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PREFACE

The increasing use of steel-enclosed mercury arc rectifiers
for supplying direct-current power to railways, electro-chemi-
cal plants, and other applications involving the conversion of
alternating current to direct current, has created an interest
in the subject among operating, designing, and consulting engi-
neers, and others concerned with the use of direct current.

This book is intended to explain the operation of the rectifier,
to derive the mathematical relations of currents and voltages
in rectifier circuits, and to outline the present-day practice in
the application of steel-enclosed rectifiers, with emphasis on their
employment in railway service. The theoretical treatment
of the rectifier circuits is supplemented by tables, curves, and
oscillograms, in order to make it convenient for reference, and
to give a clearer understanding of the circuit relations. In
several instances it was necessary to make simplifying assump-
tions to avoid unnecessary complications in the mathematical
treatment. These assumptions, however, do not have any
practical effect on the accuracy of the results.

The introductory chapter outlines briefly the history of the
development of steel-enclosed rectifiers. Chapters II and III
explain the physical processes of rectification, and certain
phenomena occurring in the operation of rectifiers. In Chapters
IV and V are derived the general equations for the currents,
voltages, power factor, etc., in rectifier circuits. In the mathe-
matical derivations of Chapter IV the same method was followed
as that used by W. Daellenbach and E. Gerecke in their paper
published in 1924 (see reference 224, Bibliography).

Chapter VI deals with theoretical circuit relations of rectifier
transformers, the practical design of transformers, and the
load characteristics of rectifiers as affected by the type of trans-
former connection used. Detailed calculations are given for
several of the more important types of transformer connections,
illustrating the methods used for calculating the currents, ratings,
etc. Similar methods can be applied to any other type of trans-
former connection.

In Chapters VII and VIII are described and illustrated the

design and construction of various types of rectifiers and rectifier
v



vi PREFACE

auxiliaries. Since considerable development is still being carried
on in this field, it is to be expected that changes have been and
will be made in certain details of construction, and the reader
is advised to follow current literature to keep abreast of new
developments.

Chapters IX, X, and XI relate to the practical considerations
in the application, installation, and operation of rectifiers.
Besides general information on the operating characteristics of
rectifiers, layout of substations, control, etc., details are given
of a number of typical rectifier installations, as the authors
believe that such information will be of value to any one planning
a rectifier installation.

Chapter XII describes methods used for controlling the direct-
current voltage of rectifiers. Chapter XIII discusses the prob-
lem of interference with communication circuits caused by
rectifiers and methods used for eliminating it. Chapter XIV
describes some testing methods.

A copious Bibliography on rectifier literature is appended
to the book. The items of the Bibliography are numbered
serially, and in the text of the book reference to any article is
indicated by the number enclosed in parentheses.

In arranging the material of the book, an effort was made to
make each chapter self-contained as far as possible, for conven-
ience in making reference. This necessitated a certain amount
of repetition. Those not wishing to study through the mathe-
matics of Chapters IV, V, and VI may omit those parts without
loss of continuity.

Most of the symbols used are explained on page 49. Others
are explained where used.

The authors are indebted to the various manufacturing and
operating companies for some of the material and illustrations
used in this book. Thanks are due to Messrs. I. K. Dortort, D.
Journeaux, and W. C. Sealey, engineers of the American Brown
Boveri Co., Inc., for their assistance and many useful suggestions,
and to Mr. R. G. McCurdy of the American Telephone and Tele-
graph Co., who reviewed the Chapter on Interference and offered
many helpful suggestions.

Otamar K. MarTL
HaroLp WINOGRAD.

CaMpEN, N. J.,
August, 1930.
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MERCURY ARC POWER
RECTIFIERS

CHAPTER I
INTRODUCTION

Although alternating current possesses many advantages
over direct current, it is well known that therc are numecrous
fields of application of electric power where the usc of direct
current is either desirable or necessary. The most important
of these are electric railways (trolley lines, subways, main-line
railroads); electrolysis for the production of zine, aluminum,
hydrogen, ete.; and special industrial drives, as for steel mills.
It is usually not advantageous to produce the power required
for these purposes by means of direct-current generators at the
site of its application; further, it is not economical to generate
direct current and to transmit it over considerable distances.
Generally, the most efficient method for obtaining a direct-
current power supply is to transmit alternating-current power
over high-voltage transmission lines and convert it into direct
current at or near the site of application. The conversion
from alternating to direct current for the applications mentioned
above may be accomplished by any of the following types of
converting apparatus:

Motor-generator set, consisting of two separatc machines,
i.e., a motor driving a direct-current generator. The per-
formance characteristics of such a set depend on the charac-
teristics of the individual machines comprising it, and the
efficiency of the set is the product of the efficiencies of the two
individual machines.

Synchronous converter, or rotary converter, which is a com-
bination of a synchronous machine and a direct-current machine
with a common armature and field structure.

1



2 MERCURY ARC POWER RECTIFIERS

Cascade converter, or motor converter, which is a com-
bination of induction motor and synchronous converter, the
secondary circuit of the former feeding directly into the arma-
ture of the latter.

Mercury arc rectifier, which is a stationary apparatus consist-
ing of a cathode and a number of anodes located in an evacuated
chamber, which may be either of glass or of steel. The conver-
sion from alternating to direct current is accomplished by the
valve action of the mercury are in vacuum, which permits
current to flow through the rectifier only in one direction, from
the anodes to the cathode.

The steel-enclosed type of mercury arc rectifier is an outgrowth
of the glass-bulb rectifier which came into use about 25 years ago.
As can be seen from the bibliography at the end of this book,
considerable work was done during the years from 1892 to 1913,
but this was mainly in connection with glass-bulb rectifiers.
The theory of single-phase rectification was dealt with particu-
larly by Steinmetz and Cooper-Hewitt. Asat present developed,
the steel-enclosed rectifier is water cooled, may have 6 to 24
anodes, and is built for currents up to 16,000 amp. A vacuum
pump is used to maintain the high vacuum required in the arc
chamber.

Development of the Steel-enclosed Rectifier.—It was found
impossible to build glass-bulb rectifiers for large outputs on
account of the low mechanical strength of glass, the difficulty of
dissipating the losses, and the difficulty of obtaining an efficient
anode seal. It was, therefore, found necessary to use steel
containers for rectifiers of large capacities. The development
of steel-enclosed rectifiers, however, also encountered a number of
difficulties, chief among which were: the difficulty of obtaining
an efficient air-tight seal for the anodes and the cathode, since
both the anodes and the cathode have to be insulated from the
cylinder; the occurrence of back fires; guiding the mercury
vapor within the tank, and draining the condensed mercury; ete.
All these difficulties have now been overcome, however, thus
making possible the present metal-enclosed mercury arc rectifier.
It would make a very interesting bit of history to record all the
phases of development of this device in Europe and on this
continent, but that would be beyond the scope of this
book, so only a brief outline will be given for the sake of
completeness.
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In this country, the first steel-enclosed rectifiers were built
by Peter Cooper-Hewitt and Frank Conrad, during the years
1905 to 1908, while, in 1910, the first large steel-enclosed rectifiers
were built by Bela Schaefer in Europe. From that time a very
intensive study of the apparatus was made by both European
and American concerns. A number of reasons, however, led
the American companies to cease active development work on
these rectifiers for a period of about ten years; while in Europe,
_ on the other hand, the work was continued, and considerable
progress was made during and after the World War towards a
commercial steel-enclosed rectifier.

One of the first American rectifiers, of the year 1908, and of
very small size, consisted of a nickel-steel casting with cooling fins.
There were three openings at the top: two for the anodes, and one
for both the cathode lead and for the connection to the vacuum
pump. The mercury cathode was contained in an insulated
cup at the bottom of the cylinder, similar to the present designs.
As in the glass-bulb rectifiers, the two anodes were made of
graphite with steel leads passing through porcelain bushings.
All joints were ground to a fit, and were sealed with mercury.
Although some trouble was experienced with this rectifier,
development work was continued further.

The next units to be developed had steel tanks some two feet
in diameter, with three anodes mounted in the covers. The
cathode was of the same design as in the first model. The seals,
however, were considerably improved mechanically, and mercury
was again used as the sealing medium. The whole cylinder was
immersed in a tank of water. Although the rectifiers could
be operated continuously for short periods by keeping the vacuum
pump running, they were still impracticable for commercial use
because of leakage through the casting itself.

The rectifier designed by Bela Schaefer consisted of a double-
walled water-cooled cylindrical steel vessel, with an internal
diameter of 170 mm., and was built in the shops of Hartmann
and Braun in Frankfurt, Germany, and later by the Gleich-
richter-Gesellschaft of that city.

The rectifier had a single anode which had its connection
brought out at the top through a porcelain bushing, sealed in
by means of asbestos rings and mercury. The mercury cathode
was located at the bottom and was not insulated from the tank.
The comparatively large cathode receptacle had a porcelain
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tube mounted over it in such a way that the cathode spot was
confined in its movements to a small area. An ignition anode,
operated by a solenoid, and an auxiliary excitation anode were
also provided. This tank was connected only to one phase,
and, consequently, two such tanks were needed for full-wave
rectification of alternating current. Such a rectifier group,
composed of two tanks, rectified successfully 300 amp. direct
current. If the cooling water was circulated at a more rapid
rate than usually feasible, it was even possible to rectify currents
up to 500 amp. The seals were so effective that the vacuum
pump had to operate only about half a day every 4 weeks.

The main difficulty encountered when the individual tanks
were combined into one, was the frequent occurrence of back
fires, which are failures of the valve action of the rectifier. To
correct this trouble, various types of anode sleeves and bafiles
were employed, similar to those in use in the various types of
rectifiers described in Chap. VII

The General Electric Company developed a rectifier consisting
of two single-anode tanks and later developed a two-anode
rectifier. The two-tank rectifier, dating from the year 1912,
had anode insulators of porcelain, sealed by concentric rings
of either lead and rubber or lead and asbestos. The tanks
were cooled by water which was circulated by means of a pump
between the double walls of the tanks and a reservoir. - It was
possible to rectify up to 80 kw. in each of the single-anode
tanks, while only 30 kw. could be obtained from the two-anode
rectifier, owing to incomplete control of the arc phenomena.

Another design, developed by the Westinghouse Company,
in the year 1910, was made of sheet steel with welded joints,
formed into the general shape of a glass-bulb rectifier, that
is, with the anodes located in arms branching out from the main
condensing chamber. Development work on rectifiers of this
design was carried on simultaneously in Europe, and the
Allgemeine Elektrizitaets Gesellschaft in Berlin continued
its research on rectifiers of this kind until 1918.

A glance at the patent literature of this period shows that
the early designers were groping in an unknown field, whose
phenomena are, even now, not yet mastered to the extent to which
the phenomena of other conversion machines are. Every effort
was made to solve the design problems encountered with the types
mentioned above.
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Much work was done in the direction of obtaining currents
of commercial magnitudes from the rectifiers, and particularly
at voltages higher than those possible up to that time. Water-
cooled steel anodes were tried out with good results, and it sub-
sequently became possible to obtain several hundred amperes
at voltages going into the hundreds of volts. In a similar way,
other developments were successfully carried out. For instance,
a great many types of anode shields were tested, and their func-
tioning observed through glass windows in the steel cylinders.
Over a hundred such shields were tried out, some of them being
cooled by means of water. Various shapes and sizes of anodes
were also tested, as well as a number of different cooling arrange-
ments. The voltage drop in the rectifying are, as well as the
inverse current during the period of negative anode potential,
were measured by special devices.

Further investigations were made with seals. Numerous
metal seals were tried out, but these could be made to fit tightly
the surfaces of the porcelain insulators only with great difficulty.
Asbestos seals, likewise, presented problems in being made suffi-
ciently tight. Ordinary rubber seals were objectionable because
of the vapors they emitted when subjected to high temperatures.
Soldered joints were found to give good results provided the
solder could be protected from the amalgamating action of the
mercury in the rectifier. Welded joints were not as effective as
soldered ones, owing to the presence of minute porous slag pockets
in the welded metal. It was found that seals could be obtained
with certain enamels, varnishes, and the like, under favorable
conditions. One type of seal, of baked enamel, seemed to show
particularly good results, and two receptacles sealed with it held
their vacuum for a whole year. Several kinds of cements were
also tried, and some new ones developed. In Europe, together
with the first steel rectifiers, Bela Schaefer developed a mercury
seal which is, in its basic principle, still used by the Brown Boveri
companies.

The problem of occluded gases complicated matters still
further, and systematic forming, or degassing, processes had
to be developed in order to expel the gases occluded in the metal
parts of the rectifier as quickly as possible during evacuation.
In order to conduct this process intelligently, better vacuum-
measuring devices had to be developed. The familiar McLeod
mercury column gage used so far measured the pressure of per-
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fect gases only, because its principle is based on Boyle’s law,
and in obtaining a measurement the vapors are condensed by
compression. A recently developed gage, however, measures
the pressures of all the gases and vapors which the cylinder may
contain and indicates the pressure directly on a switchboard
instrument. The latest improvements in the operation of the
rectifiers were to some extent due to the possibility of easily
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F16. 1.—Graph showing increase of direct-current voltage and capacities of
rectifiers.

and accurately measuring vacua by the use of this new gage.
The degree of vacuum during forming and operation can now
very readily be observed by an operating engineer, and in the
case of automatic installations this requires no attention what-
ever, since the pumps are controlled by the vacuum-measuring
devices. For the same reason any imperfections in the seals
no longer have troublesome effects.

Several of the first mercury arc rectifiers were equipped only
with a rotary pump, and no mercury vacuum pump; such rec-
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tifiers are still in operation in Europe. From 1918 and 1919
on, however, Brown Boveri equipped all their rectifiers with both
rotary and mercury vacuum pumps.

While the first steel-enclosed rectifiers were of a capacity
below 100 kw., and of low direct-current voltage, the latest
developments allow of building them for any practicable voltage
and size. A number of installations of 3,000 volts, direct current,
have been in successful operation for several years. In 1926, a
rectifier was installed in an industrial plant in Germany for
12,000 volts direct current, and in 1929 a rectifier for 13,000
volts direct current was installed at Chelmsford, England,
for radio. Units with a continuous capacity as high as 4,500
kw., which is about fifty times the capacity of the first steel-
enclosed units, have been placed in operation. In Fig. 1 is
shown the increase in the direct-current voltages and currents
successfully used with rectifiers during the last 18 years. Recent
extensive load tests with standard rectifiers at 16,000 volts direct
current indicate that a somewhat modified design could be used
for still higher direct-current voltages which may be suitable
for power-transmission purposes over long distances. Such a
scheme of power transmission may become practicable at some
future date since experimental apparatus has already been built
for converting high-voltage direct current into alternating
current.! Much can therefore be expected of the future of
mercury arc rectifiers, both with respect to greater capacity
and higher voltages.

Early Applications of Steel-enclosed Rectifiers.—During
the period of development to which reference has been made,
a number of rectifier installations were set up for the purpose of
determining the reliability of the cylinders and their auxiliaries,
as well as to acquire general operating experience. One of these
installations, made in Europe, is shown in Fig. 2. It was made in
1915, and was the beginning of the commercial application, in
Europe, of steel-enclosed rectifiers to interurban street-car service.
It consisted of two cylinders with a rating of 150 kw. each, at
600 volts, direct current. The first two steel rectifiers in Europe
were installed in a foundry near Frankfurt, Germany, in the year
1911, where they are still in operation. Each of the cylinders
is rated at 150 amp., 230 volts, and has 18 anodes.

tSee The Electrician, Vol. 92, pp. 567, 601, 1924; PrRINCE, General Elec-
tric Rev., pp. 676-681, October, 1925; HuLy, bid., pp. 398-399, 1929.
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per day, hauling its own weight of 72 tons and a trailing load
of two 32-ton coaches. The load peaks varied between 500 and
800 amp. After the service had been discontinued for a time,
the car was again placed in scrvice in the spring of 1915. In all,
it covered about 13,400 miles of regular revenue service.

In May, 1915, a 5,000-volt rcctifier was installed at the Grass
Lake substation of the Michigan United Traction Company.
Three single-phasc rectifiers were connected in series on the
direct-current side, each one being connected to one phase of the
three-phase power supply. A closed circulating cooler and an
electric heater to prevent the anodes from reaching too low a
temperature in extremely cold weather marked this installation.
The rectifiers gave satisfactory service, some of them going for
periods of 28 days before they required reevacuation. There
being only one car on this branch, however, which was fitted
for 5,000-volt operation, and that car becoming seriously damaged
in a wreck, the use of that voltage was discontinued thereafter.

There are now a total of some 2,000 rectifier sets installed
throughout the world, with a total capacity amounting to more
than 1,500,000 kw. The distribution of these units by fields
of application is given in Chap. X.



CHAPTER II

THEORETICAL PRINCIPLES AND PHYSICAL
PROPERTIES OF MERCURY ARC RECTIFIERS

The basis of the operation of the mercury are rectifier is that
characteristic of the mercury arc in vacuum which permits cur-
rent to flow only in one direction, namely, from the anode to
the mercury cathode. The phenomena and characteristics
of the mercury arc in vacuum have been treated in great detail
in various scientific publications.! The subject will be considered
briefly in this chapter in order to explain the process of
rectification.

Principles of Rectification.—According to the generally
accepted theory of matter, an atom consists of a positively
charged nucleus around which revolve one or more negative
particles, known as electrons, which carry the negative charge.
The electrons are held by the positive charge of the nucleus, the
force of attraction and the number of electrons varying with
the different elements. At a high temperature, or under the
influence of an electric field, the force of attraction betwecen
the electrons and the positive nucleus can be overcome, and
the electrons liberated, thus becoming free electrons. The ease
with which electrons may be dissociated from atoms depends
on the structure of the atom, the pressure, the temperature, and
the strength of the electric field. The total negative charge of
an atom having its normal quota of electrons is equal to its total
positive charge, and it is then said to be a neutral atom. An
atom from which an electron has been dislodged has an excess
of positive charge and is called a positive 7on. An atom which
has acquired an extra electron has an excess of negative charge
and is called a negative ion. The process in which electrons are
dissociated from atoms is called 7onization, and the atoms are
said to be Zonized.

When subjected to the influence of an electric field, such as
that existing between two clectrodes having a difference of

1 See Bibliography.
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THEORETICAL PRINCIPLES 11

potential between them, the free electrons travel along the lines
of force of the electric field toward the positive electrode, that
is, toward the electrode which is at the higher potential. The
motion and behavior of the electrons in the electric field are
influenced by the voltage gradient of the field, the gas or vapor
pressure in their path, and the presence of other positively or
negatively charged particles. The higher the voltage gradient,
the greater is the force accelerating the electrons, and, therefore,
the higher is their speed. The pressure of a gas or a vapor is
due to the density of its molecules and their motion. At higher
pressure, the number or motion of the molecules is greater, which
increases the resistance in the path of the electrons on account
of more frequent collisions, and thus reduces their speed. The
presence of negatively charged particles, such as negative ions
or electrons, in the space between the electrodes, produces a
negative space charge, which exerts a repelling force on the
electrons, thereby modifying the influence of the electric field.
Similarly, the presence of positive ions produces a positive
space charge, which exerts a force of attraction on the electrons
and may compensate for the effect of the negative space charge.
Furthermore, some of the electrons may combine with positive
ions, thus forming neutral atoms.

If an electron, while moving at high speed, collides with a
neutral atom of gas or vapor, it may liberate an electron by the
impact of collision. The electron thus liberated also moves
along the lines of force of the electric field toward the positive
electrode. The atom from which an electron has been dislodged
by the collision consequently becomes a positive ion and moves
along the lines of the electric field toward the negative electrode.
The liberation of electrons as a result of collisions between elec-
trons and neutral atoms or molecules is called zonization by
" collision. Due to these collisions the clectrons are deflected from
the straight course along the lines of the electric field and acquire
components of motion at right angles to the field. As previously
stated, some of the positive ions may recombine with electrons
and form neutral molecules.

The movement of electrons toward the positive electrode and
of positive ions toward the negative electrode constitutes a flow
of current between the electrodes. The magnitude of the current
is measured by the total quantity of charge passing per second
across & plane perpendicular to the electric field. Each electron



12 MERCURY ARC POWER RECTIFIERS

and positive ion carries a charge of 1.59 X 10~'® coulomb, so
that a total of 629 X 10!6 electrons and positive ions would have
to pass across the plane per second for each ampere (1 amp. = 1
coulomb per second) of current. The conduction of current in
gases and vapors, as, for example, in a vacuum tube and in a
mercury arc rectifier, is effected by the movement of electrons
and positive ions, as described above. Since the mass of an
electron is much smaller than that of a positive ion, the ratio
being 1/370,000 for mercury (see Table I at end of this chapter),
the electrons travel at a much higher speed than the ions, and
practically the entire current in a rectifier is carried by electrons.
The positive ions act largely to compensate for the negative
space charge of the electrons (407).

If the negative electrode is made to emit electrons, by raising
its temperature or by imposing a sufficiently high voltage gradient
at its surface, these electrons, together with any electrons
liberated as a result of ionization of the gas by collision, will
travel toward the positive electrode and thus produce a current
flow, provided the voltage between the electrodes is sufficiently
high. If the voltage becomes zero or is reversed, the movement
of electrons, and consequently the flow of current, ceases. Such
an electronic current conduction between two electrodes, one
of which is made to emit electrons, has the characteristics of a
current valve, since current can flow only when the electron-
emitting electrode is at a lower potential than the other electrode.

The voltage required between electrodes for such a conduction
of current depends to a large extent on the gas or vapor pressure.
The effect of the pressure is as follows: If the pressure is very
low, considering, as an example, the limiting case of zero pressure,
all the current must be carried by the electrons emitted from the
negative electrode, since no gas molecules are then present for
producing ionization by collision. In such a case, the negative
space charge produced by the electrons is not compensated for,
and a relatively high voltage is required between the electrodes
to overcome this space charge and maintain conduction. If
the pressure is high, the electrons encounter a high resistance
in- their path and a high voltage is necessary to overcome this
resistance. At some intermediate pressure, which is generally
quite low, the voltage between the electrodes is a minimum.
This optimum pressure corresponds to the condition at which
only enough gas molecules are present for producing, through
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ionization by collision, sufficient electrons for current conduction
and sufficient positive ions to compensate for the negative space
charge of the electrons.

Figure 3 shows a closed vessel with two electrodes, an electrode
emitting electrons, ¢, called the cathode, and an electrode not
emitting electrons, a, called the anode. By imposing an electric
field on the electrodes by means of a battery, as shown in Fig. 3,
so that the anode is positive with respect to the cathode,
electrons liberated at ¢ will travel along the lines of force of the
electric field towards the anode, which is at a positive potential.
In accordance with the accepted convention of current flow,

Positive
glow .

F16. 3.—Elementary diagram of a rectifier.

however, the current is considered as flowing from the anode to
the cathode.

As already stated, the electrons may be liberated from the
cathode by raising the temperature of the cathode to a sufficiently
high value or by imposing a sufficiently high voltage, or both.
If the cathode consists of a material in which the electrons are
loosely bound to the nuclei, the electrons are more readily disso-
ciated. If now this vessel is evacuated to a relatively high degree
of vacuum, the electrons can travel without encountering much
resistance.

When the electric field between the two electrodes becomes
zero, or is reversed, so that the anode becomes negative with
respect to the cathode, as could be done by means of a reversing
switch s, shown in Fig. 3, the movement of electrons is stopped,
so that the current flow ceases. The vessel thus constitutes
a current valve, which permits current to flow in one direction
only. Such a current valve is called a rectifier.
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Voltage Characteristics of the Mercury Arc.—The mechanism
of rectification may also be explained by means of the voltage
characteristic of the mercury arc in vacuum, shown in Fig. 4.

Referring to Fig. 3, if a variable direct-current potential is
applied to the rectifier circuit, and an attempt were made to
start the rectifying arc between a and ¢ by means of a high volt-
age, it would be found that by increasing the potential to a certain
value, ey, a slight discharge or corona effect, of the order of magni-
tude of a few milliamperes, takes place between the two electrodes
(see Fig. 4). The magnitude of this voltage, e;, depends on
the degree of vacuum, and will vary between 400 and 15,000 volts
for pressures between 0.1 and 0.0005 mm. mercury column. If the
voltage is now further increased, it will be found that the dis-
charge current is increased very slightly, and at a potential of
20,000 to 50,000 volts the current does not increase much above
10 milliamperes. In case the potential between the electrodes
is increased still further, the character of the discharge changes
abruptly; the current increases suddenly, and a heavy current
can be maintained by a relatively low voltage e,;, as given in
Figs.4 and 6. This abrupt change in the character of the mercury
arc at a certain voltage is due to instability of the arc on the down-
ward slope of the arc characteristic shown in Fig. 4. This insta-
bility may be explained as follows:

Referring to Fig. 3, an arc can exist in the rectifier when the
- current is such that there is a balance of voltages in the circuit,
that is, if the voltage drop in the arc ¢, at a given current 7 is
equal to the applied battery voltage E minus the i drop in the
external circuit. This may be expressed by the equation

e, = E — qr.

By plotting this equation in Fig. 4 for a given constant value
of r and different values of E, a series of straight lines is obtained,
one line for each value of E assumed. The inclination of these
lines towards the current axis is equal to the resistance r. These
lines serve as a criterion of the stability condition of the rectifying
arc. The points where these resistance lines intersect the charac-
teristic of the are give the condition under which it is possible
for the arc to exist, because at these points the voltage drop of
the arc is equal to E minus ¢7r. The arc is unstable when a slight
increase of the current 7 causes a greater reduction in the voltage
drop in the arc than the corresponding increase in ir drop for the



THEORETICAL PRINCIPLES 15

same current, because the excess voltage increases the current
still further, and this continues until a stable condition is reached.

In general, this will hold true when the slope of the arc charac-
teristic is steeper than the resistance characteristic and is inclined
in the same direction. The straight line ¢q, corresponding to a
battery voltage E, intersects the voltage curve of the arc at the
points 1, 2, 3, at which a balance of voltages is obtained in the
rectifying circuit (see Fig. 4). At point 1, the arcisstable because
an increase of current would cause an increase of the voltage drop

>

F16. 4.—Voitage characteristic of a mercury arc in vacuum.

in the are; at point 2, the are is unstable owing to the fact that an
increase in current reduces the voltage drop in the arc by a greater
amount than the corresponding increase in ¢r drop, thus produc-
ing an excess voltage which causes a further increase in current
until point 3 is reached, where a balance of voltages is again
obtained. Point 3 is stable because a slight increase in current
causes an ir drop in excess of the reduction in the voltage drop in
the arc.

If the voltage is gradually increased from zero, the small
corona discharge takes place, as already described, until the
voltage at the top of the curve is reached. At this point the
arc is unstable, and the current changes abruptly from a few
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milliamperes at point 4 to a large value, corresponding to point
5 of the ir characteristic. At this point a stable are can exist.

If the voltage E is gradually diminished the values of e and i
follow the same characteristic, but in the opposite sense. Once
the apex of the curve has been surmounted, the region of the
corona cffect is again reached and the arc ceases somewhat below
the potential at which the discharge began. If, now, we go over
to negative values of voltage E, that is, if we make the iron the
cathode and the mercury the anode, a similar sequence occurs,
with the only difference that all the voltages are slightly greater.

If, however, instead of starting the arc by applying a high
potential, an auxiliary arc is ignited at the surface of the mercury,
thus liberating electrons and evaporating mercury, the arc from
the cathode ¢ to the anode a will start at a very low potential
(see Fig. 3) because the auxiliary arc facilitates the start of the
ionization process. The arc will then have the characteristic
shown by the dotted curve in Fig. 4. It is seen from this curve
that while the arc will start at a low voltage when the anode is
positive with respect to the cathode, a very high voltage is still
required to start the arc in the reverse direction, that is, with
anode negative and the cathode positive. The voltages normally
used for rectifiers are much lower than this voltage and the recti-
fier arc, therefore, conducts in one direction only, with the mer-
cury as cathode, and thus acts as a current valve.

The auxiliary are in a reetifier is usually started by immersing
an ignition anode into the mercury and then withdrawing it,
thus striking an arc at the surface. The various methods used
for starting and maintaining an arc in steel-enclosed rectifiers
are discussed in Chap. VIII.

When an auxiliary are is maintained in a rectifier, the rectifier
is in a condition to deliver currents of very low magnitudes from
the main anodes, even as low as thosc rcquired by a voltmeter.

Every rectifier requires the following necessary parts: a
highly cvacuated vessel, an electron-emitting cathode, a non-
electron-emitting anode, air-tight and insulated conductors
for the current to the anode and the cathode, and an ignition
arrangement.

Cathode.—The cathode of the rectifier may be made of any
one of a number of different materials. In a thermionic rectifier,
for example, the cathode consists of a filament of tungsten or
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other metal with a high melting point, which is brought to incan-
descence in order to liberate the electrons. Such a filament,
however, would deteriorate too rapidly if required to deliver any
appreciable amount of current, because it cannot be renovated.
In a rectifier, if the vacuum were perfect, all the electrons con-
stituting the flow of current would have to be liberated from the
cathode. In order to obtain an appreciable flow of current the
cathode would have to be brought to a very high temperature
and a very high voltage would have to be imposed. If, however,
the rectifier vessel has some residual gases or vapors along the
path of the clectrons, the electrons derived from the cathode will
collide with the molecules of the residual gas, liberating other
electrons by the force of their impact, thus increasing the number
of free electrons.

If mercury is used as the cathode, a number of advantages
accrue. The electrons of the mercury atoms are loosely held
by the positive charge, so that a lower temperature and a lower
voltage are required to emit electrons than would be the case if
another metal were used for the cathode. Mercury vaporized
from the cathode offers the means for the production of electrons
by collision. Furthermore, the mercury vapor which is not
ionized condenses and returns to the cathode, so that the cathode
is continually and automatically renovated. The ionized atoms
of mercury vapor (that is, those atoms from which electrons
have been dislodged) arc attracted to the cathode, which is
at a negative potential. The force with which they strike the
mercury produces more heat. Some of these particles combine
with electrons at the surface of the cathode and in other parts
of the arc chamber and become neutral atoms.

The presence of positive charges above the surface of the
cathode creates a positive space charge, which helps to withdraw
electrons from the mercury. The ionization of the mercury
molecules at the surface of the cathode is effected by intense
heat concentrated in a luminous spot, called the ‘‘ cathode spot.”
This spot moves around irregularly over the surface of the
mercury, which motion is produced by the pressure of mercury
vapor vaporized by the heat of the cathode spot. This pressure
also depresses the mercury surface at the spot. The temperature
of this spot has been variously given by different investigators
at values ranging between 1000 and 3000° C. Spectrum analysis
showed that the temperature cannot be as high as 3000° C.,
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sions of the rectifier cylinder, the arrangement of the electrodes,
the type of anodes used, the temperature of the vessel, and the
degree of vacuum. It is also found to vary with the load,
particularly in large-capacity rectifiers. The voltage drop is
also found to be higher for a dynamic arc (i.e., a moving arc as
produced in a rectifier fed by an alternating-current supply)
than for a static are (i.e., one produced by a constant direct
current).

Various investigators of the mercury arc have made measure-
ments to determine the three components of the total are drop,
and their variation with the conditions in the cylinder (216, 219,
278). The published data of these investigations do not quite
agree as it is very difficult to measure accurately these component
values. The best-known method for making these measurements
is by the use of an exploring electrode in the arc path, and this
method is subject to errors due to accumulation of charges on
the surface of the exploring electrode (276, 407). The results,
however, indicate the following general relations:

The cathode drop is practically constant for all types of
mercury arc rectifiers, and seems to be practically independent
of the conditions in the cylinder and of the load. This drop, as
given by a number of investigators, is in the range of from 6 to 9
volts. This voltage drop represents energy which is consumed
in liberating electrons, in evaporating mercury, in heat conducted
to the cathode container, and in radiation. Guenther-Schulze
(278) gives the following values, in watts per ampere, for the
distribution of this energy in a glass-bulb rectifier:

Watts

Radiation (based on 2000° C. cathode-spot temperature) 0.04
Vaporization of mercury............................ 2.20
Heatconductnontoeathodo .. 2,88
Energy carried away byelectrons..u‘........H.,‘.. 2.29
Total............ .. ... .. .. ... .. ... ...........7.21

Investigations made on a 1,000-amp., steel-enclosed rectifier
with a water-cooled cathode gave values of 3.2 watts per ampere
for the heat consumed in vaporization of mercury, and 0.9
watt per ampere conducted to the cathode, or a total of 4.1
watts per ampere, as compared with 4.88 watts as given by
Guenther-Schulze. It was also found that by fixation of the
cathode spot the proportion of the heat conducted away by
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vaporization and by conduction to the cathode can be made to
vary over wide limits, although the total cathode drop remains
practically unchanged. This indicates that the total cathode
drop is probably constant, while the proportion of heat carried
away by the vaporized mercury and by the cathode is not con-
stant, but depends on the method of cooling and on the condition
of the cathode. (A recent study of the voltage drop at the
cathode is given in 402.)

The voltage drop in the arc itself has a value of 0.05 to 0.2
volt per centimeter of its length. These values apply to steel-
enclosed rectifiers at normal operation. The voltage drop in the
arc itself is less for a direct-current arc, and was measured to be
0.02 to 0.05 volt per centimeter in an experimental steel-enclosed
rectifier. This voltage drop represents energy consumed in
ionization of mercury vapor by collision. The value of the arc
drop increases as the vacuum in the cylinder is decreased. It also
increases at higher temperatures on account of the increase in
pressure at higher temperatures. The arc drop also varies
with the current; as the current is increased from zero, the arc
drop at first decreases, reaches a minimum, and then increases
again. The probable reason for this is that an increase in cur-
rent at first facilitates ionization, resulting in a decrease in
the voltage drop; then, as the current increases further, the
density of the arc increases, because it is restricted and cannot
expand in its cross-section, which results in an increase in the
voltage drop in the arc. '

The voltage drop at the surface of the anode has a value
of approximately 5 volts. This drop represents energy used in
overcoming the electric field of electrons crowding around
the anode and in collision with the anode surface, which energy
is converted into heat. The anode drop varies with the material
of the anode (steel, carbon, ete.) and with the shape of the anode.
It also increases as the degree of vacuum is lowered. The specific
current-carrying capacity of the anodes for normal operation
lies between 8 and 25 amp. per square centimeter, depending
on the size of the anode, its shape, and its material.

It has also been found by certain investigators that above a
certain value of current density on the anode surface the anode
drop increases rapidly with the current. It has been observed
that at small currents the arc does not cover the entire surface
but only a portion of it. As the current increases, more and
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more of the surface is covered, until a value of current is reached
at which the entire anode surface is covered by the are. As
the current is increased beyond this point, the anode drop has
been found to increase. The probable explanation of this
phenomenon is as follows: When the anode is céarrying current,
a layer of electrons is formed near the anode surface, as was
previously explained. The electrons taking part in the current
conduction must overcome the negative space charge of this
layer, resulting in a voltage drop. At smaller currents, the
arc is free to expand over the surface of the anode, thereby
‘maintaining a lower current density. When the current has
reached such a value that the entire anode surface is covered
by the are, the current density increases with the current,
which results in an increased negative space charge, and, con-
sequently, in an increased anode drop.

On the basis of the data given above, on the component parts
of the arc drop, the total voltage drop under average operating
conditions, in a rectifier having an arc length of 1 meter, and with
a cathode drop of 7 volts, an arc drop of 0.1 volt per centimeter,
and an anode drop of 5 volts, would be

7 4+ 54 (100 X 0.1) = 22 volts.

In Fig. 6 are shown the are-voltage characteristics of three
steel-enclosed rectifiers. Figure 6a shows the voltage drop of
an experimental rectifier with an unusually short arc length.
The upper curve of Fig. 6b shows the voltage drop of a small
rectifier (diameter 12 in., height 20 in.), and the curves in Fig.
6c show that of a large commercial rectifier under different
operating conditions, as explained below.

The voltage drop in a rectifier is a function of the anode current.
Thus, if the total rectifier current is kept constant and the
amplitude of the anode currents is reduced by making more
anodes carry current in parallel, the voltage drop is also reduced.
This is due to the lower anode and arc drops at lower current
densities.

The effect of the amplitude of the anode currents on the voltage
drop is illustrated by curves C and D of Fig. 6c in connection with
Fig. 7.

In this figure, a six-anode rectifier is shown delivering a direct
current I. If the connections of the rectifier transformer are
such that each anode operates during one-sixth of a cycle (connec-
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tion D, see Fig. 65), the amplitude of the anode currents is equal
to the cathode current, and the rectifier will have a voltage drop
as shown by curve D of Fig. 6¢c. If, however, the transformer
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F1a. 6.—Arc-drop characteristics of steel-enclosed rectifiers.

connections are such that each anode operates during one-third
of a cycle, so that two anodes carry current simultaneously at
all times (connection C), and the amplitude of the anode currents
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is equal to one-half of the cathode current, the rectifier will
have a voltage drop as shown by curve C of Fig. 6¢.

The pronounced difference in the voltage drop curves C and
D of the rectifier for these two types of connections is due to
strong variation of the voltage drop with the current. For small-
capacity rectifiers, in which the voltage drop is practically
constant over the whole current range, as shown in Fig. 6), there
will be practically no difference in the voltage drop for the two
types of transformer connections.

Before large-capacity rectifiers were developed the voltage
drop of a rectifier was generally considered constant over the
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Fic. 7—Wave shapes of anode currents for different transformer connections,
resulting in different arc-drop characteristics, as shown in Fig. 6c.

whole load range, on account of the relatively small variation of
this drop in smaller capacity rectifiers.

The voltage drop in a mercury arc is reduced slightly by the
presence in close proximity of another arc in which ionization is
taking place. For this reason, in polyphase rectifiers, where
this condition exists during the period of overlapping of two
consecutive phases, the anodes should be arranged in cyclic
order, so that the arc passes from one anode to the next without
skipping. The influence of an arc in a rectifier on the voltage
drop of a neighboring arc is shown by curve E of Fig. 6b. This
curve shows the voltage drop between the excitation anodes and
the cathode of a rectifier, in function of the load current of the
main anodes, the excitation current being constant. The upper
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curve of Fig. 6b is the voltage drop in the main are of the same
rectifier.

From a consideration of the voltage drop in a rectifier which is
independent of the direct-current voltage used, it is readily
seen that in a high-voltage rectifier, for, say, 3,000 volts direct
current, the arc drop represents a relatively small part of the
total voltage, while in a low-voltage circuit the drop in voltage,
and therefore the percentage of energy loss, is quite
appreciable.

Physical Properties.—The following table and Figs. 8, 9, 10,
and 11 give the various properties of mercury, mercury vapor,
and the mercury arc and may be useful for the design and
investigation of steel-enclosed rectifiers.

TaBLE I.—PROPERTIES OF MERCURY AND OF THE MERCURY ARC IN LARGE
STEEL-ENCLOSED RECTIFIERS

Specific gravity of mercury, at 20°C  13.546
Atomic weight.................... 200.61
Atomic number................... 80
Melting point. .. ................. —38.85° C.
Boiling point. . R 357.25° C.
Latent heat of vaponzatlon at boiling
point, in kilo-joules per gram-
AtOM. oottt 59.3
Surface tension in vacuo:
At 0° C.. . 480 dynes per centimeter
At 60° C . 467 dynes per centimeter

Electrical re51st1v1ty in ohm-centl—

meter, at 20° C. . . 95.8 X107
Specific heat, in joules per gram-
atom, at 20°C................ 27 .9

Number of molecules of vapor strik-
ing 1 em.2 at 25° C. and 1 barye! 10.85 X 1018
Mean free path of molecules at 0° C.

and 1 barye.................. 3.24 cm.
Micrograms of vapor striking 1 em.?
at 25° C. and 1 barye......... 35.89

1.59 X 107!® coulomb

8.98 X 10728 gram

Atomic weight X 1.66 X 1072 gram
7 volts
5 volts

Negative charge of electron. . ... ..
Mass of electron.................
Mass of atom...................
Cathode voltage drop (approximate)
Anode voltage drop (approximate)
Anode plus cathode voltage drop (of

direct-current arc)2............ 10 to 13 volts

11 barye is 0.75 X 1073 mm.Hyg column pressure.
2 Measured in a small steel tank with direct current.
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TaBLE 1.—PROPERTIES OF MERCURY AND OF THE MERCURY ARC IN LARGE
STEEL-ENCLOSED RECTIFIERS.—(Continued)

Arc voltage drop (alternating-cur-

rent arc) (approximate)........ 0.05 to 0.2 volt per centimeter
Are voltage drop (direct-current arc)
(approximate)................ 0.02 to 0.05 volt per centimeter

Anode temperature (approximate).. 600 to 800° C.
Cathode spot temperature (approxi-

mate). ......cooiiiianins 2000° C.
Temperature of mercury forming the
cathode...................... 100 to 200° C.

Arc temperature......... . 1000 to 10,000° C.
Velocity of cathode spot (motion due

to vapor blast) (approximate) 1,000 centimeters per second
Velocity of mercury-vapor stream 20,000 centimeters per second

Evaporation rate of mercury........ 7.2 X 1073 gram per ampere-second
Area of cathode spot.............. 2.53 X 1074 cm.2 per ampere
Current density in cathode spot. ... 4,000 amp. per cm.?
Ionization voltage of mercury vapor 10.4 volts
Radiation from cathode spot... .. .. 0.111 watt-sec. per ampere-second
Working pressure in rectifier. .. .. .. 0.0005 to 0.015 mm. Hg column
Working temperature of vessel. ... .. up to 60° C.
Pressure of mercury vapor in recti-

fier tank (approximate)........ 0.2 to 0.3 mm. Hg
Inverse current................... 1 to 100 milliamperes

THERMAL PROPERTIES OF MERCURY

Temperature Sensible heat, Latent heat,
. British thermal | British thermal
degrees Centigrade . .
units per pound | units per pound
0 0 132.97
21.1 1.27 132.6
93.4 5.57 131.34
164 12.14 129.4
316 18.8 127.5
373 22.1 126 .6
482 28.9 125.3
538 32.4 124 .6
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CHAPTER III

ELEMENTARY PRINCIPLES OF RECTIFICATION AND
RECTIFIER PHENOMENA

If the source of continuous current, in Fig. 3, is replaced by
an alternating-current supply, as shown in Figs. 12 and 13, the
electric field between the anode and the cathode is no longer
constant, but changes from instant to instant, and the anode
potential is positive during one

half-cycle and negative during '
the other half-cycle. Due to the .~
valve action of the are, current —

can flow over the anode during
the positive half-cycle only.

Referring to Fig. 14, E repre-
sents the alternating voltage of
the primary supply of a single-
anode, single-phase rectification
circuit, and e, is the voltage drop
in the rectifying arc produced by
the current ¢ shown in the lower
curve.

The negative portion of the cur-
rent wave is exaggerated in order
to show it more clearly in the Tic. 12.-—Diagram of single-phase,
figure. This current is actually full-wave rectifier circuit.
only a few milliamperes. When the anode is carrying current
the voltage across the arc is small, as given by the curves in Fig.
6. During the negative portion of the alternating-current
voltage wave the voltage from anode to cathode is equal to the
alternating-current voltage, since there is no current flowing in the
circuit to cause any voltage drop.

Single-phase Rectification.—In Fig. 12 is shown a two-anode,
single-phase, rectifying circuit. With a sinusoidal alternat-
ing-current voltage impressed on the primary of the transfor-
mer, the anodes will be positive during alternate half-cycles.

29
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F1a. 14.—Voltage and current waves of a single-phase, half-wave rectifier.
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During the half-cycle when anode 1 is positive, current will flow
from the anode to the-cathode through the load circuit and back
to the neutral, as indicated by the solid arrows. During the
half-cycle when anode 2 is positive, current will flow from this
anode to the cathode and load circuit, as shown by dotted arrows.
Thus the current through the load circuit flows in the same direc-
tion during both half-cyecles, while the current in the primary
of the transformer is alternating.
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F1c. 15.—Current waves of single-phase and polyphase rectifiers.

If two or more anodes in a rectifier are at positive potential
simultaneously, the current will flow from the anode having the
most positive potential. Thus, for instance, in the three-phase
connection shown in Fig. 13, the anodes reach maximum positive
potential one after another; they will, therefore, send current
through the rectifier in succession, so that each anode carries
current during one-third of a cycle (see Chap. IV).

Polyphase Rectification.—In Fig. 15 are illustrated the current
waves of 2-, 3-, 6-, and 12-phase rectifier circuits. The primary
winding of the transformer is not shown in the figure. It can be
seen that the undulations of the direct current decrease as the
number of phases is increased.

For the above reason, and also for constructional reasons,
6- and 12-phase rectifiers are ordinarily used for commercial
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operation. The undulations shown in the figure are usually
considerably reduced in commercial installations due to the
inherent inductance of the load circuits. It can also be observed
from Fig. 15 that the time interval during which each anode
and the corresponding secondary phase are under load decreases
with a greater number of phascs, as shown by the relative sizes
of the cross-hatched areas. The wave shapes of the currents
and voltages, and the relations between them are further elabo-
rated in Chaps. IV and V.

The potentials of the various parts of a polyphase (6-phase)
rectifier circuit when in operation are shown by the curves in
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F16. 16.—Potentials of anodes and cathode of a polyphase rectifier.

Fig. 16. The potcntial of the transformer neutral N is used as
the reference line. The potentials of the anodes are sine waves.
The potential of the cathode, shown in heavy lines, is equal
to the potential of the working anode less the voltage drop in
the rectifier.

It is evident from Fig. 16 that each anode has a small positive
potential with respeet to the cathode (equal to the voltage drop
in the rectifier) only during the working period of the anode,
while during the rest of the cycle the anode is negative with
respect to the cathode. When the anode voltage reaches a
maximum negative value, its potential to the cathode is equal
to twice the amplitude of the anode voltage, less the voltage drop
in the rectifier.

Thus, for example, in a 6-phase, 600-volt rectificr, such as
shown in Fig. 15, having an arc voltage drop of 25 volts, the
amplitude of the anode voltage to neutral is approximately
650 volts (see Chaps. IV and VI). The potential of a working
anode to the cathode is 425 volts; the maximum ncgative
potential between an anode and the cathode is

2 X 650 — 25 = 1,275 volts.
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From a consideration of Fig. 16 it is readily seen why only
the anode having the highest potential carries current, while
the other anodes are idle. When anode 1, for example, is carrying
current, the cathode potential is equal to the potential of this
anode less the voltage drop in the arc. During this period the
other anodes are at a negative potential to the cathode; the
electric field from these anodes to the cathode is therefore in
the reverse direction from that required for the flow of electrons
towards the anodes or the flow of positive ions to the cathode,
which constitutes the current flow in a rectifying arc; conse-
quently, no current can flow from these anodes.
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Fia. 17.—Alternative arrangement of anodes and cathode for polyphase
rectification.

The usual arrangement of rectifier circuits is to connect the
anodes to the free ends of the transformer secondary phases,
as shown in Figs. 12 and 13. The cathode then forms the posi-
tive pole of the rectifier system, and the neutral of the trans-
former secondary the negative pole.

This arrangement of anodes and cathode could, however, be
reversed, as shown in Fig. 17. In this figure, the free ends of
the transformer secondary phases are shown connected to ‘the
cathodes of several single-anode rectifiers, while the anodes are
connected together. The transformer neutral now forms the
positive pole, while the common anode connection forms the
negative pole. Each rectifier cylinder of Fig. 17 is provided with
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an auxiliary anode, supplied by a battery, for maintaining an
auxiliary are, since each main anode carries current only during
a portion of the cycle, and the main arc is, therefore, extinguished
during the remaining portion of the cycle.

The conditions regarding the currents and voltages in the
circuit shown in Fig. 17 will be substantially the same as for
the normal arrangement shown in Fig. 13.

Current Conduction by Rectifier Cylinder.—The elements
composing a steel-enclosed polyphase mercury arc rectifier are
shown in Fig. 13. It consists of a vacuum-tight steel vessel,
anodes, and cathode. The anodes are insulated from the tank,
since they are at different potentials. The cathode must also be
insulated to prevent the walls of the cylinder from conducting
part of the current. .

In Chap. II it was stated that the current in a mercury arc
consists of a flow of electrons towards the anodes and a flow
of positive ions towards the cathode. If the cathode were not
insulated from the cylinder, the latter would be at the cathode
potential; a portion of the positive ions would then be attracted
towards the walls of the cylinder, and a current would flow
through the metallic walls to the cathode. This conduction
takes place without the presence of any cathode spot on the walls
of the cylinder. The magnitude of the current thus conducted
increases as the load current is increased, on account of the
presence of a larger number of ions and the greater dispersion
resulting from this.

In Fig. 18 are shown curves of the current I, conducted by the
cylinder walls of 250-, 600-, and 2,000-amp. rectifiers, in function
of the total current I,. These measurements were obtained by
making a solid connection from the tank to the cathode, and
measuring the current flowing in this conductor. The tests
showed that the location of the point at which the connection was
made on the cylinder did not affect the results.

The flow of current in the walls of the cylinder causes it to
heat up and liberate gases, which are detrimental to the operation
of the rectifier and may cause internal flashovers. Furthermore,
at higher load currents the mercury arc sometimes jumps from
the mercury cathode to the walls of the cylinder, which are
usually covered with drops of mercury, forming a cathode spot;
at the same time, the cathode spot in the mercury of the cathode
is extinguished.



ELEMENTARY PRINCIPLES OF RECTIFICATION 35

In order to avoid current conduction by the walls of the
rectifier cylinder, and the consequent troubles, the cathode of
present types of rectifiers is insulated from the cylinder. The
methods of insulating the cathode are given in Chap. VII. The
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F16. 18.—Curves showing conduction of current by the walls of a rectifier
cylinder when not insulated from the cathode. (The dotted portion of the
upper curve represents unstable conditions, and is the average value of a number
of readings. The high values of I are probably due to the formation of cathode
spots on the cylinder wall.)

potential difference betwcen the cylinder and the cathode is
small, and very little insulation is required.

BACK FIRES

Perhaps the most disturbing phenomenon occurring in recti-
fiers, and which has been the greatest obstacle in the development
of large-capacity rectifiers, is the so-called ‘“‘back fire’”’ or ‘““arec-
back.” At the present time, the design and rating of rectifiers
are so directed as to limit the possibility of recurrent back fires.
For this reason it is important to understand the nature of back
fires, their probable causes, and means for their elimination.

A back fire results from the failure of the valve action of one or
more anodes. It was brought out in the preceding chapter that
the operation of a rectifier is based on the valve action of a
mercury arc in a vacuum, which allows the current to flow only
from anode to cathode. If, however, a cathode spot should for
any reason develop on one of the anodes, as shown on anode 1,
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in Fig. 19, this anode will act as a cathode, and current from the
other anodes will flow to the back-firing anode. This current is
limited only by the resistance and reactance of the transformer
windings, and is, therefore, in effect, a short circuit on the
transformer. The conditions in the back-firing phases are more

J Ib ~—=7 _ +

F1G. 19.—Flow of currents in a rectifier during a back fire. The rectifier is
shown operating in parallel with a direct-current rotating machine.

severe than during an alternating-current short circuit on the
transformer.

In Fig. 32 is shown an oscillogram of the current in a back-
firing anode, the direct-current voltage during the back fire, and
the primary current. This oscillogra.m was taken during a test
on a 1,200-kw. rectifier.

If the rectifier is connected in parallel with a source of
direct current, there will be an additional backfeed current from
the positive pole of the direct-current source into the back-firing
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anode, as indicated by the fan-tailed arrows in Fig. 19, due to
the loss of the valve action and the drop of the direct-current
voltage of the rectifier (see also Chaps. 1V, VI, XI, and XIV).

Unless quickly interrupted by protcctive apparatus, the high
current flowing in the faulty anode will cause the anode to over-
heat; this overheating may pit the anode and make it susceptible
to back-firing again. A prolonged back fire would also lower the
vacuum in the rectifier, on account of the gases liberated from
the overheated anode. With the usual protective apparatus
provided for rectifier installations, back fires do not have any
harmful effects, and the rectifier can be put back into operation
immediately after the back fire.

In spite of the many investigations of back-fire phenomena
made over a large number of years, the exact causes of back fires
and the conditions under which they occur arc not yet definitely
known.

Inverse Current.—During the part of a cycle when an anode is
idle, and is at a negative potential to the cathode, a small cur-
rent, amounting to a few milliamperes, flows in the anode circuit
in the reverse direction from the normal flow of load current.
This current may be called the inverse current. It has been
observed that the inverse current is highest under conditions at
which the susceptibility of a rectifier to back fire is greatest, and
that corrective means used to eliminate back fires also reduce the
magnitude of the inverse current. For this reason it is thought
that the inverse current is either a cause of back fires or a symp-
tom of conditions leading to back fires.

The inverse current consists of two components. The first
component is produced by the movement of positive ions from the
ionized mercury vapor toward the idle anode which is at a nega-
tive potential to the cathode. This component attains a maxi-
mum value immediately after the anode has ceased working
(410), due to absorption of ions from the space about the anode,
and then gradually declines to zero. The second component is
the result of a glow discharge between the idle anode and the
cathode, which is produced by the voltage difference between them.

The relative magnitudes of the two components of the inverse
current depend on the magnitudes of the current and voltage.
The first component, is generally much higher at the voltages now
in general use. Methods used for measuring the inverse current
are described in Chap. XIV.



38 MERCURY ARC POWER RECTIFIERS

As was stated in Chap. II, in connection with Fig. 4, when a
voltage is applied between two electrodes, a glow discharge takes
place between them when the voltage has reached a certain mini-
mum value, and as the voltage is further increased the discharge
current increases slightly, until a point is reached, at a certain
value of the voltage, when the glow discharge changes suddenly
to an arc discharge, which amounts in effect to a breakdown of
the space between the electrodes, with the negative electrode as
the cathode. The value of the breakdown voltage, as well as
the value of the glow-discharge voltage, depend on the nature
of the gases or vapors present, and are also functions of the
product of the pressure and the distance between electrodes.
The variation of the breakdown voltage of mercury vapor with
this product is shown in Fig.9. It is seen from this figure that for
a certain value of pd the breakdown voltage is a minimum and
has a value of approximately 450 volts, which is within the work-
ing range of the majority of steel-enclosed rectifiers. The mini-
mum breakdown voltage is even lower when other gases are
present, particularly alkaline vapors.

Causes of Back Fires. Current and Voltage Conditions.—It
has been observed that the loss of the valve action of an
anode, which produces back fires, generally occurs shortly
after the anode has ceased working. This fact, together with
the fact that back fires usually occur at certain currents and
voltages, leads to a plausible explanation of the cause of back
fires.

The occurrence of back fires in steel-enclosed rectifiers, while
influenced by current and voltage, is not as definite a function
of these quantities as is the case with glass-bulb rectifiers, on
account of the greater variations of pressure, temperature, etc.
This is due to the larger size of the rectifier, the use of a metal
container, insulators, packing material, and anodes which may
liberate gases due to excessive local heating, as well as to expan-
sion and contraction of sealed joints. In glass-bulb rectifiers,
which are more or less free from foreign gases, the occurrence of
back fires is found to be a definite function of the current and
voltage. If the glass bulb is cooled by blowing air on it, the
limits of current and voltage for the occurrence of back fires are
raised; however, the general shape of the curve showing this
relationship remains the same. It is found that neither the
reactance of the alternating-current source nor its frequency
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within the commercial limits have any noticeable cffect on the
occurrence of this phenomenon (324).

When an anode is carrying current, the space about the anode
and in the arc path between anode and cathode is filled with
electrons and positive ions which are produced by the ionization
of the mercury vapor, and which constitute the current flow of
the arc. As soon as an anode ceases to work, due to transfer
of the arc to another anode having a higher potential, there -
remains a residue of ions and electrons in the vicinity of the first
anode. Some of the ions and electrons will combine to form
neutral atoms; the remainder will follow the electric field.
Since the anode which has ceased working is negative with
respect to the cathode and the working anode (see Fig. 16) so
that the electric field to the cathode is reversed, the electrons
will be repelled from the anode and ions will be attracted.
This reversal of the direction of the flow of electrons and ions
from that in the rectifying arc produces the first component of
the inverse current. The ions striking the surface of the anode
produce heating, and under certain conditions this heating may
develop a cathode spot and produce a back fire.

At higher currents, there is a greater number of ions in the
space about the anode so that more ions strike the anode surface,
thus producing greater heating and, consequently, increasing
the susceptibility to back fire. Furthermore, with higher
currents, the anode surface is at a higher temperature when it
ceases to work and the conditions for producing hot spots by the
bombardment of ions are therefore more favorable.

" At higher voltages, the gradient of the electric field at the
anode, when it ceases to work, is greater, so that the ions strike
the surface with greater force, thereby producing greater heating.
For this reason, the susceptibility of an anode to produce aback
fire is increased at higher voltages.

Another possible source of back fires is the glow discharge
produced by the potential between anode and cathode or
between anodes, which may lead to a breakdown of the
space between the electrodes. This discharge is from cathode
to anode, and constitutes the second component of the inverse
current in the anode when it is at a negative potential to the
cathode. The discharge is a function of the voltage, the
pressure, and the nature of the gases in the rectifier, as has
already been discussed.
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As was pointed out previously, the voltage at which the break-
down takes place has a definite relation to the product of the
pressure and the distance between anode and cathode. In a
rectifier the spacing of the anodes and the cathode is such that
for the operating range of the pressure, the operating voltage of
the rectifier is below the voltage required to produce breakdown.
If, however, the vacuum should drop for any reason to a low
value, or if foreign gases are liberated for the reasons given above,
the breakdown voltage may be reduced to a figure as low as the
operating voltage of the rectifier, and a discharge may, thercfore,
take place. Such a discharge may also occur at a high vacuum
on account of a voltage surge.

Back fires produced by a glow discharge are not dependent on
the load, except in so far as the load increascs the pressure in the
rectifier by the evaporation of mercury or by the liberation of
gases from the metal or packing of the cylinder or from the anodes.
Such back fires are particularly apt to occur during the forming'
of the rectifier, when the pressure is low and foreign gases are
present. For this reason it is advantageous to form the rectifier
with low voltages.

On account of the greater susceptibility of rectifiers to back
fire at higher voltages, the current rating of rectifiers is reduced
as the direct-current operating voltage is increased. The rela-
tion of the current and voltage ratings of several types of rectifiers
is shown by the curves of Fig. 154. Thus, for instance, a rectifier
rated at 1,600 amp. at 300 volts has a rating of 850 amp. at 3,000
volts, and 600 amp. at 5,000 volts.

The current and voltage limits for the occurrence of back fires
are of course related to the rated current and voltage capacity
of the rectifier, and, consequently, to the dimensions of the anodes
and their spacing. For larger anodes, the heating of the anodes,
which is a primary source of back fires, is a function of the
current density at the anode surface. With a larger surface,
more rectified current can be carried without overheating, and
more ions can be permitted to strike the surface.

The effect of the load current on the occurrence of back fires
was recently investigated by observing the anode space of a glass
rectifier through a stroboscopic disk (361). This made it
possible to ‘“slow up” or to ‘“fix”’ any recurring phenomena

1 The terms forming, degassing, and bake-out refer to the same process
(see Chap. 1X).
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which it is otherwise impossible to observe due to the extremely
short period of their duration and the strong light of the arc.
This investigation disclosed the presence of a violet glow in the
arm of the anode, which appears immediately after the anode
ceases carrying current, and then gradually disappears. It was
observed that this glow increases when the load current of the
anode is increased, and that an incrcase of the current and glow
increases the possibility of back fires. It was also found that
this glow is not a glow discharge due to voltage, as it was observed
to disappear even when the negative voltage on thc anode was
increasing. This glow is of the same color as the cathode flame
and the glow appearing in the condensing dome of the rectifier.
The glow in the condensing dome was found in the past to be
produced by the presence of ionized mercury vapor, consisting of
free electrons and positive ions. This seems to indicate that
such free electrons and ions are also present in the anode space
when the anode arc is extinguished, and that back fires are
probably caused by the bombardment of the anode surface by the
positive ions, as was previously explained.

Condition of Anodes.—Back fires are primarily due to the
development of a hot spot on the surface of the anode. Besides
the effect of the load in producing a hot spot, this may be aggra-
vated by the following abnormal conditions:

1. Mercury may condense and form a drop on the surface of
the anode when cold. This may cause the arc to concentrate and
establish a cathode spot which emits electrons. To avoid this,
shieldsand bafflesare provided in therectifier, to divert the stream
of mercury vapor from the anode surface, as shown in Figs. 87, 90,
94, 96, ete. in Chap. VII, where they are denoted by F.

2. Impuritics or dirt on the surface of the anode may have a
similar effect as a drop of mercury. A particle of foreign matter
contained in the anode material, and capable of emitting electrons
at a lower temperature than pure iron, may cause a back fire
when the iron becomes hot. Such a particle may evaporate in a
very short time and the back fire may disappear of itself befcre
the circuit can be interrupted by the circuit breakers. Such
back fires are known as “‘silent’’ back fires.

3. Uncvenness of the anode surface, which may be due to pre-
vious back fires, also may have the same effect.

Vacuum Conditions.—Since a low vacuum, or the presence of
foreign gases in a rectifier, may cause a back fire, due to the lower-
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ing of the glow discharge and breakdown voltages as explained
above, any factor that would produce this condition is likely to
produce a back fire. The vacuum in a rectifier may be impaired
by any one of the following causes: A leak may occur, due to a
broken insulator or seal, a poorly welded joint, or corrosion of the
cylinder. The vacuum may also be reduced by the liberation of
occluded gases from the anodes, the cylinder walls, the material
used for the seals, or from impure mercury. Furthermore, some
internal parts of the rectifier may be loosened and may fall into
the path of the arc stream or into the cathode, and the heat of
the arc will liberate vapor from these parts.

Prevention of Back Fires.—Since the danger of frequent back
fires is the limiting factor in the rating of rectifiers, any means
which would minimize this possibility would of course improve
the operation of rectificrs, and make it possible to increase their
ratings.

So far, no absolute preventive for back fires has been found.
However, means have been found to reduce considerably the
frequency of their occurrence and to reduce the magnitude and
duration of the resulting disturbance when they do occur. This
has been accomplished by interposing a mctallic screen in the are
stream near the anode. The scrcens arc supported inside the
anode shields as shown in Fig. 101. In order to be effcctive, the
screens must be of the proper material, of correct shape, and must
be located at a certain distance from the anode.

Two practical arrangements of the scrcens are used in the
Brown Boveri rectifiers: (1) non-cnergized, and (2) energized.

Non-energized Screens.—With this arrangement the screens
are connected to the anode shields. Their action may be
explained as follows: When the anode is carrying current, the
screen assumes the potential of the are, which is then more nega-
tive than the anode. As soon as the anodc is extinguished, the
shield retains its potential and, therefore, remains negative with
respect to the anode for a short instant, until the anode potential
has dropped further. The screen thus acts as a negative shield
for the anode during the period when the anode is most sus-
ceptible to back fire, as was previously brought out, and prevents
an instantaneous reversal of the electric field.

Onc effect of this shielding is to prevent the emission of
electrons from any hot spots that may have been formed on the
anode, thus permitting them to cool. Another effect is to delay
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the movement of the free ions toward the anode and to facilitate
their recombination with electrons along the surface of the
screen, thus reducing the number of ions reaching the anode
surface, which is considered a source of back fires.

Energized Screens.—With this arrangement, the screens are
insulated from the anode shields and are provided with connec-
tions to an external source of potential. The screens may be so
connected that a negative potential is applied to them when the
anode ceases working. This has an effect similar to that of non-
energized screens, but it is more pronounced, since a higher
negative potential can be applied and maintained for a longer
time.

The screens may be left disconnected during normal operation;
they would then act as non-energized screens. Should a back
fire occur for any reason, however, a negative potential is applied
to the screcns of all the anodes. This prevents the non-back-
firing anodes from picking up the arc once they are idle, and, thus,
prevents them from feeding to the back-firing anode (see Fig.
19); as a result, the back fire is interrupted in a fraction of a
cycle without the opening of the alternating-current supply
circuit, and the service is, therefore, not disturbed.



CHAPTER IV
THEORY

The principles underlying the operation of mercury are recti-
fiers, as well as the phenomena of rectification, were considered
in the preceding chapters. In this and the two following chapters
the theory dealing with the relations of currents and voltages in
rectifier circuits will be taken up.

Elementary Considerations.—In considering the voltage and
current relations in rectifier circuits, it should be understood that
circuits used in connection with rectifiers are electrical circuits
and are subject to the electric and magnetic laws applying to any
other electric circuit, with the special conditions resulting from
the characteristics of a mercury arc in vacuum, namely:

1. That in the rectifier cylinder the current can flow in one direction only,
from anode to cathode, provided the anode is positive with respect to the
cathode.

2. That, if therc is more than one anode in the cylinder, the current will
flow over the anode having the most positive potential. If two or more
anodes are at the same potential, they will carry current simultaneously.

3. That the voltage drop in the are, which is nearly constant over a wide
range of current values (see Fig. 6), has the characteristic of a back ¢.m.f.
similar to that of a battery.

If a rectifier is connected in a circuit with a battery and a load,
as shown in Fig. 20a, and the arc in the rectifier has been started
by any of the mecans described in Chap. VIII, the current flowing
in the circuit is equal to

Voltage of battery — voltage drop in arc
Load resistance

If the battery voltage in the circuit is increased by connecting
in more cells, the current will increase in proportion to the
increase of the net voltage (E,— E,). If the circuit hasresistance
only, the current will come up to its new value instantly. If
there is inductance also in the circuit, the current in changing
from its former value to its new value will go through a transient

state determined by the relative values of inductance and
44
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resistance (sce curve of current / in Fig. 20a). In Fig. 20b a
single-anodec rectifier is shown connected to an alternating-current
supply having a sinusoidal voltage wave ejo. It is assumed that
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Fi1g. 20.—Voltage and current waves of rectifiers (ncglecting the transformer
reactance).

an auxiliary arc is maintained in the rectifier. With a resistance
load only, the direct-current voltage e,, at the terminals of the
load, is equal to the positive half-wave of the alternating-current
voltage less the voltage drop in the rectifier. Due to the valve
action of the rectifier, the direct-current voltage during the nega-



46 MERCURY ARC POWER RECTIFIERS

tive half-cycle is zero. The direct current is at every instant
equal to the ratio of voltage to resistance, and will have a shape
shown by curve i,,. If the circuit contains inductance as well
as resistance, the variations in the current will lag behind the
voltage variations and the current will be as shown by curve
142 Due to the inductance, a time lag is introduced in the rise
and decline of the current. In Fig. 20c is shown a two-anode
rectifier, connected to a single-phase alternating-current supply.
With this connection, the anodes are positive during alternate
half-cycles. The alternating-current voltages between anodes
and transformer neutral are given by curves e, and es. The
direct-current voltage with resistance load only is shown by
curve eq, and is equal to the positive half-waves of the alternating-
current voltages less the voltage drop in the arc. It is 0 when the
alternating-current voltage is equal to or less than the voltage
drop in the are. The direct-current waves in each of the anode
circuits, without inductance, are similar to those shown in Fig.
20b. With inductance in the circuit the load current (shown in
heavy outline) does not go down to zero.

In Fig. 20d, a threc-anode rcctifier is shown connccted to a
three-phase, alternating-current supply. The three phase volt-
ages, e, e, €3, lag behind one another by 120 electrical
degrees. With a resistance load (and neglecting the effect of
the transformer reactance), each anode will carry the current
during one-third of a cycle, when its potential is more positive
than that of the other anodes. Thus, referring to Fig. 20d,
anode 1 will carry current during the period a, anode 2 during
period b, and anode 3 during period ¢. The direct-current voltage
at any instant is equal to the voltage of the anode carrying the
current at that instant minus the voltage drop in the are, and is
shown by curve e;. The direct-current wave, with resistance
load, is shown by curve 7. With an inductive load, the current
wave will have the shapc shown by curve 740.

In Fig. 20, the rectifier is shown connected to a single alternat-
ing-current source, which is the usual condition in practice.
It is possible, however, to conncct one rectifier to separate
alternating-current sources, which may be out of phase or of
different frequencies.

In Fig. 21a, two anodes of the rectifier arc connected to an
alternating-current source A, and two to source B. On the
direct-current side the two sources have a common neutral and
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feed a common load. In curve 1 is represented the direct-current
voltage eq, if the alternating-current voltages of the two sources
are out of phase by 90° and are of equal magnitudc. Curve 2
shows the direct-current voltage if the alternating-current
voltages are of different magnitudes. Curve 3 shows the direct-
current voltage if the voltages of the sources A and B are of
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Fi1c. 21.—Connections and voltage waves of rectifiers supplicd from two alter-
nating-current sources.

different frequencics and different magnitudes. The way these
direct-current voltage curves are produced is self-evident from
the explanation given for the curves of Fig. 20.

Instead of having a common neutral, the transformer
secondaries may have independent neutrals, as shown in Fig.
21b. The two systems may then have different direct-current
voltages and separate load circuits, the cathode being common to
both systems. This arrangement is actually used in rectifiers
provided with an alternating-current excitation system as
described in Chap. VIII.
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From Fig. 20 it is seen that as the number of phases is increased
the current and voltage waves of a rectifier approach nearer to
the straight-line curves of dircet current and voltage, as obtained
from a battery. For a given magnitude of alternating-current
phase voltage, as the number of phases is increased, the direct-
current voltage increases and approaches nearer to the maximum
value of the alternating-current voltage wave. Thus, with a
theorctically infinite number of phases the dircet-current voltage
would be equal to the maximum value of phase voltage. The
above points out a way for controlling the voltage of a rectifier.
Should it be possible to change the number of working phases
of a rectifier, smoothly, keeping the primary voltage constant,
the direct-current output voltage could be regulated. For
instance, by changing the number of phases from two to three
(sce Fig. 20, ¢ and d, respectively), the dircct-current output
voltage E; would be changed 30 per cent (see also Table II
below). The variation of the direct-current voltage with the
number of phases is actually utilized for controlling the dircet-
current voltage of rectifiers (See Chap. XII).

The presence of inductance in the direct-current circuit of a
rectifier smooths the direct-current wave. With a relatively
large number of phases (6 or 12), and with a considerable amount
of inductance in the circuit, the direct-current wave of a rectifier
becomes practically a straight line.

With a single-anode rectifier, the anode current is, of course,
the same as the current in the external circuit. With two-anode
single-phase, and with polyphase rectifiers, the inductance of the
transformer affects the shape of the anode current. With an
ideal transformer having no inductance, the anodes carry cur-
rent singly, i.e., the anode having the highest potential carries
the full direct current until the point of intersection of its voltage
wave with that of the next anode, when the current is instantly
transferred to the next anode, as shown in Fig. 20. The leakage
inductance, unavoidably present in transformers, prevents the
anode currents from rising and falling instantly. This causes
two successive anodes to carry current simultaneously for a
short time interval. The total current is then equal to the sum
of the two anode currents.

The operation during which two anodes carry current simul-
taneously while the current is transferred from one to the other
is termed overlapping; the period during which this oceurs is
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termed the angle of overlap, and will be designated by u. The
angle of overlap is a function of the reactance, the current, and
the phase voltage.

The overlapping due to inductance in the anode circuits reduces
the average value of the direct-current voltage under load, giving
the rectifier a drooping direct-current voltage characteristic.

The calculation of the angle of overlap and its effect upon the
shape of the anode current and direct-current voltage waves will
be considered in greater detail later.

The current and voltage rclations of a rectifier will now be
considered, with the following simplifying assumptions:

1. The direct-current wave is assumed to be a straight line.

2. The voltage drop in the arc is assumed to be constant at all loads.

3. The rectifier transformer ratio is assumed to be 1:1.
4. The magnetizing current of the transformer is neglected.

In most cases, these assumptions represent a close approxima-
tion to actual conditions, and lead to results sufficiently accurate
for most practical purposes. With these assumptions, the cur-
rent and voltage relations of the rectifier will be derived:

1. Neglecting the resistance and reactance of the transformer and line.
2. Considering the effect of the rcactance of the transformer secondary.

Following is a list of the symbols used and their exvlanations:

A = cffective valuc of anode current.

E = cffective value of phase voltage, primary and secondary.

E. = average value of direct-current voltage.

I = constant direct current.

I, = cfiective value of primary current.

L = inductance per phase of transformer secondary.

P = average direct-current power.

P, = rating of transformer primary.

P, = rating of transformer secondary.

X = 2xfL = reactance per phase of transformer secondary.
P.F. = power factor in line.

a,, ay, etc. = instantaneous values of anode currents.
d = average valuc of direct-current voltage drop.
e, €1, etc. = instantaneous values of phase voltages.

e. = voltage drop in the rectifying are.
es = instantaneous value of direct-current voltage.
f = frequency of alternating-current supply.
1), iz, ete. = instantaneous values of transformer primary currents.
p = number of sccondary phases = number of anodcs.
{ = time.
u = angle of overlap.
z = wl = 2wfl.
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1. VOLTAGE AND CURRENT RELATIONS WITH ZERO
TRANSFORMER REACTANCE

We shall consider the general case of a p-phase rectifier,
delivering a constant direct current I and connected to a trans-
former having a voltage E (r.m.s.) per phase. The transformer
is assumed to have zero reactance. The anodes then burn in
sequence, one at a time, and each anode delivers the current /
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F1c. 22.—Direct-current voltage and current waves of a p-phase rectifier.

for an interval of 2r/p. The anode current has the rectangular
shape shown in Fig. 22. Its average value is I/p and its effective

value
A = \/ —I (1
2r P vV )

The direct-current voltage, including the drop in the are and
the cathode choke coil, is equal to the voltage between the
transformer neutral and the momentarily burning anode.
Since the reactance drop is assumed to be zero, the direct-current
voltage wave has the form shown in heavy outline in Fig. 22,
and its average value, derived by integrating the voltage wave
over the angle 2r/p, and using the point of maximum value as
the origin, is

=

1 +x/p ENV2 sm
E;= 2—7/_I—7f~,,/pE\/§ cos xdxr = W/} i (2)
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For various numbers of phases, this equation gives the follow-
ing values for the ratio E;/E:

TasLe IT

p={_‘2i3(4“6‘12/a

E4/E

‘ 0.9 } 1.17 ‘ 1.27 l 1.35 1 1.40 } 1.41

The average direct-current power

. ™
sin - -

_ _ 5 P
= E, = EIN/?2 /p (3)

The rating of the transformer secondary windings

T [p
p\2

sin ~
p

P, = pEA = EIN/p = (4)

For a given transformer connection, the transformer primary
and line current waves can be constructed from the anode cur-
rents. The effective values of the currents as well as the trans-
former primary rating can then be computed.

For illustration we shall o . __
compute the voltages, cur- 1
rents, and transformer rat- T\ I
ings of asingle-phase rectificr
and of a 6-phase rectificr
with a 3Y/6-phasc trans- f
former, using the diametrical g, | P l
connection of secondaries.

Single-phase Rectifier.—

In a single-phase rectifier,

Fig. 23, each anode carries

the current I for half a cycle. Fia. 23.—Current and voltage relamons of
Neglecting the magnetizing two-anode single-phase rectifier.
magnetomotive force, the sum of the magnetomotive forces in
the closed magnetic circuit of the transformer core is equal to 0,
and with an assumed 1:1 transformation ratio we can write

a

ip = a) — Qe
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from which the primary current wave can be constructed as
shown in Fig. 23. From the diagram in Fig. 23 we obtain

1 ' I
4= \/2;"’12—;@'

I, =1

E; = lf EN/2 sin zdx = g\{2E’
™ i) ™

P = Ed = 2-\7?2E1.

Py =2EA= EIN2 = ’2’P-

™
P1=EIP:E1=2\/2P.

pr. - P _2V2 44
Pl ™

Six-phase Rectifier with 3-phase Y-connected Transformer
Primary.—Figure 24 shows a 3Y/6-phase transformer con-
nected to a 6-phase rectifier. The numeral subscripts of the
anode currents correspond to the order in which the anodes will
burn. The currents 7,, s, 73, and a, as, a;, cte. are the instan-
taneous values of primary and secondary currents, respectively,
without regard to their wave shapes, duration, or sequence.
With the assumption of zero magnetizing m.m.f., the sums of the
m.m.f.s on the three legs of the transformer core are equal to
each other, since the ends of the three legs meeting in the yoke
are at the same magnetic potential. The following equations

may be written for the equality of m.m.f.s:

Nlil + Ng(a, - (14) = Nliz + N2(a3 — aa) = Nnis +
N2((l5 _ 02). (5)

On the assumption of a 1:1 ratio of transformation, N, =
N»; the N factors are then cancelled from the above equation,

giving

i+ ar—ay =1+ a3 — as = iz + a5 — a». (6)
Also, by Kirchhoff’s first law, applied to the neutral point of the
transformer primary,

1+ i+ 123 =0. )
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Solving Iigs. (6) and (7), simultaneously for i, i, and 75, we
obtain

1= — 23(11 - léflz + a5 + 23as + 14a; — 1§ (8)
1y = 301 — 13a, — 23a3 — ‘ém + 14as + 23a.. 9
2.3 = al + 23(1) + 13(13 — lé - 2§a5 - l/fle. (10)
a__ a
3 Phase A.C. 77 \\
l} L__fﬁ__i; 1‘5 % /\\\

BB
L
Cf ,

A 4 csi| %y a5 azll

0 7’/‘3 2% n 4% 5% 2%

Fi1c. 24.—Current and voltage relations of six-anode rectifier with 3Y /6-phase
transformer.

A summation of the m.m.f.s on any leg of the transformer core
gives a residual m.m.f. having the value,

m = (21 + a, — a4)N = (]/4) ((l[ — a2+ a3 — Q4 + as— as)N. (11)

In deriving Eqs. (8), (9), and (10), no assumptions were made
regarding the wave shapes or time sequence of the currents.
These equations are, therefore, general and can be applied to a
transformer connected as in Fig. 24, regardless of the wave shape
of the currents.

From these expressions the primary current curves have been
constructed in Fig. 24. From Igs. (1) and (2) and from the
diagram of Fig. 24,
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— —L = - vI-
Vo V6
sin T sin T —
Ei=Eva P_gve 5.3V
T/p /6 T

S (OROROIEY

P=FEJ= ?%/-QEI.

~
b}

P, = pEA = EIN6 = " P.
2 D \/ \/3
P1=3EIP=EI\/2:7?:P.
P 3
P.F._FI_;_0.955.

In deriving the current and voltage relations for the 6-phase
rectifier transformer connection shown in Fig. 24, the effect of
the residual third-harmonic m.m.f. has been neglected, which
is the condition approximated at small loads. The effect of
the third-harmonic m.m.f. and the actual current and voltage
relations of this connection at higher loads are treated in Chap. VI.

For other transformer connections the values of currents,
voltages, and transformer ratings can be computed similarly.
These values for various transformer and rectificr connections
are given in Table V, Chap. VI.

2. EFFECT OF REACTANCE IN TRANSFORMER SECONDARY

We shall return to the general case of a p-phase rectifier.
Each phase of the transformer secondary now has an inductance
L. (This inductance L includes the inductance of the secondary
winding, as well as the equivalent inductances of the primary
windings and the alternating-current line, reduced to the second-
ary. The equivalent secondary inductance of the primary and
line inductances depends on the type of transformer connection
used, and is considered in Chap. VI.) Due to this inductance,
the anode currents can no longer build up and die down instantly
as was previously assumed, but the currents of two consecutive
phases overlap. Two adjoining anodcs, thercfore, have their
arcs going simultaneously for a short interval, constituting an
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electrical connection between the open ends of the windings of the
overlapping phases. This condition is shown in Fig. 25a.
Anode 1 carries the full current 7 until the point of intersection
of the voltage waves e, and ¢, when anode 2 strikes its arc.
The instant of this occurrence will be used as the origin for the
expression of the voltages and currents.
Applying Kirchhoff’s second law to the closed circuit formed
by phases 1 and 2, Fig. 25aq,
di, di»
el_LE+Ldt — €3
(Since the voltage drops in the two ares are equal they cancel
each other and, therefore, do not enter into the above expression).
Also,

= 0. (12)

L+ 1, = 1. (13)
er = EN/2 cos <wl + ;)

es = EN/2 cos (wt — ;)

Substituting the above for ¢; and e, in Eq. (12) and solving Eqs.
(12) and (13) simultaneously for 7, and 7,, we obtain,

EA/2sin ©
o V4 smp ~ (14)
1y =1— —x (1 cos wt),
E\?2 sin ~
i:I—i1=‘p(l—cosm) (15)
2 X )
where,
X = wl.

To derive the shape of the current waves 7, and 7, during over-
lapping, Egs. (14) and (15) will be separated into their component

E\/2sin T
parts, replacing the factor — ~ P by I,:
tv=1—1,+ I, cos wt. (14a)
1o = I, — I, cos wt. (15a)

These currents are composed of direct-current components and
a sinusotdal alternating-current component i, = I, cos wi. As
shown in Fig. 25b, the alternating-current components (shown
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dotted) have their axes displaced from the zero-axis of the anode
currents. :

The alternating current 7, is equal to the current produced
by short-circuiting anodes 1 and 2, and is equal to the diffcrence
of the phase voltages divided by the sum of the phase reactances.

T 1 ] 05=ey-0-2F VZsin X
e ‘ 7,
L £ (37

i
1
“\ / 2 _ )
(o) [¥ 7 +

o
~

&
~

o~
oo e — o
~

F16. 25.—Current and voltage relations of a p-phase rectifier, with inductance
in the trunsformer secondary producing overlapping of anode currents.

The difference of the phase voltages producing this current is
es = €2 — e, = 2 E\/2sin ;sin wl

and is shown in the vector diagram of Fig. 25¢.

EA\/2 sin T
es »
= — ————" cos wl.

L =ox X
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The current is a cosine function since the circuit is reactive and
the current 7, lags behind the voltage e, by 90°.

The alternating-current component i, flows in the closed
circuit of the overlapping phases, as indicated by the dotted
lines in Fig. 25a, and does not appear in the direct-current circuit.

The overlapping of the currents lasts until 7; becomes 0, since
the valve action of the arc prevents it from having a negative
value.

The angle of overlap u can, therefore, be determined by equat-
ing to zero the expression for ¢;, Eq. (14), with wt replaced by w.

EA/2 sin T
Hho=1—--— X—P(l — cos u) =
from which
cosu =1— _ X - (16)
E~/2 sin
From Eq. (16),
— . T
EV2sing, g
X T 1—cosu

Substituting in Egs. (14) and (15) and replacing wt by z, we

obtain.
. 1 — cosz
h= ’(‘ 1 ‘cosu)’ a7)
. 1 — cosx
b=l s (18)

As seen from Fig. 25b, the anode current consists of three parts:
one part extending over angle u and expressed by Eq. (18), a
second part extending over angle (2r/p — u) and having a square
shape of amplitude I, and a third part extending over angle »
and expressed by Eq. (17).

The effective value A of the anode current may, therefore, be
computed from the diagram in Fig. 25, and expressions (17)

and (18).
®, 21 ®,
2rA? = f 1.%dr + 12(5 — u) + J; 1,%dz.
0
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Substituting Eqgs. (17) and (18) for 7, and 7, and integrating
the functions and combining the terms,

I 1 (1 — cosz 1 — cosz
4= \_/5\/] B p'%J | —cosu (1 — cos u) ]dx,
/ (2+00su) sinu —(1 + 2 cosu)u
\/p\/

2r(1 — cos u)?

or
A= = (19)
where
e N
J(u) — (21 cos u2)ﬂs(x;1 L S( lu; 2 cos wu. 20)

To facilitate calculations, luq. (20) may be expressed as a series.
b = (1 + 8+ > (200)

From a comparison of Iigs. (19) and (1) it is seen that the
effective value of the current without overlapping may be cor-
rected for overlapping by the factor /1 — p ¢(u). This factor,
for 2, 3, 6, and 12 phasecs, as well as the quantity ¥(u), are
plotted in Fig. 48, with « as abscissa.

The rating of the secondary winding of the transformer as
given by Eq. (4), but corrected for overlapping, is

Py = pEA = EINpV/1 —py (w. (21)

Direct-current Voltage and Voltage Drop.—The direct-current
voltage without overlapping is equal to the voltage of the
working phase, as shown in Fig. 22, and its average value is
given by Eq. (2). During the overlapping period, when two
phases are connected together by the are, the direct-current
voltage wave will lie between the sinusoidal voltage waves of
the two overlapping phascs, and is cqual to the induced phase
voltage e; less the inductive drop produced by the current 7,
in the inductance L. The equation for the inductive voltage
drop is
d'lg

er =Ly
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Substituting for 7, from Eq. (15), and differentiating,
wLEN/2sin (r/p) sin wt
oy = oY LR ATIP) SR
X
Replacing wL by X and ot by 2,

e, = E\/2 sin <7r> sin .

p
The vector of ¢, is indicated in Fig. 25¢, and is equal to
15(e2 — ).

The net direct-current voltage during overlapping
€y = €y —

€L
= E\/§ cos(x - ;) — EA/2 sin G;) sin z

= E\/2 cos <;) coSs .

The voltage wave e, is shown in Figs. 256 and ¢ and is equal to
the mean value of voltages ¢, and e¢s.  As soon as the overlapping
period is over, the direct-current voltage assumes the value of the
working phase.

The direct-current voltage wave as affected by overlapping is
shown in heavy outline in Fig. 25b and differs from the no-load
direct-current voltage (without overlapping, Fig. 22) by the
cross-hatched area shown in Fig. 25b. The average value of the
direct-current voltage as given by Eq. (2) is, therefore, reduced
by the average ordinate d of the cross-hatched area. The ordi-
nate d may be computed by integrating e, over the angle u.

1 u

d= - e dx
2
PJo
1 u - ™™\ .
= —- E\/2 sin () sin zdx
T P
2,,
PJo
= E\Qqﬂ”/@ (1 — cos u). (22)
oT
p
Substituting from Eq. (16) for cos u,
i =X (22a)

T

Yy

2
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The average direct-current voltage, considering the voltage drop,
is determined from Fgs. (2) and (22),

E\/Qsing EA/2 sin T

E, = - - P — cosu)
T o™
p D
. . us
- E:/_ziﬁ 1 — 1—-cosu
B /P 2
E+/25sin © "
R P cos? 9 (23)
or
E+/2 sin ©
Ba= — P 1X (23a)
" o™
p p

It is seen from Eq. (23a) that the voltage drop due to over-
lapping is directly proportional to the current I. 1t is also a
function of the number of phases p and the reactance of the
transformer. The voltage regulation obtained for different
connections of rectifier transformers will be considered in Chap.
VI.

In addition to the voltage drop produced by overlapping,
the voltage regulation of rectifiers is influenced also by the resist-
ance drop in the transformer and the variation of the arc drop
in the rectifier. These additional factors will also be considered
in Chap. VI.

The direct-current output is

EIN/2sin ©
P=Bd = — P cos? g (24)

The transformer primary and line current waves can be
constructed from the anode currents as was done previously.
For a 3Y/6-phase transformer the primary current waves can
be constructed from the anode currents, using Eqs. (8), (9), and
(10). The effective value of the primary current and the rating
of the transformer primary can then be calculated.

The above relations of currents and voltages have been derived
for a rectifier supplied by a transformer with a 6-phase secondary
having diametrical connection of windings. This is the simplest
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connection of polyphase rectifier transformers. There are a
number of other connections used for rectifier transformers,
which have certain advantages over this connection. These
will be discussed in Chap. VI on Transformers.

CURRENT AND VOLTAGE RELATIONS FROM NO LOAD TO SHORT
CIRCUIT

In the preceding section, thc general current and voltage
relations in the circuits of a p-phase rectifier were derived under
the condition that the currents in two successive phases overlap
due to the transformer reactance. The angle of overlap u, as
given by Eq. (16), increases as the load current is increased, and
the direct-current voltage wave during the period of overlap, as
shown in Fig. 25, follows the sine wave e, which is the mean of
the overlapping phase voltages. It is seen from Fig. 25 that as
the angle of overlap is increased, a point F is reached where the
voltage e; of anode 3 becomes equal to the voltage e, of the
working anodes. At still higher loads, when the angle of overlap
extends beyond point F, anode 3 ignites at point F before anode
1 is extinguished, so that three phases carry current simul-
taneously until anode 1 is extinguished. The relations previously
derived for the overlapping of two phases, therefore, no longer
apply. The maximum angle of overlap of two phases, un, may
be determined by equating the cxpressions for e, and e;, with z
replaced by um.

ey = €3
E\/2 cos g cos un = EV/2 cos <u,,. - 3;")
T 3r
COS — — COS —
tan un = — P p. (25)

. 3rm
sin —
P

Below are given the values of u., as computed by Eq. (25).
for 3, 6, and 12 phases.

P Um.
6. ... ... 40° 54
12 2007

As the load current increases, the operating time of each phase
is increased, and more phases conduct current simultaneously,
until, under theoretical short-circuit conditions, each phase
operates over a complete cycle and all phases carry current
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simultaneously (see Fig. 297). Actually, the latter condition
cannot be attained on account of the are drop in the rectificr
and the copper losses in the transformer and connceting leads.

In the following, the general current and voltage relations of a
p-phase rectifier will be considered for various loads up to short
circuit, involving various numbers of simultaneously opecrating
phases. In these considcrations the same assumptions will be
made as in the preceding sections, that the direct current is a
straight line and that each phase of the transformer secondary has
a rcactance X (inductance L).

Direct-current Voltage.—The phase voltages of the p-phase
rectifier, as heretofore, have the amplitude E+/2, and are dis-
placed from each other by the phasc angle 2r/p. These phase
voltages may, thercfore, be expressed as follows:

e = EA/2 sin .

e: = EA/2 sin x—Q;r]-

es = EN/2sin |z — 22;] : (26)
| or |

ep=E\/25m z—(p—l)—z;]

The instantaneous value of the direct-current voltage will again
be denoted by e; and the instantaneous values of the anode cur-
rents by ai, a-, a3, . . . a,. The direct-current voltage at any
instant is equal to the voltage between the working anode and
the transformer neutral; it is, thercfore, equal to the no-load
phase voltage, minus the voltage drop due to the anode current
and phase reactance X. Under load conditions when n anodes
(anodes 1 to n) carry current simultaneously, all the working
anodes are at the same potential, and the following equations
may be written for the individual phases:

d
€a = € — Xd‘?-

d(lg
a=e— X~ (27)
€4 = €n — X%‘;"-
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Adding thesc equations,

neg = (31 + e+ - - - + en) _ Xd((ll + a, _Zx. ';ian)‘
Since the direct current I = a, 4+ a4+ - - - 4 a. and is
constant,
dlay, +ay + - -« _+_an)=0
dr )
so that
P CEACE R S T (28)
" Ml

That is, the direct-current voltage at any instant is equal to the
arithmetic mean of the voltages of the simultancously operating
phases. This relation, found previously for the case of two
overlapping phases, therefore applics to any number of over-
lapping phases.

The shape of the direct-current voltage wave may be deter-
mined by means of Eq. (28) if the phase voltages and the number
of overlapping phases are known. Since the voltages e, e, ete.
are sinusoidal functions, the voltage e4 consists of portions of sine
waves and may, therefore, be represented by vectors.

In Fig. 26 are shown the voltage vectors e, e, etc., of a poly-
phase rectifier. The time axis OT of the vector diagram is
assumed to be rotating in a clockwise direction (equivalent to
the conventional counter-clockwise rotation of the vectors),
and the projections of the vectors on this axis represent the
instantaneous values of the voltages. The vertical position of
the time axis, 7.e., when e; = 0, is taken as its zero position.
Let it be assumed that at a certain instant anodes 9, 10, 11, and
12 are carrying current. The direct-current voltage wave is then
generated by vector OS,, which is the average of vectors ey to
e12. These 4 anodes will carry the current until the voltage e,
of anode 1 (the next anode to join the conducting group) becomes
cqual to the voltage OS,, when anode 1 starts carrying current.
This oceurs at an angle « when the time axis is perpendicular
to the line joining the termini of vectors OS, and e,, since the
projections of these veetors on the time axisarethenequal.  Angle
a is called the ignition angle, and is the angle from the point at
which the voltage of an anode crosses the zero axis to the point
at which the anode ignites. The direct-current voltage wave is
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now generated by vector OS,, which is the average of the volt-
ages ey, €19, €11, €12, and e.

The current of anode 9 decreases and becomes equal to zero at
some point after anode 1 ignites. This occurs at some angle 38
from the zero position of the time axis. When anode 9 has
cxtinguished, the direct-current voltage wave is generated by

Fis. 26.—Vector diagram for constructing the direct-current voltage wave of a
rectifier.

vector OS;, which is the average of the voltages ey, €11, €12, and
2
e1 of the conducting anodes. Atanangley = o + ; the voltage

e» becomes equal to OS; and anode 2 ignites. The generating
veetor of the direct-current voltage is then OS,, which is the
average of vectors ey, )1, €12, €1, and e..  Anode 10 is extinguished

2w
at an angle § = 8 + 77

This process continues for the whole cycle. The direct-current
voltage wave is generated by vectors OS,, 0S,, OS;, etc., and
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may be drawn from the projections of these vectors on the rotat-
ing time axis within the proper angular limits. This is conven-
iently accomplished in polar coordinates, as shown in Fig. 26,
by describing circles about the vectors. The circumferences of
these circles, within the proper angles, are the loci of the direct-
current voltage wave. This can be rcadily seen, since the line
drawn from the terminus of a vector to a point on the circum-
ference of its circumscribed circle is perpendicular to the time
axis through that point, so that the radial distance from point
O to the point on the circumference is equal to the projection
of the vector on the time axis. Thus, when the time axis passes
through a point @, the direct-current voltage is equal to OQ,
since OQ is perpendicular to S:Q, and is, therefore, the projection
of the generating vector OS; on the time axis passing through Q.

For the conditions shown in Fig. 26, n of Kq. (28) has the value
5, since five phases carry current simultaneously. It isseen from
the preceding considerations that the conducting group consists
alternately of n and (n — 1) phases.

The expression for the ignition angle @ may be determined
from Fig. 26 by drawing a line from S. perpendicular to OA.
Angle OAS; = a.

08, sin (n — 1);

DAQQ
Tan a = AT)z 7|"
0OA — 0S8, cos (n — 1)23
04 = EV2.
From Eq. (28),
EA/2sinn®
08, = — —2
. ™
n sin —

(The above expression for OSs may be derived from Eq. (28)
by drawing the voltage vectors of the n phases end to end.
Thesc vectors then constitute n sides of a p-sided polygon, and
their sum is the chord of a circle circumseribing the polygon.)

. ™ . m™
sinn- sin (n — 1)-
Tana = P P (29)
. T . ™ ™
nsin - — sin n=cos (n — 1)-
p 14 P
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Below are given the values of the ignition angle « for 3-
and 6-phase connections, and different numbers of overlapping
phases:

» " ! @

3 2 30°

3 3 0°

6 2 60°

6 3 40° 54/
6 4 23° 25/
6 5 8° 57/
6 | 6 0°

i

Anode Currents.— Writing Fq. (27) for any one phase, say
the sth phase,

da,
Cqg = €y — Xd(;?
From which

a, = Xl f (e — e)dr + C. (30)

Equation (30) may be used for determining the shape of the
anode currents. It is seen from this cquation that the anode
current follows the integral of the difference between the no-load
phasc voltage and the instantaneous value of the direct-current
voltage. Since the direct-current voltage, as shown in Fig. 26, is
generated during successive periods by vectors 0S,, OS., etc.,
the expression for a, is not a continuous function over the entire
working period of the anode, and the integration must be per-
formed for each of thc generating vectors within the angular
limits over which they operatc. The constant of integration
C for each of these integrating operations is determined by the
value of the anode current at the start of the particular period.

Since the instantaneous values of ¢, and e, are equal to the
projections of their generating vectors e, and 0S;, OS,, cte. on
the time axis, the value of (e, — es) in Fq. (30) at any instant
is equal to the projection on the time axis of the vector drawn
from the points S;, Ss, ete. (corresponding to the particular OS
vector in effect during the period under consideration) to the
terminus of vector e,. Thus, for example, in Fig. 26, for the
period between z = a and z = 3, (e; — e.), for the phase 1, is
represented by vector S;A. Since the integral of a sine function
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is another sine function lagging behind it by 90°, [(e, — es)dx
may be represented by a vector equal to vector (e, — es) but
displaced from it by 90° in the lagging direction; or the same
result will be obtained by displacing the time axis by 90° in its
lagging direction.

It can be seen from the above discussion that the shape of
the anode current wave, as expressed by Eq. (30), may be deter-
mined graphically from the voltage vector diagram by drawing
the vector differences between the no-load phase voltage and
the generating vectors of the direct-current voltage, and by dis-
placing the time axis 90° lagging behind its position in the voltage
vector diagram.

For illustration, the direct-current voltage and anode current
waves of a 6-phase rectifier are constructed in Figs. 27 and 28.
In this example the load condition is taken when there is an
overlapping of three phases (n = 3). For this condition, the
ignition angle « = 40° 54’. The angle 8 is assumed to be equal
to 70°. In Fig. 27, the phase voltages e, to es are represented
by vectors O1, 02, 03, cte. The generating vectors of the direct-
current voltage wave are designated by OA, OB, OC, etc., and
the angles through which these vecctors operate are indicated
by a, b, ¢, ete. Thus, phases 5, 6, and 1 operate in parallel over
angle a, and the direct-current voltage wave for this angle is
generated by vector OA, which is the average of the voltages
es, es, and e;; only phases 6 and 1 operate over angle b, and the
generating vector for this angle is OB, the average of es and e.
The direct-current voltage wave e, is constructed by means of
thesc vectors as was explained in connection with Iig. 26.

The current in anode 1, in accordance with Eq. (30), is

a, = <;(>f(e, — eqydr + C. (30 a)

This current is constructed in Fig. 28a by the method previously
outlined. For this purpose the vectors A1, Bl, C1, etc., reprc-
senting the differences between the voltage vector of phase 1
and the generating vectors of e,, have been drawn in their proper
magnitudes and phase positions, as determined in Fig. 27. To
integrate these vectors, the positions of the time axis in Fig. 28
have been shifted 90° in the lagging direction from the positions
in Fig. 27. The term [(e; — es)dr in Eq. (30 a) is then equal to
the projections, on the revolving time axis, of the vectors A1, Bl
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¥16. 27.-—Polar diagram for constructing direct-current voltage
wave of a 6-phase rectifier with three overlapping phases (n = 3).

F16. 28.—Polar diagram for constructing anode current wave of
a O-phase rectifier with three overlapping phases (224).
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etc. within their respective angles a, b, ¢, etc. These projections,
taken to the proper scale as given by the factor (1/X), therefore
represent the alternating-current components, and determine the
shape of the current wave. The actual magnitude of the current
-at any instant is determined also by the constant C.

The loci of the projections of the vectors A1, A2, etc., may
be represented by circles circumscribed about these vectors, as
was done in the construction of the voltage wave in Fig. 26.

Anode 1 ignites at angle . For the angle a the generating
vector A1l is negative and the current wave is bounded by a circle
circumscribed about —A1. Since a,, the current of anode 1, is
equal to 0 at angular position « of the time axis, the constant
of integration is represented by a circle drawn about the origin
of the vector diagram as a center, and passing through point
M. The shaded area bounded by the two circles represents
the magnitude of the anode current, measured radially along the
revolving time axis. At angle B the current has reached the
magnitude NP. For the angle b the locus of the current wave is
a circle circumscribed about the vector —B1. The constant of
integration is represented by a circle drawn with the origin of
the vector diagram as a center and passing through point P/,
where N'P’ = NP.

At the angle « + 60° the current has the value QR. For angle
¢ the locus of the current wave is a circle circumscribed about
vector C1, which is positive. The circle for the constant of
integration passes through point Q’, where Q'R’' = QR.

The rest of the current wave is similarly constructed, the
shaded areas representing the magnitude of the current for angles
d and e being bounded by the circles circumscribed about the
vectors D1 and E1, respectively, and by the circles representing
the constants of integration, which are determined by the values
of the current reached at the end of the preceding period. At
point W the current of anode 1 becomes equal to zero, and the
anode stops working.

The anode current wave as constructed in the polar diagram
of Fig. 28a has been transferred to linear coordinates in Fig. 28b.

In Fig. 29 (a to j) are shown the anode current and the direct-
current voltage waves of a 6-phase rectifier connection for
various load conditions from light load, involving the overlapping
of two phases (n = 2), to short-circuit load, when all the phases
carry current simultaneously (n = 6), and each phase operates
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over a complete cycle. These voltage and current waves have
been constructed by the method shown in Figs. 27 and 28.

The upper traces of Figs. 29a to j show the anode current
waves, the lower traces show the direct-current voltages. The
no-load phase voltages -are shown by light, solid lines. The
dotted lines are construction lines. The relative values of
direct-current voltage and current for each of the figures arc
indicated alongside the figure (see pages 77 and 79.)

Short-circuit Current.—Under theoretical short-circuit con-
ditions the’ direct-current voltage e, is equal to zero over the
whole cycle. It can be seen from Eq. (28) that under these
conditions all the phases must partake in current conduction
over the whole cycle, since the sum of all the voltages of a sym-
metrical p-phase rcctifier is equal to zero. With all the phases
operating simultaneously n = p, and according to Eq. (29)
the ignition angle a« = 0.

From the assumption made in deriving « in Fig. 26, this means
that each anode ignites at the point at which its phase voltage
crosses the zero axis while changing from negative to positive.

Writing Eq. (30) for the anode current under short-circuit
conditions, when e, is equal to zero,

Qe = (%)fesdx + Cx (31)

in which C; is the constant of integration for short-circuit con-
ditions. Since e, is a continuous function, C; has the same value
over the whole cycle.

Writing Eq. (31) for the current in phase 1, and substituting
for e, its value from Eq. (26),

ay = <%>fE\/2 sin xzdx + Ci

au = —E¥2 cos  + Ch. (32)

To determine the value of C,, the conditions at the ignition
point of anode 1 will be substituted in Eq. (32). This anode
ignites at the point 2 = 0, and its current at that point is zero.

| E\/2

0= -2Y 10

_EV2
=X

Cs (33)
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Substituting this value of C; in Eq. (32),

E\/E z+ E\@ (34)

The anode current wave as given by this equation is shown in
Fig. 29j. This current wave has an amplitude equalto 2E1/2/X-

Writing Eq. (31) for all the anodes, and substituting for Cx
its value from Iiq. (33),

(e (509
o = <)1(>f ead + (E\/ (35)

ap = (51() f epz + (E)\(/_?)

The total direct current 1., on short circuit, is equal to the
sum of all the anode currents.

Ii=ap+aw+ - - +ap= <)1(>f(el +et - +e)de
+ (PE‘;/?) (36)

Since the sum of all the phase voltages is equal to zero, the
term under the integral in the above equation becomes zero, and

ﬂ)}/ﬁ (37)

I, =

Equation (37) is the expression for the theoretical short-circuit
current of a rectifier. Actually, the current can never reach
this value on account of the voltage drop in the rectifying arc
and the copper losses in the rectifier transformer and in the other
parts of the rectifier circuit, which prevent the direct-current
voltage ea from reaching zero.

Current-voltage Relations.—Since the direct-current voltage
wave is periodic, repeating itself at intervals of 2x/p, as can be
seen from Fig. 26, its average value E; may be determined by
integration over the angle 2r/p.

2r

1
L, = »27r7p. L eqd. (38)
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Between the angles a and 8, n phases participate in the current
conduction; between the angles 8 and o + 2r/p, (n — 1) phascs
carry current. Substituting Eq. (28) for ¢4, Eq. (38) may there-
fore be written as follows:

at 2T
» n—1

8
1 l¢ 1
B = 2ufp f D A

The relation between the direct-current voltage E, and the
direct current I can be derived with the aid of liq (30), since
this equation expresses the relationship between the anode cur-
rents and the direct-current voltage, and the direct current is at
every instant equal to the sum of the anode currents. The
sum of the anode currents at any instant, say at the ignition
angle a of anode 1, may be written as the sum of the successive
values of the current of anode 1 at intervals of 27 /p, since all the
anode currents have a similar shape and are displaced from cach
other by the angle 2r/p. Expressing analytically by mecans
of Eq. (30) the current values of anode 1 at «, a + (27/p),
a+ 2(2r/p), - -+ @« + (n — 1)(2r/p), in an analogous manner
as used in the construction of Fig. 28 and taking their sum,
the following equation will be obtained (224):

27
. HEy
IX =3 (n—k) (e1 — eq) dx (40)
k=1 atk-12T
p
a+k?]:r'
IX = 2 (n — k) eidr
k=1 27
- at k=177
a+k?!
n P
-3 =k codr  (41)
k=1 at+k-12"
P
2% 2r
n a+k p- . a+kp,
2 (n — k) edr = 2 (n — k) EA/2 sin zdx
ke at(k—12" k= a+(k—1)2,:r
P

5 < 2k —1
= 2FV2sin’ n — k) sin <a+— —-7r>.
p;:l( ) ;
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Since the shape of the direct-current voltage wave repeats
itself at intervals of 2« /p, the limits of integration for the second
term of Eq. (41) may be replaced by a and o + 27/p.

"+2;' a+2’r
n
— 1 n(n—1
2 (" - ]“) cqdr = 7L(L 7—) eqdr = gEd’
k=1 2 p/T
the value of E, being substituted from Eq. (38). Substituting
10 10
09 ‘ 09
08 5 \
07 07
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. ]
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F16. 30.—Curves showing current-voltage characteristics of rectifiers from
no load to short circuit, with reactance in the secondary phases of the trans-
formers: (a) three-phase connection; (b) siz-phase connection; (c) twelve-phasc
conncction; (d) «-phase connection.
the above expressions in Eq. (41), and replacing X by its value
from Eq. (37), Eq. (42) is obtained (418):

n

E, P . . 2k—1 )
- .= _ 2 | 2sin-- E, —k) sin —
E\/2 n(n—1)r l P k=1(n ) ol (a + p 1r,

—pII—J' (12)
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Equation (42) is the general expression for the current-
voltage relationship of a p-phase rectifier from no load to short
circuit (224). The direct-current voltage is expressed as a
fraction of E+/2, the amplitude of the no-load phase voltage.
The direct current is cxpressed as a fraction of the short-circuit
current /.

In Fig. 30 are shown the current-voltage characteristics from
no load to short circuit of rectifiers with 3, 6, 12, and « phases.

CURRENTS AND VOLTAGES DURING BACK FIRES

The phenomenon of back fires and the conditions under which
they may occur were discussed in Chap. III. Briefly, a back
fire takes place when a cathode spot is formed on one of the
anodes. This anode then acts as a cathode, emitting electrons,
and current flows from the remaining anodes to this anode. The

Fi1c. 31.—No-load wave shape of the voltage producing the flow of current in a
back-firing phase.

current flowing to the back-firing anode from the other anodes
is produced by the voltage difference between them. This volt-
age difference for a 6-phase rectifier when anode 1 is back-firing
is shown in Fig. 31. In Fig. 31a is shown the vector diagram of
the phase voltages e;, e, etc., and of the voltage difference
between phase 1 and the other phases, e:, €1, ete. The sine
waves of the latter voltages have been drawn in Fig. 31b in their
corrcct phase relation as determined from the veetor diagram.
As is the case in the normal operation of the rectifier, the anode
having the highest potential to the back-firing anode carries
current. The envelope of the positive portions of the sine
waves, shown in solid outline in Fig. 315, therefore represents the
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resultant voltage, producing the current flow in the back-fring
phase. This voltage is scen to be a pulsating direct-current
voltage. If the back-firing phasc had a relatively high resistance,
cach of the non-back-firing phases would operate during onec-
sixth of a cycle, the current wave would have the same shape
as the voltage wave, and the current would be zero during the
one-sixth cycle when the voltage is zero. Actually, the resistance
of the transformer winding is very small, and its reactance
relatively high; for this reason, the current in the back-firing
phase does not drop to zero, and consists of a direct-current
component on which is superimposed an alternating-current
component. Furthermore, the non-back-firing anodes do not
operate singly, but there is considerable overlapping between
them. Since phase 4 is generally on the same transformer leg
with phase 1, its voltage is reduced by mutual induction from
the short-circuit current in phase 1, thus leaving a depression at
the top of the voltage wave in Fig. 31b, which is reflected in the
shape of the current wave.

In Fig. 32 is shown an oscillogram of the direct-current voltage,
the current in the back-firing phase, and the primary line current
of a rectifier during a back fire. The rectifier was supplied from
a 2,300-volt, 60-cycle, alternating-current supply, through a
4,000-kva. transformer having the primary connected in delta
and the secondary in 6-phase diametrical. The oscillogram
was taken with an artificial back fire imposed on the rectifier
circuit by connecting one anode to the cathode (see Chap. XIV).
With this connection, the current and voltage conditions in the
transformer circuits are the same as during an actual back fire.

It is seen from the oscillogram that the anode current is
unidirectional and consists of direct-current and alternating-
current components. It may be noted that when the alternating-
current circuit breaker is opened (at the point when the primary
current becomes zero), disconnecting the transformer from the
alternating-current supply, the current in the back-firing phase
does not drop to zero instantly, but declines gradually. This is
due to the fact that when the breaker is opened a closed circuit
exists between the back-firing phase and one or more of the other
phases which happen to be fceding into the back fire at the
moment, through the rectifying arc; the current in this closed
circuit therefore declines to zero at a rate determined by the
ratio of the inductance to the resistance of the circuit.






CHAPTER V
THEORY (Continued)

In the preceding chapter, the current and voltage relations
in circuits of polyphase rectifiers were derived on the assumption
that the direct-current wave is a straight line. While this
assumption leads to results sufficiently accurate for all practical
purposes, in so far as the relations of voltage, current, and power
on the direct- and alternating-current sides of the rectifier are
concerned, and is entirely justified when there is a considerable
amount of inductance on the direct-current side, yet in some
cases the undulations in the direct-current voltage and current
waves become a factor worth considering.

Voltage Wave.—In a polyphase rectifier, the load current at
any instant is carried by the anode having the highest positive
potential with respect to the neutral of the transformer secondary.
The direct-current voltage at no load has the form shown in’
oscillogram 1 of Fig. 44. The undulation of the voltage wave
is formed by the caps of the sine waves of the transformer
secondary phase voltages. As each phase assumes a maximum
positive potential once during every cycle, the number of pulsa-
tions per cycle must be equal to the number of phases, and the
frequency of pulsation, or the number of pulsations per second,
must be equal to the product of the frequency of the alternating-
current supply and the number of secondary phases.

As already stated, if the transformer, the alternating-current
supply line, and the generator supplying the rectifier were free
of reactance, each anode of a p-phase rectifier would carry the
whole direct current during the angle of 27/p radians only;
thus, in Fig. 33a, the whole load current would be transferred
instantly from phase 2 to phase 3 at m, and from phase 3 to
phase 4 at n. Under such conditions, the direct-current voltage
wave under load would have the same form as at no load.

Duc to the unavoidable reactance present in the transformer,
two adjoining phases are caused to overlap, and the angle of
overlap u is given by Eq. (16). As a result of the overlapping,

83
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the rectifier direct-current voltage wave under load now has the
form shown in Fig.33b and in oscillogram 2 of Fig. 44. The higher
the current, the greater is the overlap. The effect of a change in
the load on the shape of the voltage and current curves is illus-
trated in Fig. 29a to j and in Fig. 34. The oscillogram in this
figure was taken on a rectifier connected to a resistance load,
when the load current was changed suddenly from 140 to 560
amp.

|
0|
u
21 by
F1a. 33.—Wave shape of the direct-current voltage: (a) at no load; (b) under
load.

The magnitude of the angle of overlap, and, therefore, the
shape of the direct-current voltage wave under load depend
somewhat on the nature of the load. IEquation (16) was derived
on the assumption that the current wave is a straight line. The
angle u will be greater or less than that given by Eq. (16) depend-
ing on whether the current during the period of overlap is greater
or less than the average current. The difference, however, is
negligible, and the voltage wave is assumed to be independent of
the character of the load.

The total height i of the ripple in the voltage wave is equal
to the difference between the maximum and minimum ordinates
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For values of w > 7/p, the maximum ordinate is equal to the
value of ¢ for x = u, and the minimum ordinate to the value
of e, forx = u. Therefore,

h = EA/2 cos (u - ;) — E\/Q cosgcos u

= F\/2sin " » sin . (45)
E\/§ sin " sin u
a= Y smp?r/ — :;; sin u. (46)
EN27—
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Fi1c. 35.—(C'urves showing the influence of the number of seccondary phases
on the height of the voltage ripple, the frequency of the ripple (for 60-cycle alter-
nating-current power supply), and the rating of the transformer.

The variation of the ripple in the direct-current voltage wave
with the number of phases, at no load, is shown by curve 1 in
Iig. 35. In the same figure are plotted the frequency of the main
ripple and the ratio of the transformer rating to the direct-cur-
rent load, to show the effect of the number of phases on these
quantities. (In regard to curve 3, see Table V, Chap. VI.) The
magnitude of the ripple naturally decreases as the number of
phases is increased; but to counterbalance, the size of the trans-
former increases with the number of phases.

In IFig. 36 is shown the variation of the voltage ripple of a
6-phase rectifier with the load on the rectifier. The curves
have been plotted from Igs. (44) and (46). The load is expressed
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as a ratio, I/I,. This ratio is deduced by rewriting 13q. (16) as
follows:

cos u =1 — . =1 - — . (47)

where
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F1a. 36.—Curves showing the relation betwcen the load current, the angle of
overlap, and the height of the voltage ripple of a 6-phase rectificr connection.

The point on the abscissa corresponding to full-load current
of a rectifier is determined by the value of X, and therefore
depends upon the design of the transformer. The smaller the
value of X for a given transformer rating, the larger is I, and,
therefore, the smaller the ratio I/I, at full load. The value of
1/1, corresponding to full load is approximately 0.05.
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It was shown above that the form of the rectifier direct-current
voltage wave depends on the number of phases used and on
the design of the transformer, and that it varies with the magni-
tude of the load, but is practically independent of the nature of
the load. The wave consists of a direct-current component equal
to the average value of the voltage, on which is superimposed an
alternating component made up of the upper portions of sinu-
soidal waves. The alternating component is irregular in shape
and cannot be expressed by a continuous function. It may be
resolved into harmonic components by means of a Fourier series.
The first harmonic has a frequency equal to the product of the
frequency of the alternating-current supply and the number
of phases used; it is, therefore, the pth harmonic with respect to
the alternating-current voltage supplied to the rectifier. The
frequencies of the higher harmonices arc multiples of the fre-
quency of the first harmonic and since the positive and negative
portions of the wave are not symmetrical, there are even multiples
as well as odd. Thus, the direct-current voltage wave of a 6-
phase rectifier supplied by a 60-cycle system has an alternating
component consisting of sinusoidal waves of frequencies 360,
720, 1,080, etc., cycles.

The general equation of the direct-current voltage of a p-phase
rectifier, expressed by a Fourier series, is

ea = E4 + A, sin pr + A, sin 2 pr + Ay sin 3pzr +
+ Apnsinnpx + - - - + Bpycos px + Bpacos 2px +
+ Bpycos3pr+ - - - + Bp,cosnpr + - - - (48)

The voltage curve may be analyzed to determine the ampli-
tudes of the various harmonics by any one of the well-known
methods of analysis.

A theoretical analysis of the direct-current voltage wave under
load to determine the general expression for the A and B coeffi-
cients of any harmonic in the above series is given below.
This analysis is carried out over the angle 2r/p, which corre-
sponds to 360 electrical degrees, or 1 cycle, for the first harmonic.

In analyzing a periodic wave expressed by a Fourier series,
such as Eq. (48), the amplitude of the sine component of any
harmonic may be determined by multiplying both sides of the
equation by the sine function of that harmonie, and integrating
the equation. By thisintegration all the terms on the right-hand
side of the equation are cancelled, with the exception of the sine
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term of the harmonic under consideration, which makes it possible
to solve for the amplitude of that harmonic. The amplitude
of the cosine component of the harmonic may be determined
similarly by multiplying both sides of the equation by the cosine
function and integrating. If the wave being analyzed can be
expressed by some function of its abscissa, the expression on the
left-hand side of the equation may be integrated analytically.
If it cannot be expressed by any function, the integration
may be performed graphically by the method of ordinates, or
mechanically.

Employing the method outlined above for determining the
A and B coefficients of the nth harmonic in the direct-current
voltage wave, expressed by the Fourier series of Fq. (48),

2r/p 2x/p
eq sin pnxdr = A, sin? pnzxdz,
0 0

from which

272/p
;A,," = f eq Sin pnzdz. (49)
0
Similarly,
2r, 27/p
f eq cos pnzdr = f B, cos? pnzdz,
JO 0
r 2r/p
B, = f eq cOs pnrdzr. (50)
/4 0

For integrating Iigs. (49) and (50), e4, the direct-current
voltage wave under load, as shown in Fig. 37, may be expressed
in terms of the no-load voltage and the voltage drop due to
overlapping. Considering the point of intersection of the
no-load voltage waves of two adjoining phases as the origin,
the no-load voltage is given by the expression

E/2 cos < - ;)

and the voltage drop during the period of overlap by the expression
E+/2 sin (r/p) sin z (see equation of e, page 59). The direct-
current voltage e, may be represented by two expressions, one for
the period of overlap u, the other for the rest of the period 2rx/p.

u

eq = [E\/Qcm(z - :) — E\/2 sin:;sinx} +

0

viea(e )]

2n/p

u
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For purposes of integration, the above equation may be grouped
as follows:

2n/p u
= [E\/2cos<x—-7r>] — [E\/2 sin’rsinx] .
P/ lo P

0

The limits of integration for the various terms are equivalent
in the two equations.

£EV2 cos(z-l)

€y [V?sm,,smx

H,l

F1G. 37.—Direct-current voltage wave of a p-phase rectifier under load, used in
deriving the general equations for analyzing the direct-current voltage.

Substituting the above expression for e, in Iigs. (49) and (50),
2x/p .

Apn = f E\/2 cos (x — p) sin pnxdx —
0

f E~/2 sin g sin z sin pnzdz.
0

Integrating and solving for 4,,,

4, =) EV2sin <vr_m>[sm4np + 1)u _ sin (np ~ 1)u
me2 /P np + 1 np — 1
_ E""[Sin (np 4+ Du _ sin (np — l)u]
2 np + 1 np — 1
E+/2
Es = \/ sin (m/p) | is the average value of the no-load direct-

/p
current voltage, as was given by Eq. (2).

The ratio of the amplitude A,. to the no-load direct-current
voltage is

Apn _ o <[sin (np + Du  sin (np — Du
- _o.a[‘"p}—l Y snle o ] 1)
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Similarly,

2x/p
H B,. = E\/2cos(x — ) cos pnrdx —
4 0 p

ME\/Q sin ZII; sin z cos pnzdr,
0

B - E cos (np + Nu _ cos(np — Du] Eﬁ“ B
b 4 np + 1 np — 1 np? — 1
_ B,,,. _ cos (np + Nu _ cos (np — Nu]
P By~ 03] © np + 1 Tap — 1
1
nipr =1 02
The amplitude of the nth harmonic is equal to
Con = VAp® + Bpa?
C n - > 5 ¢ [l
Ypn = Ep' = \/aan + Bpnz' (03)
do
The r.m.s. value of the nth harmoniec is
H — Cpn \/A »n + BIHL
TV V2
o
W L T Ve + B (54)

Edv \75 B \/2
The r.m.s. value of the total ripple voltage is
E;, = \/ﬁpzi 1}2p2 +H3p2 + -« - ete. (55)

As seen from Eqs. (51) and (52), the ratios a, 8, v, and \ are
functions of the number of phases, the order of the harmonie,
and the angle of overlap, but are independent of the direct-
current voltage. In Figs. 38, 39, and 40 are plotted the curves
of the r.m.s. values of several harmonics as percentages of the
no-load direct-current voltage, in function of the angle of overlap
u, for 3-, 6-, and 12-phase connections, respectively. The fre-
quency of any of the harmonics shown in these figures is equal
to the product pnf, in which p is the number of phases, n the order
of the harmonic, and f the frequency of the alternating-current
supply to the rectifier.

At no load, u is equal to zero; A,, is then also equal to zero,

2E4, . . .
while Bpn = —2—i_-1~ That is, the expression for the direct-

n2p?
current voltage wave at no load contains only cosine functions.
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A consideration of the direct-current voltage wave at no load
will show that this is to be expected. At no load, the voltage
wave is symmetrical about the point of intersection of the phase
voltages, which was used as the origin in Fig. 37; the harmonic
waves must, therefore, also be symmetrical about that point,
which requires that they be cosine waves with reference to that
point.
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F16. 38.—Curves showing the relation between the angle of overlap u and
the first four harmonic components of the direct-current voltage of a 3-phase
rectifier connection.

In the tables on page 94 are given analyses, obtained with a
wave analyzer, of the alternating components in the direct-
current line voltage waves of rectifiers operating on railway loads.
Table III gives the analysis for a 900-kw., 600-volt, 6-phase,
60-cycle rectifier, both with and without a series rcactor on the
direct-current side. Table IV gives the analysis of a 1,500-kw.,
1,500-volt, 6-phase, 60-cycle rectifier: (a) when connected
directly to the line, (b) with a 3-mh. series reactor on the direct-
current side, (c) with a 3-mh. reactor and with a synchronous
converter operating in parallel with the rectifier.
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TasLE II1.—900-kw., 600-voLT, 6-PHASE, 60-CYCLE RECTIFIER

Percentage root-mean-

square value of harmonie

. F.requency to direct-current voltage

Order of harmonic in cycles

persecond | ihout | With 3-mh.

reactor reactor
First...... ... 360 5.9 1.74
Sccond................... ... 720 1.25 0.35
Third....... ... ... ... .. ... 1,080 0.73 0.17
Fourth. ... .. ... ... ... . .. 1,440 0.78 0.14
Fifth............ ... .. .. . 1,800 0.53 0.08
Sixth............. ... .. ... .. 2,160 0.43 0.05
Seventh. ... ... ... .. 2,520 0.33 0.05
Eighth.. ... .... ... .. .. .. 2,880 0.28 0.05

TasrLe 1V.—1,500-kw., 1,500-voLT, 6-Pi1AsE, 60-CYCLE RECTIFIE}.{

I Pcreentage root-mean-square value of harmonic
to direct-current voltage

Order of harmonic Frequency in

cycles per second Rectifier with
Rectifier directly| Rectifier with (reactor and syn-
on line 3-mh. reactor |chronous conver-

ter in parallel

First........... 360 4.8 2.00 0.80
Second....... . . 720 1.33 0.60 0.26
Third. . ... ... 1,080 0.90 0.33 0.067
Fourth....... .. 1,440 0.72 0.30 0.075
Fifth. ....... ... 1,800 0.69 0.30 0.070

The difference in the magnitudes of the harmonics in the two
tables when operating without a reactor is due to the difference
in the loads at which the measurements were made, and also to
the variation in load while the measurements were being made,
which caused the angle of overlap to vary (see also Tables XI
and XII).

Current Wave.—When the voltage wave with its direct- and
alternating-current components is known, the shape of the cur-
rent wave may readily be determined when the constants of the
load are known.

The shape of a rectifier current wave and the degree to which it
approaches the average value or the ideal straight line, such as
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obtained from a battery, depends on the type of the load; the
larger the inductance in the load circuit the more closely will the
current wave approach a straight line. The degree of rectifica-
tion is arbitrarily defined as the ratio

average value of the direct current.

root-mean- square value of the direct current

This factor is equal to the ratio of the reading obtained with a
permanent-magnet type direct-current ammeter to the reading
obtained with a dynamometer-type alternating-current ammeter.

A 6-phase rectifier with a generalized direct-current load is
shown in Fig. 41. The load may consist of any one of the follow-

ing:
1. Resistance only (R). primary..
2. Resistance and back-
e.mf. (R + Eb). Transformer
3. Resistance and induct- Secondary|.~:

ance (R + L). - ‘
4. Resistance, inductance, ... i e
;1;;1 back-e.m.f. (R + L + &y Lood
b). '
1. Resistance Only.—With Cathode - ;

a load consisting of resist-
ance only, such as a lighting
or heating load, the current
wave has the same shape as the voltage wave; 7.e., the harmonic
components in the ripple bear the same ratios to the average
value of current as in the voltage wave.

2. Resistance and Back-e.m.f—With a load consisting of a
resistance R and a constant back-e.m.f. E,, such as is obtained
in battery charging, the average value of direct current is equal
to the ratio of the net voltage, E4 — E,, in the circuit to the
resistance K of the load (battery):

E;, — E,
S

F1G. 41.—Rectifier connected to generalized
direct-current load.

I =

The value of alternating current, however, remains the same as
in a circuit without back-e.m.f., as considered under 1, and is
cqual to Ex/R, E, being the alternating-current component as
given by Eq. (55). Since in the case of resistance load the direct
current was E,/R, we see that the presence of the back-e.m.f.
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increases the percentage of ripple in the current from FK./E, to
Ey/(Eq — Eb), the ratio of the two values being Eq/(Ka — E)).

3. Resistance and Inductance.—With a load consisting of resist-
ance and inductance, such as a lighting or heating load fed over
a line having a certain amount of inductance, or with a series
reactor connected into the direct-current circuit for smoothing
out the wave, the average direct current is equal to the ratio of
average direct-current voltage to the rcsistance: I = Ey/ft.
The magnitude of the nth harmonic in the current ripple, how-
ever, is equal to the magnitude of the corresponding harmonic
in the voltage ripple divided by the impedance of the circuit to
that harmonic:

;o Hu
"VERT X,
From the above,
I R H,,
I VR T x4, Ea
1 H,,

= - . —Ef,' (56)
\/1 4 X B
RZ

i.e., the percentage of the nth harmonic in the current wave is
less than that of the corresponding harmonic in the voltage wave
by the ratio of 1/4/1 4 X2,,./R? in which X,, = pnoL is the
reactance of the circuit to the nth harmonic. It is seen from
the above that the inductance
has a smoothing effect upon the

th

|

A Eqtp | e current wave, and the smoothing
—— action is greater for the higher
£: fd harmonics.
L 4. Resistance, Inductance, and
[ Back-e.m.f—This type of load is
Y Y

by far the most common load
supplied by rectifiers, as it is
characteristic of all direct-current
motors. While starting, when the speed of the motor is zero,
the back-e.m.f. is also zero, and the load conditions are as given
under 3. When the motor is running, a back-e.m.f. is generated,
in opposition to the applicd e.m.f.; the voltage conditions are
then as shown in Fig. 42. The current is produced by the
portion of the voltage curve lying above line bb’, as for load 2.

F1a. 42.—Voltage conditions for a
load circuit having a back-e.m.f.
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The load here, however, is inductive and the current wave is
conscquently smoothed. The average direct current is

E, -
I="p"
The magnitude of the nth harmonic in the current wave,
[ FYE
" VR X,
on R I,
1 TVELY, B- B
1 H,,.

s (57)

From Eq. (57) it is seen that the percentage of the nth harmonic
in the current wave differs from the corresponding harmonic
of the voltage wave in the proportion of

T ox, (B
\/1 +oR (l E)

the symbols having the same meaning as in Eq. (56).

Effect of Load on Current Wave. Rarlway Load (Series
Motors).—The series direct-current motor used for railways,
hoists, ete. is the most common load fed by rectifiers; in fact
it is the favorable characteristics of the series direct-current motor
for traction purposes that have brought about the present
large-scalc conversion of power from alternating to direct
current. The series motor is also the most favorable load for
smoothing out the ripples in the current wave, due to the induc-
tance of the series field of the motor. Whatever residual undula-
tions remain in the current wave will produce useful torque,
since the same current flows through both the armature and the
field. Measurements made on scries motors fed by 6-phase
rectifiers did not show any increase in losses on account of this
residual alternating-current component of the direct current.
In oscillogram 3, Fig. 44, are shown the voltage and current
waves of a rectifier supplying a railway load. The oscillogram
was taken on a 1,500-volt rectifier at 200 per cent of the rated
load, when the voltage ripple is greater than at rated load, and
shows the smoothing effect of the series motor on the current
wave.
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A further smoothing out of the current, and also of the voltage
wave supplied to the line, can be effected by connecting a reactor
in the direct-current circuit of the rectifier. The smoothing
of the voltage wave is produced by the alternating-current volt-
age drop across the reactor, due to the ripple in the current. The
effect of the reactor on the current and voltage waves supplied
to the line by a rectifier is shown in oscillogram 4, Fig. 44. The
oscillogram was taken at approximately the same load and under
the same conditions as oscillogram 3, except that a series reactor
of approximately 3 millihenrys was connected into the circuit
when oscillogram 4 was taken.

e &9

15 B B B e aa o

F16. 43.—Voltage conditions when a rectifier operates in parallel with a rotary
converter or a direct-current generator.

When a rectifier operates in parallel with a rotary converter
or a direct current generator which has a smoother voltage wave
than the rectifier, the resultant line voltage and current waves
are smoother than those of a rectifier alone. This condition is
shown in Fig. 43. In this figure, ¢, is the voltage wave of the
rectifier and e, that of the rotary machine. For the sake of
simplicity, the commutator ripples of the rotary machine are
not shown. The smoothing of the voltage wave is produced by
the interchange of a small alternating current between the
rectifier and the rotary machine.

The interchange current is produced by the alternating
component in the difference of the two voltage waves. The
alternating-current voltage drop in the leakage reactance of the
rectifier transformer, produced by the alternating current com-
ponent flowing between the rectifier and rotary machine, reduces
the ripple in the voltage wave of the rectifier. In this respect,
the rotary acts somewhat as a shunt filter across the rectifier
in that it absorbs an alternating current component (Chap. XIII).

When a series reactor is connected into the direct-current lead
of a rectifier operating in parallel with a rotary, the wave of line
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fier voltage will in turn produce an alternating current in the
armature. This current cannot produce any useful torque,
but will produce I?R losses in the armature, thereby affecting
the efficiency.

Lighting and Heating Load—With a lighting or heating load
the effective (r.m.s.) values of the voltage and current waves
must be considered, since both alternating- and direct-current
components are converted into useful cnergy.

Electrolytic Cells.—Cells in which metallic salts are decom-
posed electrolytically are charactcrized by a resistance R and by
a polarization voltage or back-e.m.f. F,. This applies to cells
where the salts are fused by the application of heat as well as to
cells where they are dissolved in a suitable solvent. Whether
the cells are fed by a source of constant direct current or by a
rectifier, the direct current will be (K4 — E,)/R, and will produce
in the cells an ohmic loss of

(Bs — E)® _
R

If a rectifier is used, the alternating-current component of the
current produces additional losses in the cell, without having any
electrolytic action. If E, is the r.m.s. value of the ripple voltage
having the height A, this loss will be E;%/R, and may reach a
considerable value in cells or banks of cells having a very low
resistance. In some electrolytic processes the cells have to be
heated in order to obtain a satisfactory deposit of metal. In
the electrolytic production of aluminum, for example, a con-
siderable part of even the direct current is used for maintaining
the electrolyte in a molten state. In such processes the loss
due to the ripple current will not be detrimental to the efficiency
of the plant, and may even be desirable as convenient means for
heating the cells. The electrolytic cfficicncy of electrolytic
cells may be increased by the presence of an alternating-current
component in the current, due to its effect on the polarization of
the electrodes.!

When using rectifiers for electrolytic processes in which the
ripple loss cannot be utilized, it is usually advantageous to reduce
the ripple by introducing a reactor into the circuit, particularly

I’R.

1Cocks, H. C., “ Applications of A.C. to Elcetro-deposition,” Elec. Rev.,
pp. 39 f., July 5, 1929; ALLMAN and ELLINGHAM, “‘ The Principles of Applied
Electrochemistry,” Chap. VIII, pp. 147 ff.
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with cells of very low resistance, since a reactor of relatively low
inductance will reduce the ripple current to a small fraction of
its former value. In first approximation, assuming that R is
much smaller than X, we see that the ripple current will be E,/ X,
where X is the effective reactance of the reactor, and the loss in
the cells is equal to E,2I2/X? instead of E,%/R, giving a reduction
in the ratio of X2: R%. The reduction found is slightly better
when the exact current relation is considered. On the other hand,
the resistance of the reactor increases the losses. Let R, be the
direct-current resistance of the reactor; then the direct-current
loss in the reactor will be I2R,. The resistance R, of the reactor
at ripple frequency may be considerably higher than R, espe-
cially in the case of reactors made of solid conductor. Let it
also be assumed that the ripple is sinusoidal. The ripple current
in the circuit will then be

I, = —— E,
"VXt (R + R
causing a loss
2
Wh, _ Eh (R + R?) (58)

~ X*+ (R + Ry)*
Equation (58) may be written in the following form:

E 2 72 E 4

X2+ [(R + Ro) — QW”,—J = W, (38a)
It can be readily seen that, considering X (or the inductance L
of the reactor) as the variable of the ordinate and (R + R.) as the
variable of the abscissa in a system of linear coordinates, Kq.
(58a) represents a circle of radius E;2/2W,, passing through
the origin and with its center on the axis of the abscissa.
Assuming a constant value of K, and variable values of W,,
a family of circles will be obtained, one circle for each value of
W, assumed.

The loss W, may therefore be determined from a chart as
shown in Fig. 45, where the absciss® are the resistance in the
circuit and the ordinates are the reactance in the circuit. A point
having for its coordinates the constants of the circuit will be
located on a circle marked with the ripple loss in the circuit.
For convenience, this chart was computed for a ripple voltage
E) of 0.08 volt, corresponding to 1 volt of direct-current voltage
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for a 6-phase rectifier. The loss read must therefore be multiplied
by the square of the direct-current voltage at the load considered.
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F1G. 45.—Chart for determining the losses in the circuit of electrolytic cells, due
to the ripple in the direct-current voltage of a 6-phase rectifier.

The distribution of the output of the rectifier may then be
tabulated as follows:

Chemical energy.......................... IEy computed
Losses:
Direct-current loss in cells. . .............. I?’R computed
Direct-current loss in reactor...... . ..... I?R, computed
E)X(R + Ry)

Alternating-current loss in reactor and cells from chart.

X?+ (R + Ry
The alternating-current losses in the reactor and in the cells may
be segregated, being in the ratio of R,:R.



CHAPTER VI

RECTIFIER TRANSFORMERS: THEIR CONNECTIONS
AND CHARACTERISTICS

General.—In order to obtain from the rectifier a direct-current
voltage of required value and of good wave form, a multiphase
alternating-current supply, usually of six phases or more, of a
voltage having a definitc relation to the direct-current voltage,
must be applied to the anodes of the rectifier.

Usually, the rectifier is supplied from a 3-phase (sometimes
2-phase) alternating-current system, having a voltage quite
different from that required for the anodes. For this reason
a transformer is required for the rectifier, to transform the
available alternating-current supply to the proper voltage and
number of phases required for the anodes.

The general principles underlying the design of power trans-
formers apply to rectifier transformers as well. The voltages
applied to a rectifier transformer are sinusoidal, and the design
of core and windings as regards induction, core losses, and volts
per turn is the same as for other transformers.

Rectifier transformers differ from ordinary power transformers,
used for transforming alternating-current power of one voltage to
alternating-current power of another voltage, in respect to the
character of the load on the secondary. The load of ordinary
power and distribution transformers generally has a practically
constant impedance per phase, over the whole cycle of alter-
nating-current voltage, and draws a sinusoidal current from the
transformer. Due to the valve action of the rectifier, each anode
operates only during part of the cycle, so that each phase of the
transformer secondary carries current only during part of the
cycle (see Fig. 15, Chap. III).

As aresult of this, the kilovolt-ampere rating of the transformer
is higher than the kilowatt output from the rectifier, and, unlike
ordinary power transformers, the kilovolt-ampere rating of the
secondary winding is higher than that of the primary. The
currents flowing in the windings of a rectifier transformer are

103
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irregular in shape, and not sinusoidal as for power transformers.
The r.m.s. value of the current in each winding must be considered
for the design of the windings and for the calculation of the
copper losses. The reactive voltage drop in the transformer,
produced by the non-sinusoidal currents, affects the wave shape
of the secondary terminal voltage, and, therefore, the direct-
current voltage characteristic of the rectifier.

The leakage reactance of a rectifier transformer has a much
greater effect on the regulation of the rectifier direct-current
voltage than for an alternating-current power transformer
operating at the same power factor. For this reason it is usually
desirable to have as low a leakage reactance as possible for recti-
fier transformers. The transformer must, however, be so
designed as to be self-protecting in case of short circuit. On
account of the unsymmetrical load imposed on the secondary
windings, these windings must be so arranged and distributed
with reference to the primary windings and to each other that
balanced conditions exist with regard to the leakage reactance
and stresses under normal as well as abnormal working conditions.

The secondary windings of rectifier transformers may also be
subjected to high voltage surges, and for this reason the secondary
windings and connections must be insulated for a higher voltage
than required for power transformers of the same voltage rating.

Rectifier transformers are generally of the 3-phase core-type
construction. The primaries are connected in Y or in delta.
The secondaries are connected for 3, 6, or 12 phases, as required.

The load characteristics of a rectifier and therating of the trans-
former depend largely on the type of transformer connection used.
These characteristics for various transformer connections will be
considered in the present chapter, and are tabulated in Table V.

SELECTION OF TRANSFORMER CONNECTIONS

In deciding on the type of transformer connection to be
used, the following factors must be considered:

. Wave shape of direct-current voltage and current.
. Direct-current voltage regulation.

. Efficiency of rectifier.

. Utilization factor of transformer. )
Simplicity of internal transformer connections.

. Power factor at primary terminals of transformer.

DU AW =

These factors will now be discussed.
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1. The direct-current voltage wave of a rectifier, as explained
in the preceding chapters, is undulating. The frequency and
magnitude of the undulations depend on the number of phases
used; the larger the number of phases, the closer does the voltage
wave approach a straight line. The undulations of the voltage
wave and of the resulting current wave in the load circuit may
affect the operating characteristics of the load circuit, and may
produce interference in communication circuits exposed to the
load circuit. The effects of the undulations on the characteristics
of the load circuit for various types of loads were considered
in Chap. V; the influcnce on communication circuits will be
considered in Chap. XIII. These considerations indicate that,
consistent with the other factors affecting the selection of trans-
former connections, it is generally desirable to have a relatively
smooth voltage wave, and, consequently, a transformer with a
large number of phases.

2. The rectifier has inherently a shunt (drooping) voltage
characteristic. It is often desirable to obtain a certain voltage
regulation curve to suit the load conditions on the direct-current
system, or to facilitate parallel operation with other machines.
The voltage characteristic is determined largely by the type of
transformer connection and the number of phases used. It may
also be desirable to use special means to obtain a ‘‘compound”
voltage characteristic. In selecting a transformer connection,
consideration must also be given to the voltage rise at no load
produced by certain voltage regulation characteristics, which
may affect the equipment on a railway system. This must be
considered particularly for direct-current voltages above 1,500
volts.

3. The arc voltage drop in the rectifier cylinder is influenced
by the shape of the anode currents as obtained from different
types of transformer connections, as was pointed out in Chap.
IT (Fig. 7). The influence of the voltage drop on the overall
efficiency of the rectifier is particularly noticeable for low direct-
current voltages; the effect of efiiciency upon the choice of trans-
former connections is, therefore, particularly important for low
direct-current voltages.

4. The size of the transformer, <.e., its kilovolt-ampere rating,
varies considerably for different types of connections, being in
general greater for larger numbers of phases. This factor must,
therefore, be considered from the economical standpoint.
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5. It is, in general, desirable to have the transformer connec-
tions as simple as possible, in order to reduce the cost of manu-
facture, and to avoid insulation and mechanical troubles that
may occur during short circuits and back fires.

6. The power factor at the primary terminals of the trans-
former differs for the different types of connections, and is a factor
worth considering, particularly when the rectifier load constitutes
a large portion of the load of the alternating-current system.

CALCULATION OF RECTIFIER TRANSFORMERS

Leakage Reactances.—When a voltage is applied to the pri-
mary of a transformer, with the secondary open circuited, z.e.,
at no load, the transformer core carrics a magnetic flux required
to induce a counter-c.m.f. in the primary windings to balance the
applied voltage. This flux is produced by the magnetizing cur-
rent flowing in the transformer primary. When the transformer
is connected to a load, the load currents flowing in the secondary
windings induce currents in the opposite direction in the primary
windings. The combined m.m.f.s of the load currents in the
primary and secondary windings produce additional fluxes, called
“leakage fluxes,” which also induce voltages in the windings, and
are represented by the leakage reactances of the windings. If the
m.m.f.s of the load current in the primary and secondary windings
compensate cach other completely, so that there is no residual
m.m.f. on the transformer core (except the no-load magnetizing
m.m.f.), the only leakage flux present is that between the primary
and secondary windings, part of which links with the primary
winding only and part with the secondary winding only. The
reactance produced by this leakage flux is generally called the
““short-circuit reactance of the transformer.” If, however, there
is a residual m.m.f. on the core of the transformer, this m.m.f.
produces additional leakage fluxes which link with both windings.

In a polyphase power transformer, connected to a symmetrical
load, the primary and secondary m.m.f.s on each leg of the trans-
former balance each other, so that in calculations of such trans-
formers only the reactance duc to the leakage flux between the
primary and secondary windings is considered. In rectifier
transformers, however, in which the secondary phases carry cur-
rent intermittently, the secondary and primary m.m.f.s may or
may not balance each other, depending on the type of transformer
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connection used; for this reason, the leakage flux produced by the
residual m.m.f. must be considered in caleculating the voltages
and currents of rectifier transformers.

In I'ig. 46 is shown a cross-scction through a leg of a rectifier
transformer, with the leakage fluxes indicated. The primary
winding P links with the leakage flux ¢,, which produces in this
winding the reactance X;. The secondary winding S links with
the leakage flux ¢,, which produces in S the recactance X,. The
leakage flux ¢,, produced by the
residual m.m.f. on the leg, flows
in the core of the transformer, and
its circuit is completed through
the air and the walls of the trans-
former tank, since it is generally f
in phase in all the legs. This flux
links with both the primary and
secondary windings, and intro-
duces reactances in those wind-
ings in proportion to the square |
of the number of turns.

Since the currents flowing in the
windings of the transformer are F16. 46.—Cross-section of a recti-

K . fier transformer, showing the leakage
non-sinusoidal, the leakage flux ¢¢ fluxes.
produced by them is also non-
sinusoidal. For some transformer connections considered in
this chapter, this flux is of triplen! frequency and produces
losses in the core and the transformer tank; for some connections
this flux is unidirectional and causes additional core losses due
to partial saturation of the core.

The leakage inductance of the windings of a rectifier trans-
former may be calculated similarly as for any other transformer.
The gencral expression for the leakage inductance is

—>
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In this expression, L is thc inductance of the winding in
henries, N is the number of turns in the winding linking
with the flux, and @ is the permeance of the leakage path
in perms.?2

1 The term “triplen”’ denotes frequencies which are multiples of 3.
2 Sce, for example, KaraPETOFF, V., ‘“The Magnetic Circuit.”



108 MERCURY ARC POWER RECTIFIERS

The voltage induced in the winding by the leakage flux is
in a direction so as to oppose the change of current producing
this flux, and is given by the expression

di di di
e = _Ldt = —dejt = —Xd—x,
in which o = 2xf; X is the reactance in ohms; z = wt is the
angular variable in radians; and 7 is the current producing the
leakage flux. For calculating the voltage induced by the leakage
flux ¢o, which is produced by the residual m.m.f. on the core, the
current ¢ in the above expression is therefore proportional to
the residual m.m.f., and is equal to the ratio m/N, m being the
residual m.m.f. and N the number of turns in the winding under
consideration.

Secondary Currents.—The currents in the secondary windingg
of a rectifier transformer are determined by the voltage conditions
in the secondary circuit, based upon the fundamental character-
istic of a rectifier that current can normally flow only in the
direction from anode to cathode, and that the anode having
the highest positive potential to neutral carries current, and upon
the assumption that the current flowing from the rectifier is a
smooth direct current. Subject to these conditions, two or more
anodes may carry current simultaneously. At the point where
the voltages of an operating and a non-operating anode intersect,
the current is transferred from the one to the other during a
period of overlap, during which their voltages become equalized
by the transformer reactance.

Primary and Line Currents.—IFor rectifier transformers
connected to a single-phase alternating-current supply, the
secondary currents are balanced at every instant by current
in the primary, the condition being that the sum of the m.m.f.s
on the transformer core is zero. For a polyphase rectifier
transformer, the relation between secondary and primary currents
depends on the type of primary connection used. In either case,
the current relations are subject to the condition that the primary
current cannot have any direct-current component, z.e. the
average value of the current over a cycle must be equal to zero,
because, under steady-state conditions, a direct current cannot
be induced in the primary winding.

The primary windings of polyphase rectifier transformers
are generally connected in one of the four ways shown in Fig.
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47: (a) mesh connection; (b) star connection with isolated
neutral; (¢) star connection with closed-circuited tertiary; (d)
star connection with ncutral return. Connections (a) and (b)
arc the ones most commonly used. Below are given the general
transformer relations used for determining the primary and line
currents from the secondary currents. The assumption is made
that the transformer magnetizing m.m.f.s and the resistance
of the windings are negligible. The results obtained on this
assumption may be corrected in any specific application for the
magnetizing current, although the crror introduced is usually
negligible for practical purposes.

(a) Mesh-connected Primary.—Yxamples of this type of
connection are the delta connection of a 3-phase system and
the quarter-phase mesh connection. The former is of course
the more important, since the majority of alternating-current
systems are 3-phase. The following reclationships are used
for determining the primary currents of this connection:

1. The sums of the m.m.f.s (amperes X turns) on the several
legs of the transformer core are equal to cach other, since the
ends of the legs joined by the yoke may be considered to be at
equal magne'ic potential.

IM,=2My=ZM;= - - =m

EM,, =M, etc. are the sums of the m.m.f.s on legs 1, 2, etc.,
and m is the residual m.m.f. on each leg.

(For rigid deduction, the net m.m.f.s, which are equal to the
sum of the ampere-turns less the m.m.f.s consumed for mag-
netization of the core with both the main and leakage fluxes,
should be used in the above equations. As was previously
stated, the magnetizing m.m.f.s are neglected in order to simplify
the calculations, since the resulting error is usually small. The
primary currents may be corrected for the magnetizing current
of the main flux by adding the no-load magnetizing current to
the primary load currents.)

2. The sum of all the voltages in the closed mesh of the primary
is zero.

As a concrete example, the primary and line currents will
be calculated for the transformer connection shown in Fig.
47a, with the primary connected in 3-phase delta and the sec-
ondary in double 3- or 6-phase. Let ey, s, and e; be the impressed
sinusoidal no-load voltages in the three primary phases; let
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X be the leakage reactance per primary phase due to the primary
leakage flux and X, the leakage reactance per primary phase
due to the residual m.m.f., m; and let the ratio of turns between
each primary and secondary phase be 1: 1.

F16. 47.—Connections of polyphase rectifier transformers: (a) mesh-connected
primary; (b) star-connected primary with isolated neutral; (¢) star-connected
primary with isolated neutral and closed-circuited tertiary; (d) star-connected
primary with neutral return.

Applying the first relationship, that the sums of the m.m.f.s
on the three legs are equal,
hta—a=i+a—a=1i+a—-—an=p (59)

N being the number of turns in each winding.
Applying the second relationship, that the sum of the voltages
in the closed delta circuit is zero,

_ di, _ d(il + a; — 04) _ @ _
€1 )(1(7E 0 '*—vdx — + e dex
(iz + a3 — ae) - d]_a _
Xy, ta - Xy

Xod(za +;; —a) _ .
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Combining the various terms in the above expression,
C1 + €9 + €3 — (X1 —i“)(n)(ﬁll _fjdi; s 23) -
Xodi"' Tt -ata = a) 0-
dx
The sum of the applied no-load voltages, e, + e + e3, is equal to
zero. Integrating the remainder of the equation with respect
to z, and dividing through by X,, we obtain

XA X iy 1) + (01— as + a5 — as + a5 — as) = 0. (60)
0

Solving Iigs. (59) and (60), simultaneously, for 71, 75, and 3,

2'1 = —((11 - a.;) + g(al — Ay + az — ay + as — 0,6). (61)
1'2 = —((13 —_ aG) + ‘I;:((ll —ay, + a3 — as + a; — aﬁ)- (62)

. k
iy = —(as — a») + 3(01 — a; +a; — as + as — as). (63)

In the above cquations,

The residual m.m.f. per leg is
. k
m = (11 + a, — a4)N = 3(04 — Q2 + az — Q4 + as — as)N. (64)

This residual m.m.f. is in phase on the three legs and appears
in the form of a circulating current z,, in the delta primary.

If the leakage reactance X, is very large compared to X, the
factor k is practically zero, and the circulating current 7, is
also practically zero. If X, is very small compared to X,, the
factor k is practically unity, and the circulating current is a
maximum,

The wave shape and frequency of the residual m.m.f. are
determined by the factor (@, — a2 4+ az — as + as — ag) in
Eq. (64), i.e., by the duration and shape of the secondary cur-
rents. For a diametrical 6-phase secondary connection, the
residual m.m.f. has a triplen frequency. For the 6-phase
connection with interphase transformer the residual m.m.f. is
practically zero. For the 3-phase connection the currents a., ay,
and ag are absent, and the residual m.m.f. is unidirectional. For
these connections, see Table V.
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The line currents shown in Fig. 47a arc as follows:

iA =17, — ig = _‘((ll e a&) + ((15 - a2)- (65)
ig =12 — 11 = —(azs — ag) + (a1 — ay). (66)
e =13 — 12 = —(as — a2) + (a3 — as). (67)

For a transformation ratio different from 1:1, the above
expressions for the currents should be multiplied by the ratio
of secondary to primary turns.

If the currents in the three phases of the delta primary are
sinusoidal and displaced from each other by 120° the r.m.s.
values of the line currents arc equal to v/3 times the primary
currents. The same relation applies to the primary currents of a
rectifier transformer, if they are composed of a fundamental and
non-triplen harmonics, because these harmonics are displaced
from each other by 120 harmonic degrees in the three phases
of the primary. If, however, the primary currents contain
triplen harmonics, these harmonies circulate in the delta primary
and do not appear in the line currents; the ratio of the r.m.s.
values of the line to primary currents is then less than /3.
This ratio, therefore, gives an indication of the presence of
triplen harmonic currents in the delta primary. The presence
of even harmonics is indicated by the unsymmetry of the positive
and negative half-cycles of the current wave.

(b) Star-connected Primary with Isolated N eutral.—Examples
of this type of connection are the Y-connection of a 3-phase
system, and the star connection of a 2-phase 4-wire (quarter-
phase) system. The following general relations are used for
determining the primary currents of this connection:

1. The sums of the m.m.f.s on the several legs of the trans-
former core are equal to each other;

2]‘11=2M2=“M3=__, = m.

2. The sum of the primary currents at the neutral point of the
star connection is equal to zero.

In Chap. IV is given an example of the calculation of the pri-
mary currents of a Y-connected transformer primary and a
6-phase secondary. The equations of the primary currents as
derived there are as follows:

6 = —23a1 — Y3a; + Y4a; + 250, + l3as — lﬁ(ls (68)
i =  Y8ar — l4a. — 28a; — 14as + } as + 23ae. (69)
iy = l3ay + 23a. + 4as — Y3as — %5as — l3as.  (70)
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The residual m.m.f. on each leg of the core for that connection
has the value

m = 14(a1 — az + a3 — as + a5 — ags)N. 71)

The currents of the Y-connected 3-phase primary with isolated
neutral do not have any triplen harmonic components, since
there is no return circuit for the flow of these harmonics.

(¢) Star-connected Primary with Closed~circuited Tertiary.—
For some transformer connections which have residual m.m.f.s
on the core, such as the diametrical 6-phase connection with
Y-connected primary, mentioned in the last paragraph, a closed-
circuited tertiary is added to permit the flow of a circulating
current to compensate for the residual m.m.f., which produces
undesirable leakage fluxes. For determining the currents in
the primary and tertiary windings the same relations may be
used as for the two preceding connections, wz.:

1. The sums of the m.m.f.s on the legs of the transformer core
are equal to each other.

2. The sum of the currents at the neutral point of the star
primary is equal to zero.

3. The sum of the voltages in the closed circuit of the tertiary
is equal to zero.

(d) Star-connected Primary with Neutral Return.—This con-
nection may be used for 3-phase 4-wire systems. This connection
is equivalent to individual single-phase primaries, since current
may flow in each phase to the neutral return, independently of
the other phases. The secondary currents on each leg of the
transformer core are, therefore, balanced at every instant by
current in the primary, and the only relation required for deter-
mining the primary currents is that the sum of the alternating-
current m.m.f.s on each leg of the core is equal to zero.

GENERAL EQUATIONS

In Chap. IV, equations were derived for currents, voltages,
and transformer ratings of a general p-phase rectifier, and exam-
ples were given for single- and 6-phase connections. For
simplicity, a 6-phase diametrically connccted transformer
secondary was used for the 6-phase connection. While this is
the simplest 6-phase connection of a transformer, it is rarely used,
as there are other connections having the advantages of better
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utilization of the transformer, and resulting in better character-

istics as to voltage regulation, efficiency, etc.

Some of the general equations derived in Chap. IV may be
adapted for calculating different types of transformer con-
nections, and are repeated below, both with and without over-
lapping of the currents. For general purposes, the correction
factor for overlapping may be neglected without any appreciable

€error.
Without Overlapping.—

Anode current (r.m.s.)

A= amp.

\/P

Average direct-current voltage

E\/2 sin T
Ei=——Pvolis.
T/p
Direct-current output
EIN/2sin *
P = — P watts.
T/p
With Overlapping.—
Angle of overlap,
X
cosy=1— —m
E~/2 sin 1;:

Anode current (r.m.s.),

L T =y amp.

4=

Factor,

(2 + cos u) sin u — (1 + 2 cos u)u

() = 27(1 — cos u)?

2u u?
m(”‘sz*”)'

(1

(2)

@)

(16)

(19)

(20)

(20a)

The factors ¢(u) and /1 — py(u) are plotted in Fig. 48 in

function of u.
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Average direct-current voltage drop,

E~/2 sin T
d=——P(1 — cos u) volts. (22)
2T
»
Average dircct-current voltage,
EA/2 sin ~ "
E; = ——Wp - cos? 2 volts. (23)
Direct-current output,
EIN/2sin = .
P = ——WB - cos? 12 watts. (24)

In using the above equations for calculating the various
types of transformer connections, the following points must be
kept in mind:

1. The direct-current output voltage K, and output power
P are the ideal outputs, including the arc voltage drop in the
rectifier and neglecting the copper losses in the transformer.

2. The secondary phase voltage E is the voltage between
anode terminal and neutral.

3. The quantity p, in general, represents the number of phases.
However, care must be taken in assigning values to p, as for some
types of transformer connections p has different values for dif-
ferent parts of the circuits and for different quantities calculated.
Thus, for example, for a fork-connected transformer, shown in
Fig. 65, in calculating the direct-current voltage E; by means of
Eq. (23), p has the value 6, since the phase voltages from the
neutral to the anode terminals correspond to a 6-phase system.
In calculating the currents in the outer secondary windings
by means of Eq. (19), p has the value 6, since cach of these
windings carries current during one-sixth of a cycle. In cal-
culating the currents in the inner secondary windings, p has the
value 3, since each of these windings carries current during
one-third of a cycle.

4. In calculating the angle of overlap by means of Eq. (16),
I is the magnitude of the current being transferred between the
overlapping phases; X is the effective reactance per secondary
phase, causing overlapping. This reactance includes the equiv-
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alent secondary reactance of the primary and line reactances, as
determined for the different types of connections.

In the calculation of the various transformer connections which
follows, a 1:1 transformation ratio will be used between each
primary and secondary phase. The various quantities may be
reduced to the basis of any other desired ratio by the usual
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F1c. 48.—Curves giving values of various factors involving the angle of overlap
u, in function of u.

transformer relations, namely: the voltages are proportional
to the ratio of turns; the currents are inversely proportional
to the ratio of turns; the resistances and reactances vary in
proportion to the square of the ratio of turns.

The transformer magnetizing currents and copper losses, and
the influence of the arc drop will be neglected in order to simplify
the calculations. The effect of these factors is considered in
later sections of this chapter.
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DIAMETRICAL 6-PHASE CONNECTION WITH DELTA PRIMARY

The diametrical connection is the simplest 6-phase connection
of rectifier transformers, but has the disadvantages of a lower
utility factor for the transformer, higher voltage regulation,
and lower rectifier efficiency than other connections to be
described later (see 6-phase connections, Figs. 55 and 65). For
these reasons, it is not used except for test purposes or
for installations where a high voltage rcgulation is required.
This transformer connection also comes into consideration when a

/ 2 3 4 5 6

-
|
1343
I
Y
- | /\\
-
{ a, a, =43 gy ds g
Huk
m 3"4] —(c)
(-4K)1- N/ / 3 5
, Yy
V_—' N \/ 10_5 105
- 0 I
I ,—/ﬁ——J 6 =
——— O g o i
1 . W — P
= ~—— - "‘t—(f)
i W w04
—@ 4 6 2
l‘ ——————— One cycle ——————— ’J
F16. 49.—Diametrical 6-phase connection with delta primary.

rectifier is compounded by means of a saturated interphase
transformer.

In Fig. 49 are shown the diagram of connections, vector
diagram, and the voltage and current curves.for this transformer
connection. Each anodc operates during one-sixth of a cycle,
with periods of overlap when the current is transferred between
the anodes. The average direct-current voltage at no load, as
obtained from Eq. (2), is

E~/2 sin (r/6)
/6

The direct-current voltage under load, according to 12q. (23), is

E; = = 1.35E. (72)

Es = 1.35E cos® ; (73)
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The angle of overlap, as determined from Eq. (16), is
Ix. =1- 1.412(- (74)
EN/2 sin (r/6) E

cosu =1 —

The direct-current voltage drop under load, as determined by
Eq. (22), is

d— ﬂZ sin (1r/6)<1—00ﬂ1

o/ 5 ) = 0.955IX. (75)

The direct-current output, including the losses in the rectifier, is
P = Eal = 135E1 cos’ (76)

The r.m.s. value of the anode current, as given by I£q. (19), is
4= <\§6>\/1—6¢(u) = 0408/V1 — 6y(n).  (77)

The primary currents for this connection were drawn in Fig.
49¢, d, and e, from Eqgs. (61), (62), and (63). The r.m.s. value
of the primary current, calculated from these curves, is

I

Tp = 7y V(U= 25k & Lok — 6(1 = 33k + 25k94 ). (78)

1y oy X, . . ..
The factor &, in Iq. (78), is equal to X +x, o which X, is

the primary reactance due to the leakage flux ¢, linking with the
primary winding only, and X, is the primary reactance due to
the leakage flux ¢, between the yokes of the transformer (see
Fig. 46). The reactance X, is usually considerably higher than
X, on account of the greater permeance of the magnetic path for
¢o, and k& may be considered as practically cqual to zero. With
this assumption, the primary current wave will have the shape
shown in Table V-D, and the r.m.s. value of this current is

I, = <i> V1 — 64 = 057711 = 63(w).  (79)
V3
The wave shape of the line current, as expressed by Eq. (65),
is shown in Fig. 49¢, and its r.m.s. value is
IL = <I\/2

V3 V1 — 3y(u) = 081711 — 3¢(w).  (80)
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The volt-ampere rating of the transformer secondary is

P, = 6EA = 2.44EI\/1 — 6y(u)
1.81PV1 — 6y(u)

= 81
cos? o &
2
The volt-ampere rating of the transformer primary is
P, = 3EI, = 1.73EI\N/1 — 6¢(u)
_ 1.28PV1 — 6y(w). (82)
cos? g
The average value of the transformer rating is
P =1 ;LP‘Z = 2.09EIV'1 — 6¢(u)
_ 1.55P\/1 — 6y () (83)
0082;
The line volt-amperes are
3EI, —
P, = = L41EIV1 — 3y(u
L= (w)
_ 1.045PV1 - 3y(u). (84)
cos? 5
The line power factor is
cos? &
P T2
P. V1 — 3y(u)

DIAMETRICAL 6-PHASE CONNECTION WITH Y-PRIMARY

The diametrical 6-phase connection with Y-primary has been
considered in Chap. IV, and the equations for the currents and
transformer ratings were derived there. The direct-current
voltage and the anode and primary current waves were shown in
Fig. 24 neglecting the transformer reactance.

In Fig. 50 are shown the diagram of transformer connections,
the vector diagram, and the wave shapes of the direct-current
voltage (a), anode currents (b), and primary currents (c), (d),
and (e), taking into account the overlapping of the anode currents
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due to the transformer rcactance, and on the basis of a 1:1 trans-
formation ratio. Figurc 50f shows the residual m.m.f., m, on
each leg of the transformer core, obtained by a summation of
the primary and secondary m.m.f.s and expressed by Eq. (11)
(Chap. IV). This m.m.{. is of triplen frequency, has an ampli-
tude equal to NI/3, and is in phase on all three legs. Unless com-
pensated, it produces triplen harmonic leakage fluxes in the trans-
former core with their magnetic circuit closed through the air,
as is shown by ¢, in I'ig. 46.

/ 2 3 4 5 6

|
A
£V2 A 8 c
| | fz ’i tl
3 (a) ! 2 3
{ . £
I X% X2 X% X% Xos X% (b) AT
Auk ‘ ¢ BASITEL

1 - - ‘(C) /

F\_/—/’*h

F16. 50.—Dijametrical 6-phase connection with Y-primary.

With Tertiary Winding.—The triplen harmonic residual m.m.-
f.s and the leakage fluxes produced by them may be eliminated
by providing the transformer with a delta-connected tertiary
winding, shown dotted in Fig. 50. A circulating triplen harmonic
current, 7, = m/N = I/3, flows in this winding and balances
the residual m.m.f. The expressions for the various quantities
derived in Chap. I'V for this transformer connection, as corrected
for overlapping, arc as follows:

Anode current (r.m.s.),

N SN
A= \/6\/1 69 (). (86)

Direct-current voltage (average),

32

ug

Ea E cos? g (87)
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The r.m.s. value of the primary current may be computed
from the wave of Fig. 50¢, which may be divided into sections,
some of which are rectangular and some consisting of sinusoidal
portions that may be expressed with the aid of Egs. (17) and (18),

et = (=)o) + ) ]+ [ -5+
S e 5+ i m )+
IR = R
N N N e
- %51\/1——“3“@. (88)

The value of ¢(u) is given by Eq. (20a) (Chap. IV). The
r.m.s. value of the current in the tertiary winding, similarly com-
puted, is

S ERORINC AR =
= 3\/1 — 12¢(). (89)

The direct-current output P = Eil = Q’T\/Q)EI cos? g (90)

The volt-ampere ratings of the transformer are:

Primary P, = 3EI, = EI \/2 /1 — 3¢(u). (91)

Secondary P, = 6EA = EI\/6 /1 — 6y(u). (92)

Tertiary Py = 3EI,, = EI\/1 — 12¢(u). (93)

Power Factor (P.F.) = P _ 3~ cos? (u/2) (94)
Py 7 /T—3¢w)

Without Tertiary Winding.—If no tertiary winding is provided
to compensate for the residual triplen harmonic m.m.f. on the
core, the fluxes produced by this m.m.f. induce triplen harmonie
voltages in the primary and secondary windings of the trans-
former. The voltages induced in the primary windings cause
a variation in the potential of the primary neutral, producing
what is known as an “‘oscillating neutral.”
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The voltages induced in the secondary windings alter the wave
shape of the secondary terminal voltage to neutral and affect
the working period of the anodes, as shown in Fig. 51. Curve
e, in Fig. 51a shows the voltage induced in the windings by the
triplen harmonic leakage flux at an angle of overlap of approxi-
mately 30°. The shape of the secondary terminal voltages
as modified by the voltage e, is shown by curve e;. The reactance
X, due to the triplen harmonic leakage flux ¢, (Fig. 46) is con-
siderably higher than the reactances X; and X, of the primary
and secondary windings due to the leakage fluxes ¢: and ¢,
on account of the higher permeance of the magnetic path of
¢0; Xo, therefore, accounts for the major part of the overlapping
between the anode currents and causes high overlapping at rela-
tively low currents. The voltage e, induced by the flux ¢, is,
therefore, nearly equal to the voltage drop due to overlapping,
shown shaded in Fig. 5la. As a result of this, the terminal
voltage of an idle phase becomes equal to the terminal voltage of
two overlapping phases at an angle of overlap somewhat above
30°. Thus, the voltage wave e; in Fig. 51a meets the voltage of
the overlapping phases 1 and 2 at point . As the load current is
further increased and the angle of overlap is extended beyond this
point, the anode connected to the idle phase, being equal in
potential to the two working anodes, is ignited and the three
phases operate in parallel for a short period until anode 1 is
extinguished. The triplen harmonic leakage flux thus has the
effect of making the anodes start carrying current at practically
30° before the point of intersection of the no-load voltage waves.

Within a certain load range the anode is extinguished shortly
after it is ignited, and is then reignited at the point of intersec-
tion of its no-load voltage wave with that of the preceding anode,
as shown in Fig. 51b. The anode is extinguished after the first
ignition because there is not sufficient current to produce the
necessary triplen harmonic magnetizing m.m.f. required for the
complete equalization of the voltages of the overlapping phases.

When the load current is sufficiently high for the production
of the magnetizing m.m.f. required to induce full equalizing
voltages in the two simultaneously operating phases, the anode
continues to carry current from its first ignition until the ignition
of the anode displaced from it by 120 electrical degrees, when
its current is transferred to that anode during a short period of
overlapping. A condition is thus reached, as shown in Fig. 51¢,



leq 2 3

L

5

ey !

NIg

N A

N—> N— — N_-— —" — ¥ ~—~ —
(@) (b (c) (d)

Fia. 51.—Waves of voltages, anode currents, primary currents, and triplen-harmonic residual m.m.{.s for a rectifier transformer having
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that each anode operates over a period of 120°, so that two anodes
work in parallel all the time with short overlapping periods when
three anodes carry current simultaneously.

The wave shapes of the current and voltage waves at higher
load currents are shown in Fig. 51d. It is seen from this figure
that after the conditions shown in Fig. 51c are reached, the over-
lapping occurs between phases displaced from each other by
120°; and the operation is similar to that of the 6-phase connec-
tion with interphase transformer, considered later in this chapter.
The magnetizing m.m.f., m, remains unchanged, and the triplen
harmonic leakage reactance X, has no influence on the overlapp-
ing of the phases.

Since the amplitude of m/N in Fig. 51a, b, and c is one-third
the amplitude of the load current, the condition shown in Fig.
51c is obtained at a load current equal to three times the ampli-
tude of the triplen harmonic current required to produce in the
core the leakage flux ¢, necessary for inducing the full voltage
e, in the transformer secondary. If the magnetic path of this
leakage flux has a high permeance, this current is relatively small.

The voltage wave e; may be approximated by a sinusoidal
voltage wave having the same amplitude as e;, which is equal to
one-fourth the amplitude of the no-load phase voltage. Since
this third-harmonic voltage is equal to one-fourth the no-load
phase voltage, and has a frequency equal to three times the funda-
mental frequency, the third-harmonic leakage flux in the core
has to be one-twelfth of the fundamental flux. If the permeance
of the leakage path is known, the current required to produce this
flux may readily be determined.

The direct-current voltage at no load, as determined by Iq.

(2), has the value -
By = EV2sn@/6) _gop (95)
/6

When the condition shown in Fig. 51c¢ is reached, the direct-

current voltage is
S ™ . T .
(E\/2 cos 6) sin & E (96)
/6 ’ '

At higher loads, the direct-current voltage, corrected for over-
lapping, is

Edt =

E; = 1.17 E cos? g 97)



RECTIFIER TRANSFORMERS 125

The change of the direct-current voltage from E4, to E4, occurs
within a relatively short load range (see Fig. 52), on account of
the high value of the triplen harmonic leakage reactance X,,
resulting in a steep current-voltage characteristic. Beyond this
load range, reduction of the direct-current voltage with load is
caused by overlapping between two phases displaced from each
other by 120°, and the current transferred during this overlapping

135F @
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Fi1a. 52.—Current-voltage characteristic for diamctrical 6-phase connection,
with Y-connected primary, without tertiary.
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is equal to one-half the load current. The angle of overlap is,
therefore, the same as for a 3-phase connection carrying the
current I/2, and as determined by Eq. (16), has the value

cosu =1— — —(!/—2))(— =1 /139
E\/2 sin (r/3) E\/6
Substituting this value in Eq. (22) for the voltage drop,
S EV2sin @/3) IX g g5rx. (98)

2r/3 E\/6

This voltage drop is one-fourth that obtained for the dia-
metrical 6-phase connection with delta primary, and the second
part of the voltage regulation curve, therefore, has a small
inclination. The shape of the voltage regulation curve is shown
in Fig. 52.

The above relations for the direct-current voltage are the
same as for the 6-phase connection with interphase transformer.
If the effects of the undulations in the anode and the primary
currents due to the triplen harmonic component, as shown in
Fig. 51d, are neglected, the equations for the r.m.s. values of the

d
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currents and for the transformer ratings are the same as those
derived for the 6-phase connection with interphase transformer.
For any particular case the rcsults obtained by means of those
equations may be corrected for this component when its magni-
tude has been determined.

Transformer Core with Magnetic Shunt.—It is usually desir-
able to have a practically constant direct-current voltage for a
rectifier over the entire working range, and the rise in the voltage
characteristic of the diametrical 6-phase connection with Y-
primary, as shown in Fig. 52, is found
objectionable when the rectifier is operat-
ing at light loads. For this reason it is

#o

Fi16. 53.—Polyphase rectifier transformer with Fig. 64.—Shell-type
five legs. polyphase rectifier trans-
former.

desirable to have the bend in the regulation curve at as low a load
as possible in order that the rectifier may operate beyond this
bend for the greater part of the load range. This may be
attained by providing the core of the transformer with a magnetic
shunt, which increases the permeance of the path for the triplen
harmonic leakage flux. This reduces the magnitude of the
magnetizing m.m.f. required to induce the voltage ¢, for Fig. 51¢
and, consequently, reduces the load current at which the bend
of the regulation curve occurs.

One type of construction for obtaining a magnetic shunt
is shown in Fig. 53, in which the transformer core consists of
five legs; the two outside legs have no windings and function
as magnetic shunts. The paths of the triplen harmonic leakage
fluxes ¢, are indicated in the figure.

Another type of construction is that of a shell type polyphase
transformer shown in Fig. 54. For this type of transformer the
polarity of the middle phase is reversed in order to obtain uniform
flux distribution in the core. The direction of the triplen har-
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monic leakage flux for the middle phase is, therefore, opposite
to that of the other two phases, and the paths of the leakage
fluxes are as indicated in the figure (351).

The current and voltage relations for the types of transformers
shown in Figs. 53 and 54 are the same as shown in Fig. 51,
with the exception that the undulations in the anode and primary
currents are smaller. The operation of these transformers
therefore approaches more nearly that of the 6-phase connection
with interphase transformer, considered in the next section, and
the equations derived there for the voltages, currents, transformer
ratings, ete., may be used for these transformers.

Three Single-phase Transformers.—When a rectifier operates
with three single-phase transformers having their primaries
connected in Y and their secondaries in diametrical 6-phase,
the same results are obtained as with the five-legged and shell-
type transformers shown in Figs. 53 and 54. The triplen har-
monic leakage fluxes circulate in the core of each transformer.
The equations of currents, voltages, ctc. are the same as for the
6-phasc connection with intcrphase transformer (343).

SIX-PHASE CONNECTION WITH INTERPHASE TRANSFORMER

The transformer connection most widely used at the present
time is the 6-phase connection with interphase transformer
(absorption reactance coil) (see Fig. 55). With this connection,
the rectifier operates as a double 3-phase rectifier, although the
voltage wave has the same shape as that of a 6-phase system.

By making the rectifier circuit operate as 3-phase, so that
each anode and transformer phase can carry current during
one-third of a cycle, instead of only during one-sixth of a cycle,
the following advantages are obtained over the straight 6-phase
connection:

1. The transformer is utilized to greater advantage, since each phase
operates during one-third of a cycle (see Table V).

2. The voltage regulation of thec rectifier is reduced, since the voltage
drop is proportional to the number of phases, as seen from Eqs. (22) and (22a)
in Chap. IV.

3. The amplitude of the anode currents is reduced, thereby reducing the
arc voltage drop in the rectifier (see Chap. II, Figs. 6 and 7).

In Fig. 55 is shown the diagram of connections of a 3-phase
transformer with interphase transformer. The transformer
secondary consists of two 3-phase, Y-connected groups, inter-
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connected by the interphase transformer. The secondary
windings are so arranged that for each primary phase there is a
phase in each secondary group; thus phases 1 and 4 of the second-
ary are on the same transformer leg as primary phase A, and are
displaced from each other by 180°. The two secondary groups
may be considered as displaced from each other by 60°, and the
sequence of the phases corresponds to their numerical notation.

If the interphase transformer were not used, and the neutrals
of the two groups were tied together to form the negative pole,
the transformer secondary would operate as a 6-phase connection.
The current and voltage relations would then be as indicated in
Fig. 51.

Primary
A
)\ .
C 8 |
I [
2 i
e |3
| N
|
Group/ 4 Groupl :
Secondaries L +

F16. 55.—Six-phase connection with interphase transformer.

If the two groups were operated with their neutrals isolated
from each other, each group would operate as an independent
3-phase system, and each anode would carry current during
one-third of a cycle. The direct-current voltage waves of the
two groups would then be as shown in Fig. 56, a and b. As seen
from this figure, the maximum points of the sine waves of the
two groups are displaced by 60°. ‘

By interconnecting the two groups with an interphase trans-
former, as shown in Fig. 55, the two groups are made to operate
in parallel, and the interphase transformer acts as a voltage
equalizer between them. The voltage relations resulting from
this interconnection are shown by curve ¢ of Fig. 56. The
phase voltages to the neutrals of the two groups are unchanged.
The voltage difference between the two groups, which must be
equalized by the interphase transformer, is shown in heavy out-
line in curve ¢. This voltage difference, e, is also plotted in
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curve d, considering this voltage difference as positive when
Group I is at a higher potential than Group II. To cqualize the
voltages of the two groups, so as to bring the neutral N to the
same potential with respect to the anodes of the two groups which
are working in parallel, the voltage difference between the two
groups must be absorbed by the winding of the interphase
transformer, one-half of this voltage by winding N — N, and
the other half by winding N — N,. The potential of N is inter-
mediate between the potentials of N; and N,; as a result of this,
the potential between the minus and the plus terminals of the
rectifier circuit will be as shown by the curve e; of Fig. 56¢, which
is drawn intermediate between the phase voltages of the two
groups. As will be explained later, this terminal voltage eq is
composed of portions of sine waves, having their peaks at the
intersection of the phase voltages of the two groups.

Principle of Operation.—To understand the action of the
interphase transformer, let it be assumed that the transformer
is energized at point X — X, and anode 1, being at the highest
potential, is ignited. As the current in this anode rises, the
winding N, — N, through which this current flows, produces a
magnetic field in the core of the interphase transformer. This
field induces an e.m.f. in winding N, — N, in such a direction as
to reduce the potential of Group I to N, and to increase the
potential of Group II to N by an equivalent amount. This
reduces the potential of anode 1 to N and increases the potential
of anode 2 to N by equal amounts, until their potentials meet at
an intermediate point y, so that anode 2 of Group II is made to
operate in parallel with anode 1 of Group I. In this manner,
successive anodes of the two groups are forced to operate in
parallel all the time. If the impedances of the two groups of
transformer windings are made equal, the load current will
divide equally between the two groups. The two groups are,
therefore, in stable parallel operation, at a terminal voltage
intermediate between the potentials of the two groups, and
each group carries one-half of the total direct current.

Each 3-phase group operates in the same manner as a 3-phase
rectifier. Thus, phase 1 carries current until the point of inter-
section of its voltage wave with that of phase 3; the current
is then transferred from phase 1 to phase 3, with a period of
overlapping u between the two phases, as determined by their
reactances.
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The shapes of the voltage waves, taking into account the
overlapping between adjoining phases within each group, is
shown in Fig. 57. The effect of the overlapping is to increase
the voltage difference between the two groups, which must be
absorbed by the interphase transformer. The shape of the
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F1a. 56.—Voltage relations of the 6-phase connection with interphase trans-
former (without overlapping).
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voltage wave e, across the winding of the interphase transformer,
as shown in Fig. 57, therefore differs from that shown in Fig. 56
by the additional voltage ¢ due to overlapping. The terminal
voltage eq, being equal to the average of the voltages of the two
groups, now has the shape shown in Fig. 57, and differs from the
shape shown in Fig. 56¢ by one-half of the voltage q.

Voltage and Current Relations.—As seen from Fig. 57, the
voltage e, has a fundamental frequency equal to three times the
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frequency of the alternating-current supply to the rectifier. It
also contains higher harmonics of the triplen frequency. For the
design of the interphase transformer, the wave e, may be closely
approximated by a sinusoidal wave ¢,/, having the same amplitude
as ¢,. 'To absorb the voltage e, in the winding N1 — N, of the
interphase transformer, a third-harmonic magnetizing current
17, must flow in this winding, lagging the voltage by 90 third-
harmonic degrees. The current 7, flows through the closed
circuit formed by parallel operating phases of the two groups,
and is superimposed upon the normal load currents (see Fig. 55).

The anode currents without the third-harmonic magnetizing
current are shown in dotted lines in Fig. 57¢ and d. These
currents have the same shapes as shown in Fig. 25 (Chap. IV).
The successive anode currents of the two groups are displaced
from each other by 60° since the two groups operate as 3-phase
systems displaced from each other by 60°. The actual anode
currents, with the third-harmonic current ¢, superimposed, are
shown in heavy outline in Fig. 57¢ and d.

In Fig. 55 are shown the paths of the currents at a certain
instant z — 2.

The currents in the neutrals of the two groups are equal to
1/2, on which is superimposed the current 7,. It is evident that
if the load component of the anode and neutral currents did not
exist, the third-harmonic current 7, could not flow due to the
valve action of the anodes. Therefore, in order that the full
value of 7, may flow, the anode and neutral currents /2 must be
at least equal to the amplitude of ¢,. The load current at which
this occurs may be called the transition current.

At no load, there is no voltage drop in the interphase trans-
former, since there is no current flowing in the winding N1\ — N,
and the direct-current voltage across the rectifier terminals is
as shown by curve eq, in Fig. 57a, which is the same as for the
6-phase rectifier shown in Fig. 24. '

During the transition period, i.e., between zero current and
the transition current, the interphase transformer acts as an
additional high reactance in the circuits of the anodes, producing
overlapping between the adjoining phases of the 6-phase system.

The manner in which this transition takes place between no
load and full load is shown in Fig. 59. The notation of the
voltages and currents is the same as shown in Figs. 56 and 57.
The following successive stages are represented in Fig. 59:
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F1G. 57.—Waves of voltages and currents in the circuits of a rectifier having a
6-phase connection with interphase transformer, as shown in Fig. 55,






134 MERCURY ARC POWER RECTIFIERS

Section A.—No load.

Section' B.—Load current producing overlapping less than 30°.
Section C.—Load current producing overlapping between 30 and 60°,
Section D.—Transition point; 60° overlapping between groups.
Section E.—Full-load operation.

The operation during the transition period, when the interphase
transformer winding acts as a reactor, differs from the normal
6-phase operation with reactances in each phase, as explained in
Chap. IV, in that the interphase transformer is a common
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Fi16. 59.—Voltage and current waves of the 6-phase connection with interphase
transformer, showing the transition from no load to full load. (The zero axes
of the anode currents are shown shifted downward in the successive sections of
the figure.)

external high reactance for all three phases of each group, with
the result that the relation between the phases of each group
is not affected by this reactance.

Up to an overlapping of 30°, the anodes operate as though
the reactance were in each phase. At an overlap of 30°, the
potentials of two anodes of one group to its neutral N, or N,
become equal; thus, at point k the potentials of anodes 1 and 3
of Group I become equal. As the period of overlap between
the two groups exceeds 30°, the current is transferred from one
anode to the next anode of the same group; thus, at point k,,
the current of Group I is transferred from anode 1 to<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>