Class !

Class 05

)
0 20 40 €@ 8 100 1207 [y

Fre. 4. I.E.C. Limits oF ERrOR FOR CURRENT TRANSFORMERS

100 per cent of the rated secondary load shall not exceed the following
limits—

Percentage of &y Y
Class Rated Primary ) In Conti-
Voltage V,, = % In Minutes redians
0-5 ’ 80 to 120 inclusive 0-5 20 0-582
1 ' 80 to 120 inclusive 10 40 1-163

The I.E.C. Recommendations apply to transformer§ sultal?le
for use with house service meters and wattmeters for 1n_dust1.'1al
Purposes. It is proposed at a later date to issue a spgclﬁca.tlfon
dealing with transformers of higher precision suitable for

laboratory or other special purposes.
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7. National specifications for instrument transformers,
Specifications for the standardization of instrument trans-
formers are in force in the following countries: Australia,
Canada, Czechoslovakia, France, Germany, Great Britain,
Ttaly, Japan, Poland, Sweden, Switzerland, and the United
States. Austria, Belgium, Denmark, and Holland have not
yet adopted any rules. In this Section we shaill examine the
general provisions of some of these specifications, particularly
in regard to the classification of transformers and their per-
missible limits of error. Certain topics, such as dielectrie tests,
limits of temperature rise, overload limitations ete., are most
usefully dealt with in detail in other parts of the book where
these subjects receive full consideration and will not be given
more than passing mention at this stage. The intercomparison
of the various national rules is of great interest and brings out
very clearly the differences of technical practice followed in
different countries* and also the necd for still further inter-
national unification; we shall employ the 1.E.C. Recom-
mendations as a standard of reference by means of which the
national specifications may be correlated.

7a. Great Britain, Australia, and Canada. It is natural in a
book addressed primarily to British readers to begin with a
description of the standards at present in use in Great Britain.
These are contained in British Standard Specification  for
Instrument Transformers, No. 81-—1927, pp. 1-23, April, 1927,
issued by the British Standards Institution.t An identical
specification is in force in Australia under the title Tentative
Australian Standard Specification for Instrument Transformers,
No. C45—1928. T., pp. 1 29, June, 1928, published by the
Australian Commonwealth Engineering Standards Associa-
tion. The Canadian specification is quite different, more nearly
resembling that of the U.S.A., and will be noticed at the con-
clusion of this section. B.S.S. No. 81 is now out of date and is
by no means representative of the state of the art of instrument
transformer design in the British Isles at the present time,
particularly as regards limits of error. It is, however, at present
under revision and its provisions will be considerably amended

* For an earlier comparison of the principal rules, see (. Keinath, “Regeln
fiir Messinstrumente und Messwandler in verschiedenen Landern,” Bull. Schw.
Elekt. Verein, vol. 14, pp- 166-177, 597-598 (1923).

T The abstract given below is made by permission from British Standard
Specification No. 81, Instrument Transformers, official copies of which can be
obtained from the British Standards Institution, 28 Victoria Street, London,
S.W.1.,, price 2s. 2d. post-free.
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al wi ituation, but, at the time
and extended to deal with the mod_ern si , )
;?g(?ing to Press, the revised specification has not yet made its
appearance. (See Appendix 1X.)

The Specification is comprised within twenty-gyex nulmb}(;r(:lv Eizir:;
graphs or clauses; added to these are seven appen lC(vbl\Vt ucI , (i‘néﬁlsive
for information only and are not mandat;ory. Clausz-es ‘ (E‘  nclusive
are definitions substantially in agreomon.t with certain lpj@ rb.;‘) k t‘. ; s
4 and 5. Clauses 11 to 15 inclusive .consmt of a genera spgj(‘:lx lc(‘lt,’mnh;d
instrument transformers and comprise g};e %1133:&3?1 ]:u 11}’ o .13 :( L:lb( }ro—

g 3 e 50 cycles per sec. 12, Tra mers + ab fre
flll?((}lllflr;(s}};tbl}lﬁl 1t lll):m 50 :Imll bIZ: considered as f}onf()rznmg_t(‘) tt;hc 143211-511{
Standard if they satisfy the r(‘quin-nwnts. of t:he hvpftc.l,fi(:dt l()él ‘:,f thz
frequency for which they are intondcd.. 13. Hvlgr.h.lw’) 1,»(1,3.0“ ‘(‘1:(1 [ the
primary and sccondary windings, (_10tzuls of W.hlc 1 (ue_l(wu]r ot
p- 595. 14, Limits of temperature rise, dealt with on p. 391. 15. Tests
at the maker’s works acceptable

as evidence of compliance with ‘.uhe €%
requirements of the Specification 30 —
shall be the high-voltage tests Uf. Y
Clause 13 and measurements of
ratio errvor, in the case of cmtront 20 b
transformers at full and half the . C’aflao'a] o,
rated primary current and in volt-
age transformers at full and half 0 TPRTT Class!
¥ g ate t Classes
thg rated bul(.len_\u.t‘h fl‘l}l'r'?tt](( 5 Classes. lass0
primary voltage. It is notewor hy Aota
that no test of temperature rise ° s
or of phase-angle is regarded as O 20 40 & &0 100 20 Z[‘)p
obligatory. ) .
Current Transformers are given m’”i‘é‘;es
particular attention in Clauses 16 /3 ) J l
to 20 inclusive. The rated sec- Y | ~
ondary current 1,, is to be 5 | Canada
amperes and the following values 7
of I, . the rated primary current 120 \
in %mperes, are regarded as \ \ Class C‘/
standard— N P chlssfl
-
5 — — 60 y
10 100 1 008 Lt Class B
15 150 150 == Class 05
20 200 2000 Z ClassA Class
— 250 — l |
30 300 3 000 o
P 400 4 000 0 2 40 & 8 100 % Lhyp
50 500 5 000
60 600 — F1e. 5. Limits oF ErRor ForR CUR-
80 800 — RENT TRANSFORMERS : GREAT BRITAIN,
AUSTRALIA, AND CANADA
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These values are similar to those recommended by the LE.C. with the
substitution of 60 and 80 amperes for 7 5,

of 600 and 800 for 750, ang
the addition of g 250-ampere range.
Four classes, distinguished by an arbitrar

Y letter notation A, B, ¢,
D, are specified, conforming to the particulars given in the following

[CHap. T

. Cuae. I]

table-—
-_— _—_
1?13‘?5} Percent- B
at 50 c.p.s age of & i
Class Type Use and Unity | Rated Min.
Power ¥ Primary | £ % | utes
Factor Current
— [
A | Portable For laboratory | 73 VA | 100 to 99 L o5 | 35
Precision and precision inclusive | '
Type work |
(Up to 11000 Below | 1.0 50
volts only) 20 to 10 ! |
—_—] T e
Switchboard | For metering 5 and 100 to 20 f 10 | 60
and Port- equipments 15 VA inclusive |
able Indus.- where close
trial Type acecuracy is re- Below 2-0 90
quired 20 to 10
(Up to 33000
volts only)
—— —_— i —
Switchboard For ordinary in- 5,15 100 to 20 10 | 120
and Port. dustrial re- and inclusive
able Indus- quirements 40 VA Below 2:0 | 180
trial Type 20 to 10
. - —_—
Switchboard For ammeters, Not 100to 20 | 5 —
and Port. relays, trip- exceeding | inclusive
able Indug- coils, ete., 40 VA
trial Type where phase-

These limits of err
loaded with the tab

Or are not to be exceede

angle is unim-
portant and
where a larger
ratio error
thanin ClassC
is permissible

d when the transformer is

|

ulated rated burden and are plotted for Classes A,

B and C in Fig. 5. It will be seen that Classes A and B correspond

approximately with Classes 1L.E.C. 0-5 and I respectively and are, indeed,

somewhat more stringent than the latter, especially at the lower values
of primary current,

Every current transformer confo

lorming to B.S.S. 81—1927 must be |
indelibly markeq with the following

Particulars: (a) The manufacturer’s

name. (b) The manufacturer’s serigl number,

expressed as an unre
Rated frequency. (e)

duced broper fraction 1,/
Rated burden in volt-am

(¢) The value of K,,
Ins’ e.g. 1000/5 (d)

beres. (f) The class
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i ion i ired either of the
i " that no information is require
letter.l Ix;ollzafglg tsf“vtoliIsz_':}irx‘cuifs in which the t.ra,nsf('lormer may be used or
norl;llatest voltage to which it has be:en s'ubjecte . o1 to 25 inclusive.
o G;t e Transformers are dealt with in Clauses Ellooriny wueve.
hVO (fc%d secondary voltage V,; is 110 and the fo
ra 0 and
:E;,tid primary voltage V,,, are sta,ndar?;gg 5 500, 6 600, 11 000,
550, 660, 1 100, 2 200, , s y
Ho 433’00%, 33 000, 49 500, 66 000, 110 000, 132 000

i ding in type and
: and D, are specified correspondir  and
o ctzisiilse: $;£éscof current transformers; their ratings and limi
use wi ) s
of error are tabulated below—

I[ Rated Burden at 50 Cycles
‘ per Sec. and Unity
1 Power-factor e, ¥
< 9 Minutes
Class { Single Phase I Three Phase + %
|
i |
i VA 1 VA per Phase
W | | 5 20
A 10 E — 05
| | . 30
B 15, 50, 100 | 25, 50 and 10
' and 200 | 100
| . 60
c 15, 50, 100 } 25, 50 and 1-0
| and 200 | 100
D ‘ No standard 1 No standard 50 —_

imi rror are not to be exceeded at rated primary

VOVII;I;Z;) Zilgaiighlgﬁ;tssgfoildgmy burden not g{'eaber zhaigl ;‘ige% li);llr;leli::
at unity power-factor; they are plobt.ed fpr Jlasses A,
ti();ll tosfdfe L.E.C. Recommendatlf)ns'm Fig. 6. virements of B.S.S. 81

Lot o8 trans:former Satl(‘;fy}-'rgx %;ﬁe I.f(?oqilowing particulars: (a)
The gt h’ldil:;xlli sz;.k’;hewrixa,ﬁufacturer’s serial nulz_lber. e(c)
glﬁe malnufacff_& 11;‘;1‘ Sexpres.sed as an unreduced propelf fgz:(lzl li(_);l,vo.]%:
66((;071&1(1)1.e (g) Tl?ev number of phases. (¢) T}r}:ahra.tlz(is 1:&;(31;
amperes per phase. (f) Rated frequenqy. (g) ] (.ac‘ .+ affoct.

’II‘)he Ap endices deal with the following topics: (i) oo sty
ing the CIZ)II)]_StI'UCtiOn of transformers fo}" special ‘serv:)cffa éurrent Jarity
angd terminal marking (see p. _583). (iii) Sel‘ectni)‘ixilrl ations of sta.
formers for use in large generating systems. . (1:) nine the sacondary
turn current transformers. (v) Cautions agains oxl;)ta‘ ng the secondary
circuit, of a current transformer and using a vo ngt (oransformer ab
othey (on Tated Lequeney: (vzx)rii}’){alb\l;;%hgflscgzzeommended for the
other than 50 cycles per sec.

measurement of temperature-rise (see p. 590).

The Canadian Engineering Standards Associa:i_zn 121”2?:71:;
Publication Standard Requirements for Alternating
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Wa:'t-kp}w Meters, No. C17--192
a specification for g single cla
namely, one suitable for use with a.c. energy met,

~ <
9 Pp. 1-20, Jan., 1925, give
ass of instrument transformer
b
ors. i

«(lass 5, Czech

Closs 2, Czech.

|

i France, Classes BaC

~[EC Closs |

10 120 % Ve

NENA G587 T o e s N
: ,j'_ﬁ-}?—t\lﬁ_ﬁf‘/ﬁc Closs & Ger §Czech
‘ o T T Ty Coss 02
80 30 100
minutes
Y 20 —

)
Gt Britain
(lass C.
Uass B

60

« (055 2, Crech.

«fronce, Qass 8, osPp=05

my A
- \Class B,cosg=/
LEC Class OI}H&* Fzech

Lo F Qass 02

- 60

Percentage of L,

. . 2
bc 4) +- . . . 3 2 | 1 f 1 1 |
L/ . . ’ ] ’ o) 9 5
ﬁmmuteb . . 180 120 6 0
. . 2 0 60

1]
100 110 20 % I,

HENR
Fre. 6. Limrrs OF ERROR FOR V.
Varrous CounTrIgs
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The burden is to consist of a non-reactive resistance sufficient to con-
sume at rated secondary current (5 amperes) the rated compensated
VA, i.e. the output at which the ratio has been adjusted to be equal to
the nominal value; before testing the transformer it is to be demag-
netized. These figures are plotted in Fig. 5, showing the transformer
to be inferior in accuracy of ratio to Classes B and C but intermediate
between them for phase-angle.

For Voltage Transformers the rated voltages are 110 and multiples
thereof. The standard rated compensated outputs, at which the ratio
is equal to the nominal value, are 15, 25 and 40 VA, the burdens being
non-reactive. With rated primary voltage the ratio shall not change
by more than 1} per eent when the sccondary current changes from
200 per cent of the rated compensated value to zero; for any value of
secondary current not exceeding the rated compensated value y shall
not be more than 60 minutes in 60 cycle transformers or 120 minutes
in 25 cycle transformers. With rated compensated current in the
secondary circuit, variation of the primary voltage from 90 per cent
to 100 per cent of rated value shall not change the ratio by more than
=+ 0-5 per cent or y by more than 60 minutes.

7b. Germany. The German standards, which are among the
most complete of all national codes, are contained in Regeln
fir Wandler, No. VDE 0414, R.E.W./1932, pp. 1-26, Ist
Jan., 1932, issued by the Verband Deutscher Elektrotechniker
E.V. The Rules are based upon the I.E.C. Recommendations
and are a logical amplification of them in several directions.

The Specification consists of five parts divided into thirty-five
numbered sections or clauses, with an appendix of explanatory notes.*
These parts are as follows: I. Validity (§§ 1-2). 1I. Definitions (§§ 3-3).
IIT. Accuracy (§§ 9-10). LV. Standard values (§§ 11-14). V. Regula-
tions. A. General (§§ 15-18). B. Heating (§§ 19-23). C. Insulation
(8§ 24-27). D. Identification marks and rating plates (§§ 28-34). K.
Tolerances (§ 35).

The Rules apply to transformers for a frequency range of 15-60
cycles per sec. Definitions of rated currents, voltages, burdens, ete.,
and of ¢, ¢,, f and y follow those given in Sections 4 and 5 of this
chapter. Four additional definitions for current transformers are to be
nOt'?d: Auslosebiirde, i.e. Tripping burden of a transformer used in
conjunction with tripping relays, is the value of the burden applied
for a short time which with normal primary current produces an error
£ of 10 per cent without regard to the value of §, the power factor
belflg 0-6. It is chosen in preference to the term ‘‘Limiting burden,”
Which for a current transformer has no definite meaning. U berstrom-
21ff.er, i.e. overload factor, is the multiple of normal primary current
which, with rated secondary burden, produces an error ¢, of 10 per cent

50* G. Keinath, “Die neuen V.D.E.-Regeln fir Wandler,” Elekt. Zeits., vol.
= Pp. 657-659 (1931). “Ueber die Anforderungen an Stromwandler in
Kmftwerken," Elekt. Wirts., vol. 30, pp. 60-68 (1931). “V.D.E.-Regeln fiir
t"")T}’lwandler,” Arch. f. tech. Mess., 720-1, T80 (1931). “Stromwandler.
egrkffserklarungen. Definitionen,” Arch. f. tech. Mess., 220-2, T15 (1932).
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(see p. 64). Thermischer Grenzstrom, i.e. the thermal current limit,
the primary current which can be carried for 1 second without
to the transformer, based upon a final temperature of 200° C. Dyng.
mischer Grenzstrom, i.e. dynamic current limit, is the first primary cur-
rent amplitude which the transformer can carry without mechanica]
damage, the secondary being short-circuited. The first two definitiong
take account of the growing use of current transformers in protective
networks; the second pair deal with the thermal and mechanical safety
of transformers under abnormal conditions.

Current Transformers have a rated secondary current I, of 5 amperes
as the usual value, though 1 ampere may be adopted in special cases.
The rated primary currents 1 up IN amperes are

s 18
damage

0 o " z—
10 100 1 000
- 150 i
20 200
30 300
— 400
50 500 :
— 600 3
75 750
— 800 ’

G S
which correspond with the I.E.C. values with the omission of 15 and
40 amperes and the addition of 600 and 800 amperes, though the I.E.C.
extend the range upwards to 5 000 amperes. Rated secondary burdens

at 5 amperes are, inclusive of leads, to have the following impedances
and volt-amperes—

02 | 06 | 12o0hm
_ 02 | 06 | 120hm
5 | 15 ] s0va

Five classes of current transformers are specified by figures,* Class [
0-2, 0-5, 1-0, 3-0, and 10, of which Classes 0-5 and 1-0 correspond with . J§.
the 1.E.C. Recommendations; the figures specify the permissible ratio - | -
error at rated current. Their various purposes are as follows— -

Class 0-2. For the most accurate laboratory measurements, especially
of power with large phase-displacements.

For laboratory measurements and also for accurate
measurements of power and energy.

For industrial measurements of power and energy.

Of high thermal and dynamical strength; suitable only for:
ammeters and relays. ) !

Class 10. Bar primary type for small rated currents; suitable for over-

load relays and transformer-operated tripping devices.

Class 0-5. industrial £

Class 1-0.
Class 3-0.

* This notation, in agreement with that of the LE.C,, replaces an earlier
letter notation comprising Classes E, F, G, H, I. Of these, Classes E and F
correspond approximately with Classes 0-5 and 1 respectively, but the others
have no exact counterparts. The letters E, F, G are
adjectives edel, fein and gut (literally, noble,
of quality.

8
% 3
the initials of the German ;
fine, and good) as descriptions |
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The permissible limits of error are given in the following table and

. dens
be satisfied in transformers of Class 0-2, 0-5 and 1 for bur en}

i 1
%l;,v:gen 1 and } of the rated value and in Classes 3 and 10 from } to

of the rated value. The power factor of the burden is 0-8; the value

of the burden with 5 ampere rated secondary current is not to be less

than 0-15 ohm or with 1 ampere rated current 1-5 ohm.

g, per Cent B Minutes
Class — -
r0r,, 021, | 011, | 107, 021, 011,
02 0-2 0-35 0-5 ‘10 ig (238
05 05 0-75 10 30 K
1'8 1-0 1-5 2-0 60 80 12€
3-0 3-0 —_— —_ : — -
10-0 10-0 — _

The limits for 100 per cent of rated primary current h(i)lldog(zogoa;ii
in Class 0-2, 0-5 and 1 at 120 per cent and in Classes 3 an \all 't,rans-
cent; they are plotted in Fig. 7 for the tf}rst four classes. /

’ are to be demagnetized before testing. 5 g
for%%igerﬂ’mnsformers have a rated secondary voltage of 100 volts an
rated primary voltages of

1, 3, 6, 10, 15, 20, 30, 45, 60, 80, 100, 150, 200 and 300 kilovolts

i nded for
les per sec.; the figures in hea,_vy ty_pe are recommenc

Zgni?'a({ygse ilr)x three-phase circuits. This semes.cor_respz(;)gl(}z 2\;1&}1 ']t_‘;;lg
nominal I.E.C. Standard Voltages given in Publication 15/ b a:nd 60
standard ratings in volt-amperes at normal v91tages e;red ’t, ) and B0
in three-phase transformers tzheotgtai gu;g.gt 31s0t3h£;::r gad?st,i?:; L})ish.ed o
d by Class 0-2, 0-5, 1- -0, ) s °
?illzisisﬁrgsn}?;;singihe same uses as the corresponding (l:}lrrl'gnt;) ftx;;xsr
formers while Class 3-0 is for use with relays only. The 1tin;nbse o
given in the table and plotted in Fig. 6 apply to ou’op_zh ey
and ! of the rated value at normal primary voltage and wi t).a. condary
power factor of 0-8. During the tabulated yolta,ge varia hl.01}11 o seo

ondary burden shall remain fixed at the impedance whic

rated output at rated voltage.

2 Y
Class Voltage o, Minutes
0-2 0-8to 112V, 0-2 é?)
0-5 . 0-5
1-0 ’ 1-0 40
3-0 Vop 30 —

* The nominal voltage is that at the consumer’s tex*mim;g;. zhgeﬁa;;:;%;?‘
voltage is that at the generating station and is taken as pe
than these figures.
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As before, Classes 0- . .
P, ore, Classes 0-5 and 1 correspond with the I.I.C, Recommenda. the tripping burden and the overload figure are also required. A con-

cise four-letter notation for transformer type designation is used, the
first letter denoting the kind of insulation between the windings, the
second the method of construction, the third the type of winding, and
the fourth the method of mounting the finished transformer.

The German R

ules f i . .
temperature rise ( or Polarity and terminal marking (see p. 583),

see p. 592), and high-voltage tests (see p. 596) will be
€1
&0

7c. Czechoslovakia and Poland. The Czechoslovakian stand-
ards,* which resemble the German Rules in many respects as
regard thoroughness and direct development from the T.E.C.
,, Recommendations, are contained in Méiici Transformdtory,
4 No. CSN-ESC 64a, pp. 1-30, 1933 (Decimal Index 621.314.2:
621.317), published by the Elektrotechnicky Svaz Cesko-
slovensky. The Rules are in the Czech language, but are to
be published later in German; they are in force both in Czecho-
slovakia and in Poland.

70

60

50

The Specification consists of eight parts, each divided into numbered
L clauses, and an appendix of explanatory notes. In their general provi-
¢ sions the Rules resemble the German, but with certain differences that

40

S S|

1 will be noted here and elsewhere.

| " \ | (loss 3 ‘(Gen)
>0 %—J‘““;“f[ Current Transformers are to be insulated for the I.E.C. rated voltages
)\_\J__{ of 1, 8, 6, 10, 15, 20, 30, 45, 60, 80, 100, 150, 200, 300 kV, except in the
20 ] I , ] case of transformers for laboratory purposes. The rated primary cur-
IK\J‘— Lass 2¢Czecn) rents follow the 1.K.C. Recommendations, though 75 may be replaced

by 60 and 80 amperes where convenient; the rated secondary current
is 5 amperes, with 1 ampere for special cases. The rated secondary
Class 1(Ger & Coech ) burdens are 15, 30, 60 and 90 volt-amperes, the power-factor being 0-8.

Five classes, specified as Class 0-2, 0-5, 0-1, 2 and 5 respectively are
provided, having the following tabulated limits of error for burdens
between 25--100 per cent of the rated value.

Class 02

|
Class 0:5Ge- § Czech)
= (Czech) N |

O 2 40 60 80 100 120 % /.
p
@m‘l;;ofes g, + per Cent f + Minutes
Class — ‘
|
L0120, 021, | 011y, (L0120, 021, | 011,
&0 0-2 0-2 0-3 0-4 12 16 24
0-5 0-5 075 1-0 30 40 60
1-0 1-0 1-5 2-0 60 80 120
2:0 2-0 3-0 4-0 — — —
50 5.0 65 80 — — _
Q

These are plotted with the German limits in Fig. 7. Classes 0-5 and
1 agree with the I.E.C. Class 0-2 has a slightly lower ratio-error and
greater phase-angle than the corresponding German class. Classes 2
and 5 replace the German Classes 3 and 10, and are intended for similar

purposes.

0 2 2 « g tooygo‘Z[nP

Fra. 7. Ix
MI(’g; OF ERROR ¥oR CURRENT TRANSFORMERS :
RMANY AND CZECHOSLOVAKIA '

deferred until later Th i

. e requ i i i
the nameplate are more de%afillr;én ‘Zﬁfais T Goniiieation m
notable feature being the statemen
For current transformers the the

¢ arkings on
n in Great Britain, a spefially
t of both normal and test voltages.
rmal and dynamical current limits,

* “Tgchechoslowakische Normen fiir Messwandler,” Elekt. Zeits., vol. 47,
P- 1398 (1926), gives a German abstract of an earlier edition of the Rules,
now mueh modified.

4—{T.5722)
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The rated primary voltages for Voltage 7'
standard values given above; the rated sec
may if convenient be increased to 110.
30, 60, 120, 250, 500 and 1 000 VA, the po

current transformers, five classes are distinguished having the tabu-
lated limits of error for all burdens between 25-100 Per cent of the
rated value.

M&.

ransformers are the LE.C,
ondary voltage is 100, but

The rated burdens are 15,
wer-factor being 0-8. As with

€ v
Class Voltage v

orag + 9 + Minutes
0-2 0-8 to 1-2 Vin 0-2 8

0-5 . 05 20

1-0 v, 1-0 40

2.0 . 2.0 80

5-0 . 30 —

I
These limits are included in Fig. 6.

The remaining items in the Rules dealing with insulation, heating,
polarity and the use of instrument transformers in power measurement
will be referred to in their appropriate places later in the book.

7d. Switzerland. Th

© requirements for instrument trans-
formers in Switzerland

are restricted to a single class, namely,
transformers for use with supply meters; the necessary infor-
mation is given in Vollziehungsverordnung iber die amtliche
Priifung von Elelctrizildtsverbmuchsmessern, pp. 1-23, 1st July,
1933, issued by the Eidgenossisches A
Gewicht in Bern. The I.E.C. definitions

of ¢, B, ¢, and y are
adopted.

It is provided that the least rated burden of a
shall be 10 VA, or in a bar-type transformer 5 VA. The limits of error
are those of I.E.C. Class 0-5, a tolerance of 0-1 per cent in the ratio-error
and 5 minutes in the phase-angle being permitted ; protective shunts

Current Transformer

full rated primary current Howing.

The Voltage Transformer for meterin
not less than 30 VA, with limits of e
Class 0-5; tolerances equal
are permitted. In three
rated burden. In single
as also in five-limbed
rated voltage.

7e. Italy. The Ttalian Rules*
v Trasformatori ds Misura, pp. 1

* “Schema di Norme per i Tras
Pp. 884-886 (1931), gives the origin,

& purposes has a rated burden
Tror corresponding with I.E.C.
to those allowed for current transformers
-phase transformers the total burden is the
-phase transformers for star-star connection,
tra.nsformers, the star voltage is taken ag the

are contained in Norme per
-12, 1st Aug., 1932, compiled

formatori di Misura,” L’Elettro., vol. 18,
al draft of the Rules.

[CraP. T Cmar. 1
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ubcommittee of the Comitato Elettrotecr}ico IItta#lag;O
’ dapiblished by the Associazione Ele]‘?tlgogeclr%ma = 1?1 elrz;:da.
Th i ith the I.E.C. Reco -
in general agreement wi '
;Figfx}sr iI:t Witgh certain small differences of detail.

.. R -
Specification has five chapters, each contgl_mng‘ dIeIcngzlrler; -
oy pt’ the main topics being: I. Definitions; .V nexal re-
bel“ed on 10-ni’II Requirements for current transformers; 1V. quth
e v, 1t ge transformers; V. Rules for voltage transformers itk
T e o "afr terminal. The definitions foll(?w the reg}ﬂa,r coP Q
o earbhedl Traos oty Current Transformers are des1gnatefl (lfas.zizlsI F: 3
e asif_zs ly. Of these, Classes P and Q are identica anﬁ 1 f r(.)m
s 0 o (liv; }:a.xcept that the limits of error are to be sa (;S~6 (ia g
e e t’of rated burden and for power-facto?s frorp o i;g; g
(t]tolloglg,: cfinhas the ratio error of Class Q but is unlimi
o 1.
phc'tse-anlgle- of Voltage Transformers are designated ‘Clasts}fs f’alzlx:;l éQf
e Ca;?:es with L.E.C. Classes 0-5 and 1, but with esformae >
f)(::;fes*go;n&nsgécondarv power-factor adopted for current tran:

7f. France. The French standards are contaﬁgd tlil(;n Nﬂt

malisation des Transformateurs c(liebﬂlt e}.lsg%;l ifxllld clzas ndicuts

. 1-31, 4th June, 1930, issued by the ‘ e

2121 f:%lectricité. These Rules were put into fm(;:;,tfl};er]:e. ]30.

almost at the same time as the appear'ancef e orthy
Recommendations, from which they differ in a few

particulars.

ivi i irty-eight num-
The Specification contains six parts d:lv1defl II'lt(} t},é‘l;‘:;i(:glotg }Ifland
b desecI:Jions or clauses, the various topu.:s belng(i.t'- L by omt
C(f;:siﬁca,tion (8§ 1-7); II. Normal Workui%1 cl%l? 111‘3 Heating (85 17—
: ; conc . .
8-13); III. Accuracy (§§ 5 e rises
gga;?Sf\‘cf).rnll)eiﬁe(jt%ric strength (§§ 30;33) ;e ‘\;Ilt hofeﬁ":gda‘ll%:‘rﬁ} a,v%ng the
37 hall be concerned here a1, '
(§t§hiz 3(?1')&0?580? the Rules to be exa,n.n.ned in laftfelxi Ch%%teelx‘lsormal lines
° Th pusual definitions of rated quantities, etc., fo Oﬁ e ition of the
d . commendably clear. Definitions are glvetp oo it 8 DOWEE
ggrc;rfgage errors introducedfbyhipizr&gl?ﬁezzznilﬁi?adopt o cOnVen-
basis of whic tries,
1?(??15 f}(l)lx"egllzli)tc;s(i)tfilvtéhsign of y contrary to that used by all other coun
. . . . to
Se%g;:&gi;ggs’ g;‘eg?;}a,ssed according to t%xelr degree of accuracy in
three groups, having the following properties—

ts.
ise laboratory measuremen switeh.
giﬁ: % ggi ?xfgfxstria.l power and energy measurements on
' boards. s,
Class C Foroindustrial current and voltage measureme? o
In addition there is a group called * ordinary transforme

i imi ror are specified. s
WhCl'Ch nothg’l:‘;srw(}g):;ers have a rated secondary gﬁe&%mbng;s D
"’-mplg‘?sn The rated primary currents, I,,,, are cer
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geometric progression* with a
term of 1, the values chosen bei
5, 64,8
10, 12-5, 18, 20, 25, 32, 40, 50, 64, 80
100, 125, 160, 200, 250, 320, 400, 500, 640, 800

1000, 1 250, 1 600, 2 000, 2 500, 3 200, 4 000, 5 000, 6 400, 8 000, 10 000
These differ considerably from the LE.C. Recommendations.

The standard rated burden is 15 volt-amperes,
factor being unity. With the rated burden the 1i
exceed the values tabulated below and plotted

ng

&7
2:0 ,
Lo, )
+0 } C
oo tasses Band C
I’ " , ’ Class A
[¢]
O 2 40 €0 80 100 180 L e
minutes
120
&0 Class ¢
Class B~
Class 05
ClassA
Q

0 20 4 60 80 100 120 Z I,
Fia. 8. Limrrs or ERrRoOR For Currg

NT TRANSFORMERS :
FrancE

will be scen that Classes A and B

it are approximate equivalents of . K
Classes 0'5 and 1 of the L.E.C., though )

rather more severely restricting
the value of g.

-
&, per Cent +

B Minutes -
Class |— : | —— T
125 1,0 101, (021, 01 Loy 125 I, 101, 021, [ 017,
i 1 H A 1
05 | 05 | 05 | 10 | 2 20 40 60
B 0 f 1o | 1o | . | = 40 90 —
C 1o | 1o | 1o |

! o : i
e B

.
* See Publication No. 185, Normalisation des inte

, ) ) nsités de courant pour
Vappareillage électrique, 4th June, 1924,

[CHap, 1

common ratio of 105 and an initia]

the secondary power-
mits of error must not
in Fig. 8, from which
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1 sfor v lie between

ltage of Voltage Transformers ma; !

Th'e I:&'Ced Sle&()) I;ia{%rov\(:oltg. The primary voltages are not s;an%(;;rge

the hmlts. Of, mmended that the numerical vajlufz of K, s .01; De

ed, bt e e . 60, 80, 100, or these multiplied by an in egra

10 t% {i’O 3O'i‘he ’ra,tezi se::ondary burden is 30 volt-amperes per phase.

ower of 10.

%imits of error are—-

fv Mi ’ tes
Class Voltage o + 11;1:1
- . 05 20
A 0-8 to 1-2 Vns 1.8 30, 60
g y: 1-0 J—

i i sses B and C the limits apply
for Class A 4 for the ratio tests in Classes ¢ 5 apply
por Cldbb\[\ nl(rllzilryopower-factor between 0-5 and 1. 'l‘h% 10\;’1en[r'1 ilgrzl‘; Lo
fo? Miy Sbc}g lies to a power-factor of 1 and_ the higher imit to on
e ElaSS fflL ptll)resb are plotted in Fig. 6, showmg.th'a,t the t}m oo ]%)
o O'O.f T};‘ehsi A are the same as Class 0:5. The hn}ﬂ; of bs,, 01;) Uass 13
é']"ngl}'/tmf C‘l(ass ‘lA but the value of y is different, b(iimg a :vx‘;gr_factor.
t lILLE% Rocommendahion according to t}}e secondary I')ust, e
th;n 'ad.di.tioﬂ to the ratio and phase-angle lmglt,sl (2)f (S);E?srf; st desoribet,
transformers must als . i
E)'Uths ?ﬁi{gfiltg atl;cé Zgiigtie; introduce in power measurements; these
ions ¢
will be discussed in Chapter VI, p. 312.

Swedish Rules are given in Normer for
7g. Sweden. The Swedis - ghven In Norue o

i { ] - Svenska Elektrotekniska \
If)‘{)att?icig(gm:gg;or;;bhzﬁed by the Sven§ka ](i]_le!ﬁcrgtgkgslzg

‘ it i ists of seven sections, divided into,
K%I—I;iﬁtc)erils. Ta,}:sfs{f(l)l\?vs: A. General definitions and freqm::j
f:llentS' B. burrent transformers ;d C. Volta{gietr;git(i)zﬁ:rst
’ s; E. Ratings and name-pla ;

g. Ag;lee;g?; eexpla,ining the method of defining the errors.

_ 1
The definitions and general requiren'lelrllt?i ‘a,é-e sn:}l;ia;rft‘c(y) I:,lhgﬁf)s\;slx::u :1
re certain radical di erences
i ethor thougl'l Zh?fle ‘?he specification of dielectric str.ength ango;)lf
ltn Othe;tlfxzmi‘izlee It is also to be noted that the()ra,tlo correc ,
o B dfned ntend of o raﬁoteggzgf:sz%s'f'ouow the LE.C.
| pri currents for Curren o
vaﬁ?%:e%vifﬁug}?:yaddition of 60, 250, 600, 6 000 a,ndi Z i?)(éc?giases’
rated secondary current is 5 amperes, or 1 ampere
i lows—
Four classes are specified as fol ] s terminals.
: nergy metering at consum eh.
(()lllzs&ss k\zy-hf‘ol:oﬁuireniy power and energy measurement on swite
boards.

i e
* P discussion of these differences from the Gsrrzar}l s.tfar;(eic;;ﬁu}‘tie ::.'
G Ke(i)rl;a?:‘h K Schwedische Regeln fiir Stromwandler, rch. f.
220-3 (Aug. 1932).
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Class A3: For operation of overload relays in normal circumstances,
Class A25: For operation of overload relays under abnormal con-

ditions.

The secondary burden in Classes kWh and W is to have a power-
factor of 0-8 and in Classes A3 and A25 of 0:5; with a rated secondary
current of 5 amperes the minimum inductive impedance is to be 0-2
ohm, i.e. 5 volt-amperes. The limits of error for Classes kWh and w
are specified with respect to the total effect of ratio error and phase-
-angle upon power or energy measurements, and are displayed in an
ingenious ‘“control diagram” which will be explained in Chapter VI,
p- 314. For Class A3 the ratio error is not to exceed + 3 per cent for
burdens between 25 and 100 per cent of rated burden and secondary
currents from 80 to 200 per cent of I, For Class A25 the error ig

*+ + 25 per cent with burdens from 25 to 100 per cent of rated value

and currents from 80 to 160 per cent of I, .. The ratio and phase-angle
errors in Classes kWh and W are to be found by Schering and Alberti’s
method or some other method of comparable accuracy ; the ratio errors

in Classes A3 and A25 are satisfactorily found by an ammeter method.
In all cases previous demagnetization is essential.

The standard rated voltages for single-phase or three-phase Voltage
transformers are 0-55, 1-65, 3-3, 6-6, 11, 22, 33, 44, 55, 66, 77, 88, 110,
132, 154, 176 and 220 kV; for single-phase transformers intended for

by 4/3. Of these Nos. 3, 4, 5,86, 17, 10, 12, 13, and 17 are the LE.C.
rated generator voltages (see German Rules onp. 23). Rated secondary
voltage is 110, or 116/ /3 for single-phase transformers when connected
in a star-star bank. Two classes, Classes kWh and W, are specified,
exactly as for current transformers, and their total error in power
measurement again set out in a “control diagram” which is given in
Chapter VI on p. 313.

7h. United States of America. The. standards for instrument
transformers in the U.S.A. are contained in three publications,
sponsored by different authorities, approved as American
Standard by the American Engineering Standards Committee
(A.E8.C)). The first of these is Instrument Transformers,
being No. 14 of the American Institute of Electrical Engineers
(A.LERE) Standards, pPp. 1-8, March, 1925, reprinted Nov.,
1926, and adopted by the A.E.S.C. on 15th Dec., 1925, by
whom it is given the notation A.E.S.C. No. C22—1925. Thiy
publication confines itself to general definitions, statement of
service conditions, heating, dielectric tests, short-circuit
limitations, polarity and such matters, which form the basis
for the preparation of contracts ; questions of classification,
rating and limits of error are not included. This pamphlet is
under revision,* when its main deviation from standard usage—
the converse of the usual positive sign convention for y—will

* See Journal Amer. LE.E, vol. 49, Pp- 749-750 (1930).
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be corrected and the whole publication brought into line with
" modern practice.

The second publication is Code for Electricity Meters,

i~viii, 1-122, being A.E.8.C. Standard No. C12—1928. It
£P.s;0¥1:(;‘eld by 'the f%ssocia.tion of Edison Illuminating Co}sl.,
the National Electric Light Assgc_latlon' (N.E.L.A.), aﬁd zhe
Bureau of Standards, the 3rd edition being approved EyL Ae
AES.C. on 20th Feb., 1928, and pubhs}'led'by the N.E.L.A.
On pp. 48-55 and 73-81 the Code deals with 1nstrumen:;1 trz.ps-
formers for use with consumers’ watt-hour meters, adopting
the general requirements of A.LLE.E. No. 14—1925.

After initial demagnetization current transformers for use with melers

are tested, both at 60 cycles per sec. and at the lowe.s't frequency ofd the

range for which they are designed, under %W{)500}§11(1111t19ns (Zf ;e;gxpez;z}s’
: ith on-inductive burden of 0- ohm, i.e. a !

;?al()iur((icé)nwcl)f 33-472 VA; (b) with a non-inductive burden absorbing

rated volt-amperes at rated secondary current. The limits of error

are not to exceed—

- : 100
Percentage of I, . . 10 20 ‘ 40 60 ‘
5 | 15 1-5 b 15
& % £ - 2 1-5 |
Bminutes . . .| 150 90 } 60 45 ’ 45

i i i it will
These figures are plotted in Fig. 9 from which, and from Fig. 5., it w
be sséen gtha,t tran,gformers conformingtt](; tins s}éﬁ;}fsc%tl%rg ta}feoénvt;ﬁ-ilglxl'
in accuracy to I.E.C. Class 1 or Great Britain s . :
areairfygndzd for industrial energy metering. .Su;')ply metil‘ss not(:1 11;5’1‘(;5
quently sustain overload and even ShOI‘.t-ClI'Cult. curren :i\,ln ey
essential that the accuracy of the metering equipment fsha nomay
impajred thereby. In the latter case the current t.;ra‘ns ormers 5
become permanently magnetized (see p. 126) and it is nefes:la.tréed
ensure that their ratio and phase-angle shall not be seriously " O%
As a test of this, after the normal test given abov.e, a direct curreélll
full rated value is to be passed through the primary or seé:on ‘au'g:i,
according to convenience, and the va,_lm?s of ¢, and 8 again .de ern;llrlx1 od
with burden (az). The maximum deviations from the previous v.

shall not exceed—

100

Percentage of I, . 10
. 0-5

Deviation in ¢, % + 1-0
i 30

Deviation in f§, minutes + 60
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|2 Ol[(l{]e tr a?leO'I mers ’OT use with wa,tt-)‘lmu meters are Sub](l(,ted t() trW
= 2 0

sts at th abO € 1P i
> quencies, T ! i
Le . t e r V. fre l 24 'he ﬁl st 1S a l()a;d tOSt at COIleaIlt/ Ia.ted

Percentage of rated burden 0
Te . . . . 100 100
Secondary power-factor

—_R_ - 1 0-1
&y % + . . . T
E\MJ 1-0 20 2.0
Y minutes —_— T

=20

minyles

B e

120

60

- 60

F1c. 9. L
IMITS OF ERRroRr rogr CURRENT TRANSFORMERS ;
-UNITED STATES )
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The second test is at no-load with variable primary voltage, when the
maximum deviations from the previous no-load test at rated voltage

shall not exceed—-

Percentage of V., 90 110
Deviation g, % =+ 0-5 05
Deviation in v, minutes 30 30

The third publication is the National Electrical Manu-
Jacturers  Association Handbook of Apparatus Standards,
May, 1928, on pp. 309-312 of which particulars are given of
standards to be conformed to by transformers intended to
operate the usual types of indicating voltmeters, ammeters,
wattmeters, etc., and also tripping devices. Amendments are
given in N E.M.A. Standards Bulletin 126 of 18th June and
19th Aug., 1929, quotations from which are given by kind
permission of the N.E.M.A.*

Four Classes of Current Transformers are specified, denoted as Classes
AA, A, B. and C, with the following limits of error—

£, per Cent ﬁ Minutes
Class ’

10-259;, Ip 25509, Inp % S0-1002 T, ! 10-25% I'rw 25-509, Ima 50-100% In”
AN~ 05t0 +05]—05t0 -+ 03] —05t04 05| + 35to— 10 [+ 15 to — 10{+ 10 to — 10
A |~10to +05|—-075t0 + 05| — 05t0 4 05| + 45to— 10 |+ 30 to — 10|+ 20 to — 10

—20to + 10— 15 to+ 1:0]— 1-0t0 + 1-0] + 120 to — 40} + 90 to — 40|+ 60 to — 40

These are plotted in Fig. 9. The fourth grade, Class C, includes relay
transformers with values of ¢, and B outside the limits of Class B. This
Is the only national specification in which the positive and negative
limits of error are unequal. Tests of accuracy are to be made at 60
cycles per sec. with standard burdens, X, Y, or Z, having the following
particulars—

Burden X: 25 VA, cos ¢ = 0-9; 0-09 ohm and 0-117 millihenry.

Burden Y: 15 VA, cos ¢ = 0-9; 0-54 ohm and 0-69 millihenry.

Burden Z: 50 VA, cos ¢ = 0-5; 1-0 ohm and 4-6 millihenrys.
Standard rated secondary current is 5 amperes; primary currents are

.no.t standardized. A transformer is graded as Class AY, for example,
If it gives an accuracy within the limits of Class A when tested with

burden Y, and so on.

* J. Gibbs, “The Accuracy of Current Transformers,” Elect. J., vol. 27,

PP- 204-206, 231 (1930).
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Neither the primary nor the secondary voltage of a wolluge trans-
Jormer is specified, but it is recommended that the nominal voltage
ratios should be 2, 4, 5, 20, 40, 60, 100, 120, 200, 300, 400, 600, 800,
1000, 1200, 1400 and 2 000 to 1. The standard outputs are 25, 50*
and 200* VA for transformers working at 6 900 volts and below, and
200* VA for those working above 6 900 volts; the figures marked with
an asterisk are preferred ratings. The limits of error for the three
classes are—

[CHaP. T

Class . . l A B C
&, % - . J ~05t0 4+ 05} —10to 4+ 1-0 Greater than
' B limits
%, minutes . ‘ 0 to — 20 + 10 to — 45
|

These limits apply from 95 to 105 per cent of V, 5 they are plotted in
Fig. 6. Tests are to be made with the following standard burdens—

Burden W . 13 VA with power factor of 0-1
Burden X . . . 26 VA . o 0-7
Burden Y . . . 75 VA v v 0-85
Burden Z . . . 200VA » s 0-85

8. Some fundamental principles in transformer theory. Before
we can determine how closely the performance of instrument
transformers can be expected to conform to

) standard specifications such as have been

Jea described in Section 7,it is necessary to investi-

e Y S 9 ate the theory upon which the desion of the
1 Py 471 3 g .y p s . . g

o [ . | transformers is based ; this is done in Chapter

A II for current transformers and in Chapter

7\ IV for voltage transformers. The general
theory of the transformer is worked out in
T 0. RELUSTRAT- pyimerous textbooks and is assumed to be
ING THE THEORY OF
Frux Lingkace  Known to thereader. There are, however, cer-
tain conventions and fundamental principles
that require definite statement at the outset in order to unify
the discussions given later in the book ; it is to these basic
questions that attention will be given here.

Consider a number of loops, such as 1, 2, 3, wound upon
an iron core, as in Fig. 10, and let loop 1 carry a varying
current. A magnetic flux will be produced through the loop.
A small portion of this flux will complete its path in air, but

by far the greater proportion of the flux will be confined - J

within the iron core and will link through the loops 2 and 3
in the same way as through loop 1. Consequently, if ® is this
varying core flux, equal electromotive forces of amount

k Cuar. 1]
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— d®/d¢, will be induced in all the loops. In a transformer, loop
1 would be a constituent of the primary ‘winding, while 2, 3,
etc., might be elements of a secondary winding, in the closed
circuit of which the induced e.m.f. can .01rcu_la.te the seeonda'ry
current. It is important for our purpose in this book to establish
a convention by which the positive direction to be ascribed to
the current in a loop may be specified. We §hall t:a,ke as the
positive direction round any loop that sense in which current
must flow to cause a flux in the core having the same direction
as @; in other words, if the self-lux of a secondary loop and

F1a. 11. Posririve AND INSTANTANEOUS CURRENT DIRECTIONS

the mutual flux entering it from the primary loop are in the
same direction round the core, the current producing the
self-flux is regarded as flowing in the positive sense.
In the transformer in Fig. 11 (a) if the positive dlrec{tl.on
of i, in the primary mesh is taken as clockwise, the positive
direction of the core flux is anti-clockwise when the primary
coil is a right-handed spiral. Then, if the secondary coil is
also right-handed, the convention just laid down will make the
Positive direction of #, in the secondary mesh clockwise also.
"If the secondary coil is a left-handed winding, 'then the positive
sense of 7, will be anti-clockwise in the mesh in _orde.r th?,t the
current round the loops shall remain unchanged in direction.
The greatest care is necessary in transformer theory to
avoid confusion between the positive directions of the primary
and secondary currents and their instantaneous directions
found their respective circuits. Fig. 11 (b) shows the essential
Portions of the transformer vector diagram, assuming sinusoidal
time variations. A definite core flux of amplitude @,,,, requires
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induction motor introduced by André Blondel. The primary
ampere-turns acting alone are §uppgsed to set up a certain
flux, of which a certain fraction links the secondary coil.
Similarly, the secondary ampere-turns independently give
rise to a flux of which some portion links the primary coil. It
is then assumed that the fluxes in the normal régime are ob-
tained by superposition of the partial fluxes provided by the
windings individually; this can only be true when the iron
core is such that the fluxes in it are prpportlonal to the ampere-
turns impressed on it, i.e. when there is no saturation. (iii) The

} T

+
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for its production a definite number of ampere-turns AT,
This flux will induce in the secondary winding an e.m.f. E,
lagging by a quarter-period on the flux. This em.f. will
circulate in the inductive secondary circuit a lagging current
I; which, flowing in the secondary turns, superposes on the
core a certain number of ampere-turns A7,. In order to retain
AT, current must flow in the primary of a sufficient magnitude
and in such a phase as to produce AT, ampere-turns. It will
be observed that AT, and AT, with their corresponding
currents I, and I, are instantaneously approximately in
opposition so that, as it were, one momentarily magnetizes
while the other demagnetizes the core, leaving a resultant
AT, sufficient to produce D, .. Consequently, except for a short
interval just after the secondary current becomes zero, the
primary and secondary currents cannot coexist in their positive JA +
directions since the one is very nearly opposite to the other.

=<

In many circuit diagrams, such as those displaying the () +
relative polarities of the primary and secondary terminals or
those illustrating methods of transformer testing, it is often § b Ao
more useful to indicate the instantaneous dircctions of the : + e
currents than their positive directions. The example in Fig. } ) /
L1 (c) is the “instantaneous diagram” corresponding with the } - ?
" positive-sense diagram” of Fig. 11 (@). In generafgl we shall b + O—KDD‘O—OM

adopt the convention of marking positive directions upon
cyclic mesh currents, the instantaneous directions being marked
on the conductors in which the particular currents are flowing.

The general theory of the transformer can be considered in
several different ways, between which there are some very
Interesting relationships,* but only two of these are strictly K
applicable to the iron-cored transformer. (1) The first method
expresses the theory in terms of the self- and mutual-induction .
coefficients of the windings, in the manner made classic by
Maxwell. Provided that these coefficients remain constant
the theory is completely satisfactory, but this condition is,
unfortunately, only satisfied when the magnetic paths in the:
transformer have constant permeability. Its application is
limited in practice, therefore, to the air-core transformer,
since with an iron core the inductances are no longer constant
but vary with the current strength. (i) The second method
may be conveniently called the “method of partial fluxes,”
represented by the classic theory of the transformer and the

* H. Barkhausen, “Zur Theorie des Transformators,” Elekt. Zeits., vol, 52,
pp- 1463-1466 (1931).

2 @

Fi1a. 12. EQUIVALENT CIRCUITS OF CU_RRENT AND VOLTAGE
TRANSFORMERS

most widely used theory recognizes the physical fact that
fluxes are the result of ampere-turns, so that we must superpose
the ampere-turns upon a magnetic circuit containing iron in
order to find the distribution of flux; the converse process of
Superposing partial fluxes is inapplicable. In the transformer,
the resultant of the primary and secondary ampere-turns sets
Up in the core the so-called main flux which l}nkg commonly
through both windings. In addition each winding is linked by
& leakage flux set up in the leakage pa,th§ (mostly air spaces) by
the ampere-turns of the winding in question. This theory is Fhe
one usually employed by engineers and is the only theory taking
adequate account of the ferromagnetic properties of the core.
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(iv) Finally, there is the theory which replaces the transformer
in effect by an “equivalent network” of impedances. Fig. 12
indicates the principle applied to current and voltage trans-
formers. In either case the transformer can be represented
with regard to the effects at its terminals by a four-terminal
unit, which may take many forms. For the current transformer,
this is shown as a shunt; for the voltage transformer as
voltage-divider. Suitable choice of the resistances and react-
ances of the networks can be made in such a way that the
networks become electrically equivalent in magnitude and
phase to the transformers. These ideas are also used in practice,
often in conjunction with the principles of (iii), and will be
familiar to the reader who has studied the usual theory of the
power transformer; for a mathematical comparison of the
various principles the reader is referred to the paper by Bark-
hausen cited above.

[CHaP. T -
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CHAPTER 1T

THEORY OF THE CURRENT TRANSFORMER

L 1. Vector diagram of the current transformer. The theory of
- the current transformer* is most easily developed from its
. vector diagram, assuming the currents, ﬂuxes and electI:o-
motive forces to vary sinusoidally with time. The ess.entla,l
parts of the general transformer diagram are shown in Fig. 13,
all unnecessary vectors being omitted. )

The secondary winding is connected to a given e?xte.rna,l
burden, consisting of the instrument or other device which is ’go
be operated by the secondary current of the transformer; this
burden together with the leakage impedance of the secondary

* The theory of the current transformer is treated by numerous writers,
notably the foli)wing: J. Gérner, “ Stromwandler,” Sc_hw. Elekt. Zeits., vol. 3,
Pp. 434435, 444-445, 455-457, 474-475, 489-490, 504-506 (1906); Elekf;
Zeits., vol. 27, pp. 208-209 (1906). K. L. Curtis, “The Current Tran‘s‘fomner,
Trans. Amer. 1.E.E., vol. 25, pp. 715734 (1907). C. V. Drysdale, ““The uso
of shunts and transformers with alternate current measuring ms‘szruments_,
Phil. Mug., 6th series, vol. 16, pp. 136-153 (1908). E. S. Harrar, The series
transformer,” Elec. World, vol. 51, pp 1044-1046 (1908). W. Genkin, “Sur
transformateurs d’intensits,” Lum. Elect., vol. 8, pp. 67—,:11 (1909). %EI"
Young, “The theory and design of current transform.ers, Journal 1.E.E.,
vol. 45, pp. 670-678 (1910). L. T. Robinson, “Elect;flca] measurerpen%s Eon
circuits requiring current and potential transformers, Tzans. Amer. I. Jon
vol. 28, pp. 1005-1039 (1910). E. Rosa and M. G. Lloyd, 'Ijhe determina ion
of the ratio of transformation and of the phase relations in transformers,

F Bull. Bur. Stds., vol. 6, pp. 1.30 (1910). P.G. Agnow, “A study of the our-

i . rent trans er with particular reference to iron loss,” Bull. Bur. Sids.,
vol. 7, pp.fzggl—474 (19111)). J. Gérner, *Messtransformatoren und deren Ver-
wendung,” Bull. Schw. Elekt. Verein., vol. 2, pp. 97-113 (19%’1). E. Wirz,
“Ein Beitrag zur Theorie und Berechnung der Stx:omwandler, Bull. Schw.
.. Blekt. Verein, vol. 4, pp- 365-392 (1913); Elekt. Zeits., vol. 37, p. 147 (1916).
P. G. Agnew and F. B. Silsbee, ““Accuracy of the formulas for the ratio,
Tegulation and phase-angle of transformers,” Bull. Bur. Sft’is., vol. 101, pg.
© 279-293 (1914). M. Rosenbaum, *“The current transformer,” Elecn., vol. 7 £
PP. 626-630 (1915). A. G. L. MacNaughton, “The current t}“ansformer,t
ournal 1.E.E., vol. 53, pp. 269-271 (1915). R. 8. J. Spilsbury, Insterelrlx
transformers,” Beama J., vol. 6, pp. 505-513 (1920). A. Barbagelata, ““Sulla
Yova dei trasformatori di misura,” L’Elettro., vol. 8, pp. 1656-175 (1921).
Takatsu, “On current transformers,” Res. Elect. Lab. Tokyo, No. 95, pp.
1-74 (June, 1921). T. Rosskopf, “Over de eigenschapp?’n van Meettrans-
Ormatoren in het bijzonder van Stroomtra‘nsfonnatoren{ Vc‘z‘r. v, Dzr'ect. v.
Elect, ip, Nederland, pp. 1-26 (7th Dec., 1923). C. T. Melling, ‘“The design of
Swrrent transformers,” Journal I1.E.E., vol. 65, pp. 283—.284 (1927). J.. T.
ttingh, “The current transformer, its theory, characteristics and applica- .
tions,” " Tyyns, 8. Afr. 1.E.E., vol. 19, pp. 97-44, 4446, 103-105 (1928).
A HObson, “Instrument Transformers,” Elec. Rev., vol. 110, p. 410 (1932).
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winding constitutes a total secondary load of impedance z,
and phase-angle ¢,. To circulate a current I, in the secondary
circuit requires the induction in the secondary winding of 3
voltage B, = ZI, leading on I, by an angle ¢, when the load
is inductive,* as is usually the case. The voltage K, is produced

: by the main flux ®,,,, in the trans-

nf2 radians. ;
Turning now to the primary ¥
side, the primary current must
contain a component opposite in §
phase to I, and of such magnitude
msin that the secondary and primary f
load ampere-turns are equal. If |
I', is this component, 7', and 7, }
are the numbers of primary and
secondary turns respectively, then |

', T, = I.T, numerically,
or ]17, = (Ts/Tp)Is = KTISI

Voltage inauced
\ Es in secondary

where K is the ratio of secondary k
' to primary turns. In addition, s f
! certain component of primary
- current must be provided in order §
? to give the ampere-turns required
to produce the main-flux ®,,,.;
this is the magnetizing component ;
I,, drawn in phase with the flux, and is necessarily wattless. T
hysteresis and eddy-current waste of power in the iron core i
represented by a wattful component I, leading on I,, and @
by 7/2 radians. ‘The total exciting current I, required for t
magnetization of the core and the supply of its iron losses
the vector sum of I,, and I,; it has a magnitude I o = VU
+ 1,?) and leads on the flux D, by an angle & = arctan I,/ g
Compounding I, with I, gives the total primary current I
as shown. The ratio of the transformer is then K, = I,/K
and its phase-angle is .

The primary current I, is determined by the momenta
conditions existing in the network to which the primary winding
of the transformer is connected. Every variation in the prima?
current alters the magnitude of the p.d. impressed upon t.

* ¢, 1s positive when the voltage leads on the current, i.e. with inducti
impedances, and is negative when it lags, i.e. with capacitive impedances.

Fi1c. 13. VecTor DIAGRAM OF
THE CURRENT TRANSFORMER

g Cuap. 11}

former core, ®,,,, leading on E, by

&#&D+E%MNWHJW“W+
) rts

. K.= K, +
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terminals of the primary winding, necessitating a corresponding
change in the primary induced e.m.f. and, with this, in the flux
0,4, and the two components of the exciting current, I, and I,,.*
The shape and size of the triangle composed of I,, I,, and I,
will change, therefore, with the primary current, as will be
seen later (see Fig. 17). Hence K, and f will vary with the
magnitude of the primary current, or with that of the corre-
sponding secondary current, and cannot be constants through-
out the operating range of the transformer, except in certain
special eircumstances.

2. Expressions for ratio and phase-angle. Referring to Fig.
13, resolve I, parallel and perpendicular to [,” = K,f,, then

I,confp= K I, + I, siné, + I, cos g,

I,sinff=1, cos¢,— I, sin ¢,
Squaring and adding on both sides,

121) — KT2[.-2 ':’ ‘2 l\’T[.s'(]m Sin ¢s ']" ]wr Cos (]S)) }" (]mg + I“,z),
whence
IN In - ) 2 T s 4 77122 . % 1
Ve 7= 7:' == [\1[1 e K[\ ( [ SHL ¢s -i- £, CO8 ¢o) + K7'2132 ( )

Now K, I, = I,/ =1I,since I, is usually a very small proportion
of the primary cwrrent. Hence, since the two terms in the
square bracket are small compared to unity, the square root
may be taken approximately by the binomial theorem.
Thus,

1.2
S

L=

- As a rule the third term is negligible in comparison with the
..8ccond, so that a still simpler formula for the ratio is

I, sin¢, + I, cos ¢,
I

remembering that I,, = I, cos £and I, = I,sin & It is a simple
Matter in any given numerical instance to determine which

I
= K, + 7 sin (g, + &), (1)

formula, (1), (1a) or (1b) will give adequate accuracy, as has

been shown by Agnew and Silsbee in the paper cited on p. 39.

N‘l For a form of circle diagram illustrating all these variations, see H. G.
* No

e, “Diagramme des Stromtransformators,” Elekt. Zeits., vol. 36, pp.

- 2122273 (1915).

5—(T.5722)
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To determine the phase-angle §, divide the second of the
original equations by the first, giving

¢ . I, cosd,—I,sin ¢, - Iycos (¢ + &) 9
A= T sing, + Tocosd, Ko, I sin (6, 1 & &

It is frequently sufficiently accurate to neglect I, sin (¢, -+ &)

in comparison with K[, so that very nearly

I, cosd;,— I,sind,. I,
K,I, K, I,

tan f = cos (¢; + &) - (2a)

1]

From Equation 16 it will be seen that if the total secondary
load has a positive phase-displacement* all the terms are
positive and the current-ratio K, will be greater than the turns-
ratio K,; this is the usual condition in practice. When the
phase-displacement of the load is negativet the term I, sin ¢,
becomes negative; K, will be greater than K, until I, sin ¢, +
I, cos ¢, becomes zero, when K, and K, are equal. For greater
negative angles K, will be less than K,. From Equations 2 or
2a, the angle § will be positive, i.e. the reversed secondary
current will lead on the primary current, so long as I,, cos ¢
remains greater than I, sin ¢,; this will be the case for all
except large positive values of ¢,.

Before examining the properties of the formulae in greater
detail it is interesting to consider some simple cases. At a high
power-factor in the secondary circuit we may write ¢, =0;
then

K. =K, + (I,/I,)and tan 8 =1,/K,I..

K, =

¢, is varied.

Iy, Z, E;and D ,,,, are constant.

In this important practical case the ratio is affected principally
by I,, and the phase-angle by I,,; this is illustrated graphically
by the vector diagram Fig. 14 (d) for the case of K, = 1, which
shows clearly that I, > I, ie. K,>1> K, and g leads.
At a very low power-factor, as when the secondary supplies
a trip-coil (positive ¢,) or a condenser (negative ¢,), we may

write ¢, = - #/2; then
K. = K, & (I,/I,) and tan B = F I [|K,I,

Fig. 14. VeEcToR DiacRaMs FOR A CURRENT TRANSFORMER WITH VARIOUS VALUES OF ¢,

the upper sign referring to the inductive and the lower to the
condensive load. In these cases the ratio is now affected prin-
cipally by I,, and the phase-angle by I,. This is illustrated

* That ?s %f E leads on I, the condition with inductive load.
t That is if £, lags on I, the condition with capacitive load.
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by the vector diagrams of Figs. 14 (a) and (f) respectively
for K, = 1. From the former I, > I, ie. K,>1> K,, and
p lags; from the latter 7, < I, i.e. K, <1 < K,, while 8 now
leads.

In general, for all other secondary phase-displacements, the
values of K, and f are influenced by both components of I,
as illustrated by Figs. 14 (c) and (e). It is clear that since K,
for certain values of ¢, exceeds and for other values falls short
of K,, I, and Z, being assumed constant, it may for one definite
value attain a maximum; also since § is sometimes leading
and sometimes lagging there must be a value of ¢, that will
make it vanish.

3. Conditions for maximum ratio and zero phase-angle.
Suppose I, and Z, to be constant; then since £, = Z/J, is
proportional to ®,,,,. the core-flux is constant. The execiting
current /, and its two components I,, and I, are, therefore,
also constant. If X, and R, are the total reactance and resist-
ance respectively of the secondary circuit, let ¢, = arctan
X, /B, be varied while Z, = /(B2 - X,?) remains constant.
Differentiating Equation 1 with respect to ¢, and equating
to zero gives '

oY

i.e. the ratio will be a maximum when the secondary circuit
has a positive phase-displacement differing from quadrature
by the hysteretic angle of lead, &. The value of the ratio is then, -

K, pax= Ky + (L/1)

Inserting the condition for maximum ratio into Equation 2,
shows that when the ratio is greatest the phase-angle § is zero.:
This interesting case is illustrated by Fig. 14 (b), whence it is’
geometrically obvious that the transformer has its greatest
ratio and zero phase-angle when, for a given value of I, and K, &
I, may be arithmetically added to K,I, = I’,; this occurs}

when the inductive secondary impedance has a phase-angle
which is in defect of /2 by the lead of I, on ®,,,.

4. Conditions for maximum phase-angle. Differentiating Equation 2’
with respect to ¢, and egquating to zero gives for the condition that 8:
shall be a maximum, when I, and I are fixed,

sin (¢, + &) = — L[ K./,

or ¢, = — & — arcsin (I,|K I ).

Cuap. II]

The voltage If;

ondary cir
- maximum value of the phase-ang

and is a leading angle.

Referring now to Equa
pracket becomes unity. T
impractricable, or

i.e.

requiring a capacitive
f# oceurs for a secondar
which will cause A?
usually very small since I
Hence, with fair accuracy
former will be equal to its turns-ra
maximum when ¢, = <5 e

the current leads on the induced Vv

* and 4 are illustrated by the curves
Iated for a current transformer having
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must lag on the current I, by t}:cis an‘gle, ac the ?['L}?;
i acitive ance. The
i st have an appropriate capaci ive impe
o le will be given by

tan fq0 = T (K2 2 — 12

equal to K, if the square

i 1, K, will be :
on ¥ I, = 0, which is'physically

his involves either

sin ((}Sg -+ &) = — I()IZI\'T[s ) .

po=—&— aresin (12K 1),

secondary load. Thus the maxitnum value of
;Lgl(:zrxlse-a};\glc which is slightly greater thzmv tylvmf,
to be equal to Kg. The dlffgronce is, hmwx_ (-1‘,
J Kol = LI, = I[1,, s a small quantity.
we can say that the ratio of a curreu@ trans-
tio and its phase-angle will be a
the secondary circuit is such that
oltage by the hysteqrtic unglu S.\) ‘
The properties discussed* in Sections 2. 3
s in Fig. 15, which have been caleu-
the following particulars—

— — £, i.e. when

5. Numerical Example.

K,, = 5[5 ]
Turns ratio, K, = 238/240 = (-8917,.

Secondary winding— o
R, = 0-316 Q at 18°C.;

Nominal ratio,

Resistance,
Leakage reactance,
4 3z at 50 ¢ » SCC. %
Ny = 0-32 Q) at 50 cycles per

Total secondary impedance,

Zo=1Q,
Then with I, = 5 A,
E, =5V

for which I, = 343 X 1073 A,
I, = 1026 X 1073 A,
I, = 358 x 1072 A,
tan & = 10-26/34-3 = 0-2990,
“and &£ = 16° 40°.

i i °—16°40'= 73°20",
aximum K, and zero § is then 90 0

%:2 ﬁ.l;ehfuﬁf%;ﬁie of K, is 0-9988,. Further, since IJK I, = ‘3392
X 1073]4-9584 = 7.9220 X 1072 it follows that arcsin (I,fKI) = 0-0072

oo

i isti E. G. Reed,

* 1 ting discussion of characterxs;?lc curves, z-fee ! A

.‘Ele}:;;)e:‘ng:,lr;rifégi; ogf the current ;ransformtir,t Eleg; ;rfl é,r\, ’()11.'13?(({)’ p‘})o.llsé:)

T hase-angle of the current transformer, 19, .22,

11’?)6 ’g‘l)i?-gz)é (;I;)}}Z%);;) ‘?Curre%ﬂ; transformer calculations, ibid., vol. 23, pp.
67-71 (1926.)
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radian or 24.8 minutes. Hence B will be a ma,

— 25 = _ 1705 ; .
— 12 = _ 14° 5’2/?Vhlle K. will be equal t

centiradian or 24.§ min

[Ca, 1"

he maximum value of g

Is very nearly 0.799

: . .

6 ﬂt Refelnng agaln to E llatl()lls

2 bhe Va:lues Of KC a,nd IB are mnctions Of KT I ¢ ] and 'ts
> Lsr Py Ly 1

T
AT TN
N e
N
Y I AN
N N
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TN
I e e
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: N
l= K N S ANEE 3

N

Fra. 15. K
¢ AND £ as FuNcrions ox és; I, Con:
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the core-flux. Thus, as the primary current is varied so also

is the core-flux and with it the magnetizing and iron-loss

~components of the primary exciting current. These have an

important influence upon the ratio and -phase-angle of the
transformer, as will be demonstrated in later sections of this
chapter and in Chapter III.

The values of I,, and I,, are readily found from an ““open-
circuit”’ test on the transformer, full details of which are given
on p. 411. The secondary circuit of the transformer is opened,
measurements of current, voltage and power supplied to the
primary being made for various values of the secondary voltage,

milhamperes

40
y =,
30 ]
/,/
20
? A
10 ——3
L w
/f/ |1
© 1 2 3 ry 5 yolts
£

Fre. 16. Variatiox or I, anp I, wiThH K

the latter being measured by some electrostatic or potentio-
metric device. From the observations I,, and I, are easily
computed and are plotted* to a base of E,, as in Fig. 16; fur-
ther examples are given on p. 422, Fig. 209. It is interesting
to observe (i) that the curve I, = function (E,) is the lower
part of the alternating current magnetization curve for the
iron core; and (ii) that the curve I,, = function (&,) is, for the
low densities encountered in current transformers over their
working range, practically a straight line. These two facts have
Important consequences that will be adverted to later.

The results of such a test can be displayed in an alternative
form which brings out certain interesting conclusions. In Fig.
17 draw a line OI,, to represent the common direction of the
vectors @,,,., the main flux, and I,,, the magnetizing component

_* This diagram refers to tests made on the transformer described in Sec-
tion 5 on p. 45.
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of I,; mark off a scale along this line suitable for the representa-
tion of 1,,. Set off a similar scale on a line Of » perpendicular
to Q1,,, for the loss component /,,. For a given value of Hoocd
in Fig. 16 read off I,, and I,, setting them out as 0C, CA in
Fig. 17; then 04 is the exciting current I, and the angle
A0Cis &. Repeating the construction for the entire open-circuit
test gives the inflected curve OAB, which is the locus of the
extremity of the vector representing I, as the flux changes
with varying secondary currents.

yA

(2
lni//[am beres
20

J
50 60 "
mi///amp eres

Fic. 17. Tur Exerrarion Trisvery

It will be noticed that, in general, each value of & gives two
values of I, such as 04 and 0B, corresponding with two differ-
ent values of 7,. Tn the vector diagram of Fig. 14 (b) it is
shown that f = 0 when $s = (m/2) — &; this condition can be
satisfied, however, by two widely different values of I, for
one of which the ratio will be much larger than for the other.

7. Variation of K, and B with I,. Since the current trans-
former in normal circumstances operates, at a constant fre-

under these conditions. In practice K, and 8 are usually
measured by one of the many methods described in Part 3,
but these quantities may be readily ealculated with the aid

may
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seC n; (iii) the turns-ratio; (iv) the
extg’r;l_&ln S:fL (I)nd:rﬁ{l Iljn;;ll?ch Es(. %(nowing Z,, the value of Ef
Varl% 1(;'ound fmor various values of secondary current, the (ap(}n
e ii curves yielding the corresponding values of [ o and e,,;;
Clrcu‘oion of these in the equations, tqgether w1th\ t eF g1v18
f':?ﬁlt;s of sin ¢, and cos ¢, give the desired K, and"f. FKig.

He
09995

0-998 \

0-997

\6 External Burden 06 ohm
| —

1
3

4 5
amperes

!
External Burden zero
0-996)——

0:395

- External Burden 06 Iohm
| i

S A |
® %\{‘\N External Burden zero
10p——t—- {_,A,,,r_(,AAA — —

1

Nl )

4 5
© 2 3 amperes

3 NT
Fig. 18. TypricAL CHARACTERISTIC CURVES ¥OR A CURRE
' TRANSFORMER

[The circles are experimental values, see p. 54]

shows for two conditions the results for the trla,{)lsfc()irmerf ;1::0
cribed in Section 5 on p. 45: (i) Wlth an ext;erna;,l u}% Pf (}3 ro
Le. the secondary terminals short-circuited. '{_‘ en ‘. e—c o =
0-346 ohm, X, = X,, = 0-32 ohm at 50 cycles pE_)_I: cos',(f, =
0472 ohm, sin ¢, = sin ¢,s = O-.678 al}d clj)s éﬁs _of s (,),,}slm‘
0-732. (ii) With an external non-inductive ur3;n of 0-5 ohm.
Then R, = 0-6 + 0-346 = 0-946 ohm, X = 0- Oth .
ohm, sin ¢s = 0-32, cos ¢, = 0-946. The output t5o %é orna
burden at full rated secondary current is 5 X t>'< 8o
volt-amperes. A further discussion of the prol%er 1(zis f those
characteristic curves will be given in Chapter I and a '
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i the direction
incli le ¢, to the horizontal, parallel to
l%ckge(x;iinﬂiﬁcg:eﬁtor and distant therefrom by an aFO'i‘lEZ
’OOD :e I./I,. This is the Mollinger and Gewecke line.

i dily set out for various
i DA, being I,/ can be rea : ario
3;81213;}20& Secondar;% current with the aid of the magnetization

50 INSTRUMENT TRANSFORMERS  [Ciap. T]

treatment of the method of calculation in Chapter XVIII;
they may be taken as of typical shape for a normal current
transformer. '

8. The diagram of Mollinger and Gewecke. The vector -
diagram of Fig. 13 may be transformed by a simple device into
a very useful and instructive form. Suppose all the current
and voltage vectors to be divided by I, taking the direction
of the secondary current vector vertically downwards from
O, in Fig. 19. Then since E, =271, is compounded of the
resistance drop B,, and the reactance drop X, I,, this voltage
triangle becomes an impedance triangle with sides Z, R, X,
which, for a given total secondary resistance and reactance,
is fixed in size and shape. The vector I '» = K,I, becomes K, § , _ - / / ol
represented by the fixed length 0,0, while » becomes the line | . | _Phoseongk axis Jif 8 £ connradans
0,4 of a length which will denote to scale K,=1T,JI. The [ N
line 0,4 is compounded of 0,0 — K, and the hypotenuse
0,4, = I,JI, of the exciting-current triangle, the magnetizing
and loss component sides of which are now [,/I and I./I..
Resolving K, upon and perpendicular to K, gives

E.0réy
per cent

Kecos = K, -+ 4,B, = K, AB
. I,
S ]lz- _}— Z Sm ¢S + 7: Co8 ¢s7

I I
and K, sin 8 = OB, = OB — I—m cos ¢, — I—w sin ¢,,

which are equivalent to the equations on p. 41. Now in

practice B rarely exceeds 2 degrees (0-03495 radian) for which | R Ked;
extreme case cos 8= 09994=1 and sin B = 0-0349, =§. Direction Drecten Ly

of I,

Thus with a very high degree of precision
K.=K,+ AB=K, + 00, and 8 = OBJK,

Hence OC is a measure to scale of the deviation of the actual
ratio from the turns-ratio while OB represents the phase-angle
of the transformer. -

Suppose now that the secondary current is changed, R, and §
X, being unaltered. Then E,=2ZJ, o ®,,, varies in direct 1
proportion to I, and the new value of main flux will require
new values of I,, and I,. We have seen in Section 6 that J w
varies approximately in direct proportion to E,; thus,
I/I, remains unchanged no matter what value the secondary
current may have. Hence the locus of the extremity 4 of the
line 04 = I,/I, for various values of I + Will be a straight line

ER
F1c. 19. MOLLINGER AND Fia. 20. CURRE:S: TB.A:‘))T,ISFORM
Eox R Diacr.
GEwECKE’S FORM OF THE ErroO
VECTOR DIAGRAM FOR A
CURRENT TRANSFORMER

curve, such as Fig. 16; from the points so obtained projectlﬁg
upon ;;he ratio and phase-angle axes will give the ra,tlf(; er?)rna, "
phase-angle of the transformer at any desired fraction o

full rated secondary current. ‘ _
Inrz):actice it is ﬁsual to. express the ratio error in terms of

£ i des Stromwandlers,’’
* JRo d H. Gewecke, “Zum Diagrarom nders.”
Flek;I 'ZMft)lhng(e)f ?}r:; pp- 270-271 (1912). G. Keinath, A'rchl.{ ff.'e:‘::t}; ] I;Z;l,
i21-i ’;fig.,(193i) iﬂ Diinner, “Messwandler, Einleitendes Re ,
Schuw. ’Elekt. Verein, vol. 24, pp. 85-88 (1933).
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the nominal ratio K., for which the transformer iy rated, the -

International definition for the ratio error being
&= [(K,JK,) — 11100 per cent

and is positive if X ne > K, ie. if the nomingal ratio is greater
than the actual ratio.
K, to the same scale as K, then 0’C is the deviation of the
actual ratio from the nominal value, and from it ¢, can be
calculated. Tt will be positive when measured downwards from
O". The distance 0’0 Is the deviation of the turns ratio K,

from the nominal ratio K,.: expressed as & percentage we
may write the turns error as

& = [(K,/K,) — 17100 per cent.

The essential barts of Mollinger and Gewecke’s ciagram may
now be redrawn in simple form by omitting the lines for K,
and K. with their attendant construction lines, and moving,
up the impedance triangle to the origin O; this has been done
in Fig. 20. Nor is it necessary to divide the
unless desired, the exciting current and the voltage vectors
being set out to correspond with full-rated secondary current
flowing in the given Secondary impedance. The secondary
voltage is shown in this diagram decomposed into resistance
and reactance components due to the winding and the burden
independently. The perpendiculay distance from O to the
Iollinger and Geweceke line js the value of 1, for full rated
secondary current. The Position of the points corresponding
with any desired fraction, Say 1fp, of full current js obtained

by reading from the open-circuit curve the value of I for the ;
desired current i

convenient distance, €.g. 100 mm,
1 per cent is 1/100 of 4 radian, ie. ]
minutes, which ig equivalent to a scale of 29-2mm. for a4
Phase-angle of 1¢ minutes.
easily graduated
phase-anglfe in centiradians or in minutes may be read directly

'C and OB = 0'B’

Mark off the distance 0,0’ to represent’

-,

'4CHAP' 1] . | k
: rs are now obtained by rotating ’the Monm%i; 311;11 (}})zzvoerg eZ
1?:: about O through the angle ¢, — ¢,, so

i the axes as before.
A jecting the load points upon
" ﬁléei}:t(iior}:rz]f%z:nfgor a given value of ¢, is accounted for by
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i p g &
V. l! 1161 Wlbh le Ollglna,l OSH';lOIl Llll()u ]l
mo lng he lr‘,lne‘ pa,la,
d]sta“(}e (31"\(l ‘1) 'Ile (}lla“ge 1n 1 a' ‘Il“ la'ed Sei){)[](lal'y

= (7ll||e|ll, IIl l S a»y e pp le
.
t 115 W th dlagram can be & 116(1 t'O ShO W tJl
E | b hq: ou Of @ g TansIor d y
i enavi Y 1Vven t n i() mer under an (185116(1 C()Ildltl()]ls

ration.* The diagram is particularly useful f(;l}'l edﬁ;lgr(:

o ro)%eseq siricc it enables the eﬁegt producgd u&orllo Bgtici

purolr an“(i phase-angle by changes in the desxcgin b0 be duickly

Z;d accurately studied; indeed it can b:hmz:nznner o s

irely aphical process of design in the : e :

;llt~11§11£\ iﬂ%flflr‘)lll(’!' 1 pto whose work we shall refer again or
v Fleischhauer.]

p. 58,

O Cuy i it 1 CS8ary )y have the follow-
construct th dmgl‘mn it is necessa < i
In order { ) > © 2CeSSar t V e W

e 4 he external burden;
\ externa H
i g ¢ reactance Xz of the es i
(i) Resistance R, and reacta e chnce X of the seeondars
ii ists and leakage reacta ws
(ii) Resistance R, ¢
\\'ill(‘in}) ; . Y . - . y’ o
(1il) i‘im open-circuit characteristies, giving
o e i Y its ccentage
(iv) The turns ratio K, or its percentag
given nominal ratio K.

1, and [,, as functions

deviation e, from the

e egarded as known
In a projected design all these quan'tltles may b({ rgzdmr‘ loated when
" readily ealoulable. The problom is rather isting transformer. Tho
the s to l;e constructed for an existing tran.sl & ea,;-;ured
t'hg Ehagran}z ls,md R, and the reactance X, aref easlayc Hll)otentio:
'IF}S!SO%I:??'SCHC}&; data 1411; obtained e.ither by meia?? r (()ax:glpl'eé) and pre-
meter or some equivalent test-circuit (see p. 41 1Odom precisely known
sents no special difficulties. The turns-ratio is se By far the greabest
and its direct measurement is somewhat tedious. 'n.Ztion of X, By
difficulty, however, is concerned with the deteﬁﬁg the imped;,unce of
?short-cirélliting the primary winding and measu ossible to measure its
the transformer at its secondary ‘oerrmna,lls1 it lsXP is the primary leak-
apparent reactance )éws + Ihaw);YXC')")fp’SX)aixingwfrom this the deslilll'id
a , but there is no he difficulty
Xg ° rgsa}feta(;ig?lir as K, is not usually known. To ge;»do‘rf:glfced primary
YMgflinger and Gewecke assumed the secondary a rent reactance, as
yreactances to be equal, i.e. that X  is half the appa

——

* . . . .
E R. K chler, Ber: chnung der Fehlergrossen von Messwandler n,
ar 18, see . u s (&

d X 2 . 1418-1419 (1921). b Wiss. Versfr
El;’lt\;Vze];b‘tli.i’s;?}]{aig; p‘I‘)Graphische Stromwandlerberechnung,” Wiss iff.

J g 1. 53, .
Siemens Konz., vol. 10, part 1, pp. 98-136 (1931); Elekt. Zeits., vo PP
691693 (1932).
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Cusr. 1] 1
i e
the perpendicular, set off vertically downward toita,n%fs?oa}ml is
'Ondista,nee representing R.; from the other extrem eﬁdiCula,r_
- rtical draw the horizontal line to meet the pgrpX tiow
,Eie; the length of this horizontal.to ;ca,le Wﬂxllt, :xa,r;ﬁe t,i,lsé
i den is non-reactive; in the prese
'Bzzzzlc;::ybga:tance is X, = 0-32 ohm at the frequency of
8
j.e. 50 cycles per sec. ) ‘ )
thikzes;iﬁc?)red igductance of 1-58 mH is then 1nsiartede;nszlée
secondary circuit, ie. X, = 0-50 ohm at 50 cycles D -

Ratwo error Z
-8

is frequently done in the case of power transformers. The leakage con-
ditions in current transformers are, however, radically different and
Schering* has shown that X, . is usually much less than K,2X, .
Janviert has attempted to separate the reactances by a graphical
approximation which may, however, be very much in error, as Gocht}
has shown; other processes are discussed in Chapter XVIII. On the
whole, therefore, it must be admitted that the accurate determination

of X,, is the principal defect in applying Mollinger and Gewecke’s
diagram to a finishéd transformer.

9. The direct determination of X, and ¢, from the M. and G.
diagram. The measurement of K, (or ¢,) and 8 can be made . .
with high accuracy by a great variety of convenient methods. ¥~ w o "; o
Making use of this, the Mollinger and Gewecke diagram may be § o6 ' ! "——%—riL '
applied in an inverted sense to yield the values of X,, and ¢, E o566 w 0p | i
and to provide data from which the open-circuit curves may § _Mr_[ Y AT -
be constructed. ‘ !

The method used by Berghahn § is illustrated by Fig. 21, § E T it c
which has been constructed from measurements made upon § I f | /]7\
the transformer described in Section 5. The transformer has § / ) :
the following particulars: K, = 5[5, R,, = 0-454 ohm and §

|
1
|

b
1
1
|
b
1
§
!
t
!
|

50 minutes

14 | centi-radians

and f being measured, Schering and Alberti’s method described
on p. 469 being used in this example, with the following results—

IR A
R, = 0-346 ohm at 18° C. A non-reactive burden (R, =06 }F \ | ""——L}“‘*I d :
ohm, X, = 0) is put into the secondary circuit, the values of e, } \\ o2 @”T;,‘\‘ 2 “\‘“
S ! >

|
I ]I
I, amperes . doos | o) 10 15| 20| 25 3 4 s A L ! '. “
% Ratio error &, -+ 0-118 4 0185/ + 0:222/ 4 0-277) + 0-302+ 0:325/+ 0-352/+ 0-387 N . | 032 \ L
Phase-angle ﬁ min, .| 480 43-0 395 345 31-0 286 26-0 22-4 i O ‘ —
o}

tro FIND SECONDARY LEAKAGE REACTANCE
axp Turns RaTIO

. — '82
tance X, = 0-50 4 0:32 =0
dary reacta e sregulated to make the

. . . 3 .20
Choosing error and angle scales in accordance with p. 52; Fie. 21. Use or Fi&

along horizontal and vertical axes through O, these results;
are plotted and give the lower M. and G. line SA. This lin
is parallel to the core flux vector; hence a perpendicular to i
will be parallel to E,, ie. to Z,. The total secondary resistance$
is R, = 0-6 4 0-346 = 0-946 ohm. From any convenient point,

making the total secon e
ohm. The resistance O € ' 202 — R 2
,imrgeda,nce 7, the same as before, ie. 0~94'62h+ 29321% 21%. 52%
0822, whero R, is the new total resistances SR (s
‘ohm ,a,nd R, must be altered to 0-566 — 0-346 =

* H. Schering, ““Zum Diagramm des Stromwandlers,” Arch. f. Elekt., vol. 7, The values of &, and ﬁ are a,ga,in measured as follows—

pp. 47-56 (1919).

t W. Janvier, “Nouveau diagramme relatif au fonctionnement des trans-§ _ 10 15 20 25 3 4 5
formateurs de courant,” Rev. Gén. de I'El., vol. 24, pp. 619-623 (1928). amperes . 4 05 _‘l’i | T 0:010] + 0-035| + 0-120] 4 0190
1 K. Gocht, *‘Ein Messverfahren zur Bestimmung der sekundaren Streuin-4 Ratio erro T o101l— 0-362{— 0-284}— 0-158{— 0-078)— 0°010)
duktivitat, der Windungsabweichung und des Leerlaufstromes von Strom-} - Tor e '——*——I'—@TW 136 | 119 10-6 85 7
wandlern,” Elekt. Zeits., vol. 50, pp. 1653-1655 (1929). 1 eangle § min, .| 240 | 210

§ A. Berghahn, “Ein einfaches Verfahren zur Ermittlung der Streureak-“
tanz, der Windungsabweichung und der Leerlaufcharakteristik von Strom-
wandlern,” Elekt. Zeits., vol. 52, pp. 605-607 (1931). “Die Streureaktanzen

ein Einpl '] .
4 ch. f. E k-, vol. 27 933 C Esulbi are pl:t e0 g S . 8 [l :‘]‘]llle
P TIators Areh f lekt 1 s PD. 761-778 (l 3 )'

SA’, intersecting the first in S; the bisector of the obtuse
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tance 0’0 = - 0-83 per cent is the turns-ratio error in term

K. [1+ (g[100)] = K,; in the present case A,, = 1 so tha
K,(1-40-0083) = 1 or K, = 0-9917.
turns, hence 7', = 0-9917 X 240 = 238 turns,
actually the case, see p. 45.

which way

Fra. 22. Gocurs’ METHOD FOR FINDING X5 AND ¢,

This verifies the statement already made that the secondary and re-
duced primary reactances are by no means equal. Further for the line
SA, Z, = 4/(0-9462 + 0:32%) = 1 ohm; for each value of primary cur-

&, is known, and hence F, = Z I, becomes known also. For each point
the values of I,, and T, are easily read off the diagram and the open

with the aid of an a.c. potentiometer. The agreement is excellent.

In a method due to Gocht* the diagram is used in a rather different
way. Fig. 22 shows the essential portions of the M. and G. diagram
with scales of ratio error in per cent and phase-angle in minutes, but with

* K. Gocht, “Ein Messverfahren zur Bestimmung der sekundaren Streuin-
duktivitit, der Windungsabweichung und des Leerlaufstromes von Strom-
wandlern,” Elekt. Zeits., vol. 50, pp. 1653~1655 (1929).

angle at § will cut the ratio axis in O, as in Fig. 20. The dis-
of the neminal ratio. Since & = [(K,/K,) — 1]100 per cent,

The primary had 240

Berghahn repeats the tests after interchanging the role of primary
and secondary. finding X,p = 0:55 ohm and &, == — 0-83 per cent.

rent the secondary current can be readily calculated, since the value of

circuit curves plotted; this has been done in Fig. 16 where the circles
show the results from the diagram in comparison with curves obtained 3
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of the exciting current and error triangles of Fig. 2 1 multi-
current; I, I, and I, are expressed in terms
Two series of measurements 05. ttg'c and B are

i method, under the following conditions—
mz,lS'dei’iel.)syI .a n’i‘]hseuézigfdary is loaded with a non-reactive burden.so that
the only reactance in the secondary circuit is X . ¥ncre?s§ R 1;; :ta;l):
in such a way that R [, is constant, where R, co?‘msts oh fus p s the
external variable burden, ag% ;bserve g, and f. Then the locus
exgl':rrz{;ﬁ%? ! f;sdld? ;}: ilxllrcllflctance of known 1'eactance. Xp, so that the
total reacta.nce is X, + Xpand again vary Rﬁ kce}}mg g;'lb constant
as before, observing ¢ and . The locus of E is again DEF.

all the sides
plied by the secondary

s -
of the secondary side.

t

S

lgg —r0 If E. be supposed fixed, then ¢, I, I, I, and with t};{enl.lsg z;nd
LT Series [ Series IT I —Sg ) will also be fixed. Plot the curves of I, = f(R,) and g,
] T = I«T'(R )c' I. is found by observing the primary currer.lt I,,‘zmd c:}lcu—
/‘:V /D/ ! lating ;.,t‘hz‘rcfr(nn with the aid of the measured ra‘tw. .1'01' a g%n.'enA
0 : e : \"Llug of B L i.e. of 1 p. the values of R in the two scries of tests giving
E / : : equal values of é, will be Ry and Ry ; then
i X T ] i S » ]
30 | i ; )ﬁﬂwg . ‘}’I_L‘VSAL‘t\’B, or A\»ws - i)__jl‘ﬂ_f{w_ X,
06 | 08, 10 121 e e A R Rant . o1
| t
I ' l | i >s of I.e., Lge
b i : : ' For these values of R, read off the corresponding values of e, Lata
RN : | | and I g 1 respectiveli* and calculate I, and [y from the two values
s , " y . 3 O o ~3
o2 \ E : , of R, and the fixed R /. Then as the diagram shows,
' |
‘ ; J: (g — ee) = Luler — ca)
06 08 12 T Tie 18 R Ta(er — &) siEr Ic
- ‘ l i Igeer — Lguésu
Series [ [T _ L st
—04 erfes | o 1: or £p —r————lm I
‘ .
°° Series II : The method is much less direct than that of Berghahn, but yields good
-08 , ’ 15 results, as the following example indicates. . 4 cransformer
-to Tests were made by Schering and Alberti’s method on a

having the following particulars
K,, = 50[5; R,, = 064 ohm; X = 0-52 ohm at 50 cycles per
ne ’ ) .
sec.; resistance of added coil = 0-18 ohm.

The resistance burden consists of a decade resistor va,ria,.ble': inSO-‘leshlr;l
steps; denote this by R, In Series I R, = E, + 0-64; in Sert ,
R = R, + 064 + 0-18 = R, + 0-82.

‘ |
R, R, ‘l[ I, ] &,in % | finmin. 14 Ig,
! L
0 064 | 500 1 + 0-07, T4 | 370 | + 0350
Series T | 03 | 094 | 341 | —00L, | 137 ) 466 1 — 003
07 | 13+ | 239 1 — 0010, 211 | 505 | —
—_——
: 03 | 112 | 286 | —030 | 127 | 362 | — 0858
Series I1 | 0-6 | 142 | 226 | —034 | 193 | 435 | — 0767
09 | 172 | 186 | —o044 | 252 | 468 | —

————
6--(T.5722)
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values are taken for I .8 = 40 and 45.

1 | | : ] ‘ ]
I ! ! X
Tyf ! Ry | By | Ta | I } I iusu & ‘f ohms | & %
i | ! | | ! I
40 0-70 1-25 4-57 2:56 |4 021 — 0-79 0-66 ‘ 0-497

45 0-86 1-54 373 2:08 | 4 0-04,— 076 0-64 0-484

Mean | 065 | 0-491

—_—

10.  Fleischhauer’s graphical method for theory and design.
The Mollinger and Gewecke diagram gives a clear and con-
venient representation of the performance of a transformer
working under normal conditions when the errors are small.
If, however, the ratio error and phase-angle are to be found for
currents far in excess of the rated values, or in low aceuracy
transformers, or in any other case where the errors become
large, the diagram does not prove to be quite so useful. Again,
the M. and G. diagram starts from a given secondary current
and is built up therefrom to give the primary current; in
actual practice, however, the transformer is operated over a
given range of primary current derived from the supply net-
work, and the determination of I, from I » by use of the diagram
would only be possible by a tedious process of trial and error.

Finally, the diagram is not in a form in which the influence of

changes in the proportions of the transformer core and wind-
ings, variation in burden, or other features of design can be
readily determined during the process of designing the trans-
former to yield the best performance under given practical
conditions.

conditions.

It has been shown on p. 44 that 8 will be zero if the second- 1
ary circuit is such that ¢, = (/2) — &, i.e. if the secondary 4
power-factor is fairly low and the circuit inductive; this %
condition is approximately fulfilled in low accuracy trans- 3

formers operating relays, trip-coils or similar burdens. In such
* W. Fleischhauer, *“Graphische Stromwandlerberechnung,” Wiss. Verdff.

Siemens Konz., vol. 10, part 1, Pp. 98-136 (1931); Elekt. Zeits., vol. 52, p. 1257
(1931); 4bid., vol. 53, pp. 691-693 (1932); Arch. f. tech. Mess., Z221-2, Aug. 3

(1932).
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The value of R, in these tests is 8:2. The curves If = f(R,) and
I¢, = F(R) are plotted in Fig. 22. From these curves the following

To overcome these defects Fleischhauer* has
developed an ingenious graphical method, based upon the §
M. and G. diagram, which is particularly useful for the solution
of problems in design and for the investigation of overload 3
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: i f currents assumes the
- cases, therefore, the vector dlag}'am o -
simple form of Fig. 14 (b), in which I,, — I, and I, are in the
¢ same straight line. Hence numerically,

TpIp - TsIs + TDIO

is the equation of ampere-turns. Dividing each term by [,
" the mean length of path in the iron core, gives

at, = ats 4~ aty,

where at,, at, and at, are the primary, secondary and exciting
effective or r.m.s. ampere-turns per em. In this equation at,
is given by the specified primary current; af, and at, are
undetermined functions of af, and constitute two unknowns,
necessitating a second relation in order to find them. 3

Let Z, be the total secondary impedance of the transformer ;
then assuming sine waves,

E,=2J,= 444 T,f A; By, 1078 volts,

where f is the frequency, 4; the iron section of the core in
sq. em., and B,,,, the maximum value of the core induction.

Again,
TSIS == (I/ts . Zz,

eliminating I, gives
B ofat, = Z,1;108/4-44 f A, T 2

which is defined as the “impedance factor” pf the core, since
it is directly proportional to the secondary 1m.pedan(§a.' Tth}is
- factor can be given a simple graphical meaning and 1s the
desir, cond relation. o

Re}grjfng to Fig. 23 (a) the alternating current magnetization
* curve for the core plates is shown, giving Bpg, as an experi-
mentally determined function of af, the effective ampere-turns
per cm. Let at, be a given value of the primary ampere-tur}r;s
per cm.; then with the secondary circuit open (at, = 0) the
L induction in the core is 4’P’, and P’ may be called the open-
circuit point for this value of af,. Keeplng at,,. const;nt_ lt(a)t
the secondary be supposed ideally short-circuited (0 s _t h)
and free from leakage; then at, = 0, Bmax. = 0 and 1sd e
short-circuit point. With any other con(.iltlon of secondary
load between these limits the operating point must fall on the
curve between O and P’, say at the point P, for which the
equation at, — at, -+ af, must hold as shown; then

B,,o.]at, = PAJPB = PAJAA’ o tan 0 o Z;
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For a fixed value of Zj, i.e. of tan 6, and various values of P’
oIl that is necessary is to draw parallels to P4’ and from their
intercepts on’ the axis of abscissae to read off at,, at, and af,
Then using the formula ’

K(-, mar T KT 4 (IOIIS) = I(T *‘* (a[/(,l(l/s) . KT

= K, [1 + (atofaty)]
the ratio can be caleulated at once and the error is
- [(Km'/Kc, mas) — 1] 100 per cent

gl‘, LT

for the value of I, given by [; af,.

Fleischhauer has facilitated the process by calculating once
for all, with a given quality of core material, a family of curves
giving af, as a function of at, for constant values of B,..fat,
lying between 1 and 10 000 in a finely-graded series of steps:
a typical group of such curves in logarithmic co-ordinates is
illustrated in Fig. 24 (a). In practice B,,..fat;1s caleulated from
the preceding equation in terms of the burden, frequency, core
dimensions and secondary turns, all of which are supposed
fixed; at, is read off from the appropriate curve for a series of
values of at, and the ratio-error for given primary currents is
thus determined. By the use of an additional group of charts
Fleischhauer provides for the solution of the problem when
f % 0, but the case we have examined is adequate in practice
for the operating conditions usual in relay transformers.

The utility of such a graphical method in routine design*®
can be easily appreciated, since it is easy to find at once the
effect produced on the accuracy of the transformer by a change
in its dimensions, its secondary burden, etc., especially in
dealing with transformers operating under extreme conditions
such as occur in protective systems. Though the labour
involved in preparing the charts is very considerable it is well
worth while in design offices where a wide range of problems
must be rapidly solved.

11. Ratio error under overload conditions. Current trans-
formers intended for the operation of differential protective
devices are required to work under conditions quite different
from those imposed upon transformers working current-
measuring instruments. Usually their secondaries are con-
nected in some form of bridge or other balancing circuit which

* For other graphieal processes of design, sce E. Billig, “Zur Voraus-
berechmmg der Fehler von normalen Stromwandlern,” Elekt. Zeits., vol. 54,

PP. 374-377 (1933); H. Schunck, “‘Zur graphischen Berechnung von Strom-
wandlern,” E.u.M., vol. 51, pp. 241-245 (1933).
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is balanced under normal conditions: when overload occurs
the balance of the secondary currents is disturbed and a relay
device is actuated, resulting ~in the operation of the main
switch and opening of the overloaded circuit. It is clear that
current transformers used for such a purpose must be similar
in their charactéristics,* i.e. their secondary currents must
vary in the same way with changes in the primary current up
to many times the normal rated primary value; and they must
retain reasonable accuracy of ratio up to the limit of overload
at which the relay is to operate. The question will be reverted
to in its practical aspects on p. 155; we merely note here that
the ratio of a current transformer remains sensibly constant,

1c

-~
-0 . . X .
L ie. I, oc I, so long as the core remains magnetically unsat-

urated. Once the knee of the magnetization curve is passed
B4, and consequently E, and I,, increase but slowly even
when large increases are made in J,; the ratio breaks away
from constancy, and suddenly increases rather rapidly, with
a consequent sudden growth in ¢,

Fleischhauer’s method is very convenient for the calculation
of the performance of a current transformer in the region of
saturation. Typical curves of ¢ found by this method are
given in Fig. 25 for a transformer having the following par-
ticulars: 7', = 2 X 5 turns for series or parallel connection
for 150 or 300 amperes, T, = 298 turns, K,, = 150/5 or 300/5,
K, = 29-8 or 59-6, I,T, = 1500, Secondary burden 2-4 ohms,
Rated volt-amperes 60, Power-factor of burden 0-5 and 1,
A; =216 sq. ecm., [, = 49 em. The portion of the curves
between 0 and 1 times I, is the usual ratio-error curve for the
normal rated range; the remainder of the curves illustrates
~ the effect of overload on the ratio. For quite a considerable
overload ¢, remains small, K, approximately constant, and I,
grows in proportion to I, until the iron enters the region of
Saturation, when e, increases rapidly. Since the point at
which the break-away from proportionality occurs depends
upon the degree of magnetization of the core it is under the
control of the designer, who, by suitably proportioning the
i Core-section, can arrange for a small value of ¢, up to any
desired overload. In solving this design problem Fleischhauer’s
& charts provide a quick and reliable method.

It is to be noted that the situation of the break-away point
48 a considerable influence upon the size and cost of the

1‘_3,8’6 M. Walter, “Ulber die Eigenschaften der Stromwandler fiir Schutz-
Telais,” Elekt. Zeits., vol. 55, pp- 483487 (1934).
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transformer. The German Standard Rules contain a definition
(see p. 21) which is intended to act as a means of comparing
protective transformers in this respect, viz. the overload factor
(Uberstromziffer), which is the multiple of I,, which with rated
secondary burden produces an error e of 10 per cent irre-
spective of the secondary power-factor.* For example, in the
transformer to which Fig. 25 refers the normal rating is 60 VA
and with a secondary burden having a power-factor of 0-5
the value of the overload factor is about 18 for an error of

Nag

[=]

-4

-10 }-

Fie. 25. RaTio Error oF CURRENT TRANSFORMER
ON OVERLOAD

10 per cent. Hence at this overload the rating which the trans-
former must safely endure for a short periodis 18 x 18 x 60 =
19 440 VA, which influences the weight of active material and
the cost of the transformer.

12. Mathematical Treatment of Overload Conditions. The graphical
method for calculating the ratio error under overload conditions is -
particularly useful in design, requiring for its application only the 4
magnetization curve of the core material. If the shape of this curve :
could be expressed by some empirical equation it should be possible
to eliminate the graphical constructions and to determine the charac-
teristics by arithmetical methods. The problem has recently been

* Methods for computing and measuring the tripping burden and over-
load factor, definitions for which are given on p. 21, are given by E. Billig,
** Auslosebiirde und Uberstromziffer von Stromwandler,” Bull. Schw. Elekt.
Verein, vol. 25, pp. 370-374 (1934)
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13

i ho has shown that by assum-
i ced from this angle by Buchholz* w S ]
;f;azlliz magnetization curve to be a polynomial of the third degree,

the ratio-error curve can be derived ana,lytica.lly in termsfoflthe hyper-
tric series of Gausst; a brief sketch of his method follows. )
ge(I)zltex B and @ be corresponding instantaneous .values _of ampetx;z
turns. ﬂ’ux density and flux, while z,, B,, @, are 'gni'er‘l pmgt:hoax% thg
magn’etization curve. Then if § is a parameter, it is assume

‘turve may be approximately fitted by a cubic of the formn

xfw, = (B]B,) cos® 8 - (B[B,)?sin? )
or, more shortly,
7 = $costd -+ ¢*sin®d.
5 3 at in addition to the origin and
: ameter can be chosen so that in ad :
th:er I}I)‘;)ilr)lir(yl Lq& ) a third point is fitted, defined by the co-ordu?ates
1 @, fx ZS _ O, f P, = B,[B,; the value of the parameter will be
= 1 ‘ny P N
bR s = (- 2ol b
; irical curve are plotted in Fig. 26 (a).
ical forms of the empirical curve are p ) g - ‘
TyII;xl(JtLhe cur:-ent transformer, if 1, i; are the instantancous primary
and secondary currents, a =i ,T, + 4,7 ar.lda ‘ "
(i, , -+ ,Tfw, == $ecos* § + $3sin? 0 . . .
2 esistance ¢ i tance of the secondary circuit
If R, L, are the resistance and induc aix Ll of the secondary cir
dnd it is assumed that currents vary sinusoldally w I

di dd
Ry + Ligy = — Togg
isal Y 2 1
i, d L’"> _ ol A oll0, dé o,
or Byt oly e /T T a4 ot v, dot
“n

> that the
= T20 [x,, 1, = wLS[w.L"S and suppose :
resistance is ﬁse:gligibfe inn Zompa,rison with the react{g\.xllce, cll.)s tr&:;y
be nearly true with a large reactive burden such as a relay. Pu g
R, = 0 gives

Now write L

3)
which on insertion in Equation 1 gives o
i, T 3 isTs L 1’_1)_‘19 =0 . 4)
e si1126<—;i> + (1+ %, (:()52(5)—wn } z, (

This cubic equation may be formally solved by Cz_xrda.q’s tI}?ets}cl)(l)ﬁéi gﬁ
explained in any treatise on higher a,lgeb?a,; the radl'cals 1% de olution
are then expanded in infinite series which can be identificd w

Ypergeometric function o ala + 1) ﬂ_‘é___wgz st
Fla, B, y, 0) = 1 + '1"‘5,0 + 1.2y + 1)

* H. Buchholz, *Ubersetzungsverhiltnis VO!:& Stro;x{l)‘év(%ndlem im Sattig-
ungsgobiet,” A.H.¢t. Milt., part 8, pp. 548-555 (Aug., 1930). )

? gee‘fe\. R.‘.AForsyth,?A Te'eaii.s-c on Differential Iyquahf)ns, .Zn(?) gdilé,;; Ch. VI,
Pp. 185-21¢ (1888); or Gauss’s Gesammelte Werke, vol. 3, pp. 123-163.
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in the form
1,7, 3cot A . .
7,,’1',,(1+ ngcos2 6):37C§)HV[F(~§, %, 1,sin% 1) — cost A= H(1), (5)
27 . 3 I, T \2
where tan? 1 = 551n2 6(T:{TZLC’O?S~)§< *Z;:y s . . (6

and 1, I, are the r.m.s. values of the currents. The values of H (1)
are given in the following table and in Fig. 26 (b).

A [ 0 5 J 10 r 15 | 20 j 25 | 30 | 35 | 40
H (%) }1-000 0~999|o-997'] 0-991i0-985 0-977 | 0-967 | 0-954 | 0-037
. .i45 50 55i60‘65 70}7;')'80 81
H () .}0-917 0-891 0~860||0-8'24)0~777]0-717 0-639 | 0-532 | 0-505
. : 82 | 83 | 84 ; 85 f 86 ; 87 | 88 | 80 | 90
H () .10476 0-445 0-410’0372 0-328 | 0-279 | 0210 | 0-143 | 0

The method may be illustrated by a numerical example in which
TT, = 50/7, the burden being purely inductive, L, = 10 millhenrys,
B; = 0. The magnetization curve was fitted by taking & = 78-33
degrees, the value of z, being 1 000 ampere-turns and of @, being 0-0805
X 10% lines. From these, L,, = 2 millihenrys and 7, = 5. Using
Equation 6, tan 4 = 0-:2147 p- For various values of A the correspond-
ing values of I, are calculated and the figures for H (1) are taken from
the table or graph; using these in Equation 5 gives the ratio K e = I,/I,
at once. The result is plotted in Fig. 26 (¢).

13. The output of a current transformer. Consider a
current transformer with a constant alternating current in its:
primary winding, its secondary circuit being closed through
a variable external burden. If the secondary circuit be open,:
the core is subjected to the unopposed primary ampere-turns
the core flux and the e.m.f. induced in the secondar
winding will have their greatest value but, since the secondary
current is zero, the output is also zero. If now the secondary
terminals be connected by a burden of zero resistance the cur
rent in the secondary circuit will have its largest value; th

primary ampere-turns are almost completely annulled by the §

secondary ampere-turns, so that the flux is very small, and th
induced voltage is just sufficient to circulate the secondary
current through the impedance of the winding. Since the ;
p.d. across the burden is zero, the output again vanishes
As the output is zero for the limiting burdens corresponding

method* provides a ready

" yariation of output with secon- s
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i i -circui i it follows that
ith open and ideal short-circuit respectively, i
Xlere nll)ust be some intermediate burden for which the output
ttains a maximum. 6
a b . '.0 — T
Fleischhauer’s graphical

o

l
: . | S A
means for investigating the 9:: il

dary burden. Confining atten- Vi
tion to the case of a transfor- ©% A s
mer in which the power-factor 7Z

of the burden is maintained / (@)
constant at the value giving F T
B = 0 and the maximum ratio,
we may use the equations on 4, =5 2o A
p. 59. The total apparent t° =
power in volt-amperes gener-
ated in the secondary circuit is

P, = Z,12 T \
— 444 T, f A, By I, 10-%.

o5 1
Substituting 7', = at, . LT, \
Bpos . aty— Z,1 2108444 f A L. B

which is defined as the  out-
put factor” of the core since &
it is proportional to the total ,
secondary output. 30
. Turning to the magnetiza- _
tion curve in Fig. 23 (a), if ,
P is the operating point when
the applied primary ampere-
; are 0A’ with a certain
burden then, since A’B = Ll
B,...and A4’ = at,, it follows S anperes”
that B, . at, is proportional i, 26. Bucmmorz's METHOD ¥OR
the area of the rectangle CALCULATISG RA?A% ErroR ON
BA’A. With a fixed value VERL ’
of at, it will be possible to draw two recta,ngles,.such as P,B,A'A4,
and P,B,A’A,in Fig. 23 (b), of equal area; i.e. there are two

* See also E, Wirz, ‘‘Beriicksichtigung der Beglaubigungsvorschriften bei
er Vora.usberechnung der Stromwandler,” Bull. Schw. E'l_ekt. Verein, vol. lQ;
P- 13-25 (1919). H. Neugebauer, “‘Stromwandler fir Schiitzsysteme,
temens Zeits., vol. 11, pp. 147-151, 192-198 (1931). Also G‘”W. Stubbings,

® maximum volt-ampere output of a series transformer,” World Power,
ol. 5, pp. 131-135 (1926).
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conditions of equal output corres i i i
) ponding with different values
of’ Bmax., namely, 4’B; and A'B,, different induced voltages
proportional to t'hese flux densities, and different secondary
;:urr;ants,' pro}?ortlonal to 4,4" and 4,4’ respectively. The
ourdens 1n ohms in the two cases are proporti .
and tan 0, respectively. repe :011&1 ot
AS P, moves downward and P, upward there will be some
point such as P, at which the two equal rectangles coincide;

[Crap. 11 -

Luternal VA
[T — Sy W
[ ] /o
FC+ 1 J) S N Y S ‘
I/
N7y |
600}~ ,,E’w,,,i, -
i | o
I ] Rates } a[mpere; Total VA
s f Secondary current- 3 ax fola
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7 T T
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Fic. 27. Tar Ourpur CURVES Fom A CURRENT TRANSFORMER
at this point they haye the maximum area and the total
iec‘or}dary output has its greatest value. The output ZJ?
as its maximum yalue when B, . .at, = B, (at, — at, )s ;s
;gﬁeitgst. 'leierentlating with respect to at:z renplembeoring
a is a i i , i
o Zero,zmx unction thereof and that at,, is fixed, on equating

Bmaa:/ats ::Bmawﬁl’tO'

The left-hand side is the rati

. d si o P,A,]4,4" o« tan 6, : the

;ght-hzn(hmde is the slope of the tangent at P,,, i.e. t};’gr;ﬁo
wmAmlAnA, oo tan ¢,,. Hence at the point of maximum

output 0,, = &,,, or at, equals the sub
. n m» t “hi
be readily found by sismple graphical t?ir:ﬁént 2t £ This can
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Given the magnetization curve, the output curve for a fixed
primary current is easily constructed by taking off a series of

;values"of B,,q. With the corresponding values of at,, calculating
" Bpasat, and hence P, = ZJ12 from the preceding formula.

Knowing B F, s calculated from the e.m.f. equation and
I, from the relation I, = P,E, Then if Z, is the burden
impedance, the volt-amperes expended in it will be Z,/,* and

£ the voltage across it Z,l,. Finally Z,I.? and I, can be plotted

as a function of the voltage at the terminals of the burden,

7,1, Typical curves are shown in Fig. 27 (a), plotted from
""" measurements made on the transformer described in Section 11
- when the primary ampere-turns are maintained constant at the

full rated value of 1 500, the burden being varied from zero to
infinite impedance with a constant power-factor of 0.8. The
measured maximum output is 841 VA; the calculated value
based on the assumption of # = 0 is 804 VA, which shows the
order of approximation to be expected of Fleischhauer’s
method. .

The calculation of the power curve is facilitated by the aid
of curves, such as those given in Fig. 23 (b), which show in

_ double logarithmie co-ordinates the values of at, as a function
- of at, for constant values of B, ..t for a given quality of

core steel. In use B, af, is computed for chosen values of
the total output Z,I2 and the corresponding values of at, are
read off from the appropriate curves, for a given constant
value of at, = I,T,[l,;the rest of the calculation then proceeds
as described above. To each value of at, there are two values

- of at,, i.e. of at,; the relation of af, to at, for maximum total

utput is given by the dotted locus of the points of contact
f vertical tangents to the curves, since at these points the two
alues of at, coincide. With the aid of this locus it is easy to
ﬁ.nd the maximum output for specified conditions. Fig. 27 (b)
gives the calculated curve for the same transformer as before,
!mwing the maximum total volt-amperes in the secondary
ircuit as a function of I,/I,,, the impedance of the secondary
burden being adjusted with each value of primary current to
make the output a maximum.




CHAPTER III
CHARACTERISTICS OF THE CURRENT TRANSFORMER

L. Introductory. In Chapter II it has been shown that the
ratio and phase-angle of a current transformer are affected by

a considerable number of conditions, and the like is true of .

many of its additional characteristics. Some of these conditions,
such as the magnetic properties of the core material, the pro-
portioning of copper and iron in the transformer, magnetic
leakage, etc., are internal features of construction and design;
others of these conditions, such as the nature of the secondary
‘burden, the frequency and wave-form of the primary current,

ete., are external to the transformer. Each of these groups of

conditions is responsible for certain influences upon the ratio,
phase-angle and other characteristics of the transformer;
internal or constructional conditions are considered in Sections
2 to 12, while external or operating conditions receive attention
in Sections 13 to 26. We shall consider principally at first
those conditions which affect the ratio and phase-angle and
the methods used for making the errors small.

Referring to p. 41 it has been shown that to a sufficiently high

degree of approximation for all practical purposes,
_ 1, . I,
Kc:, K,.(l + msln(ﬁs + Ej-; COS ¢s>7
. Im Iw .
tan /3 :ﬂ: K,.‘I; COSs gbs — m sSin ¢s-

Now the secondary current I, is proportional to the induc
voltage E; in the secondary winding, and hence to the co
flux ®@,,,,. The magnetizing and iron-loss components of thg
exciting current I, namely, I, and I,, are not, in generajy
proportional to @,,,,. Hence as the secondary current changes
the ratio and phase-angle cannot remain constant, which had
been seen in the preceding chapter. ‘ L
In an ideal current transformer the ratio would have a valuéy
equal to the nominal or rated ratio and the phase-angle wouldg
be zero for all conditions of operation. It is clear from thes
expressions that a practical iron-cored transformer can nevex
70
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nform to the ideal, since this would invo_lve ]'ooth I, and I,
multaneously vanishing, i.e. the use of an 1nﬁmtely—permeable
‘core material from which eddy currents and hysteresis are
absent, which is obviously impracticable. The efforts of trans-
former designers have been largely (_hrected, therefox:e, tq a
reduction of the imperfections to which I,, and I, give rise,
either by compensating flor their effects or by the use of im-
agnetic materials.
pr(I)Z?g iEe%esting to derive the general conditions* that shou}ld
be fulfilled by the design of a current _trax}sfqrmer. In practice
the secondary circuit has a burden which is either a pure resist-
ance or an inductance combined with resistance; hence ¢,
i8 a positive angle lying between 0 and 7/2, and both cos ¢, and
. sin ¢, are positive. Let /; be the mean length of flux path in
~ the iron core, A4, the cross-section of iron in the core, and
B,... the maximum flux-density ; then we have the relations

BIIL[l.l‘
Ot (V/2) [Ty = 0,

and Es = 4-44 TszmaacAi 108 = Zslsa

since @, = B,..4; and u is the permeability of the core.
Remembering that sin ¢, = 2#fLJZ, and cos ¢, = RJZ,,
we have

. 108 I,
KL = 0d TRud L,
" 100 I, R,
and K'T-[: COS8 ¢s = ﬁ;ré m 7‘

ket w; be the total loss due to eddy currents and hysteresis
tper cubic centimetre of iron at the given frgquency_ and flux
nsity ; then since I, is referred to the primary side,

Alw;
lo =3¢
. ESIKT
I, . 106, Wy
80 that K. sin ¢, = T4, (f_B:;;E >Ls
I, 10t - [, Wy

Beglaubigungsvorschriften bei der

*E. wi “ iicksichtigung der
o Derlicksichtigung Bull. Schw. Elekt. Verein, vol. 10,

? T8usherechnung der Stromwandler,”
- 13-25 (1919).
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Substituting in the expressions for K, and tan g gives, if ¢ = Then again there may be special conditions, such as safe

10%fm operation at extra-high voltage or under severe short circuit,
: lia ( L, aw, R, that must be taken into account. )

Ko= K, [1 + _TszAi( 0-dy i of2B2 )] Current transformers are, broadly speaking, of two kinds,

la R ma w, L1 - measuring transformers and relay or protective transformers,

tan f = TZ—A[ e g]—. differing somewhat in constructional features but' chiefly dis-

AL 087 B2, If k- tinguished by their operating ranges and their accuracy.

From these equations it is easily seen that in order to keep Measuring transformers are used for making cl}rrept measure-

the ratio error and the phase-angle small the design of the f  ments over the normal working range of the circuits in which

transformer should have the following features-— ' they are employed; they comprise (i) transformers of the

(1) A magnetic circuit of short mean path I; and large cross- §  highest accuracy and perfection used for the most precise

section ;. t  laboratory measurements ; (ii) rather less accurate transformers

(i) A large number of secondary turns. Since the rated §  used in switchboard energy metering; and @iii) relatively

secondary current is fixed at 5 amperes this means that the rated § rough transformers for the lowest grade of switchboard am-

sgcondary ampere-turns must be as large as possible. Again, meters. Relay transformers operate in the region of overload

since the primary and secondary ampere-turns are approxi- [ on their primary circuits and are usually of a lower‘ gmc}e 'of

mately equal it follows that the rated primary ampere-turns §  accuracy than measuring transformers. The appropriate limits

~must also be as large as possible. The importance of this con- | of error for all types are laid down in the national standards

dition is readily seen when it is remembered that the exciting §  summarized in Chapter I (g.v.). Apart from the question of

ampere-turns, 7', I, are the vector resultant of the primary and J-  purpose and accuracy, current transformers are distinguished

constructionally, notably by the arrangement of the primary
winding and the type of iron core. There are two main types,
- the bar type with a single conductor primary, usua.lly'comblned
with a toroidally-wound ring core, and the wound primary ty'pe
. with core- or shell-type core. Then in addition there are varia-
- tions of design imposed by operating voltage, mechanical and
thermal safety and the like. Numerous illustrative examples
of the various distinguishing types will be found in the course
of this chapter; see for example Figs. 74 to 93.

2. Simple methods for reducing ratio error and phase-angle.
In practice the burden is usually inductive with a power-factor
between 0-3 and 1 ; hence all the terms in the expression for K,
on p. 70 are positive. If the transformer is wound so that
r= K, the actual ratio K, will exceed the nominal value
nc OVer the whole range of I, and ¢,. If, however, K, is made
ightly less than K, it is possible to ensure that K, = K,
for one particular value of secondary current with a given
Power-factor. Such turn adjustment is without appreciable
effect on B.

The adjustment is made in practice by providing the second-
Ary winding with slightly fewer turns than would make K, =
e fne. We have seen on p. 72 that for a specified current
Tating 7', should be maintained as large as possible. When this
7—(T.5722)

secondary ampere-turns ; hence if 7,1, and T, are large in
comparison with 7,1, the influence of the latter on K, and §
V&:’lll be small. It is to be noted, however, that the accommoda- -
tion of a large number of turns influences the dimensions of the
Wlndpw in the core plates and hence the size of the core; thus,
con.(_i'ltion (ii) is to some extent in conflict with (i). :
(i) B, and L, should be small, a condition which cannot’
usually be satisfied since some considerable part of R, and Ly
1s contributed by the external burden. That portion due to t
secondary winding itself can only be kept small by the use of
short mean length of copper turn, i.e. a small perimeter fi
the core limb ; this is in conflict with the requirement of a larg
“value of core section, 4,. :
(iv) The core material should have a high permeability an
small total loss per unit volume at not too low a flux density. §
Just as in the design of a power transformer, it is necessary
to make a compromise between these conflicting requirements if
such a way that the allocation of copper and iron will give &
current transformer which can be manufactured at a sufficienti#
low cost and has the desired accuracy. In addition there are ofte
other considerations, not cited above, which profoundly influenc@
the design ; for example, for economic manufacture transformen
may be designed not individually but as a “line” or series.g

< N
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is the case the alteration of 7', by a single turn makes only 4

small change in K, and provides an adequate fine adjustment’

for the ratio; the percentage reduction in ratio, all else being

unchanged, should be equal to the percentage change in T,

This is not quite true, however, because the increased secondary
current requires a larger induced secondary voltage and, ag
the turns are fewer, the flux must increase as the square of
the increase of current. The greater flux requires more exciting
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Fre. 28. Tue Errecr oF TURNS ADJUSTMENT ON RATIO ERROR
AND PHASE-ANGLE

current for its production, with the result that the change of
ratio is slightly less than that in 7',.

These conclusions may be well illustrated by the following figures*
for a transformer having X,, = 5/5 loaded with a secondary burden
taking 25 volt-amperes at rated current of 5 amperes with a power-
factor of 0-875; the frequency was 60 cycles per sec. and T, = 22¢
turns.

Change in sec. turns

Per cent change in 7' 0-448 0-450 0-452
oo » K,I, =1A. . 0-400 0-402 0-404
» » K,I =5A. . 0430 |- 0432 0-434

The characteristics for each value of T s are plotted in Fig. 28 in full lines.

* H. W. Price and C. K. Duff, “Minimizing the errors of current trans-
formers by means of shunts,” Unip. of Toronto Eng. Res. Bull., No. 2, pp. 216
231 (1921).
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In certain important cases a li_mit is set to the possﬂ)h;
number of secondary turns, e.g. in current tran§f0rme11;s 0
the bar type or similar construction w1§h a single primary urln,
when designed for a relatively low noml.najl ratio. For exancllp e,
if in such a transformer the nominal ratio is 100/5 the 3&;00}; a,r};
will have only about 20 turns, so that single-turn adjustmen

- changes K, by 5 per cent, which is altogether too coarse. It

is necessary, therefore, to have some way of obtaining the

() @)

Fie. 29. METHODS FOR ADJUSTMENT OF TURNS-RATIO

equivalent of a fraction of a turn; this can be done in a varlety

- of ways.* In principle these consist in arranging one or more

of the secondary turns to enclose only a fraction of the total
cross-sectional area of the core. The secondary coils of bar-type

§ transformers are usually wound toroidally upon a lamin?ite(zld
‘ ring composed of a pile of silicon-iron stampings or of coiled-

up nickel-iron strip; the fractional turn is passed thI:oug{h
& hole in the laminations, as indicated diagrammatically

in Fi ided i ired, stag-
£ in Fig. 29 (a). Several holes may be provided if desired, st
891‘6dgroun£1 )the ring as shown in Fig. 29 (b) so that the iron

width is reduced by not more than the diameter of a single
hole. A much better construction is shown in Fig. 29 (c)%
the total iron section being divided between two packets o

i i balanced m.n.f.’s. in
* For a discussion of the care to be taken to avoid un ! 0 .
shell~typ2 t:::;lsformers with fractional turns, see R. H. C}llag(;vmk’ 32‘21:?.:;1:5
former windings with fractional turns,” Gen. Elec. Rev., vol. 30, pp.
(1927).
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‘hen power is measured with a dynamometer watt-
z{;srgplcf)r?necteg to the main circuit through instrument tra,;ls—
formers, especially when the measurement 1s to be mad; a i
Jow power-factor (see Chapter VI). By designing the tI:ans (irr};)e{

* with a liberal cross-section of iron and the largest pObﬁ e
ampere-turns, § can be kept within reasonable limits. . 1lb
possible, as we have shown on p. 44, to make f§ = ﬂ)}i
arranging ¢, = (7/2) — & This may be done by providing the
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laminations; the nearest whole number of secondary turns is
wound uniformly round 4 and B together while the fractional
adjustment turns link round B only. One of the features of a
uniform ring-type winding is that it has a low leakage reactance
(p. 131); the dissymmetry introduced by the adjusting turns
gives to the secondary a certain leakage flux which may, in
certain cases be beneficial to the value of § (see p. 44). If,
however, the core is of nickel-iron this leakage reactance may
be excessive but can be annulled by an ingenious device

described by Wellings and Mayo.* Suppose, for example, 1%14;('30
that the core is in two equal parts with 20 secondary turns 1010 f2o——
wound over the whole core and 2 turns over B only. This would . 1008 L5 ‘a‘r\(
be equivalent to winding 21 turns over the whole core, an 1006 -vA‘\L\_
additional turn on B only and a reversed turn on 4 only, all ; Loon 401" AN
in series. The effect of the auxiliary excitation superposed on 1002 _2: =
A and B in this way can be annulled by a closed figure-of-eight : 1000 ,?E\
winding applied to the cores as in Fig. 29 (d). The extension 0558
of this idea to unequal cores will be obvious. Anocther device 3
is shown in Fig. 29 (e), and consists in winding two equal rings minutes. |y
each with double the normal number of turns to form second- - aof_ |
. - . .. . k- o0
aries rated at 2-5 amperes each, the two being joined in parallel. . 20|20
A single-turn adjustment on either section will then correspond 3 Pl
with one-quarter of that resulting frem a single-turn adjust- B 1= ===
ment on a simple ring winding, since each section has twice oL S
the number of turns as the latter wound over half the area ~20 120 /’E L
of iron. Edgcumbe and Ockendent have described a simple - el | L
~e0 0 1 3 4 5amperes

arrangement not dependent upon the principle of dividing up
the core area. The secondary of the current transformer is
connected to its burden through an auxiliary transformer with
a large number of primary and secondary turns and such a -
turns-ratio as will correct for the ratio error of the main trans-
former. If, for example, the auxiliary transformer has a ratio
of 1000/1 005, one turn represents an adjustment of 0-1 per
cent; the additional phase-angle error introduced by the
auxiliary transformer is usually negligible. 3

None of these devices has any useful effect in reducing f. 1
It is often more important in practice that g should be small
than that K, should have the exact nominal value, as for

Fie. 30. Tae EFrFEcT OF SECONDARY LEAKAGE REACTANCE ON
RATIO AND PHASE-ANGLE

" secondary winding with a suitable amount of magnetic leaka,gf,
" e.g. by putting the primary and secondary windings on oppostte
. sides of the core.* In general, the presence of l.ea,kage ?eactance
may, if not excessive, have a beneficial effect in reducing f.

loc. cit. ante) give results for a ring core

| i i i full
i wound with 1 200 primary ampere-turns, plotted in Fig. 30. The

lines give the charaﬁ:teristics for outputs of 7}, 20 and 40 volt-amp.eres.
when the primary and secondary are uniformly WO}lnq over the rm%,
the dotted lines indicate the effect of putting the windings on opp'osl (1\
sides of the core. At the lowest burden the value of B does not exceec

Edgcumbe and Ockenden (

* J. G. Wellings and C. G. Mayo, “Instrument Transformers,” Journal
I.E.E., vol. 68, pp. 704-719, Discussion pp. 719-735 (1930).

1 K. Edgeumbe and F. E. J. Ockenden, ‘“Some recent advances in alter-
nating current measuring instruments,” Journal I.E.E., vol. 65, pp. 553-586,
Discussion pp. 586-599 (1927).

: inci i Heap in British

* The principle seems first to have been described t‘)‘y A.C. P :

Paten, NE. 47,plsb Jan. (1903). Also see L. W. Wild, Series transformers for
Wattmeters,” Klecn., vol. 56, pp. 705-706 (1906).
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5 minutes (0-15 centiradian) when the leakage reactance is increased,
while it amounts to about 23 minutes (0-7 centiradian) in the norma)
transformer. The ratio error, however, is considerably increased by
the separation of the windings, as theory would lead one to expect,
and varies much more with secondary current than in the normal
transformer, i.e. over a range of about 1 per cent as compared with
about 0-3 per cent.

All the arrangements described in this section can only be
regarded as partial solutions of the problem of reducing the
imperfections of a current transformer. It is not sufficient that
the ratio error and phase-angle should be small; they should
not vary appreciably with current, burden, frequency, or other
operating conditions, i.e. the shape of the characteristic curve
should be as flat as possible and as much under control as the
magnitude of the errors. To attain these ends two main
methods are available: (i) The use of auxiliary circuits and
compounding devices. (ii) The employment of core materials
magnetically better than the usual silicon-iron alloys. Some
of the more important of these methods will now be considered.

3. The use of secondary and primary shunts. Almost all
the methods of turns adjustment correct the ratio error by
definite steps while leaving the phase-angle practically un-
changed. Moreover, methods for improving the value of f§,
such as by increasing the magnetic leakage, often have a bad
effect of K,. Price and Duff (loc. cit.) have shown that con-
tinuous fine adjustment of the ratio and radical modification
of § can be obtained by applying suitable shunts* either to the
secondary or to the primary side of the transformer, the shunts
consisting either of resistances, capacitances or combinations
of these. In all cases the ratio is considered to mean the ratio

of primary line current to the current in the useful secondary -

burden and not the ratio of the currents in the windings.

3a. SEcoNDARY NON-REACTIVE SHUNTS. Fig. 31 (a) shows
the circuit and vector diagrams for this case. Starting with a
given current [, in the burden B, requiring a terminal voltage

V, and an induced voltage E,, the core flux is ®,,,,, to produce j
which necessitates a primary exciting current /,. Adding this 3§
to the component I’, = K I, which balances the secondary 3

load current gives I”,, the value the primary current would
have if the shunt were absent. The shunt, however, carries a

* This appears to have been put into practice by Siemens Brothers as far .

back as 1899, see British Patent, No. 17263 (1899), for the use of resistance
shunts.
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current I, in phase with V,, and this.is })alanced by a,I /00111-
ponent I’y = K, I, in the primary winding. Adding sgh ,(;
1", gives I,, the actual primary current. It will be See‘?h I,a,
since I, is greater than I, and more nearly in pha,sedW1 , ! }fe’
the addition of the shunt increases the ratio and reduces

A L LAL
» 1 . P

1/: /P /PI s [P

A L (‘5. p»s.»—

T- I3 @i— le—

Al =~

LA

I

(a) (b) (c)
Fig. 31. Tue EFFECT OF SHUNTS ON RATIO AND PHASE-ANGLE

Phase-angle; hence the transformer sho.uld_ first be complen~
sated by turns adjustment until its ratio is a little too low
before adding the shunt. The amount of increase In ratio is
about 100 R,/R,, per cent and the diminution in angle about

arctan (X,/R,), where R, and X, arc the resistance and

reactance of the burden and Ry, is the shunt resistance, which
® is large in comparison with B, and X

28, Rz = 0-875 ohm and

For the transformer considered in Fig — 222 and R, = 220

X, = 0487 ohm at 60 cycles per sec. With T
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ohms the dotted curve in Fig. 28 was obtained, showing the notable
improvement, principally in the value of p.

* Clark* has recently pointed out that the corrective current
taken by R, should vary with I,in the same way as the flux,
which is not exactly the case when it is shunted across
the voltage V,. In order to supply it at a voltage in phase with

and proportional to K, Clark suggests that the resistor’

should be joined to a tertiary winding instead of applying it
as a shunt to the burden; further, by adding reactance in series
with the burden it should be possible to reduce p to zero
and by these simple means to produce a highly accurate
transformer.

3b. Priyiary NON-REACTIVE SHUNT. An impedance in the
secondary circuit of a transformer can always be replaced in
effect by an impedance in its primary circuit, and vice versa;
consequently, ratio and phase-angle correction may be effected
by applying a non-reactive shunt to the primary winding.
The vector diagram for this case is given in Fig. 31 (b), where
the vectors I, V., B,, ®@,,,, and oremain unchanged while I",is
now the current in the primary winding, compounded of r,
and J,. The induced e.m.f. in the primary is B, = E /K, and
the p.d. across the primary terminals, V,, will be the vector
sum of — K, and the winding resistance and leakage reactance
drops R,,1", and X,,I”,. In phase with V, will be the shunt
current I, ; this added to I”, gives the primary line-current
I,. Asbefore I, > I", and § < £, so that the ratio is increased
and the phase-angle diminished. Indeed, the effect on the
phase-angle is usually greater than with a secondary shunt.
If R, and X, are the total resistance and reactance of the trans-
former and its burden measured at the primary terminals the

increase in ratio is approximately 100 R/R., per cent and the

reduction in angle is roughly arctan (X /R.,).
The primary shunt has the advantage that it protects the

transformer and its burden against high-frequency surges set 3

up by transient conditions in the line. This aspect of the use
of shunts will be considered on page 208.

3c. SECONDARY CAPACITIVE SHUNT. In Fig. 31 (c¢) the
current [, taken by a condenser shunted across the burden
leads by #/2 on V,, the balancing current I’y in the primary
being in a most advantageous position almost opposing Iy
It will be seen that 7, < ", and 8 < g, so that the ratio is

* E. V. Clark, “Current Transformers. Reduction of phase-angle error,”
Elecn., vol. 109, pp. 191-192 (1932).

Cuar. IIT] THE (URRENT TRANSFORMER 81

reduced and the angle also dvminished ; the amount of change
will be roughly 100w C'X , per cent and arctan wQRs respectlvely.
The transformer should have such a turns adjustment as will
make its ratio somewhat too high before adding the shunt.

In Fig. 28, for the same burden as before, the chain-dotted curves
show the effect of a secondary shunt of 7 uF used with 223 secondary
turns, verifying the above conclusions.

Since the impedance of a condenser changes with frequency
while that of a resistor does not, it follows that ratio and phase-
angle compensation will vary much less with frequency when
effected by a resistive shunt than by a capacitive shunt.
Similarly, condensers augment the susceptibility of the trans-
former to variation of errors with wave-form.

Ockenden* has recently pointed out that a condenser joined to a
tertiary winding is even more effective than when usc?d as a shunt,
since the p.d. across it will vary with the flux instead of with the burderll.
By winding the tertiary with many turns only a sma.ll cor}denser is
required. Using this device on a transformer with a I}wk.el—lron core,
Ockenden has succeeded in obtaining a value of f = 0-8 minute (0-025
centiradian) from full to one-tenth of rated primary current, the ratio
variation over this range being less than 1 in 10 000.

3d. Primary CaraciTIVE SHUNT. A condenser shuntix‘lg
the primary is similar in its effect to a secondary shunt. It is,
moreover, an effective by-pass for high-frequency current
surges since its impedance falls with increase of frequency;
its presence may, however, give rise to undesirable resonance

- effects.

de. InpUCTIVE SHUNTS. An inductive shunt, applied either

- to the primary or to the secondary, makes the; rzjl,tio error and
- Phase-angle worse, since the shunt current is in the wrong

Phase to effect any cancellation of I,,. '

While these shunting devices are useful in certain cases they
are admittedly imperfect; in particular, they do not give any
appreciable control over the shape of the ratio and phase-angle
curves, nor do they readily enable the ratio to be corrected
independently of the phase-angle. We shall now examine
8ome methods in which these defects are removed and other
adva,ntages are obtained. ) )

4. Two-stage current transformers. An ingenious device
or the improvement of the characteristics of a current trans-
former is the “two-stage” principle of transformation intro-

* F. E.J. Ockenden, Journal I.E.E., vol. 68, p. 720 (1930).
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duced by Brooks and Holtz*; transformers of this type are
made by the Sangamo Electric Co., the General Electric Co.
of America, and others. Since the error of a current transformer
is approximately inversely proportional to the square of the
rated ampere-turns (see p. 72), the difficulty of making a highly
accurate transformer with a single-turn low-current primary is
very considerable ; the two-stage principle enables this difficulty -

carry no flux. When the ratio and phase-angle deviate from
the ideal, 1,7, and I,T,, will have a resultant which can be
regarded as the effective applied ampere-turns for the auxilary
core and is approximately equal to the exciting ampere-turns
on the main core. The auxiliary core is provided with a
tertiary winding, also of 7', turns, connected to an external
burden in which a current 7, will flow, the ampere-turns 1,7,
being approximately equal and opposite to the resultant of
LT, and I,T,,; their vector sum is the excitation required to
set up flux in the auxiliary core. The corrective current I,
will clearly be such that when added vectorially to I, their
sum will be very closely in exact ratio and phase opposition
with respect to I,.

The compensation would be perfect if the auxiliary trans-
former required no exciting ampere-turns and wasted no energy
in its burden; the errors in the second stage are, however,
only of the second order of magnitude compared with those in
the main transformer or first stage. Hence, in order that the
arrangement should work to the best advantage (i) the burden
on the second stage should be low and (ii) the magnetizing
current and iron losses in the auxiliary core should be as small
as possible, an advantage that may readily be gained by the
use of nickel-iron alloy core plates. In practice the two stages
are combined for convenience in manufacture in the way*
shown by Fig. 32 (c) and (d).

The curves in Fig. 33 show in a striking way the improvement that
can be obtained by applying the two-stage principle to a bar-type
“transformer for 60 cycles per sec. having a single primary conductor
for 150 amperes. The secondary burden is 2-25 volt-amperes and the
tertiary 1.9 volt-amperes, both at unity power-factor. The curves
&f'ked ‘“‘single-stage” are obtained by using the total core an.d the
aln secondary, and show the very large ratio and angle errors com-
only found in these transformers. Using the two stages effects a
markable improvement and renders the bar-type transformer of
equate accuracy for metering purposes.
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Fic. 32. Two-sTacE CURRENT TRANSFORMERS

to be overcome and was specially developed for this purpose,
though it is applicable to all other types ina precisely similar way.

In Fig. 32 (a) the main core is wound as an ordinary trans-
former to give approximately correct ratio; the primary and
secondary currents pass also through windings on an auxiliary.
core, the ratio of turns in the windings 7',,/T,, being equal to
the desired nominal ratio K,,. The magnetizing effects of these?
windings on the auxiliary core are nearly in oppositio:
so that the resultant ampere-turns acting on the core will b
the vector sum of I,T,, and I,T,, as shown in Fig. 32 (b). I
the main transformer were perfect, i.e. if its ratio were correc
and its phase-angle zero, the primary and secondary ampere
turns on the auxiliary core would balance and the core woul

#. The main disadvantage of the two-stage transformer is that
he instruments used with it must be provided with two
lIndependent current coils, one for the secondary current I,

d the other for the corrective current I,. Moreover, for the
Wo stages to operate independently of each other, the main

* H. B. Brooks and F. C. Holtz, “The two-stage current transformer,”
Trans. Amer. I.E.E., vol. 41, pp. 382-391 (1922). W. K. Dickinson and M. S::
Wilson, “Two-stage current transformers,” Gen. Elec. Rev., vol. 31, pp. 65
659 (1928). See also Edgeumbe and Ockenden, loc. cit., p. 576.

*F ig. 32 {c) may represent the actual arrangement of a shell-type trans-
L2OTIer; or it may be regarded as a diagrammatic representation of a core-

YPe transformer with two packets of plates shown developed in the plane
,f the paper in order that the windings may be more clearly indicated.
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and auxiliary circuits must have no appreciable mutual impe-
dance, even such as would arise from the stages using one por-
tion of a circuit in common; this obviously necessitates rather -

special design of the

He/ Ko -
to00 SR ? meters, etc., supplied by
0995 |— k=T wo-stage the transformer. These
0950 IR defects have been over-
0985 N L] come by DBoyajian and

i . - .
0980 \\‘E/;.;%T_ Skeats* in a veryingenious
. | | way, shown diagrammati-
mioutes 14| ] cally in Fig. 34 for
oo |\ transformer with a bar
L . ; .
AN srimary. The burden B is
240 - ¢
8o | N the current element of an
oo b —Single stage | ordinary meter or other
| P instrument of normal con-
T

]
60 |-~ H . .
P | To-stge struction and is connected

YT @ 70 30 % woyz, to the secondary and the
tertiary in parallel; the
mutual Impedance be-
tween the two stages is
the impedance of B and it is, therefore, necessary to provide
another impedance equal and opposite to B common to the
two circuits. This may be accomplished by the auxiliary
impedance Z and the transformer
T; Z is equal to B and the
transformer, effecting the desired
reversal of sign, has 1f1 ratio.
If the tertiary circuit be opened
at a, b, it is clear from the dia-
gram that the secondary current
flowing in the primary of 7T
will set up a corresponding cur-
rent in Z. Tracing the circuit
from a through Z and B to b
the impedance drops in Z and B v
cancel, so that the first-stage current sets up no p.d. betweers
the points @ and b in the tertiary circuit. Thus the total mutua
impedance between the secondary and tertiary circuits has

Fie. 33. CHaractErIisTIC CURVES FOR
Two-sTAGE TRANSFORMER

Terhary
;o

Fic. 34. Tue Two-stace Trans-§
FORMER OF BOYAJIAN AND SKEATS

* A. Boyajian and W. F. Skeats, “Bushing-type current transformers f
metering,” Journal Amer. I.E.E., vol. 48, pp. 308-310 (1929). Also see
Goldstein, Elekt. Zeits., vol. 53, pp. 428-429 (1932), and D. Garelli, L’Elettr
vol. 20, pp. 539-545 (1933), for discussion of this and other methods fo
improving the accuracy of current transformers.
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been reduced to zero; hence if the tertiary bg closed, thp
orrective current I, from the second stage flows into B and is
superposed therein upon I, without any interference, enabling
he two-stage principle to be used with normal instruments.
The two-stage transformer cores may be mounted in a bushing
or otherwise linked over the high-voltage primary conductor;
“ the transformer 7" may be mounted at any convenient place
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F1c. 35. WELLINGS AND MAY0’S COMPENSATED TRANSFORMER

n the switchboard, near the burden B. It can easily be made
high accuracy so that any errors it may have can be regarded
negligible.

5. Wellings and Mayo’s compensated transformer. The two-
age principle aims to correct the errors in a transformer by
ecting into the burden a corrective current which, when
dded to the secondary current, allows for the effect of the
fimary exciting current. The problem may, however, be
ioPproached from the primary side. If the transformer could
0e excited from an auxiliary source with exactly the correct
fragnitude and phase, then the transformer would operate
hout error. This principle has been developed by Wellings
pud Mayo (loc. cit.) at the B.T.-H. Co. particularly for bar-
Primary transformers. Fig. 35 (a) shows the arrangement for
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correcting the phase-angle. A small auxiliary core operated
at a relatively high flux-density energizes a winding of T
turns wound upon the main and auxiliary cores. Since the main
core and its secondary burden may be regarded as an inductive
load upon the auxiliary winding, the current /, has a fairly
considerable phase-angle with respect to I, its magnitude and
phase being regulated by the resistor shown. The resultant
ampere-turns A7, on the main core are the sum of I, and
I, T, and act thereon as its effective primary excitation; a
current I, will be set up in the secondary, having a phase-angle
B with respect to the resultant primary ampere-turns AT,
the sum of AT, and I[T,

,,,,v,,ﬁes being the excitation ampere-
180 turns required to set up
— the flux in the main core

120 ™S ] as shown in Fig. 35 (b).
‘”%;;L— This excitation may be

60 r\’Iiﬂ"’ represented by an exciting
ijpefaf?‘d current [, supposed to flow

in the single-turn primary
winding. It will be seen
that I, is brought much
more nearly into opposition
with 7, i.e. §is made very small. By suitable design of the
auxiliary core it is easy to arrange for a relatively greater auxi-
liary excitation at low loads than at high loads, so that where
the phase-angle would be greatest the correction is also greatest.
By this means the angle can be reduced and at the same time
given a flat characteristic, as illustrated by Fig. 36. ]

This device makes little difference to the ratio error; Fig:
35 (c) shows the modification required to reduce the ratio errof
and flatten its characteristic. It consists in taking a feW
turns of the secondary round the auxiliary core, the effect of
which may be explained as follows. Reference to Fig. 35 (5]
shows that the flux in the auxiliary core (approximately il
phase with A7) leads very considerably upon the flux in th§
main core and induces in the auxiliary secondary turns a corrég
spondingly leading voltage ¥, in Fig. 35 (d). This, togethes
with E’;, the voltage induced in the main secondary, gives Bj
the total voltage available to circulate I, through the impéj
dance of the secondary winding and the external burden. I
will be seen that, in comparison with the normal transforme]
diagram, E’; and the main flux lag considerably behind tb§

0 -
0 10 2 30 40 50 60 T 80 %0 1001&/,

Fi1c. 36. Tue Errect or Fia. 35 (a)
ON THE VALUE OF f
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pormal positions, so that the relative positions of the primary
E exciting components have been altered from 7, to I’; by the
L addition of the auxiliary secondary turns. Hence the available
gecondary current has been changed in the proportion of 04
to OB, i.e. the ratio error has been reduced. As before, a suit-
able degree of saturation in the auxiliary core results in a flat
“ratio characteristic, and the phase-angle (intentionally exag-
"gerated in Fig. 35 (d)) can be independently dealt with, as
- previously described, by the upper auxiliary winding; test
figures will be given on p. 101.
6. The use of magnetic shunts and similar devices. Wilson*
- has described some interesting transformers, made by the
G.E.C. of America, in which the errors are compensated by
magnetic shunts and, in improved designs, by short-circuited
" windings. The absolute value of K, can be regulated by suitable
_ adjustment of the secondary turns; the ratio usually falls,
. however, as the secondary current increases. If it were possible
+'to increase, by some artificial means, the value of K, as the
. secondary current becomes greater, then the ratio-current curve
- could be appreciably flattened, i.e. K, would tend to be constant
n value for all currents. One method of securing this result
artificially is shown in Fig. 37 (@) where the secondary is wound
n two portions, of which §; contains the greater proportion of
he total turns while 8,, having about 1 to 2 per cent of the
otal, is wound on another part of the core. If a part of the
agnetic flux could be shunted past the smaller number of
urns at the lower values of secondary current and caused to
pass through them as the current increases, the desired change
B0 turns ratio could be secured. The main core is composed
f silicon-iron plates and is provided with a small packet of
fickel-iron plates in parallel with the limb on which S, is
ground.  As the current increases the nickel-iron saturates more
Puickly than the main core, so that a relatively increasing
‘zc“ of flux will pass through 8,. The device works well
RUt is rather troublesome to construct. The relative change of
1uctance between two portions of the magnetic circuit can
g” secured with silicon-iron alone if differential magnetization
arranged so that one part operates on the increasing and one
the decreasing branch of the permeability/flux-density

M. S. Wilson, ““ A new high-accuracy current transformer,” Journal Amer.

» vol. 48, pp. 179-182 (1929). See also *‘New developments in electrical

K ring instruments,” Proc. N.E.L.A., vol. 86, pp. 813-818 (1929); and
enath, Elekt. Zeits., vol. 52, pp. 1564-1565 (1931).
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curve. Fig. 37 (b) shows a convenient way of doing this,

core l'imb is divided by a hole into two pzu?;s of une%lua.l Sec];:ia(l)ih
S, being wound round the narrower section in such a, way that
the secondary current flowing in these turns tends to strengthen
the flux through this section and thus to divert a larger pro-
portion of the main flux through it.
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F16. 37. WiLson’s COMPENSATED TRANSFORMERS

Neithel" of these arrangements has much effect on p. As
a rule # is positive, i.e. — I, leads on » Consequently, if I, x
could be caused to lag slightly the value of 8 would be reduced
and if the amount of the lagging effect could be made greate
with smaller values of I, the B-current curve would be flattened
These conditions can be fulfilled in Fig. 37 (b) by puttingj
sho!:t-cu'cuited loop round the section of the core upon whie
S, is wound. In the same way as the “lag band” in an a.0
meter, the loop causes the main flux to lag in phase upon it
normal position and, with the lag of flux, B and I, lag also
thus decreasing f; the differential saturation of t}:e vario
parts of the core corrects for the falling of f with increaseg
values of I, °
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The curves in Fig. 37 (¢) show the excellent results that can be
obtained; these relate to a 15 000 volt, 60 cyeles per sec., 20/5 trans-
former loaded with an external burden of 0-68 ohms and 980 millihenrys
(19-4 volt-amperes at a power-factor of 0-88). -

Except for the provision of the holes to accommodate S,
and the lag band, the transformer is of normal construction;
the corrective devices are very simple and in no way impair the
insulation, mechanical strength, or other properties of the
transformer.

A further ingenious method making use of differential
saturation, without requiring any modification in the construe-
tion of a bar-type transformer with a ring-type core, has
recently been introduced by Schwager,* and is based on the
following principle. Variations of K, and 8 with I, are due to
the fact that I, and B,,., (o E, o« I,) do not vary in linear
proportion, i.e. to non-linearity of the magnetization curve or,
in other words, to variable u. If « were constant for all values
of I, then all the remaining sources of error in K, and g could
be annulled by turns adjustment and by the shunting of a
resistance or a capacitance across the secondary burden.

Schwager attempts to secure the equivalent of constant u by

combining the exciting current required for an iron core with
low saturation (concave upwards) with that necessary for a
highly saturated core (concave downwards), the combination
giving a closely linear magnetization curve, Fig. 38 (a). The
result will be more nearly perfect if a number of cores is used
with the saturation graded among them. This effect is ingeni-
ously secured by having a low-saturated main core for the
transformer itself and connecting across its secondary terminals
a small higher-saturated core in which the saturation is graded
from point to point by an adjustable air-gap, as in Fig. 38
(b) and (c). Residual compensation is made by a condenser
across the secondary, while an auxiliary burden A4 B in series
Wwith the working burden B makes the characteristics practically
Independent of the latter.

The degree of precision secured is very remarkable, as the following
figures show. They refer to a bar-type transformer with a ring core

Weighing about 270 lb., designed for 115kV, K,, = 400/5, Burden
50 volt-amperes with a power-factor of 0-5 at 60 cycles per sec. The

* A. Q. Schwager, “Der fehlerlose Stromwandler,” Bull. Schw. Elekt.
Yerein, vol. 23, pp. 514-532 (1932), B.u.M., vol. 51, pp. 12-13 (1933). A. C.
chwager and V. A. Treat, “Shaping of magnetization curves and the zero
error current transformer,” Trans. Amer. I.E.E., vol. 52, pp. 45-52 (1933).
lso see K. Rottsieper, A.E.G. Mitt., part 2, pp. 38-40 (Mar., 1933).

8—(T.5722)
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small auxiliary choking coil weighed onl
: > y a few pounds and bears
the main core the approximate proportions shown in Fig. 38 (d). o

Cuar. 1111 THE CURRENT TRANSFORMER 91

in the form of punchings 0-35 to 0-5 mm. in thickness. The
high resistivity and very narrow hysteresis loop possessed by

I amperes . .| 05 (R 1o | 2.0 k 3.0 r 40 I 50 this material results in a low value of the inherent eddy-current

P — | resi i lume, though these may be

K JK | looos I 1 , i ‘ and hysteresis losses per unit vo , thougl y
e | 110001 | 1-0007 | 1.0004 [ 1-0000 J 0-9999 increased in an assembled core by injudicious mechanical

down the total iron loss, the punching tools must be sharp, and
local strain produced by the punching operation should be
relieved by appropriate annealing ; all burrs should be removed
and the laminae thoroughly insulated from each other by
varnish, lacquer, thin paper, ete The core should be assembled
upon insulated clamping bolts or rivets, the holes for which
are punched in the initial stamping operation. In general the
process of assembling current transformer cores follows much
the same lines as for power transformers but with the exercise
of even greater care; by taking all precautions it is possible to
make [,, quite small.

The reduction of /,, is much more troublesome. The prime
essential is to reduce the core reluctance by the choice of a

. suitably large cross-section of iron with a short flux path,
(&) 1 the material having a high permeability in the range of flux
densities used in practice, say 500 to 1500 lines per sq. cm.
The iron circuit should be closed, but if joints are unavoidable
they should be arranged to have the least possible reluctance
by interleaving of the plates and secure clamping. Butt joints
are inadmissible in current transformers; even when carefully
faced-up and assembled under considerable pressure their
Presence greatly augments I,. They are, moreover, a source
of additional eddy currents at the metal-to-metal contact
through which the main flux passes; even the thinnest paper
Interposed to remove this evil puts a gap into the magnetic
circuit sufficient to raise I,, to a prohibitive value.

The simplest type of core* is the ring core, used in bar-type
transformers, crossed-coil transformers and other designs,
consisting of a pile of ring-shaped stampings securely bolted
or riveted together, Fig. 39 (a). The punching waste is fairly
great and may be entirely avoided by the modern method of
Using narrow strip wound up spirally into a ring of appropriate
depth, Fig. 39 (b). This method is particularly valuable for
modern core materials of the nickel-iron class, the magnetic
Properties of which are very sensitive to the effects of punching

* For a discussion of core construction, see G. Keinath, ‘“Stromwandler.
Aufbay des Wandlersystems,” Arch. f. tech. Mess., Z281-1, T31 (Aug., 1931).

f minutes . 1 — 11 t — 1 0 +1 0 J +1 treatment and assembly of the plates. To assist in keeping

Low saturation
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7. The influence of core characteristics 4
methods described in the previous sections aim a(tgier?lgl;aolx)r.emzx
of the characteristics of a current transformer by compensating
Wlth more or less completeness, the Imperfections arising from,‘
given va,lues-of I, and I,. Tt is possible to Proceed, however,
from an entirely different standpoint by endea,vou,ring from ;
the outset to make I m and I, so small that the imperfections‘:
due to them become negligible and compensation is unnecessary,
except perhaps in transformers of the very highest precision. 3

Thef material most commonly used for current transformer.
cores is a silicon-iron alloy,* containing 3 to 4 per cent of silicon




