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The operation of the rectifiers is controlied by load-responsive
equipment, the leading unit starting on low trolley voltage and
the additional units starting when the station load exceeds the

I-Rectifier cylinder &-0i/ circurf breaker 9-1 jghtning arresters 13- Filter equipment
2-Vacuum pum, 6 - Guy wires for 10-Air-core reactor for 14~ Profective rail
3-Frame for rectifier rectifier cylinder filter equipment
and yacvum pump  7- Cooling sef 11-Switchboard
4-Transformer 8- Frameé forcooling set  12-lgrution-excitation sef

Fic. 199.—Plan view (top) and two elevation views of portable rectifier sub-
station, City of Calgary.

capacity of the unit in operation. The sequence of the units
may be varied by means of sequence switches.

In Fig. 197 is shown the outdoor equipment, consisting of the
rectifier transformers with their interphase transformers, and the
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oil circuit breakers for the rectifiers and alternating-current
feeders.

La Nation Substation of the Paris Metropolitan Railways.—
An installation which shows how readily rectifiers lend them-
selves to almost any location is the La Nation substation of the
Paris Metropolitan Railways. The complete equipment was
mounted on one of the platforms of the subway station, no
structural changes having been necessary. The station is shown
in Fig. 198. After several years of operation, the entire equip-
ment of this substation has recently been transferred to a new
substation erected in the vicinity.

Portable Substations.—Due to the fact that the mercury arc
rectifier is a static type of converter it lends itself very readily for

PORTABLE

SUB-STATION
NO. 2

Fic. 200.—Exterior view of Calgary portable rectifier substation.

use in portable substations. Such substations are usually used
for taking care of peak loads on overloaded sections, for which
purpose the mercury arc rectifier is particularly well suited. In
1926, a 500-amp. portable substation with glass rectifier bulbs was
placed in operation in Germany. The primary supply was
3-phase, 10,000-volt, and the load consisted of lighting and railway
load. Four more similar units were subsequently built. The
equipment was mounted on an automobile truck with trailer, the
latter being divided into three compartments; the front one con-
tained the high-tension equipment, the middle one the transfor-
mer, and the rear compartment the two glass bulbs together with
the direct-current equipment.

The first full-automatic portable substation equipped with
a 600-kw., 575-volt, steel-enclosed rectifier was put in operation,
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in 1929, by the City of Calgary, Canada, and has proved very
satisfactory in operation. The layout of the equipment on the
car can be seen from the drawing shown in Fig. 199. The
transformer 4 is of the outdoor type, while the alternating-current
circuit breaker 5 is of the indoor type, and is located in a cab.
The rectifier 1 with vacuum pump set 2, cooling set 7, switch-
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Frc. 201.—Cross-section through rcetifier plant of Consolidated Mining and
Smelting Company, Trail, B, C., containing three 10,000-amp., 460-560-volt
rectifier units for the electrolytic production of zinc.

1. 87-kv. disconnects 9. Surge arresters
2, 87-kv. oil circuit breaker 10. Anode cables
3. 13.2-kv. disconnects 11. Interphase transformer
4. Step-down transformers, 60,000/13,200 12. Direct-current reactor
volts 13. Reectifier cylinders (two per unit)
5. Current transformers 14. Direct-current circuit-breaker switch-
6. 13.2-kv. oil circuit breaker board
7. 13.2-kv. tap changer operated under 15. Reetifier switchboard
load, for regulating the direct-cur- 16, 60-kv. control panel

rent voltage
8. Reectificr transformer, for 13,200-volt
primary

board 11, ignition-excitation equipment 12, and shunt filter 13,
are located in a eab on the other side of the car. The rectifier
and pump are mounted on a frame 3, and are fastened to it by
means of steel cables which can be taken off after the ear has been
moved into the desired location. Figure 200 shows a photograph
of the substation (419) (430).

Electrochemical Zinc Plant of the Consolidated Mining &
Smelting Company, Trail, B. C.—One of the most outstanding
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installations of this kind was recently completed by the Con-
solidated Mining & Smelting Company at Trail, B. C,, Canada.
It contains three single-phase, 8,500-kva., 60,000/13,200-volt,
step-down transformers, and three rectifier transformers each
connected to two rectifiers, furnishing 10,000 amp. at a voltage
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F1g. 202.—Plan view of Consolidated Mining and Smelting Company rectificr
plant, showing layout of equipment in basement and on main floor.

adjustable under load between 460 and 560 volts. The layout
is shown in Figs. 201 and 202 and embodies many interesting
features. The rectifier oil circuit breakers and the transformers
are located in pits, which allows of easier handling by the crane,
and also gives more free floor space. Room is provided for an
additional unit. Each unit furnishes 10,000 amp. for an inde-
pendent group of zine cells (415).



CHAPTER XII
VOLTAGE CONTROL AND REGULATION

It was shown in Chaps. IV and VI that the direct-current
voltage of a rectifier has a definite relation to the alternating-
current voltage of the transformer secondary. It was also
shown that, due to the overlapping of the anode currents,
produced by the reactance of the transformer, the rectifier has
inherently a “shunt” load-voltage characteristic, the direct-
current voltage decreasing as the load increases. The ratio of
direct- to alternating-current voltage and the voltage regulation
depend on the type of transformer connection used, and were
derived in Chap. VI for different types of connections.

For some classes of service using rectifiers, it is necessary to
regulate the direct-current voltage to accommodate variable
load conditions, and to compensate for variations in the alternat-
ing-current, voltage.

For some railway systems it is desirable to maintain a prae-
tically eonstant voltage over a large part of the load range for
the purpose of maintaining the scheduled speed. It may also
be necessary to parallel rectifiers with existing rotary converters
having compounded voltage characteristics. Due to the flue-
tuating character of a railway load, the voltage regulation for this
type of load should be automatic and rapid.

In electrolytic plants it is generally necessary to regulate the
direct-current voltage to maintain a constant current in the cells
under variable conditions of the electrolyte. It may also be
necessary to use different voltages for different stages of the proc-
ess. For such service rapid regulation is not essential, and the
voltage may be regulated manually.

On Edison systems it is usually necessary to maintain a rela-
tively constant voltage at the ends of feeders, and the converters
must be regulated to compensate for feeder voltage drop. For
this service the load fluctuations are slow and the voltage
may be adjusted manually and gradually, to follow a certain

load cycle.
385
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The following methods may be used for regulating the direct-
current voltage of rectifiers:

1. Methods using devices operating on the primary side of the trans-
former:
a. Voltage regulation by means of taps on the main transformer.
b. Voltage regulation by means of a separate regulating transformer.
¢. Voltage regulation by means of an induction regulator.
2. Methods using devices operating on the secondary side:
a. Voltage regulation by means of anode reactors.
b. Voltage regulation by means of a saturated interphasc trans-
former.
¢. Voltage regulation by means of a secondary winding on the
interphase transformer.
d. Voltage regulation by means of a booster motor-generator sct.
3. Voltage regulation by controlling the electric fields in the rectifier.

1. Methods Using Devices Operating on the Primary Side of
the Transformer. a. Vollage Regulation by Means of Taps on
the Main Transformer.—Since the direct-current voltage has a
definite relation to the secondary alternating-current voltage of
the transformer, the direct-current voltage may be varied by
changing the transformation ratio by means of taps on the trans-
former primary. Two types of tap changers may be used for
changing transformer taps: tap changers operating with the
transformer de-energized, and tap changers operating under load.

For applications where a relatively short interruption of the
load on the rectifier is not objectionable, the first type of tap
changer may be used, as it is simpler and less expensive than the
second type. Since the rectifier can be stopped and started in
a very short time, the load interruption for changing taps is very
brief. This type of tap changer is located inside the transformer
tank, and is operated by a handle from the outside.

The tap changer operated under load is used if the load cannot
be interrupted for changing taps. Several types of tap changers
for operation under load have been developed. The diagram
of connections of one type of tap changer is shown in Fig. 203.
Each pole of the tap changer is provided with two contact arms
2 and 3, which are connected together by resistance 5. The
contact arms move over a set of stationary contacts arranged
in a circle, which are connected to the transformer taps. When
changing taps, from tap a to tap b, for instance, auxiliary con-
tact arm 3 makes contact with point b before the main contact
arm breaks contact with a, thus connecting resistance 5 across



VOLTAGE CONTROL AND REGULATION 387

the taps. After the contact between arm 2 and tap a is opened,
the load current is carried momentarily through arm 3 and resist-
ance 5, until arm 2 makes contact with b. Reversing switch
4 is operated after the contact arm 2 completes one revolution,
and changes the tap windings from boosting to bucking connec-
tion, so that the range of taps may be doubled.

In Fig. 204 is shown a diagram of connections of another
type of tap changer for changing taps without interrupting the

2 g ]
B et o

() Tap winding

(2)Maurr confact

(3) Auxrtiary contact

() Change-over
contact for
boosting or buck-
ing connection

(5) Bridging resistance

Fic. 203.—Three-pole transformer tap changer for operation under load,
provided with main and auxiliary contact arms, bridging resistances, and revers-
ing switches.

load circuit. The transformer is designed with multiple windings
on the primary side, having the taps at the midpoints of the
windings. Both transformer windings can be interrupted by
circuit breakers B; and B.. The tap changing is effected by
opening one of the breakers and changing the tap position of the
winding which is open. This open winding is then closed, the
other parallel winding interrupted, and the tap changer of that
winding brought into a position corresponding to the position
of the tap changer on the first winding. In this way the tap
changing is done without having any load on the taps. The
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reactance between the multiple paths is made small enough to
prevent objectionable fluctuations in voltage during the switching
process, and large enough to prevent excessive circulating current.

Tap changers may be manually operated, remote controlled,
or automatically controlled by means of voltage, current, or
time control. In Fig. 205 is shown a diagram of connections
of an automatically controlled tap changer of the type shown
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F16. 204.—Diagram of connections of transformer (one phase) with tap chang-
ing under load cquipment, consisting of no-load tap changers and circuit breakers
in multiple primary windings.

in Fig. 203. The tap changer is motor-operated, and is con-
trolled in funection of the direct-current bus voltage and current,
by means of relay 1. Contactors 5 A and D are energized by
relays 1 and 4, and control the operation of the motor 6 for for-
ward or reverse rotation. Time-lag relays 4 are used to prevent
the tap changer from responding to momentary load swings.
Brake magnet 7 is used to prevent overtravel of the motor.
Interlocks 8, 9, and 10, and limit switch 11 are used to insure
correct operation of the tap changer.

b. Voltage Regulation by Means of Separate Regulating Trans-
Jormer.—When a large number, or a wide range, of taps is required,
a separate regulating transformer with taps is sometimes used
in series with the main transformer, in order to simplify the
design of the main transformer. The regulating transformer
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is connected to the tap changer in the same way as a tap wind-
ing of the main transformer.

c. Voltage Regulation by Means of an Induction Regulator.—
The direct-current voltage of a rectifier may be regulated by
regulating the alternating-current voltage applied to the trans-
former primary by means of aninduction regulator. The connec-
tion of the induction regulator may be the same as that used for
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Fic. 205.—Connection diagram of motor-operated, automatically-controlled
tap changer of the type shown in Fig. 203.

2
\.1./

1. Control relay D. For lowering voltage
1la. Voltage coil 6. Motor

15. Current coil 7. Brake magnet

2. Shunt 8, 9, 10. Interlocks
2a. Adjustable shunt resistance 11. Limit switch

3. Fixed series resistance 12. Signal switch
3a. Adjustable series resistance 13. Tap changer

4. Time-lag relays 14. Transformer

5. Motor control relays 15. Push buttons for manual control

A. For raising voltage V. Voltmeter

Switches 8, 9, 10, and 12 make one revolution for each tap.

the regulation of alternating-current feeders. The regulator may
be controlled manually, by remote control, or by load and voltage
control, similarly to a tap changer. When several rectifier units
operate in parallel in the same station a separate induction
regulator may be used for each unit, or a common regulator may
be used for all the units. The former arrangement, while more
expensive, provides greater flexibility of operation.

If it is desired to regulate the direct-current voltage between an
upper limit Eg, and a lower limit E4., with the voltage of the



390 MERCURY ARC POWER RECTIFIERS

alternating-current supply varying between upper and lower
limits E,, and E,,;, respectively, the total regulating range
required on the primary side of the transformer is equal to:

¢ = gdiEpl — Ep.. (193)
a2

Since the regulator can be operated to buck or to boost the
voltage, the voltage regulating range of the regulator should be
equal to e/2.

The current rating of the regulator is equal to the current
supplied from the alternating-current line at the minimum line
voltage and rated kilovolt-amperes of the transformer primary.
If the primary kilovolt-ampere rating of the transformer is
P, the kilovolt-ampere rating of the regulator is

15¢P E
P, = KZ2 7w 22! 194
£, X, (194)
in which K is a factor taking into account the efficiency of the

regulator.

Comparison of Voltage Regulation by Means of Tap Changers
and by Means of Induction Regulators.—When a tap changer,
operated under load, is used, the voltage is regulated in steps,
so that the voltage regulation is not smooth, especially if a wide
range of regulation is necessary. Iurthermore, the transformer
must be provided with taps and bushings for connection to the
tap changer, which complicate the design of the transformer
and make it more cxpensive. When an induction regulator is
used, the voltage regulation is smooth, and the voltage can be
adjusted to the exact value desired. The transformer has no
taps and is therefore simpler. On the other hand, the use of an
induetion regulator introduces additional power losses, while a
tap changer has no losses. An induection regulator is generally
more expensive than a tap changer, particularly at higher alter-
nating-current line voltages, when a step-down transformer is
required for exciting the regulator and a series transformer is
necessary between the secondary of the induction regulator and
the primary leads of the main transformer.

For any particular application the choice between a tap changer
and an induction regulator is determined by the service conditions
to be met, and by economic considerations.

2. Methods Using Devices Operating on the Secondary Side of
the Transformer. a. Voltage Regulation by Means of Anode
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Reactors.—As was pointed out at the beginning of this chapter,
when the rectifier is carrying load the direct-current voltage is
reduced, due to the transformer reactance, which produces
overlapping of the anode currents. The voltage drop is directly
proportional to the reactance, as shown by Eq. (22a) (Chap. 1V).
When reactors are connected in the anode circuits their reactance
has the same effect on the voltage drop as the transformer
reactance. This offers a means for regulating the direct-current

Ny

 FUTEY;

Fi1a. 206.—Connection diagram of rectifier provided with anode reactors
magnetized by direct current, for regulating the direct-current voltage.

A. Anodes P. Transformer primary
K. Cathode R. Regulating rheostat
L. Serics reactor 8. Transformer secondary
Ng. Direct-current bus Z 4. Anode reactor coils
Nw. Alternating-current bus Zp. Direct-current magnetizing coils

voltage of a rectifier by using anode reactors and varying their
reactance.

In Fig. 206 is shown an arrangement for regulating the direct-
current voltage by this means. Three reactors are used, each
provided with two windings, which are connected to phases 180
electrical degrees apart. Since the two phases connected to
each reactor do not carry current at the same time, the windings
have no influence on each other, and the core has to be dimen-
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sioned for the flux produced by one winding only. lach corc has
an exciting winding which is energized by direet current supplied
from the rectifier terminals. By varying the direct current
excitation of the cores through the rheostat R, the reactance of the
reactors changes, thereby varying the voltage drop due to the
overlapping of the anode currents. The voltage regulation may
be made automatic by replacing the rheostat B by a voltage
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Fia. 207.—Connection diagram of 6-phase rectifier with interphase trans-
former, which is provided with a direct-current magnetizing winding for regulat-
ing the direct-current voltage.

regulator or by connecting the exciting windings in series with
the load circuit.

b. Voltage Regulation by Means of Saturated Interphase Trans-
Jormer.—The principle of operation of this method was explained
in Chap. VI. In Fig. 207 is shown a diagram of connections for
this method of voltage control. The core of the interphase
transformer is exeited by direct current through a winding C
connected across the direct-current terminals of the recti-
fier, in series with a regulating rheostat B. The direct-current
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voltage of the rectifier is raised by increasing the current in the
exciting winding, and lowered by reducing this current. The
voltage regulation may be made automatic by replacing the
rheostat R by an automatic voltage regulator, or by connecting
the exciting winding in series with the load circuit. With the
latter arrangement, an increase of the load current increases
the direct-current excitation, which automatically raises the
voltage. A voltage regulation curve of a 6-phase rectifier
obtained with series excitation of the interphase transformer is

400

350 2.8 bo/s Lo

: 190
_§.,3 ool Power factfor {80,
s 1108
> T
S 160 &
250 1508
O
408
s
200¢ 1%0 2
1202

110

1501 0

1 I Il i 1
500 1000 1500 2000 2500
Direct Current-Amps.

Fic. 208.—Voltage regulation and power-factor curves of a rectifier com-
pounded by means of a saturated interphase transformer with series direct-
current magnetization.

shown in Fig. 208. The shape of the curve may be adjusted by
means of taps on the series exciting winding, within the limits
shown in Fig. 64. A photograph of a General Electric interphase
transformer with direct-current excitation, for a 12-phase trans-
former connection, is shown in Fig. 69.

As was pointed out in Chap. VI, when a rectifier is compounded
by saturating the interphase transformer, the rectifier and main
transformer operate as with the diametrical 6-phase connection
without interphase transformer. For this connection, the kilo-
volt-ampere rating of the rectifier transformer is 23 per cent
greater than for the 6-phase connection with interphase trans-
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former. Furthermore, the power factor at the primary ter-
minals of the rectifier transformer is lower, and the efficiency
of the rectifier is reduced on account of the higher amplitude of
the anode currents, as was brought out in Chap. I, Fig. 7. The
power-factor curve for a 6-phase transformer connection with
saturated interphase transformer is shown in Fig. 208.

c. Voliage Regulation by Means of a Secondary Winding on the
Interphase Transformer.~—This method of voltage regulation,
shown in Fig. 209, is similar in principle to the preceding method
with saturated interphase transformer. As shown in Fig. 209aq,
the interphase transformer is provided with a secondary winding
S, which is connected to an external impedance Z. A third-har-

/ Interphase 7 3 5.
fransformer

VVVEVVY

70 anodes /-6

X To anodes /-6

(@) {b)

Fig. 209.—Connection diagrams for regulating the direct-current voltage of a
rectifier by means of a secondary winding on the interphase transformer.

monic voltage is indueed in this winding, causing a third-harmonic
current to circulate through it. The demagnetizing effect of the
ampere-turns resulting from this eurrent requires a proportionate
increase in the third-harmoni¢ current ecomponent in the main
winding of the interphase transformer in order to produce the
necessary magnetization of the core required for inducing the
third-harmonie voltage (e, Fig. 56) in the interphase transformer.
This increase in the third-harmonie current causes the transition
point of the voltage regulation curve (Figs. 61 and 64) to shift
to the right. By varying the impedance Z, the third-harmonic
magnetizing current, and consequently the position of the transi-
tion point of the voltage regulation curve, may be varied. The
same result is thus obtained as with a direct-current magnetizing
winding on the core of the interphase transformer, described
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under b and shown in Fig. 207, and the direct-current voltage
may therefore be regulated by varying the impedance Z in a
similar way as accomplished by the rheostat R in Fig. 207.

In Fig. 209b is shown a circuit arrangement for automatic
compounding of rectifiers by means of a secondary winding on the
interphase transformer. The secondary winding S is connected
to an iron-core reactor X, in series with a capacitance C. The
core of the reactor is magnetized by a direct-current winding
which is connected in series with the direct-current load circuit.
The saturation of the iron core by direct current reduces the
inductance of the rcactor, thus causing the impedance of the
circuit to vary in function of the direct-current load, and produc-
ing a “compound”’ voltage characteristic in a similar manner
as with a series direct-current winding on the core of the inter-
phase transformer deseribed under b above, and shown in
Figs. 64 and 208. The total impedance connected to the winding
S is equal to the reactance of X minus the reactance of C at
the triple frequency. The influence of C is to exaggerate the
effect of the direct-current magnetization of the reactor X on
the net impedance of the circuit.

d. Voltage Regulation by Means of a Booster Motor-generator
Set.—The direct-current voltage may also be regulated by con-
necting in series with the rectifier a direct-current, motor-driven
generator, the voltage of which is varied by regulating its field.
The generator can be arranged to boost or buck the rectifier
voltage, by reversing its ficld winding, so that the rated voltage
of the generator has to be equal to one-half the total voltage range
desired. The current rating of the generator is equal to the
current rating of the rectifier. If the direct-current voltage is
to be regulated between the limits of £4; and F; and the current
is I, the rated output of the generator is

P, = Ea ;ﬁE‘” I (195)

In Fig. 210 is shown a diagram of connections of a rectifier
with a booster motor-generator set controlled automatically
by means of a voltage regulator. The generator has a direct-
connected exciter, and is driven by a 3-phase induction motor
provided with a starting resistance, controlled by a motor. The
field of the exciter is controlled by the voltage regulator, the
resistances of which are connected in the form of a bridge.
With this type of connection it is possible to vary the exciter
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field between two limits of opposite polarity, the voltage on the
field being zero when the sectors of the regulator are in the middle
position. The regulator is actuated by the alternating-current
potential and load current, through potential and current trans-
formers, so that the direct-current voltage is regulated to compen-
sate for variations of the alternating-current voltage, and to
produce compounding.
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Fra. 210.—Connection diagram of a rectifier with automatically-controlled
booster motor-generator set for regulating the direct-current voltage.

The booster set is started automatically through an auxiliary
switch of the alternating-current circuit breaker, which ener-
gizes the motor starter when the breaker is closed.

A booster set is seldom used for regulating the direct-current
voltage of a rectifier unit, as it introduces into the station a rotat-
ing machine which requires more attendance and reduces the
overall efficiency of the plant. It is sometimes used when the
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alternating-current voltage is high, which would require expensive
apparatus for regulating the voltage on the alternating-current
side.

3. Voltage Regulation by Controlling the Electric Fields in
Rectifiers.—With this method of voltage regulation, the direct-
current voltage of the rectifier is regulated by controlling the
point of the eycle at which an anode picks up current.

As was brought out in preceding chapters, the flow of current
in a rectifier is constituted of a movement of electrons from the
cathode to the anode, and a movement of ions towards the
cathode. This flow takes place along the electric field between
the cathode and the anode, when the anode is positive with
respect. to the cathode. Current cannot flow when the field
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Fia. 211.—Anode and direct-current voltage waves of a polyphase rectifier,
explaining the method of regulating the direct-current voltage by controlling
the starting point of the anodes.

from anode to cathode is negative. The potential of the cathode
is equal to the potential of the working anode minus the voltage
drop in the are. When a rectifier is supplied by a source of
polyphase alternating current, an anode becomes positive to the
cathode at the point where its voltage wave intersects the voltage
wave of the working anode, and the current is then transferred
from one anode to the other during a period of overlap, during
which the potentials of the two anodes are equalized by the
transformer reactance.

The shape of the direct-current voltage wave under load was
shown in Fig. 25. Due to the overlapping, the average direct-
current voltage wave is reduced by an amount equal to the shaded
area shown in the figure.

By controlling the electric field between an anode and the
cathode through grids, the point at which the anode starts work-
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ing may be varied. This method of varying the starting point
of the anodes is utilized to control the direct-current voltage of
the rectifier, as illustrated in Fig. 211. The anodes will normally
start working at the point of intersection of their voltage waves;
thus, when anode 3 is working, anode 4 will start at point A,
and the average direct-current voltage (neglecting overlapping)
is shown by the line a. By delaying the starting point of the
anodes, so that, instead of starting at point A, anode 4 starts
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Fia. 212.—Connection diagram for regulating the direct-current voltage of a
polyphase rectifier by grid control.

at point B, anode 3 will continue to work alone until point B,
and the direct-current voltage will have the shape shown in
heavy outline in the figure. The average direct-current voltage
will then have the value given by the line b; that is, the average
direct-current voltage a is reduced by the average value of
the cross-hatehed area . If the starting point of the anodes
is delayed still further, say to point C, the direct-current voltage
is reduced by the cross-hatched area I, and will have the average
value represented by line c.
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It is evident from Fig. 211 that by this means the direct-cur-
rent voltage may be varied over wide limits without altering the
value of the applied alternating-current voltage.

The starting point of the anodes may be controlled by inter-
posing grids of the proper design in the are paths of the anodes,
and applying potentials to these grids, so that they have a nega-
tive potential to the cathode up to the point at which it is desired
to start the anodes, when it is made positive. The potential
of the grids to the cathode may be controlled with a battery by
means of a synchronously rotating switeh, or by some similar
means.

One arrangement for regulating the direct-current voltage by
controlling the potential of the grids is shown in Fig. 212. The
anodes are connected to a polyphase transformer having phase
voltages E,, Es, ete., shown in Fig. 213. The grids of the anodes
are connected to a polyphase auxiliary transformer producing
the voltages G, G, ete., and having the same number of phases
and the same frequency as the rectifier transformer. The neutral
point of the auxiliary transformer is connected to the cathode,
in series with a source of direct-current potential which may be
a battery, as shown in Fig. 212. The positive pole of the battery
is connected to the cathode, and the negative pole to the neutral
of the auxiliary transformer.

The arrangement shown in Fig. 212 operates as follows: The
potential of a grid to the cathode at any instant is equal to the
potential at that instant of that phase of the auxiliary alternating-
current supply to which the grid is connected, minus the potential
of the battery. At the instant when the grid has a positive
alternating-current potential equal to the battery potential, its
potential to the cathode is zero. Thus, referring to Fig. 213,
if the battery potential has a value D,, the potential to the
cathode of grid 2, associated with anode 2, is equal to zero at
point B. Before this point is reached, the grid has a negative
potential to the cathode, and anode 2 is prevented from carrying
current. When this point is passed, the grid potential to the
cathode is positive, and anode 2 starts working. When the
battery potential has a value D;, the grid potential to the cathode
is equal to zero at point A, so that anode 2 starts near A. When
the battery potential is equal to Ds, the grid potential to the
cathode is equal to zero at point C. It is thus seen that the
starting points of the anodes, and, consequently, the direct-cur-
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rent voltage, may be controlled by varying the potential of
the battery.

Instead of using a battery, the direct-current supply may be
obtained from the terminals of the rectifier by a potentiometer
connection, by connpecting the neutral of the auxiliary trans-
former to some point of a resistance connected across the rectifier
terminals. The direct-current voltage may be regulated by
varying the potential of this point with respect to the cathode,
either manually, or by means of an automatic voltage regulator,
or by some other automatic means.

With this method of voltage control it is possible to regulate
the direct-current voltage of a rectifier similarly as the regula-

Fi1g, 213.—Anode and grid voltage waves explaining the operation of the voltage
control system shown in Fig. 212,

tion of a direct-current generator voltage by field control, and
within about the same relative limits. Since there is no time
lag in changing the electric field of a rectifier, the regulation takes
place instantaneously, the only time lag introduced being that
of the regulating means used.

By the use of the regulating scheme described above it is
possible to regulate the direct-current voltage in any way desired.
Thus, the voltage characteristic of the rectifier can be com-
pounded as well as compensated for fluctuations of the alternat-
ing-current voltage. The apparatus used for this purpose is
practically independent of the rating of the rectifier or the pri-
mary voltage used, and, therefore, differs from the other regulat-
ing systems for rectifiers.
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Since this regulation is accomplished by delaying the working
periods of the anodes, the primary power factor is reduced. The
reduction in power factor is approximately proportional to the
reduction in direct-current voltage by the use of this regulation
scheme.

Methods for Suppressing the No-load Voltage Rise of Recti-
fiers Using Transformer Connections with Interphase Trans-
formers.—In Fig. 61 is given the regulation curve of a rectifier
using a transformer connection with an interphase transformer.
It shows a voltage rise at small loads. As stated in Chap. VI,
the bend in the regulation curve occurs at load currents of 0.5 to
2.0 per cent of the full-load current. This voltage rise at small
loads is sometimes found objectionable, as it may burn out lights
or affect the insulation of car equipment. It may be eliminated
by any one of the methods described below.

The first method is to connect across the terminals of the
rectifier an artificial load which draws a current equal to the
current at which the voltage starts to rise. The resistance may
be left connected continually, or may be connected to the circuit
automatically when the load current drops to a low value.

A second method for accomplishing this purpose is to dis-
conneet one of the 3-phasc groups of the transformer and operate
the rectifier on 3 phases only at light loads.

With 3-phase operation the direct-current voltage at no-load
is equal to the direct-current voltage at the bend of the regulation
curve, Fig. 61. Since this operation on 3 phases takes place only
at light loads, the rectifier and the rectifier transformer are not
overloaded.

A third method for eliminating the voltage rise at light loads
is to excite the interphase transformer with a third-harmonic
current from an external source. As was stated in Chap. VI,
the rise of the direct-current voltage is caused by a lack of
sufficient load current to supply the necessary third-harmonic
magnetizing current of the interphase transformer, so that by
supplying this magnetizing current artificially the voltage rise
may be eliminated.

In Fig. 214 is shown a diagram of connections for producing this
effect. Three single-phase auxiliary transformers are used, with
their primaries connected in 3-phase Y and their secondaries in
open delta, connected to the interphase transformer. The trans-
former cores are over-saturated, thus producing third-harmonic



402 MERCURY ARC POWER RECTIFIERS

voltages in the secondaries, which send third-harmonie currents
through the windings of the interphase transformer. With
the delta connection of the secondaries, the fundamental voltages

H

Rect trans.
sec.

Auvxiliary
transrormer

F1g. 214.— Connection diagram of auxiliary transformers used for suppressing
the no-load voltage peak of a rectifier operating in connection with an inter-
phase transformer.

are cancelled out at the terminals of the delta connection, while
the third-harmonic voltages, being in phase, are added in all the
three phases. The capacity of the auxiliary transformersisabout
1/800th of the capacity of the main transformer.



CHAPTER XIII
INTERFERENCE WITH COMMUNICATION CIRCUITS

Interference in communication circuits is sometimes experi-
enced due to their juxtaposition to power circuits. Such
interference is frequently caused by power circuits, and partic-
ularly by railway circuits with ground return, in which an
alternating current is flowing. Interference with communication
circuits is sometimes also caused by direct-current railway
systems supplied by rectifiers, due to the ripple in the direct-
current voltage wave of a rectifier. The present chapter will
deal with the influence of railway circuits supplied by rectifiers
on communication circuits.

A railway circuit consisting of an overhead supply line and
a ground return forms a loop in which the current flows from
the substation, over the overhead line, through the traction
motors, and back to the substation through the ground return.
The current flowing in this loop produces a magnetic field as
shown by dotted lines in Fig. 215.- The potential difference
between the overhead wire and ground also produces an electro-
static field between that wire and ground, as shown by solid
lines in Fig. 215. If there is a two-wire communication circuit
close to the railway circuit, it is linked with the electromagnetic
and electrostatic fields of the railway ecircuit, and the following
conditions may prevail:

1. Being in the electrostatic field of the trolley wire, the communication
wires are at certain electrostatic potentials to ground. An electrostatic
difference of potential may also exist between the two communication wires,
if located in different equipotential planes.

2. The magnetic flux may traverse the space between the two conductors

of the communication circuit.
3. The magnetic flux also traverses the space between the two communica-
tion wires and the ground.

Electrostatic Induction.—The electrostatic induction between
the power conductor and ground is proportional to its capaci-
tanece to ground and to the voltage. The potential difference
between the communication wires and ground depends on the

403
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relative positions of the communication and power circuits
(2.e., on the position of the communication wires in the electro-
statie field of the power circuit), but is independent of the length
of parallelism between the two circuits. Any change of the
voltage of the power circuit will produce a change in its electro-
static field, thereby causing a change of the electrostatic charge
on the communication wires, resulting in the flow of a charging
current in those wires. The magnitude of the charging current
is proportional to the rate of change of the voltage and the
R
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Fig. 215.—Diagram showing the influence of the magnetic and electrostatic
fielda of a trolley wire on adjacent communication lines and illustrating the
effect of transposition on the voltages induced in the communication lines.

length of parallelism between the two circuits, but is not the
same in all parts of the communication circuit. If the change
in the voltage of the power circuit is due to the presence of
alternating components in the voltage, the eharging current
flowing in the communication wires will have the same frequency
as that voltage component and will be proportional to the
frequency.

Electromagnetic Induction.—A change of the current in the
power conductor will produce a change in its magnetic field
and will induce a voltage between the two communication
wires and between each wire and ground. The induced voltage
is proportional to the mutual inductance between the communica-
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tion circuit and the power circuit (7.e., their relative positions
and length of parallelism) and to the rate of change of the current,
or its frequency. It is evident from Fig. 215 that, due to the
greater spacing between the communication wires and ground,
the voltage induced between the wires and the ground would
be considerably higher than the voltage induced between the
two wires. The current which is caused to flow in the communi-
cation wires by the induced voltage is the same in all parts of
the wires.

Interference.—The currents which are caused to flow in a
communication circuit by induction from adjacent power
circuits, such as railway circuits, may interfere with the opera-
tion of the communication system; that is, these currents may
interfere with the operation of signalling apparatus, or with
the audibility of telephones if they happen to be of a frequency
within the audible range. If a communication ecircuit is so
located with respect to a power circuit that inductive inter-
ference may be expected, an “exposure’’ is said to exist. The
length of the communication cireuit paralleling a power circuit
and subject to inductive interference from it is called the “length
of exposure.”

As has been brought out before, the current induced in a
communication circuit by electrostatic induction is proportional
to the length of exposure. The voltage induced by electro-
magnetic induction is proportional to the length of exposure,
and since the impedance of a given communication cireuit is
constant and independent of the exposure, the current flowing
in the circuit as a result of electromagnetic induction is also
proportional to the length of exposure.

Changes in the voltage and current of a railway circuit, which
may produce interference in neighboring communication circuits,
may be caused by changes in load, by short circuits, or by the
presence of alternating current and voltage eomponents in the
railway circuit. The direct-current voltage of a rectifier,
and consequently the current flowing in a circuit supplied by a
rectifier, are not smooth, but have undulations consisting of
harmonics of frequencies within the audible range, as has been
shown in Chap. V. As a result of this, an interference problem
may arise when a communication line is exposed to trolley
wires or feeders of a direct-current railway system supplied by
rectifiers.
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The direct-current voltage wave of a rotary converter also
has harmonic components, which have given rise to interference
in a2 number of instances. These harmonics, however, are small
and the telephone noises due to commutator ripples of car
motors generally overshadow the noises due to the above har-
monics. The inductive influence of the ripple in the voltage
wave of a rectifier equipped only with a series reactor, and
with no special auxiliary devices for correcting the wave shape,
is three to five times that of a rotary converter and is therefore
likely to be more disturbing,

When a rectifier operates in parallel with a rotary in the same
substation, the ripple of the rectifier voltage wave produces a
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Fra. 216.—Diagram of a railway system and an exposed communication
line, explaining the influence of the position of the moving car on interference
effects.

circulating ripple current between the rectifier and rotary, which
has a relatively low impedance to that current, and the direct-
current bus voltage of the substation is considerably smoother
than the rectifier voltage. When a rectifier and rotary operate
in separate substations with a tie feeder between them, the
circulating alternating current between the two machines
flowing in the tie feeder may give rise to severe interference if a
telephone line is exposed to the feeder. A similar case of inter-
ference may arise when two rectifiers located in different sub-
stations and connected by a tie feeder are supplied by alternating-
current systems of different frequencies, or are so connected
that there is a phase displacement between the harmonies in
the direct~current voltage waves of the two rectifiers, thus causing
a circulating current to flow in the tie feeder between them.
The inductive influence of a railway eircuit on a communication
circuit may also vary with the position of the load (car or loco-
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motive). This is illustrated in Fig. 216, which shows a railway
line supplied by rectifiers. Let it be assumed that a parallel
communication line abe is exposed to the trolley wire over the
distance ac. When the car has arrived at point b, which is
halfway between the two substations, the voltages induced by
the trolley current in the sections ab and be of the communication
circuit would be equal and opposite and there would therefore
be no interference; but there would be interference for other
locations of the ecar. If only the section ab of the communication
line is exposed to the trolley line, the interference would be
maximum at b, The above example was used merely to illustrate
that the load distribution as well as the length of exposure has
to be considered when studying interference conditions.

Harmonic Voltages.—The direct-current voltage wave of a
rectifier consists of a direct-current component and of a super-
imposed alternating-current component made up of the upper
portions of the sinusoidal waves of the secondary supply. The
fundamental frequency of the ripple is equal to the produet of
the fundamental frequency of the alternating-current supply
and the number of secondary phases. Thus, the direct-current
voltage wave of a 6-phase rectifier supplied with current from a
60-cycle system has a 360-cycle ripple (see Chap. V). This
ripple has harmonies of frequencies which are odd and even
multiples of the 360-cycle fundamental frequency.

In Table XI are given the effective values of the harmonic
components superimposed on the direct-current voltage wave
of 6-phase, 60-cycle rectifiers. These values are the highest
and the lowest measured in rectifier installations. It will be
noted from Table XI that the magnitudes of these harmonics
fall off rapidly with increasing frequency. For further informa-

TasLe XI
Percentage Ratio of Effective
Frequency of Harmonic Voltage to Average
Harmonic Direct-current, Voltage
360 4.5 t05.95
720 1.26 to 1.37
1,080 0.53 to 0.90
1,440 0.61t00.72
1,800 0.40 to 0.80
2,160 0.43 to 0.62
2,520 0.41 to 0.44
2,880 0

.35 t00.36
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tion on these harmonic components, see Chap. V, Figs. 35, 36,
38, 39, and 40, and Tables IIT and 1V, page 94.

Characteristics of the Load Circuit.—Since no interference
has so far been observed in balanced (Edison) systems, only
railway systems with a grounded return circuit will be considered
here. Figure 217 represents a railway system, the circuit of
which has an impedance Z. of the street-car or locomotive
motors, and an impedance 2z, per mile of trolley line. The
impedance of each motor is a function of the terminal voltage,
and the impedance of the strect car or the locomotive depends
on the connections of the motors (series or parallel).
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Fia. 217,—Diagram of a rectifier supplying a railway line with a moving load.

Below are given some approximate values of the inductance
of railway circuits for various voltages. These values are
sufficiently accurate for a preliminary study, for which purpose
the ohmic resistance can also be neglected. The inductance of
railway equipment built for 600 volts is 0.5 to 0.25 millihenry
{two to four motors in parallel), for 1,500 volts 2 to 1 millihenrys
(two motors in series, two motors in series-parallel), and for
3,000 volts 5 to 2.5 millihenrys, while the inductance of the
trolley line is of the order of 3 millihenrys per mile. For a
given trolley voltage and load characteristic, the spacing of the
substations is more or less fixed by the permissible voltage drop.
Assuming that these spacings for 600, 1,500, and 3,000 volts
are 2.5, 5, and 10 miles, respectively, and also that there are no
feeders or parallel circuits, the inductances of the load cireuit
can easily be computed. It will be found that the maximum
and minimum inductances of the load circuit are:

For 600 volts, 0.5 millihenry to 8 millihenrys (0.5 + 2.5 X 3.0)

For 1,500 volts, 2.0 millihenrys to 17 millihenrys (2 + 5 X 3.0)
For 3,000 volts, 5.0 millihenrys to 35 millihenrys (5 + 10 X 3.0)
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The smaller values hold true when the locomotive is near the
substation, and the larger when the locomotive or street car is
farthest away. The average inductance of the load circuit as
the locomotive is moving from the one point to the other on the
600-, 1,500-, and 3,000-volt systems is therefore 8.5/2, 19/2,
and 40/2 millibenrys, respectively.

The foregoing data apply only to systems comprising a single
line fed from one point only. Usually railway systems comprise
a network of lines and feeder circuits, either underground or along
the trolley wires, suspended by the ecatenary; furthermore,
there are usually several cars or locomotives running at the
same time, so that the system impedances obtained in practice
are much lower than the values given above. The measured
inductance on actual networks of 600, 1,500, and 3,000 volts,
given below, will therefore be of interest.

It was found that the average inductance of a

600-volt, ramificd street-railway system was 0.6 to 1.5 millihenrys

1,500-volt, main-line railway system with unusually heavy traffic on
several tracks, 2.5 to 5 millihenrys

3,000-volt, single-track, main-line railway system, 3 to 10 millihenrys

Comparing these figures with those given above, namely, 4.25,
9.5, and 20 millihenrys, respectively, it is seen that the actual
figures average from one-half to one-fourth of the assumed ones.
This is accounted for by the fact that all these railway systems
were highly ramified, and that, in most of the systems, rotary
converters or motor generators of low impedance were working
in parallel with rectifiers in adjacent substations.

Moreover, these measurements revealed the fact that the
internal inductance of the rectifier and transformer set was of the
order of 0.1 millihenry, and of the synchronous converter, 0.1
to 0.15 millihenry. A simple ecalculation will show that in
the case of a rectifier working in parallel with a synchronous
converter in the same or in a near-by substation, the latter
will, due to its low inductance, decrease the system impedance,
and will also offer to the alternating-current harmonics an
easy path, thus acting like a filter.

Harmonic Currents.—The harmonic currents produced in
railway systems by the voltages given in Table XI can there-
fore be determined by dividing the harmonic voltages by the
impedance Z = Z, + 1-2,. The value of 1- 2, is equal to zero
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when the locomotive or the street car passes the substation, and
is a maximum when it reaches the end of the trolley line.

Assuming a 1,500-volt, 2,000-amp. railway system, fed by
mercury arc rectifiers, with an average inductance of 8.5 milli-
henrys and an ohmic resistance of 0.75 ohm, and assuming a
360-cycle harmonic voltage of 5 per cent, the 360-cycle harmonic
current component will have a value of

1,500 - 0.05
8.5-2r 36010~

= 3.9 amp.

which is only about 0.2 per cent of the load current of 2,000 amp.

Assuming another representative 600-volt, 2,000-amp. railway
system, fed by rectifiers, with an inductance of 0.8 millihenry,
and using the average values of the voltages given in Table
X1, the various harmonic currents will have the values given in
Table XII below. The effective value of the resultant is 17.6
amp., or 0.88 per cent of the direct current.

TasLe XII
Frequency of Voltage Impedance Current, Current,
harmonic amperes percentage
360 31.4 1.8 15.60 0.870
720 7.9 3.6 2.20 0.110
1,080 4.3 5.4 0.80 0.040
1,440 3.9 7.2 0.55 0.028
1,800 3.2 9.0 0.35 0.018

Since the ohmie resistance of the rectifier with its transformer
is negligible, and since their inductance is very small, they will
contribute little to the limiting of the alternating-current
harmonics. The computation of the harmonic ecurrentsillustrates
clearly that by introducing a reactor into the trolley eircuit the
harmonic eurrents produced by the harmonic voltages given in
Table XTI will be reduced, and consequently, so will the inter-
ference factor. In Table XIII are given data obtained on a city
railway system showing the favorable influence of a series reactor
and of a synchronous converter connected in parallel with a
rectifier. Since the trolley system under consideration has an
inductance of about 0.6 millihenry, and the reactor an inductance
of about 2.8 millihenrys, a reduction of the harmonic currents in
the ratio of 3.4:0.6 is obtained—namely, in the ratio which the
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total impedance of the load circuit and the series reactor bears
to the impedance of the load circuit—which checks reasonably
with the measured values given in Table XIII.

TasrLe XIII

Percentage ratio of effective harmonie current to
average direct current

Frequency of
harmonic With 2.8-milli- | With reactor, and .
Rectifier alone | henry reactor in |synchronous con-
series verter in parallel
360 1.47 0.4 0.162

720 0.21 0.048 0.0097

1,080 0.092 0.023 0.0082

1,440 0.08 0.0147 0.0031

1,800 0.046 ‘ 0.0092 0.0031

‘ ;

Effect of Harmonic Currents and Voltages—Magnetic Induc-
tion.—Before going into a detailed explanation of the measures
which can be taken and are used in practice for eliminating
interference, it will be shown how the harmonic currents and
voltages in the trolley wires and feeders of direct-current railways
influence exposed communication circuits.

The voltages produced in a communication circuit by electric
and magnetic fields may be separated into two effects: (1) the
voltages induced between the two wires of a circuit because of
differences in the exposure of the two wires to the disturbing
circuit, which cause currents to circulate through the terminal
apparatus, and (2) the voltages induced between the two wires of
a circuit and ground, which will send currents through the ter-
minal apparatus if there is a difference in the series impedances
or admittances to ground of the two sides of the circuit.

Both the voltages between wires, and the voltages between
wires and ground can be produced either by electrostatic or
electromagnetic induction; however, electrostatic effects have
been found to be practically negligible in all the railway systems
investigated to date, and our study of this problem will therefore
be limited to the interference caused by the harmonies of the
current rather than the voltage.

The currents which flow in the power circuit produce a field
which magnetically interlinks both circuits, and, therefore, if
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the current is alternating, voltages will be induced in the adjacent
communication circuits.

Figure 215 illustrates, in a simplified diagram, the effects of
the magnetic fields from currents in a trolley system on a neigh-
boring telephone circuit. The net induced voltage produced in
the loop abed is indieated by arrows.  The benefits to be obtained
(in the voltages induced between wires) by transposing the tele-
phone wires are illustrated on the right-hand side of this figure.
It can readily be seen that the voltages induced in the sections of
the wire on the two sides of a transposition are equal and opposite,
and therefore cancel each other. In the untransposed line,
shown on the left-hand side of Fig. 215, however, the voltages
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Fia. 218.—Schematic diagram of trolley line supplied by rectifier and paralleled
by a telephone linc.

induced in the wires are added. In practice, when the telephone
lines are frequently transposed with due regard to the discon-
tinuities in the exposure, the voltages and currents induced
between wires are small as compared to those indueced in a non-
transposed circuit. Since the locomotive or car is in effect a
traveling discontinuity, there is a practical limit to the effective-
ness of transposition arrangements. Transpositions are not
effective, of course, in reducing the voltages induced between
wires and ground.

Figure 218 indicates, schematically, a trolley system fed
from a rectifier, and a communication line exposed to the trolley
system over the latter’s entire length. Below are derived the
expressions for the voltages induced in the telephone line, due to
a harmonic component in the voltage wave of the rectifiers.
The significance of the symbols used is as follows:

f = frequency of any harmonie component in the direct-
current output circuit of the rectifier
w = 2nf
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E, = harmonie voltage of frequency f at rectificr terminals

Zo = impedance of load (locomotive or trolley car)

z; = impedance of trolley and track return per unit length

= total impedance of trolley and track return between
rectifier and load

z = distance from rectifier to load

m = mutual inductance between trolley-track circuit and

telephone circuit per unit length

e, = voltage of frequency f induced (electromagnetic induc-

tion) in telephone circuit per unit length

total voltage of frequency f induced in telephone circuit

N
|

E.

The harmonic current of frequency f in the trolley circuit
is

— EI
or
— Ell
L= 17, (197)

The voltage of frequency f induced in the telephone circuit
per unit length is
e, = wml, (198)

The total voltage of frequency f induced in the telephone
circuit is

E, = omzl, (199)
Substituting Eq. (197) in Eq. (199),
omaE
B = o ¥ 2n
or
B = " (200)
2 + *1;

As the distance r becomes great, the term Z./x becomes
small, and may be neglected as compared to z;. For an infinitely
long exposure, Eq. (200) becomes
me1

o

The induced voltage for a long exposure may therefore be
caleulated from the harmonic voltage at the rectifier terminals,
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the mutual reactance between the trolley-track system and
the telephone circuit, and the self-impedance of the trolley-track
system.

As pointed out above, both the voltages induced between
wires of a telephone line and the voltages induced between
wires and ground (the latter because of their effects on incidental
unbalances in the telephone circuit) are of interest from the
standpoint of inductive coordination. The following example
indicates the order of magnitude of the 360-cycle voltages
which might be expected between wires and between wires and
ground of an untransposed 2-wire telephone circuit exposed to a
single-trolley, 1,500-volt direct-current railway system supplied
from a 6-phase, 60-cycle rectifier, without filter.

It will be assumed that both trolley and telephone wires are
20 ft. above the ground, the separation between the trolley and
the nearest telephone conductor being 50 ft. The separation
between telephone wires is assumed to be 12 in.

The mutual inductance m between the trolley-track circuit
and the circuit between wires of the telephone line is approxi-
mately 0.007 millihenry per mile. The mutual inductance m
between the trolley-track circuit and the eircuit consisting of
the two telephone wires in parallel and ground is approximately
0.5 millihenry per mile.

The 360-cycle voltage E; will be assumed to be 75 volts.

The inductance of the load will be assumed to be 2 milli-
henrys. The self-inductance of the trolley and track circuit
will be assumed to be 3.5 millihenrys per mile.

From Eq. (201), the 360-cycle voltage induced between the
wires of the communication line, assuming the locomotive at an
infinite distance from the substation, is

wmB; 2262 X 0.007 X 102 X 75

o 2262 X 3.5 X 103 = 0.15 volt

Et=

Similarly, the voltage induced between the wires and ground
would be
B = 2262 X 0.5 X 103 X 75
' 2262 X 3.5 X 1078

= 10.7 volts

In a similar manner, by means of Eq. (200), the induced
voltages have been computed for several positions of the loco-
motive, as follows:
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I
. 360-cycle voltage induced in communication line
Miles from ‘

IocomotlYe to Between Between wires
substation i
' wires and ground
0 0 0
2 0.117 8.4
5 0.135 9.6
10 0142 10.1
Infinity 0.150 10.7

The above table indicates that a section between locomotive
and station of 5 miles is practically the equivalent (within 10
per cent) of an infinitely long section, {rom the standpoint of
induced voltage.

Telephone Interference Factor (Tif).—To appreciate the effect
of small currents in producing noise in telephone circuits, it
should be borne in mind that a small fraction of a microwatt of
power at voice frequencies will produce an audible sound in a
telephone receiver. The frequencies of voice currents in a
telephone cireuit are found to lie between 100 and 4,000 cycles
per second. Therefore, any stray currents in telephone circuits
having frequencies within the limits mentioned will have some
effect on the efficiency of the ecircuit. A number of special
apparatus have been designed in the last few years for measur-
ing such currents, as for instance: the telephone interference
factor meter (tif-meter) for voltage and current, and the inter-
ference current and voltage meters (Siemens and Halske), for
making measurements on the power circuit; the Western Electric
noise-unit meter, the noise-voltage meter, and the unsymmetry
meter, for making measurements on the communication lines.
Harmonie analyzers have been developed for both power and
communication lines (374).

The relative interfering effect of voltages induced in com-
munication lines, and of the currents they produce, was measured,
and was found by observation to be an empirical function of the
frequency. Since, however, the voltages induced by the currents
in interfering power lines are proportional to the magnitudes
of those currents and to their frequency, the relative interfering
effect of currents of various frequencies circulating in the power
lines will also be proportional to the frequency. This effect is
therefore no longer represented by the function considered above,
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but by this function times the frequency, known as the  weighting
factor,” which is given in Fig. 219.! The ordinates of this curve
are given in arbitrary units. By definition, the telephone inter-
ference factor of a harmonie in a direct- or alternating-current
voltage or ecurrent is equal to the effective value of the
harmoniec times the weighting factor taken from Fig. 219, divided
by the effective value of the voltage or current considered. If
several harmonics are present, the tif is computed as being the
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Fi1a. 219.—Curve of weighting factors, used for calculating the telephone
interference factors of voltages and currents. (The curve on the left shows the
lower. part of the weighting-factor curve to an enlarged scale of the ordinates,
shown on the right.)

r.m.s. of the tif’s of the individual harmonics, which, for a direct-
current voltage having ripple harmonics, reduces to

Tif = VEWY + (HWo)* + (H W) + - - - (202)
E; (r.m.s. value)
where Hy, H;, . . . are the r.m.s. values of the harmonic voltages,

and Wy, W,, . . . their respective weighting factors.

Above was considered the effect on communication lines of
harmonic currents circulating in power lines. Usually, however,
the power and communication systems are too intricate to allow
computing the magnitudes of the harmonie currents and the har-
monic voltages induced in the telephone lines. Instead of figuring

1 Taken from a paper by H. S. Osborne, Trans. A.LLE.E., Vol. 38, Part
1, p. 261, 1919.
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interference on the basis of the current tif of a power eircuit, it
is, therefore, usually preferable to determine the voltage tif of
the apparatus feeding the power system. If this system is com-
paratively simple, the harmonic currents and their tif may then
also be eomputed.

It is interesting to consider the tif of 6~ and 12-phase rectifiers
supplied from a 60-cycle line, computed on the basis of the
theoretical values of the harmonic voltages determined in Chap.
V. In Table XIV are listed the theoretical tif values for several
angles of overlap, corresponding to different magnitudes of the
load. I‘rom the definition of the tif it appears that its value will
be independent of the direct-current line voltage, although the
interference in telephone lines will be proportional to the
magnitude of the harmonie voltages, and, therefore, also pro-
portional to the dircct-current line voltage. This is to some
extent compensated for by the greater spacing between power
lines and telephone lines at higher voltages.

A number of measurements of tif on 6-phase rectifiers in service
in the United States on 600- and 1,500-volt railway lines gave
values ranging from 110 to 150 at loads from one-half to three-
fourths of full load, which corresponds to an angle of overlap u
of about 15°.

TapLe XIV.—TueorgTicAL TiFr VALUES oF RECTIFIERS

Angle of overlap u

0° 10° 20° 30°
6-phase, 60-cycle.....................| 70 | 100 | 185 | 260
12-phase, 60-cycle. ........... ... ... ... 35 54 90 135

In a number of railway systems supplied by rectifiers it has
been found that with the present practice of telephone systems
interference was detected for values of the voltage tif of power
systems as low as 50, whereas sometimes no interference was
present in spite of a tif of 150 or over. This depends essentially
on the exposure of the telephone lines to the induction of the
power lines, and on the characteristics of the power circuit,
such as the bonding of the track, presence of return feeders,
ete. Various investigations have shown that in order to be cer-
tain of avoiding interference in the worst cases of exposure, it
is necessary to reduce the rectifier tif to one-tenth of its original
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value; in most cases, a reduction to one-fifth will be sufficient and
will give satisfactory results. Thic is obtained by providing the
rectifier with wave-smoothing devices, as considered below, so as
to reduce each of the principal harmonic voltages in the desired
ratio.

Filter Equipment.—A number of circuits and combinations of
circuits have been proposed and used for smoothing out the ripple
of the rectifier direct-current voltage. The simplest scheme is to
insert a reactor into either of the rectifier lines; the ripple voltage
impressed on the system fed by the rectifier will be reduced in the
ratio of the system impedance to the total impedance of
the cireuit, including the reactor. Since, as was shown before,
the impedance of a railway system may range from a frac-
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Fic. 220.—Anti-resonant filter consisting of a series rcactor shunted by a
condenser,

tion of a millihenry to several millihenrys, a large reactor will
be necessary to reduce all harmonic voltages to only one-half or
one-third of their value.

If only one harmonie voltage needs to be reduced further, this
reduction can be accomplished by shunting the reactor by a
condenser of capacitance C = 1/w?L, where L is the inductance
of the reactor, as shown in Fig. 220. The reactor and the con-
denser, in resonance at the frequency of the harmonic to be elimi-
nated, constitute what is called an “anti-resonant filter,” and
absorb practically all of the particular harmonic voltage. This
scheme has, however, the disadvantage of entering into resonance
with the system. The reactance of thelatteris varying constantly
with the position of the cars, and is apt to take values which
will bring the whole circuit into resonance for one of the higher
harmonics of the rectifier voltage. This condition will usually be
intermittent, but nevertheless is apt to cause serious interference.

Other types of filters have been proposed and used, three of
which are shown in Fig. 221.
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Another means for eliminating the ripple is to insert into the
direct-current line the stator windings of alternating-current
generators giving voltages equal and opposed to the voltages of
the ripple components, the generators being driven by synchro-
nous motors, supplied from the same source as the rectifier. An
installation of this kind, besides being expensive, has the disad-
vantage of introducing rotating auxiliaries into the substation.
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Fig. 221.—Connection diagrams of three filter circuits, which may be used
for smoothing the voltage wave of a rectifier. (The connections of the rectifier
and its transformer arc shown schematically.)

Experience has shown that the most efficient and most economi-
cal solution consists in short-circuiting each harmoric voltage
at the terminals of the rectifier by means of a resonant shunt
composed of areactor inseries witha condenser. Thereactor and
the condenser are tuned for the particular harmonic by making
their reactances, at the frequency of the harmonie, equal, in

accordance with the relation
1

pnwC,
B
(pnw)?Cn ’

pnwl, =

L, = (203)
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in which p is the number of phases, n the order of the harmonie,
L, the inductance of the shunt reactor in henrys, C. the capaci-
tance of the condensers in farads, and w = 2xf, f being the fre-
quency of the alternating-current supply (see Chap. V). A
shunt of this nature will not take any direct current on account
of the condenser. Since the shunt acts as a short circuit for
its harmonie, its current can become very large and must be
limited by a series reactor inserted in one of the leads of the
rectifier (see Fig. 222).

In all except the most severe cases of interference, it is sufficient
to eliminate the three most objectionable harmonies, and it was
never found necessary to eliminate more than four. The same
geries reactor is used in conjunction with all shunts, and it also
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F16. 222.-—Connection diagram of filter consisting of serics reactor and resonant
shunts, which arc tuned for the harmonic voltages to be eliminated.

reduces appreciably the harmonies for which no shunts are
provided.

When making circuit ealculations for any of the harmonics for
which a resonant shunt is provided, the series reactor and the
resonant shunt may be considered as forming a closed circuit to
the harmonic voltage under consideration. The voltage drop in
this circuit, produced by the harmonic current, is constituted of
the reactive drop in the series reactor and the resistive drop due
to the resistance of the series reactor and the resonant shunt.
The resistive drop in the shunt is small compared with the
reactive drop in the series reactor, and is in quadrature with it.
It can therefore be assumed, when computing the harmonic
current in the shunt eircuit, that the whole harmonic voltage is
absorbed by the series reactor. The resistive drop in the resonant
shunt, due to the losses in the condensers and the resistance of
the reactance coil and connecting wires, represents the residual
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harmonie voltage at the terminals of the line. The ratio of the
harmonie voltage at the terminals of the rectifier (or across the
series reactor) to the residual harmonic voltage at the line ter-
minals represents the reduction of the harmonic effected by the
filter, and is therefore a measure of the effectiveness of the filter.
Since the harmonic current of any frequency is the same in the
series reactor and in the resonant shunt, and since the harmonic
voltage across the series reactor was assumed to be equal to the
harmonic voltage at the terminals of the rectifier, it can readily
be seen that the reduction factor is equal to the ratio of the
reactance of the series reactor to the effective resistance of
the shunt at the frequency under consideration.

If L, is the inductance of the series reactor and R, the resistance
of the resonant shunt for the nth harmonic, the reduction factor
of this harmonie, as considered above, is

pnwlLy
B, = R, (204)

The resistance of the resonant shunt circuit consists largely
of the resistance of the shunt reactor; the effective resistance of
this reactor is therefore the determining factor as to what reduc-
tion of the harmonic voltage will be effected by the filter. It is
therefore desirable to have shunt reactors of low resistance.
The shunt reactors should be made of finely stranded wire or,
better yet, of “Litzendraht,’” in order to reduce the influence of
skin-effect which increascs the resistance of the wire at the high
frequencies of the currents flowing in the shunt - circuits.
Stranded wires should also be used for connecting the shunt filter
to the direct-current buses. These connections should be as
short as possible and they should not be placed in metallic con-
duits. The alternating-current resistance of wire made of No.
36 B. & 8. strands at 360 ecycles is approximately twice their
direct-current resistance.

The ‘“‘quality” @ of a shunt reactor may be defined as the
ratio of its reactance to its resistance, which will be assumed to
be equal to the total resistance of the shunt circuit.

_ pnwL.
Qn - Rn

(205)

From Eqs. (204) and (205) the following expression is obtained
for the inductance of the shunt reactor:
QL
L, = B,

(206)
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In case of severe interference, it will be required to reduce
the three principal harmonics to one-tenth of their value. Past
experience has shown that a reduction to one-fifth is sufficient in
usual cases. To effect this, the alternating-current resistance
of each shunt, including the leads to the busbars, must not execeed
one-fifth of the reactance of the series reactor.

In designing a filter circuit of the type shown in Fig. 222, the
following factors must be taken into consideration:

Although the alternating-current voltage across each shunt is
approximately zero, each condenser has impressed on it a con-
siderable voltage due to the passage of the harmonic current;
this voltage is superposed on the direct-current voltage, and the
peak value of the combined voltage determines the voltage rating
of the condensers. The condensers also have a certain safe
current rating per microfarad, which should not be exceeded.
The current rating depends on the type of condenser used.

The shunt reactor should be designed to carry the current in
the shunt circuit without overheating. Its resistance should
not exceed the value necessary to give the desired reduction of
the harmonic voltage, as determined by Eq. (204), taking into
account also the additional resistance of the connecting wires
and the losses in the condensers.

The series reactor must be designed to carry the rated direct
current of the rectifier, and it must have sufficient inductance to
limit the harmonic currents in the resonant shunts to the desired
value.

It was shown in Chap. V that the magnitudes of the voltage
harmonics are determined by the voltage and number of phases
of the rectifier, and by the load carried by the rectifier. If the
rectifier is provided with a series reactor and shunts, the current
in each shunt is equal to the particular harmonic voltage divided
by the reactance of the reactor for its frequency. This assumes
that the direct-current system does not absorb any harmonic
currents. Knowing the arithmetical sum of the currents taken
by the shunts, the minimum amount of condensers is determined
by their current-carrying capacity. Figure 223 gives the currents
to be carried by the shunts for the four main harmonics of
6-phase rectifiers, as a function of the inductance of the series
reactor. The curves were computed on the basis of the theoreti-
cal values of the harmonic voltages. Scales are given for 25- and
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60-cycle alternating-current supply systems and for direct-current
voltages of 600, 1,500, and 3,000 volts.

In designing filters it is possible to use a large number of com-
binations of circuit constants which would satisfy Eqgs. (203)
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Fi1e. 223.—Curves showing relation between the inductance of the series
reactor and the currents in the resonant shunts for the first four harmonics of
a 6-phase rectifier.

and (204) and would fulfill the other conditions given above as
well. The constants selected are determined by considerations
of economy. As seen from Fig. 223, the smaller the inductance
of the series reactor, the higher are the harmonic currents in the
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resonant shunts, which would require a larger number of con-
densers. For some combination of series inductance and shunt
capacitance the total cost of the filter is a minimum. In addition
to the cost, the copper losses in the series reactor and the space
requirements should also be considered. In general, the larger
the rated capacity of the rectifier, for a given direct-current volt-
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Fig. 224.—Curve used for calculating the inductance of air-core reactors.

age, the lower is the inductance of the series reactor for the most
economical filter combination; the higher the direct-current
voltage, for a given rated capacity, the higher is the inductance
of the series reactor for the most economical filter.

Below are given the circuit constants of several filter eircuits,
for 6-phase, 60-cycle rectifier units, designed on the principles
outlined above:
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Direct- . Series Frequency Shunt Shunt
Kilowatt of har- condensers
current . reactor, . reactor, . ’
rating - monc, iyye micro-
voltage millihenrys millihenrys
cycles farads
600 500 0.6 360 3.26 60
720 3.26 15
1,080 1.45 15
600 1,000 0.4 360 2.17 90
720 3.26 15
1,080 1.45 15
600 3,000 0.28 360 1.30 150
720 3.26 15
1,080 1.45 15

The series and shunt reactors used for the filters listed in the
above table are of the air-core type.
The inductance of air-core reactors may be computed by the

formula L = aN?%*pl0~* where L is the inductance in millihenrys,
a the mean radius in inches, N the number of turns in the reactor;

p is a function of b ;(; ® where b is the length and ¢ the thickness

of the coil, as given in Fig. 224, For the most efficient use of the
copper, different authorities give for the above ratio values
ranging from 0.68 to 0.73, but there is quite a wide range of good
utilization of the material outside these values. The formula
is quite exact for reactors of stranded cable; for solid conductors,
skin effect reduces L to a certain extent. The shunt reactors
are computed by the same formula.



CHAPTER XIV

METHODS OF TESTING RECTIFIERS AND THEIR
AUXILIARIES

When testing rectifiers, thought should be given to the selec-
tion of proper measuring instruments, and their connection
in the circuits, on account of the irregular shapes of the current
and voltage waves. '

MEASURING INSTRUMENTS

The currents on the alternating-current side of the rectifier
transformer are non-sinusoidal, and generally contain higher
harmonic components of appreciable magnitude. The ammeters
used should be of a type whose accuracy is not greatly affected
by the frequency of the current. Hot-wire type instruments, or
dynamometer-type instruments may be used for this purpose.

The direct-current voltage and current have undulations
superimposed on the direct-current component. To measure
their average values, 7.e., the direct-current components, perma-
nent-magnet type instruments should be used. For measuring
their r.m.s. values, dynamometer or hot-wire instruments should
be used.

When making oscillographic records of currents and voltages
in rectifier circuits, attention should be given to the adjustment
of the damping of the oscillograph loop, on .account of the
steep wave shapes of some of the currents and voltages. Care
should also be taken in analyzing oscillograms taken in rectifier
circuits, as these oscillograms frequently show kicks or oscilla-
tions on steep parts of waves which may be due to improper
damping of the loops. When making simultaneous oscillograms
of currents or voltages in different parts of the rectifier circuit,
care should be taken in arranging the connections so as not to
impose excessive potentials between the loops of the oscillograph,
in order to prevent flashovers. For example, when taking
oscillograms of the currents in several anodes by using shunts,
the shunts should be connected on the secondary side of the
transformer, close to the neutral point, because the voltage

426
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between opposite anodes, or between anode and cathode, is
equal to approximately twice the direct-current voltage, which
may cause insulation breakdown in the oscillograph if the
shunts are connected to the rectifier side of the transforme
secondary. '

To obtain oscillograms of the anode currents, non-inductive
shunts should be used. Current transformers of the ordinary
type cannot be used for this purpose, on acecount of the error
introduced by the saturation of the current transformer core by
the direct-current component of the anode current. When
the core is saturated, a large magnetizing current is required to
induce the voltage of the secondary burden and the voltage drop
in the reactance of the current transformer. The secondary
current being equal to the primary current minus the magnetiz-
ing current, large ratio and phase-angle errors are introduced.
These errors may be reduced if the eurrent transformer is magnet-
ized by direct current from the load circuit, through a tertiary
winding, to compensate for the direct-current component of the
anode current.

The above statements regarding the use of current transformers
for taking oscillograms also apply to the use of current trans-
formers in the anode circuits for ammeters and watt-hour
meters (327 and 328).

PERFORMANCE TESTS

The performance characteristics of rectifier equipment may be
determined by the following tests:

. Measurement of are voltage drop in the rectifier.
Tests of rectifier transformer.

Determination of efficiency from segregated losses.
. Load tests on rectifier.

Dielectric tests on rectifier.

. Tests on vacuum pumps and vacuum gages.

1. Measurement of Arc Voltage Drop in Rectifier.—The
voltage drop in a static arc in a rectifier can easily be determined
by passing direct current through an anode and the cathode,
and measuring the voltage drop with a low-range voltmeter.
The values of the arc drop obtained with this method do not,
however, apply to a dynamic arc existing under actual working
conditions in a rectifier, because in actual rectifying operation
each anode operates only during part of a e¢ycle and the arc moves

[ S N
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periodiecally from anode to anode, so that the drop at the anode as
well as the drop in the are itself differ from the drops in a stable
are, on account of the different conditions of ionization.

In measuring the arc drop under actual operating conditions,

-difficulties are encountered on account of the wide variation in
the voltage between anode and cathode, this voltage being
relatively low when the anode is carrying current, and high during
the idling time. Thus, for example, for a 6-phase, 600-volt
rectifier, the voltage between anode and cathode during the
working period of the anode is approximately 25 volts, while
during the idling time it reaches a value of 1,300 volts.

The following methods may be used to measure the arc voltage
drop in a rectifier under operating conditions:

Water-rate Method—The losses in a reetifier, when operating
at a constant load, may be determined by measuring the heat
absorbed by the cooling water, and dissipated by radiation. The
losses absorbed by the cooling water may be determined by
measuring the quantity of cooling water and the inlet and outlet
temperatures. The losses dissipated by radiation may be com-
puted from the areas and temperatures of the radiating surfaces
and the ambient temperature. The voltage drop is computed
by dividing the losses in watts by the load current.

This method is relatively simple and gives fairly accurate
results.

Wattmeter Method.—The voltage drop in a rectifier may be
determined by measuring the losses with a heavy-current type
of Siemens dynamometer or Kelvin balance. The wattmeter is
connected in one anode lead, and the voltage connections are
from anode to cathode. The losses measured with the watt-
meter, when divided by the average current in the anode, as
measured with a direct-current ammeter, give the effective value
of the are drop. If the rectifier is symmetrical and well seasoned,
the are drop is practically identical for all the anodes. In order
to obtain accurate results with this method, the measurements
should be made with a low direct-current voltage, 100 volts or
less, in order that the voltage drop in the arc may be appreciable
compared to the voltage between anode and cathode during the
idling time of the anode.

A modification of the above method has been developed for
measuring accurately the arc drop at higher direct-current volt-
ages, using a thermionic tube in connection with the wattmeter.
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The voltage coil of the wattmeter is connected in series with an
external resistance, and is shunted by the tube, the filament
being connected to the anode terminal of the voltage coil. Dur-
ing the working period of the anode the filament is positive to
the plate and the tube is open-circuited; during the idling period
of the anode the plate is positive to the filament, allowing the
greater part of the eurrent from the external resistance of the
voltage coil to pass through the tube. With this method a low-
range voltage coil can be used without danger of burning out.

The use of wattmeters having their current coils connected in
series with the anode leads is sometimes inconvenient, particu-
larly when making measurements at high currents, as a special
wattmeter for high currents must be used and care must be taken
to shield the instrument against stray magnetic fields. A
method has been developed for measuring the losses in a
rectifier cylinder, employing current transformers in the anode
circuits. With this method a standard wattmeter may be used.
In order to avoid the errors due to the magnetization of the
current transformer core by the direct-current component of the
anode currents, the current transformers are provided with two
primary windings, which are connected in the circuits of two
phases of the rectifier transformer seccondary with opposite
polarities, so that the direct-current components of the two anode
currents eancel each other and an alternating current is induced
in the secondary of the current transformer which is connected
to the eurrent coil of the wattmeter. With this method the
power input to the rectifier and the output from the rectifier may
be measured and their difference taken as the losses in the
rectifier. To obtain accurate results, the measurements should
be made at low direct-current voltage, in order that the losses in
the rectifier may be appreciable compared to the quantities
measured.

Oscillographic Method.—The voltage drop in the rectifier may
be determined by making an oscillographie record of the voltage
between anode and cathode. It is of course desirable to obtain a
trace of the voltage, during the operating period of the anode, to
a large scale in order to be able to make accurate measurement
of the voltage drop. One method for accomplishing this is to
operate the rectifier at low voltage, so that the voltage drop is an
appreciable portion ‘of the total voltage from anode to cathode
recorded by the oscillograph. Another method is to use a
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synchronous switch for disconnecting the oscillograph during
the non-working period of the anode, thus making it possible
to use the full range of the deflection of the loop for recording the
voltage during the operating period.

2. Tests on Rectifier Transformers.—Rectifier transformers
are tested similarly as power transformers. The tests consist
of ratio tests, dielectric tests, core-loss tests, short-circuit tests,
and load tests.

The ratio tests are usually made with reduced voltage applied
to the transformer. The dielectric test on the primary is made
in accordance with established standards for power transformers.
The secondary, however, should be tested at higher voltages
than required for power transformers, on account of the surges
which sometimes occur on the secondary side of a rectifier
transformer. The core-loss tests are made, as for power trans-
formers, by measuring the losses at rated voltage.

The reactanee and copper losses are measured as for power
transformers by short-circuiting part or all of the secondary
and measuring the applied voltage and losses with rated current
in the primary. Due to the fact that the copper losses occurring
when the transformer operates with a rectifier can generally not
be measured directly by means of a short-circuit test, these losses
have to be calculated from the loss measurements made on short
circuit as outlined in Chap. VIfor various transformer connections.

The load test on a rectifier transformer cannot be made by
the “ pumping-back” or “opposition”” method as used for testing
power transformers, on account of the different kilovolt-ampere
ratings of the primary and secondary windings of a rectifier
transformer. Load tests can be made only in connection with a
rectifier.

3. Calculation of Overall Efficiency from Segregated Losses.—
The overall efficiency of a rectifier unit at various loads may
be calculated from the segregated losses in the rectifier, trans-
former, and auxiliaries. The losses in the rectifier are computed
from the measured arc voltage drop at various loads. The
transformer core losses are assumed to be constant at all loads.
The copper losses are assumed to be proportional to the square of
the load. The losses in the auxiliaries should be included in
accordance with the proportion of time during which they operate.

4. Load Tests.—The operating characteristics of a rectifier
may be determined by making load tests under conditions which
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approximate actual service conditions. The test schedule may
consist of loads according to the guaranteed rating of the equip-
ment, or according to a certain load cycle duplicating service
conditions, and may include short-circuit tests at certain
intervals.

The tests may be made by loading the rectifier on a rheostat
or by the load-back method, using for this purpose a motor-
generator set. With the latter arrangement only the losses in
the rectifier set and the motor-generator set must be supplied
from the alternating-current network.

During load tests it is desirable to make the following measure-
ments and observations:

Readings of the alternating and direct currents.

Readings of the alternating- and direct-current voltages at
various loads, to determine the voltage regulation of the unit.

Readings of the power input and output at various loads,
by means of wattmeters on the primary side of the transformer
and by means of an ammeter and a voltmeter on the direct-
current side, to determine the efficiency curve. To determine
the overall efficiency of the unit, the losses in the auxiliaries
should be included. The overall efficiency determined in this
way should be compared with the overall efficicncy caleulated by
the segregated-loss method. When making load-cycle tests, the
energy input and output should be measured with watt-hour
meters to determine the average efficiency over a complete
load eycle. The power factor may be computed from the alter-
nating-current wattmeter, ammeter, and voltmeter readings.

Readings should be taken of the rectifier and transformer
temperatures, and the inlet and outlet temperatures of the cooling
water. If possible, the quantity of cooling water used should also
be measured.

Readings should be taken of the vacuum by means of hot-wire
and McLeod vacuum gages.

Records should be kept of the occurrence of back fires or any
other abnormal occurrences, recording pertinent data on vacuum,
current, temperature, ete.,, at the time of such ocecurrences.
Particular note should be taken of the vacuum and the condition
of the rectifier following short-circuit tests, and of its ability to
resume service following short circuits or back fires.

If possible, oscillographic recordsshould be made of the voltages
and currents at normal loads and during short-circuit tests.
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If the rectifier is equipped with seal gages, the condition of the
seals should be checked periodically.

b. Dielectric Tests on Rectifiers.—The anodes and cathode of
a rectifier are insulated from the tank and the tank is insulated
from the ground. When a rectifier is in operation, the tank is
at practically the same potential as the cathode; the cathode is
insulated from the tank only for the purpose of preventing
current conduction by the walls of the tank or the formation of
cathode spots on them (see Chap. III). For this reason no
dielectric test is necessary between cathode and tank. The
highest operating voltage from an anode to the cathode and tank of
a polyphase rectifier is equal to twice the voltage between anode
and neutral. According to A.LLE.E. Standards for electrical
machinery, the test voltage from anode to cathode and tank
would then have to be equal to four times the voltage from anode
to neutral, plus 1,000 volts. However, on account of the surges
which sometimes occur in the anode circuits, and due to the fact
that the breakdown voltage of mercury vapor decreases at higher
temperatures, a higher test voltage is generally used. At the
present writing there are no established standards for the
testing of rectifiers.! The test voltage from the rectifier tank
and cathode to ground, based on standards for clectrical machines,
should be equal to twice the highest direct-current operating
voltage, plus 1,000 volts. The same test voltage should be
used for rectifier auxiliaries which are subjccted to the same
potential as the rectifier.

6. Tests on Vacuum Pumps and Vacuum Gages.—It is evident
that the larger the capacity of a vacuum pump, or its speed, as
it is often called, the faster may a rectifier be exhausted and the
higher the vacuum maintained. The capacity of a vacuum
pump is therefore a criterion of its performance. The perform-
ance of a vacuum pump cannot be judged solely by the degree of
rarefication which it is able to produce in the rectifier to which it
is connected, because in commercial rectifiers small leaks are
always present, and the anodes and other materials used in the
construction give off occluded gases when heated. The perform-
ance of a vacuum pump must therefore be judged by the quantity
of gas per second which it can exhaust at a certain pressure.

The capacity of a vacuum pump can be mecasured in two
ways:

1 A.LE.LL. Standards for metal-tank rectifiers were prepared in 1930.
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According to the first method, air is exhausted by the pump
from a closed container of known volume, and the pressure in
the container is measured at definite time intervals by means of a
reliable gage which has no appreciable time lag. The average
speed of the pump can then be caleulated between each two
points on the time-pressure curve.

According to the second method, a definite and adjustable
amount of air is allowed to leak from the atmosphere into the
suction side of the pump, and the vacuum which the pump is
able to maintain at different air quantities is measured. This
method is more practical than the first one, but it requires
special valves which will allow extremely small quantities of
air to pass from the outside atmosphere into the suction pipe of
the pump. These valves, which consist of capillary tubes
that may be varied in length, cross-section, or both, by a simple
adjustment, must be very accurately made in order that repro-
ducible results may be obtained. The valves are calibrated
by connecting them to a closed recipient of known volume and
measuring the amount of air which will leak into the recipient
through the valve at different settings by observing the increase
of the pressure in the recipient over a certain time.

The high vacuum required in mercury arc rectifiers makes it
essential to have reliable gages for the accurate measurement
of very low gas pressures. As a standard for calibration of the
different gages the McLeod gage is used almost exclusively. In
the McLeod gage, as described in Chap. VIIIL, a certain volume
of the gas is separated from the remainder, compressed, and the
volume reduction which is obtained, and which can be read
directly on a scale, is a measure of the pressure of the gas before
compression, according to Boyle’s law. In gages to be used as
standards, the volume of the measuring tube must be ecalibrated
by filling it with liquid over its whole length, to avoid errors due
to possible variations in the inner diameter. After this is done,
the scale for the gas pressures can be calculated, and the gage
will record the gas pressure accurately, if the necessary precau-
tions for freezing out condensible vapors are observed. Absolute
and exact values can be measured with this gage onlyif all vapors,
such as water vapor, oil vapor, etc. are condensed or absorbed
by traps before the measurements are taken. The calibrating
outfit includes traps, 7.e., vessels cooled by liquid air, or by
oxygen at —183°C., for condensing the vapors. Other glass
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bulbs filled with phosphorus pentoxide absorb the moisture
present. The remaining non-condensible gases follow the gas
laws, so that the effective pressures are indicated by the McLeod
vacuum gage during calibration.

EXPERIMENTAL STUDIES

The effect of various construction details, materials, and trans-
former connections on the performance characteristics of a
rectifier, and the influence of various operating conditions on
those characteristics, may be determined by making experimental
studies on a rectifier, For such experimental work it is advanta-
geous to have the rectifier provided with observation windows
for observing the are at the anodes and cathode, and to have a
rectifier transformer suitable for making different connections.
The phenomena in the arc may best be observed by viewing
the are through a stroboscopic dise which is rotated by a motor
connected to the same alternating-current supply as the rectifier.
The dise should have as many radial slots as the motor has
pairs of poles, so that the arc may be viewed at a certain
instant once every cycle, when the motor is running at syn-
chronous speed. See Chap. IIT and (398).

A number of studies are suggested below:

Voltage Drop in the Rectifier Arc.—Effect on the voltage
drop of the anode material, shape and size of anodes, diameter
and shape of anode shields, arrangement of various vapor and
arc guides, construection of cathode, distance between anodes
and cathode. Effect on the voltage drop of the temperature
and vacuum in the rectifier, temperature of the cathode cooling
water. Effect of presence of air and other gases on the voltage
drop. Effect of the amplitude and duration of the anode
currents. Variation of the voltage drop with the load current.
Comparison of the values of voltage drop measured with direct
current and alternating currents of different frequencies.

Ignition of the are in the rectifier with alternating and direct
currents. Effect of temperature and pressure on the ignition.
Minimum current required to maintain a stable arc to the
excitation anodes and to the main anodes under various tempera-
ture and pressure conditions.

Rate of evaporation of mercury vapor for different construec-
tions, different amounts of cooling of the cathode, and its effect
on the arc drop.



TESTING RECTIFIERS AND THEIR AUXILIARIES 435

Transient Phenomena.—Conditions affecting the occurrence
of baek fires. The effect on their occurrence of load current at
various direct-current voltages; of pressure and temperature in
the rectifier, and the temperature of the anodes; of the presence
of impurities in the rectifier; of condensed mercury on the anodes.
Effect of the anode material and of the arrangement of the arc
guides.

The occurrence of surges when the rectifying arc is extinguished.
Effect of the value of the current, rate of current change, pressure
and temperature in the rectifier, and constants of anode and load
circuits, on the magnitude of the surges.

Inverse Current.—A study of the inverse current flowing to
an anode when it is not operating and is at a negative potential
to the cathode; the effect of the load eurrent, operating voltage,

Glass recﬁf}’ez;
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Fira. 225.—Conncetion diagram of circuit for measuring inverse current in
rectifier, using an auxiliary rectifier in parallel with the measuring circuit.

pressure and temperature in the rectifier on the magnitude of
the inverse current; the relation between the magnitude of the
inverse current and the occurrence of back fires.

As was stated in Chap. 111, the phenomenon of back fires is
largely attributed to the inverse current flowing to an anode
after its are is extinguished. A study of the inverse current is
therefore of particular interest in the investigation of back
fires (410).

Since the inverse current is of the order of magnitude of milli-
amperes, and is therefore very small compared to the load cur-
rent, special methods must be used in making the measurements.

Two circuits used for measuring the inverse current are shown
in Figs. 225 and 226.

In Fig. 225 is shown a method for measuring directly the
inverse current of a single-phase, two-anode rectifier under normal
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operation. This is accomplished by using a second reetifier tube
which allows the passage of the normal load current but intercepts
the inverse current and makes it flow through the measuring
circuit. A synchronous wheel is used to permit measuring the
current at any point of the cyele (65 and 324),

With another method used to measure the inverse current an
oscillograph is connected through a synchronous contact wheel
to a shunt in an anode lead. Oscillograms of the inverse current
may also be taken with the circuit of Fig. 225, by connecting
the oscillograph loop in place of the measuring cireuit.

In Fig. 226 is shown & circuit for measuring the inverse current
under conditions which approximate operating conditions in

AR U

Fi1G. 226.—Circuit for measuring inverse current in idle anode of rectifier, to
study influence of eurrent carried by other anodes.

a rectifier, and which is particularly adaptable for investigating
the factors affecting the inverse current. Anode 1 is connected
to the negative pole of a variable direct-current source, which
may be a battery or a direct-current generator. An are is main-
tained in the rectifier, and any one of the remaining anodes
may be connected to a direct-current supply in series with a
resistance. The current flowing in anode 1 is measured by
means of milliammeters. Two milliammeters are used, one with
a high range and the other with a low range. A short-cireuiting
switch is provided in order to protect the instruments against a
possible flashover from anode to cathode. This switch is opened
only when a reading is taken.

With the circuit of Fig. 226, it is possible readily to determine
the effect of the following factors on the inverse current: (1)
the potential of anode 1; (2) current in the working anodes;
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(3) location of the working anode with reference to anode 1;
(4) effeet of anode shields, baffles, and screens.

Rectifier Circuit Characteristics.—A study of the wave shape
of the currents and voltages and the relation between the voltages
and currents in the various parts of the rectifier circuits, for
different types of direct-current loads, different types of trans-
former connections, and with different amounts of reactance
and resistance in the primary and secondary sides of the trans-
former. Relation of the currents and voltages at various loads,
from no load to short circuit, Current and voltage conditions
during a back fire.

Although natural back fires cannot be produced at will, the
external circuit conditions during a back fire may be reproduced
artificially when it is desired to obtain oscillographic records or
to determine the effect of a back fire on the transformer, the
protective devices, or other parts of the external circuit.

The ecircuit conditions during a back fire can be produced
artificially by the following methods:

1. Surges may be applied to onc of the anodes when the rectifier
is carrying load. This method approaches very closely the condi-
tions during a natural back fire, but the back fire may not occur
at every attempt nor, if it does, at the instant desired.

2. Mercury may be sprayed on the surface of an anode. This
method gives about the same results as method 1, but requires a
more elaborate set-up inside the rectifier.

3. One anode may be connected externally to the cathode
while there is an arc in the rectifier. With this method, the
current from the other anodes will flow into the back-firing phase
(the phase of the anode connected to the cathode) through
the cathode and the external connections. This method is the
simplest and the most dependable one for reproducing the
external cireuit conditions of a back fire; however, as can readily
be seen, it does not reproduce the internal conditions of a natural
back fire.

FIELD TESTS ON RECTIFIERS

On Sept. 30, 1928, the Commonwealth Edison Company made
a series of short-circuit tests on the Brown Boveri rectifiers in the
Lawndalesubstation. The diagram of connectionsof the rectifiers
is given in Fig. 227. The unit consists of two rectificrs, Type
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GRZ-56, connected to one transformer. The transformer
primary is connected in Y and the secondary in double 6-phase
with interphase transformer. The reactance of the transformer
is 5.5 per cent.

Each rectifier is rated at 600 kw., 621 volts, 966 amp. direct
current. The alternating-current supply is 12,000 volts, 3-phase,
60-cycle.

-~
6" Oscillograph
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Fia. 227.—Diagram of connections of circuit employed for the short-circuit
tests in the Lawndale substation of the Commonwealth Edison Company,
Chicago.

Each rectifier was protected by means of a semi-high speed
breaker provided with blowout coils and with a reverse-current
trip attachment. The short circuits were interrupted by means
of a high-speed circuit breaker with a tripping time of 0.5 ¢ycle.

Oscillograms were taken of the primary current and voltage
of phase C, the direct currents of the rectifiers, and the direct-
current bus voltage.

These tests are of particular interest as the capacity of the
alternating-current system was very high compared to the
capacity of the rectifiers, the tests were made at short intervals,



TESTING RECTIFIERS AND THEIR AUXILIARIES 439

and during some of the tests back fires occurred which were
recorded by the oscillograph.

Nineteen tests were made in all, most of them at intervals of
1.5 to 3 min. The first five tests were made with resistances of
0.126 to 0.012 ohm. The remaining tests were “dead” short
circuits across the direct-current buses, with about 50 ft. of 4/0
cable.

Ne. & 774 g6562 No./0 TM-26562
b o A 1 FAPYE i
wSa T, 30,1988 . - «SEPT. 30,7928

i\
(D) PC.Current Bow! 1-8 Zero Line D.c.current Bowl I-R

@) PC Corrent Bow! I-B Zero Line

Fia. 228.—Oscillograms taken during short-circuit tests 8 and 10 on the recti-
fiers in the Lawndale substation.

The vacuum in the rectifiers at the start of the tests, measured
by a McLeod gage, was 0.0013 mm. Hg; the vacuum at the con-
clusion of the tests was 0.0024 mm. Hg.

In Figs. 228, 229, and 230 are shown four of the oscillograms
taken during the tests. The current and voltage values for
these oscillograms are given in Table XV.

Analysis of Oscillograms.—In oscillograms 8 and 10, Fig. 228,
as seen from curves 1 and 2, the short circuit was interrupted by
the high-speed circuit breaker in about 0.5 cycle. The direct-
current short-circuit current reached a maximum value in about
0.3 cycle (0.005 sec.). The average rate of current rise is approxi-
mately 2,000,000 amp. per second.

The direct-current bus voltage is shown by curve 4. At no
load the voltage has an undulation of a frequency equal to the
product of the alternating-current frequency and the number of
phases. When the short circuit was applied the direct-current
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voltage dropped. The residual voltage during the short circuit
was due to the ohmic and inductive drop in the short-circuiting
circuit; the voltage decreases as the rate of current rise is redueed,
and becomes negative when the circuit is interrupted and the
current, drops to zero. No appreciable change is noticeable in
the alternating-current voltage (curve 5) during the short circuit,
onaccount of the relatively high capacity of the alternating-current

supply.

Tasre XV
Dircet-current short Average Primary cur-
circuit, amperes Direct direct-current| rent phase ¢
Oscillo- (maximum) reverse bus voltage (maximum}) I‘rl.mary
gram current line
number |— F————— —— (maxi- veltage
mum) (r.in.s.)
No | Short | Short | Back
14 15 Total load | cireuit | circuit fire
8 10,700]11,400/22,100 | ...... 620 180 500 | ..... 12,100
9 8,900(12,200 19,0001 10,500 620 170 305 1,500 11,200
10 10,300({10,900(20,600 | ...... 2 160 442 R 12,100
11 9,400(12,200(20,700! 9,200 620 130 390 1,180 11,200

1 The total maximum is less than the sum of the individual maxima, because the latter
did not occur simnultancously.

The alternating current in phase C is shown by curve 6.
The difference in the shapes of the eurrent waves of oscillograms
8 and 10 is due to the fact that the short circuits were applied at
different points of the voltage cycle.

In oscillograms 9 and 11, Figs. 229 and 230, the short circuit
was followed by a back fire in rectifier 14A. The short circuit
was interrupted by the high-speed circuit breaker, as in oscillo-
grams 8 and 10. However, a back fire occurred at the instant
of interruption. After the opcning of the high-speed breaker,
rectifier 1B fed current back into rectifier 14. The reverse
current in the back-firing rectifier is for this reason equal in
magnitude to the forward current in the other rectifier, as seen
from curves 1 and 2. The direct-current breaker of the back-
firing rectifier 14 was tripped out on reverse current approxi-
mately 2.3 cyecles after the back fire started, thus isolating the
two rectifiers and stopping the backfeed from 1B to 14. As
seen from the primary current curve 6, the back fire in rectifier
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Fia. 229.—Oscillogram taken during test 9 in the Lawndale substation, in which
the short circuit was followed by a back fire.

No- -/ 7r7-R6562
TIIE, =i
eSapr, FO,/9£8.

@) p.c.current Bow) i-#  zers Line

&) Prim. current cé

Zero Line,

F16. 230.—Oscillogram taken during test 11 in the Lawndale substation; short
circuit followed by back fire.
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14 continued until interrupted by the opening of the oil circuit
breaker (not shown in oscillograms).

The alternating-current voltage dropped about 8 per cent during
the back fire, as seen from curve 5.

The scales of the direct current waves in the oscillograms for
rectifiers 14 and 1B are in the ratio of 188 to 175, respectively.
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A

Absorption-reactance coil (see Inter-
phase transformer).

Allgemeine Elektrizitaets-Gesell-
schaft, 222, 223, 226, 240,
247, 253, 268-269

Alternating-current supply, multi-
ple, 47

Ambient temperature, 316

Analysis of direct-current voltage
wave, 88-94, 407

Angle of overlap, 49, 57, 87, 92, 93,
116, 118, 140, 150, 158, 164-166,
171-173, 417

Anode, auxiliary, 230-233, 241

construction, 226-229

cooling, 229

current, construction of, 66-76
density, 227
general derivation, 6669
waves, 7075
with overlapping, 58
without overlapping, 50

excitation, 230-231

function, 20

graphite, 226, 237

grids (see Anode screens).

heaters, 218, 229-230, 237, 239,

286, 291, 340, 341-342

ignition, 230-233

insulators, 228-229

paralleling of, 187-188, 201

radiators, 229

reactors, 187-188, 268, 305-306,

391-392

screcns, 42-43
construction, 227-228 232
energized, 43, 397-401
non-energized, 42

shields, 4, 41, 221-223, 227

463

Anode, stcel, 226
voltage drop, 20
Anti-freeze mixture, 333, 365-366
Anti-resonant filter, 418
Application of rectifiers, 307-328
clectro-chemical serviee, 100-102,
308, 328
fields of application, 307-308
industrial plants, 327
portable substations
stations).
radio transmission, 7
railway service, 308, 317-327
Are-back (see Back fires),
Are, characteristies, 14-16
properties, 24-25
Arc drop, 18-24
curves, 22
effect on direct-current voltage
regulation, 168
measurement, 427—-430
oscillographic method, 429-430
water-rate method, 428
wattmeter method, 428-429
study of, 434
Atom, 10
Automatic control (see Automatic
substations).
Automatic substations, 337-351
Brown Boveri automatic cont.rol,
345-351
diagrams of connections, 341-351
General Electric automatic con-
trol, 341-345
protection, 340-341
reclosing and lockout, 339, 344, 348
starting and stopping, 338-339,
344-345, 348
temperature control, 339-340, 341
vacuum pump control, 339, 343,
349-351

(see Sub-
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B

Back fires, 35-43
causes, 3842
currents and voltages, 80-82
effect on transformers, 188-191
explanation, 35
oscillograms, 82, 189, 354, 441
prevention, 42, 43
selective protection (see Selective
proteciion of rectifiers).
tests, 82, 189, 437, 439-442
Bake-out (see Forming).
Bergmann rectifiers, 226, 230
Berlin Elevated Railway, 319-323,
372-379
diagram of connections, 374
load eycle, 322
protection, 373-375
rectifier rating, 321
short-circuit tests, 322-323
substations, 372-379
supervisory control, 372
system layout, 319-321
vollage regulation, 322
Bibliography, 443-462
Booster motor-generator set, 305-397
Breakdown of mercury vapor, 27-28,
38, 40
Bridgeport, Conn., substation, 317-
318, 358-360
Brown Boveri, automatic control,
345-351
ignition set, 272
rectifiers, 212, 213, 215, 216, 238
vacuum gage, 258-263
vacuum pump, 245, 247, 249-250,
T254
wiring diagram, automatic recti-
fier, 346-347
manually operated rectifier, 336

C

Cables and wires, 334
Calgary portable substation, 381-383
Cathode, 13, 16-18
construction, 16-17, 225-226
cooling, 214
insulation, 34-35, 214, 225-226
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Cathode, mercury, 225-226
potential, 32
spot, 17-18, 35
voltage drop, 19
Characteristics of rectifiers, 311-316
efficicney, 311-315
power factor, 169-174, 315
regulation (see Voltage regnla-
tion).
Checking vacuum piping, 296
Chicago Elevated and Surface Lines,
319, 360-363, 437442
City railways, 317, 319-323, 329,
358-363, 366-382
Commonwealth Edison Company,
Chicago, I11., 319, 324, 360-363,
437 -442

Communication interfcrence (see
Interference with communica-
tion).

Compounding of rectifier, 145-147,
392-395
Conduction,
10-13
by rectifier tank, 34-35
Connecticut Company, The, 317-
318, 358-360
Connection diagram (see Diagram of
connections).
Conrad, Frank, 3
Consolidated Mining and Smelting
Company, Trail, B.C. 328,
383-384
Control, automatic (see Automatic
substations).
of direct-current voltage
Voltage control).
Controlling mercury vapor, 220-225
Cooling, apparatus, 274-283, 333
control, 338, 340, 341, 348, 349,
350
of rectifier, 214-217, 231, 274-283,
332-334, 335, 340, 365-366
systems, 231, 275-280, 332-334
combined cooling, 279
direct cooling, 275-277, 332
forced-draft ecooling, 277-281,
332-333, 365-366, 371
indirect cooling, 277

of current in gases,

(see
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Cooling systems, recirculating cool-
ing, 277-279, 332, 365-366
water, analysis, 283
characteristics, 280283, 336
requirements, 274-275
Cooper-Hewitt, Peter, 2, 3
Copper losses, tests, 191-197
effect on regulation, 167-168
Corrosion, electrolytic, 215, 280-283,
332-333, 366
Current density of anode, 227
Current harmonics, 94 -97, 409-411
Current transformer, in anode cir-
cuit, 427, 429
Current-transformer trips, 349, 352-
354 '
Current-voltage relations, 77-80
Current wave, direct-current, 45,
94-99
effect of load on, 97-102, 408-411
Cylinder, rectifier, 211-233

D

Decentralization, 310-311, 320
Degassing (see Forming).
Degree of rectification, 95
Delaware, Lackawanna and Western
Railroad, 327
Design and construction of rectifiers,
210241
Design of interphase transformer,
203-205
of rectifier transformer, 197-203
of wave filter, 418-425
Diagram of connections, Brown
Boveri automatic rectifier, 346—
347
Brown Boveri manually operated
rectifier, 336
General Electric automatic recti-
fier, 342
General Electric manually oper-
ated rectifier, 286
Diametrical 6-phase transformer
(see Transformer connections).
Dielectric tests of rectifiers, 432
Direct-current load circuits, 95-102,
408-409
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Direct-current power, with over-
lapping, 60
without overlapping, 51
Direct-current power transmission, 7
Dircet-current, voltage, construction
of, 62-65, 68
cquation of, 50, 60, 63, 78
general derivation, 62-66
regulation, 58-60, 79, 140-141,
145-147, 148, 150, 157-158,
163-169, 205-206, 322, 385-
402
rclation to alternating-current
voltage, 50-51, 63, 78, 176~
186
ripple, 83-87
waves, 45, 70-75, 83-94, 407
Direct-current wave, 45, 94-99
Displacement factor, 170
Distortion faector, 170
Double 6-phase connection, 187-188,
190-191, 197-203, 305, 356

E

Edison systems, 311, 327, 385
Efficiency, calculation, 205, 430
of rectifier, 105, 147, 311-315, 394
of rotary machines, 313--314
Electric field control, 397-401
Electro-chemical plants, 328, 383—
384, 385
Electrolytic cells, 100-102
corrosion, 215, 280-283, 332-333,
366
Electromagnetic induction, 404-405,
411-415
Electron, 10, 12, 24
Electrostatic induction, 403-404, 411
Excitation anodes, 230-231

apparatus (see Ignition and
cxcitation).
arc, 16, 23
Experimental tests, 434-437
F

Ferrovie Nord Milano, Italy, 325-
326

Field control of dircet-current volt-
age, 397-401



466

Filters, 418-425
anti-resonant {ilter, 418
connecting wires, 334, 421
harmonic currents, 423
reduction factor, 421
resonant shunt filter, 419425
series reactor, 410-411, 418, 420-
425
Five-leg transformer, 126, 182
Forced-draft cooling, 277-281, 332—
333, 365, 371
Fork connection (see Transformer
connections).
Forming, manufacturer’s
tions, 290-296
phenomena, 290
process, 284~296
connection diagram, 286, 287
double 6-phase forming, 288
heating out, 285
single-phase forming, 288, 291
6-phase forming, 288, 292-293
3-phase forming, 295-296
transformer, 287-289
voltage, 40, 287, 292

instruec-

Freezing  temperature of water-
alcohol, 333
Fused seals, 236-238
G
Gaede diffusion pump, 248249,

254
Gages (see Vacuum gages).
Gases, occluded, 5, 38, 42
General Electrie automatic control,
341-345
connection diagram,
rectifier, 342
manually operated rectifier, 286
rectifier, 213, 218-221, 226, 237
240
vacuum gage, 263-265
vacuum pumps, 246, 247, 251-252,
254
Glow discharge, 14, 15, 37, 38, 39
Graphite anode, 226, 237
Grid control of direct-current volt-
age, 397-401

automatic
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Grids, anode, 42 43, 227-228, 232,
307-401
Guenther-Schulze, 19

H

Harmonic currents in filter, 422-423
Harmonies, in direct-current, voltage
wave, 83-04, 407
in direet-current wave,
409-411
Heaters, anode, 218, 229-230, 237,
239, 286, 291, 340, 341-342
tank, 218, 291, 340
Heating out rcctifier, 285
High-vacuum pump (see Vacuum
pump, mercury).
High-voltage rectifiers, 7
Hot-wire vacuum gage,
285

94-97,

257265,

1

Ignition angle, 63, 65-66
anode, 230-233
mechanigm, 223, 227, 233
Ignition and execitation, 16, 266-274
alternating-current ignition and
excitation, 270-273
direct-current ignition and alter-
nating-current excitation, 270
direct-current ignition and exci-
tation, 266-270, 286
oscillogram of, 271
Tllinois Central Railroad, 323—325
Induced voltages, 411-415
Inductance of railway systems, 408~
409
of reactors, 424, 425
Induction, eclectromagnetic,
405, 411-415
electrostatic, 403—404, 411
Induction regulator, 389-390
Inductive interference (see Inter-
ference).
Industrial plants, 327
Inspection report, 298-299
Installations, rectifier (see Rectifier
installations).

404~
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Instruments, measuring, 173, 415,
426-427, 428-430
Insulation of cables and wires, 334
Insulators, anode, 228-229
cathode, 225-226
Interference with communication,
403—425
causes, 405-407
electromagnetic induction, 404-

405, 411-415
clectrostatic induction, 403-404,
411

exposure, 405
filter equipment, 418-425
harmonic currents, 409-411
harmonic voltages, 88-94, 407
load characteristics, 408-409
telephone interference factor, 415
418
Interphase transformer, design, 203~
205
double 6-phase connection, 188,
190, 201, 203-205
operation, 127-136
selective protection, 356-357
6-phase connection, 127-139, 141,
145-147, 176, 181
12-phase connection, 152-156, 185
voltage control, 145-147, 392-395
winding arrangement, 204-205
Interstage reservoir, 242, 248 253,
343
Interurban railway, 318, 329, 363-
366
Introduction, 1-9
Inverse current, 37-38, 435437
Ton, 10-12
Tonization, 10-13, 25
Tonization vacuum gage, 264, 266
Iron, rate of evaporation, 28

K

Kelvin balance, 428
Kelvin degrees, 28

L

Langmuir, Irving, 18
vacuum pump, 250-252, 254
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Layout of substations, 330-335,
357-384
Leakage reactance, 106-108, 191,
202

Lighting and heating load, 100
Lighting and power load, 327
“Litzendraht,” 421
Load eircuit characteristics, 95-102,
408-409
Load, effect of, on current wave,
97-102, 408-411
Load factor, effect of, 314-315
load-shifting resistance, 344, 364
Load tests, 430-432
Location of substations, 329-330
Losses, auxiliary, 203-205, 430
rectifier, 18-24, 105, 205, 427-430
transformer copper, 191-197, 202—
205, 430
transformer iron, 430

M

Magnetizing current of transformer,
143, 173
Main-line electrification,
Maintenance, 297-299
Manually operated substations, 335~
337
Manufacturer’s forming
tions, 290-296
Maypole substation, Chicago, I,
319, 360-363
McLeod vacuum gage, 5, 255-257,
285, 433
Measuring arc drop, 427-430
Measuring instruments, 173, 426—
427, 428-430
Mereury are, photograph, 18
properties, 24-25
rectifier (see Rectifier).
stability, 15
voltage characteristic, 14-16
voltage drop, 18-24
Mercury, cathode, 17
evaporation, 221-225
of cathode, 225-226
properties, 24-26
seals, 5, 235, 238, 239-241

323-327

instruc-



468
Mercury, vacuum pump (see
Vacuum pump, mercury).
vapor, breakdown voltage, 27—
28, 38, 40
controlling of, 220-225
properties, 24-28
Micron, 255, 262
Milwaukee Elcctric Railway, 318—
319, 363-366
Montreal Tramways Company, 366—
372
Mycalex seals, 220, 237-239

N

New York subway, 323
No load to short ctrcuit, 61-80
No-load voltage rise, 140, 401-402

o)

Occluded gases, 5, 38, 42
Operation of rectifier,
296-297
Oregon Electric Railway, 326-327
“QOscillating ” necutral, 121
Oscillograms, back fire, 82, 354, 441
currents and voltages, 99
fork conncetion, 149
ignition-exeitation, 271
primary current, 142
short-eircuit. tests, 439, 441
6-phase connection with
phase transformer, 133
Oscillograph in rectifier tests, 426,
429, 436
Overlap, angle of, 49, 57, 87, 92, 93,
116, 118, 140, 150, 158, 164166,
171-173, 417
Overlapping, 48, 54, 56

P

13, 29-31,

inter-

p-phase rectifier, calculation of, 50,
54
Parallel operation of rectifiers, 300—
306, 315
on different alternating-current
networks, 304-305
different substations, 301-303
fundamental principles, 300-303
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Parallel operation of reetifiers,
on one transformer, 187-188,
305-306

with rotary machine, 304, 406,
409-411

samec substation, 300--301

stability and load division, 303—
304

Paralleling anodes, 187188, 201

Paris Metropolitan Railways, 380,
382

Performance tests, 427-434

Philadelphia Rapid Transit Com-
pany, 379-382

Philadelphia subway, 323

Physical propertics of mercury,
24-28

Polygon transformer connection,
181, 305-306

Polyphase rectification, 31-34
Portable substations, 381-383
Portland FElectric Power Company,
326
Potentials in rectifier circuit, 32
Power, direct-current, equation of,
51, 60
Power factor, 169-174, 315, 393
Preliminary vacuum pump
Vacuum pumps, rotary).
Protection of rectifiers, 326, 337,
340, 349, 351-357, 373-375
back-fire, 326, 337, 340, 349, 351~
357, 373-375
incomplete start, 340, 344
lockout, 339, 340, 344, 349
low vacuum, 340, 344, 349
overload, 337, 340, 349
over-temperature, 337, 340, 341,
344, 349
reverse current, 326, 337, 340,
349, 351-356, 373 .
selective protection, 326, 337,
349, 352-357, 373-375
water failure, 340, 344, 349, 350

R

Radiator-type coolers, 280-281
Railway load, effect on eurrent
wave, 97-99, 409-411

(see
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Railway rectifier installations, 317—
327, 357-383
Railway system inductance, 408-409
Rating curves, 310
Rating of rectifiers, 35, 40, 211,
309-310
Reactance, effect of, 54-60, 164-167,
172
leakage, 106-108, 191, 202
Reactors, anode, 187188, 268, 305~
306, 391-392
Recireulating cooling system, 277-
280
Reclosing, automatic, 339, 348
Recoolers, forced-draft, 280281
Rectification, polyphase, 31-34
principles, 10-16, 20-34
single-phase, 29-31
Reetifier, application of, 307-328
automatically operated, 337-351
auxiliaries, 210, 242-283
cooling apparatus, 274-283
ignition and excitation appa-
ratus, 266-274
vacuum gages, 255-266
vacuum pumps, 242-254
circuit potentials, 32
cooling, 274-283, 332-334, 335,
338, 339340, 348, 365-366
eylinders, 211-233
design and construction, 210-241
development, 2-9
clementary, 13
high-voltage, 7

installations, 317-328, 357-384
Berlin Elevated Railway, 319-
323, 372-379
Bridgeport, Conn., 317-318,
358-360
Calgary portable substation,
381-383

Chicago Elevated and Surface
Lines, 319, 360-363

Consolidated Mining & Smelt-
ing Company, 328, 383-384

Delaware, Lackawanna and
Western Railroad Co., 327
cleetrochemical plants, 328,

383-384
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Reetifier  installations, Ferrovie
Nord Milano, 325-326
Mllinois Central Railroad, 323-
325
industrial plants, 327
Montreal Tramways Company,
366372
Oregon Electric Railway, 326—
327
Paris Metropolitan Railways,
380, 382
Philadelphia and New York
subways, 323
Philadelphia Rapid Transit
Company, 379-382
railway rectifier installations,
317-327, 357-384
Watertown-Milwaukee
318-319, 363-366
interference (see Interference).
manually operated, 335-337
necessary elernents, 16
operating characteristics, 311-316
parallel opcration, 300-306

line,

principle of operation, 10-16,
29-34

protection (see Protection of recti-
fiers).

rating, 35, 40, 211, 309-310
simplified connection, 210
starting, 211, 297, 335, 338, 344,
348
stopping, 297, 337, 339, 345, 348
substations (see Substations).
testing, 426442
transformers (see Transformers).
types, Allgemeine Elektrizitaets-
Gesellschaft, 222, 223, 226,
240
Bergmann, 226, 230
Brown Boveri, 212, 213, 215,
216, 238
General Electrie, 213, 218-221,
226, 237-240
Siemens-Schuckert, 224, 227
Westinghouse, 228, 236-237
wave filter, 418-425
Reduction factor of harmoniec, 421
Regeneration, 315-316
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Regulating transformer, 388-389
Regulation, curves, 79, 125, 141,
146, 322, 393
voltage, 58-60, 79, 140, 145-147,
150, 157, 163-169, 205-206,
322, 385-402
Residual m.m.f., 109-113, 121-124,
141, 159-160
Resonant shunt filter, 419-425
Reverse current, 36, 82, 352-356,
see also Inverse current.
Reverse-current protection, 326, 337,
340, 349, 352-356, 373
Reversed rectifier connection, 33-34
Ripple loss in electrolytic cells,
100-102
Rockfield substation, Montreal, 366—
372
Rotary vacuum pump (see Vacuum
pumps, rotary).
Roughing vacuum pump (see Vac-
uum pumps, rotary).
Rubber seal, 234, 235, 240-241

S

Saturated interphase transformer,
145-147, 392-394
Schaefer, Bela, 3
Screens, anode, 42-43, 227-228, 232,
397-401
Seal gage, 238, 239
Seals, 5, 233-241
fused, 236-238
mercury, 5, 235, 238, 239-241
myecalex, 220, 237-239
rubber, 234, 235, 240-241
2-stage, 223, 240
Selective protection of rectifiers, 326,
351-357, 373-375
Berlin Elevated Railway, 373-375
current-transformer trip, 337, 349,
352-354, 356
Ferrovie Nord Milano, 326
reverse-current tripping, 326, 337,
349, 352—-356, 373
tripping by unbalance, 356-357
Selective tripping (see Selective
protection of rectifiers).
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Series motors, 97-99
Series reactors, 410411, 418, 420-
425
Shell-type transformer, 126
Shields, anode, 4, 41, 221-223, 227
Short-circuit current, 76-77
Short-circuit tests, of rectifiers, 189,
437-442 '
of transformers, 189, 191-197, 430
Shunt filter, resonant, 419-425
Shunt motors, 99
Shunt reactor, 419425
Siemens dynamometer, 428
Siemens-Schuckert rectifiers, 224,
227 )
Single-phase rectification, 29-31
Single-phase rectifier, 29, 51-52
Single-phase transformers, 127, 182
Six-phase connection (see Trans-
former connections).
Six-phase rectifier caleulation, 52-54
Société Alsacienne, 237
Space charge, 11, 12
Stability of parallel operation, 303~
304
Starting rectifier, 211, 297, 335, 338,
344, 348
Steel anode, 226
Steinmetz, Charles P., 2
Stopping rectifier, 297, 337, 339, 345,
348
Substations, 329-384
automatically operated, 337-351
equipment, 331
inspection report, 298-299
layout, 330335, 357-384
location, 329-330
manually operated, 335-337
portable, 381-383
selective protection, 351-357
Surge arresters, 334
Switchboards, 330, 334, 345, 351,
363, 371

T
Tables of transformer connections,

175-186
Tank heaters, 218, 291, 340
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Tap changers, 386-389
Telephone interference (see Inter-
ference with communication).
Telephone interference factor (tif),
415-418
Temperature, ambient, 316
control, 339-340, 341
Tertiary transformer winding, 113,
120-121
Testing rectifiers and auxiliaries,
426442
arc-drop measurement, 427-430
dielectric tests, 432
experimental studies, 434-437
field tests, 437442
inverse current measurement,
435437
load tests, 430-432
measuring instruments, 426-427
performance tests, 427-434
short-circuit tests, 437-442
transformer tests, 191-197, 430
vacuum pumps and gages, 432-434
Testing transformer, 191-197, 430
Thermostatic regulating valve, 231,
275-277
Transformer- connections, delta-
connected primary, 109-112
diametrical 6-phase, delta pri-
mary, 117-119, 164, 166,
172, 179 .
Y-primary, 112-113, 119-127
magnetic shunt, 126-127, 182
single-phase transformers,

127, 182

with tertiary, 113, 120-121,
179

without tertiary, 112-113,
121-126, 179

double 6-phase, 187-188, 190,
197-203, 305, 356

influence on arc drop, 21-23, 105,
147

mesh-connected primary, 109-112

primary connections, 108-113

selection of, 104-106

6-phase fork, 147-152, 165, 166,
172, 178, 188, 193-195, 209,
326

Transformer connections, 6-phase

fork,. copper losses, 193-195
current and voltage waves, 148,
149
diagram of connections, 148
direct-current voltage and regu-
lation, 148-150, 165, 166 .
power factor, 151, 171-172
rcactance, effective, 149-150
transformer rating, 150-152
6-phase with interphase trans-
former, 127-147, 165, 166,
172, 181, 188, 192-193, 392—
395
advantages, 127
copper losses, 192-193
current and voltage waves,
132-133
design example, 197-206
diagram of connections, 128
dircet-current voltage and regu-
lation, 139-141, 165, 166
magnetizing current, 143
no-load voltage rise, 140, 401—
402
power factor, 145, 171-172
primary and line currcnts, 141—
144
principle of operation, 129
transformer rating, 144-145
transition current, 131, 138, 206
transition period, 131-136
voltage and current relations,
130-136
voltage control, compounding,
145-147, 392-395
star-connccted primary, 112-113
tables of, 174-186
12-phase with interphase trans-
former, 152-163, 165-166,
172, 185, 195-197
copper losses, 195-197
current and voltage waves, 155
diagram of connections, 153
direct-current  voltage and
regulation, 156-158, 165, 166
interphase transformers, 154—
156
power factor, 163, 171-172
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Transformer connections, 12-phase
with interphase transformer,
primary currents, 159-162

residual m.m.f., 160
transformer rating, 162-163
Transformer, forming, 287-289
interphasce (see Interphase trans-
former).
secondary rating, 51
tap changers, 386-389
Transformers for rectifiers, backfires,
effect of, 188-191, 202
comparison with power trans-
formers, 103-104
construction, 206-209
copper losses, 191-197
design example, 197-206
general equations, 113-116
leakage reactance, 106-108, 191,
202
primary and line currents, 108-
113
residual m.m.f., 109-113, 121-124,
141, 159-160
secondary currents, 108
testing, 191-197, 430
winding arrangement,
200-202

Transition current, 131, 138, 206

Twelvé-phase connection (see Trans-

former connections).

Two-stage seal, 223, 240

v

Vacuum gages, 255-266
Brown Boveri type, 258-263
General Electric type, 263-265
hot-wire gage, 257265, 285
ionization gage, 264-266
MecLeod gage, 5, 255-257, 285
testing, 433, 434
Vacuum meter, 262, 263, 265
Vacuum piping, checking, 296
Vacuum pumps, 242-254
automatic control, 339, 343, 349
351
characteristics, 244
connections, 233
mercury, 248-254

187-191,

MERCURY ARC POWER RECTIFIERS

Vacuum pumps, mercury, Brown
Boveri type, 249-250, 254
characteristics, 254
cooling, 334
diffusion type, 248-249
Gaede diffusion pump, 248-249.

254

General Electric type, 251-252,
254

Langmuir condensation type,
250-252, 254

3-stage type, 252-254
2-stage type, 251-2562
operation, 297, 335, 339
rotary, 243-248
Allgemeine  Elektrizitaets-Ge-
sellschaft type, 247
automatie vacuum valves, 247
Brown Boveri type, 245, 247
construction, 245-247
General Eleetric type, 246, 247
operating range, 243-244
testing, 432-433
system, 242
Vacuum regulator, 262, 263, 265
Vacuum valves, automatic, 247, 343
Voltage control, 145-147, 385-402
anode reactors, 391-392
booster motor-generator set, 395—
397
compounding, 145-147, 392-395
grid control, 397-401
induction regulator, 389-390
interphase transformer, 145-147,
392-395
mcthods, 386
suppressing no-load rise, 401-402
tap changer, 386-390
Voltage drop, due to rcactance, 59,
118, 125, 140, 150, 158, 164-167
in rectifier arc, 18-24
Voltage harmonics, 88-94, 407
Voltage induced in communication
line, 411-415
Voltage regulation, 5860, 79, 163—
169
calculation example, 205-206
copper loss effect, 167-168
fork connection, 148-150, 165, 166
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Voltage regulation, reactance effect,
164-167
6-phase connection, 117-118, 139—
141, 164-166, 322
terminal direct-current voltage,

168
12-phase connection, 157-158,
165, 166

Voltage rise at no-load, 140, 401-402
Voltage wave, direct current, 45,
70-75, 83-94, 407
filters, 418-425

w

Water, analysis, 283
characteristics, 280-283
coolers, 280-281
cooling systems, 275-280, 332-
334, 365-366
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Water, regulating valves, 231, 275-
277
requirements (for rectifiers), 274
275
Watertown-Milwaukee line,
319, 363-366
Wattmeters, 428
Wave-smoothing filters, 334, 418-
425
Weighting factor, 415-416
Westinghouse rectifiers, 228, 236 -
237
Windings of transformers, 188-191,
200
Wires, 334
Wiring diagrams (see Diagram of
connections).
Wyoming substation, Philadelphia,
Pa., 379-382
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