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Figure 138 shows the output voltage waves of the rectifier
when operating with either the double three-phase or six-
phase connection and neglecting resistance and reactance
losses. The voltages of the two three-phase groups when
separated are represented by e; and e, which are averaged
to e, by the interphase transformer, and es shows the
output voltage with six-phase operation. The voltage
across the interphase transformer is the difference between
e; and e, and is shown ase;. This voltage causes a current
to flow through the interphase transformer, its exciting
current, which is shown as 7. In order that this current

7] ez Qi 2 Q2 @ %] ey

N\ /\ /Nea,/Ne2 N Ner /N Nex /N SN N
/ /N N N/ 7N/
Y VA \\/ \ \ \/ \\/ V4 \3/ \\

T QO /N
WAV/AV/AVIA

Fregure 138,

may flow, however, the output current of each half of the
rectifier must be as large as or larger than the amplitude of
the exciting current, for otherwise the total current from
one three-phase group would have a tendency to reverse in
sign. With load currents greater than the total swing
(positive to negative) of the exciting current, then, operation
will be as a double three-phase rectifier, but if the amplitude
of the exciting current increases to the point where it can
draw the total current of half of the interphase transformer
down to zero, no further current change can take place to
induce voltage in the interphase transformer. Operation
as a double three-phase rectifier then takes place for only
part of the cycle and is supplemented by operation as a
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six-phase rectifier during those portions of the cycle for
which the interphase transformer is out of action.

Figure 139 shows the wave shapes under this condition.
A value of exciting current has been used which has an
amplitude equal to the entire rectified current J. With
this value, the load current is divided between the two three-
phase rectifiers half the time and carried by one for half
the time. While both rectifiers are carrying current, the
output current is being transferred from one group to the
other due to the exciting current 7, caused by the difference
in voltage between the groups. When this transfer is
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Fieure 139.

completed, the exciting current can no longer flow and
the potential of both groups assumes the value corre-
sponding to the one carrying the current.

Saturation of the core of the interphase transformer is a
ready means of altering its exciting current as desired.
Figure 140 is a diagramatic representation of a saturation
regulator adapted for this use. It consists of a four-legged
core on which two sets of windings are placed. One wind-
ing consists of two circuits surrounding the two central
legs individually and so connected that the upper and
lower halves of each will function as the two halves of the
interphase transformer circuit L, and L., respectively.
The flux produced by the exciting current circulates in
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these two central legs and does not traverse the other
two. The second winding, used to saturate the core,
surrounds both central legs. The flux linkages are thus
so arranged that current changes in the interphase trans-
former winding induce no voltage in the saturating wind-
ing. The direct current required to saturate the core may
be obtained from the rectifier output, in which case a
compound rectifier results, or —
it may be obtained from a
separate source controlled by
a voltage regulator. The
circuit diagram for com- Nl N o2?
pounding on load is shown _ § 4
in figure 141.
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Frevre 140.—Saturated-core inter- Figure 141.—Compound-rectifier
phase transformer. circuit,

Voltage Control Obtainable with Compounding.

The voltage control obtainable with compounding is
dependent, to a large extent, on the design of the main
transformer, but it is possible to show approximately
what results can be obtained.

Assume that the transformer used will have a 4 per cent -
drop in voltage when carrying an ordinary sine wave
alternating-current load equal to its rating W for use with
a rectifier. The reactance per phase to the commutating
current can then be estimated and the regulation calculated
as in previous chapters. Assuming that the reactance
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in the double three-phase case is 50 per cent of the value
obtained on an alternating-current load and that it is 40
per cent in the case of the six-phase rectifier, the curves of
figure 142 are obtained. The output current is here

expressed for convenience in terms of el which is approxi-
mately equal to full-load current (G, is the open-circuit
voltage).

The regulation curve for the compound rectifier will
fall between the curves for the six- and the three-phase
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Fi1GUure 142.—Voltage range available for compounding

rectifiers. By increasing the saturation of the interphase
transformer as the load is increased, it may be made to
give high reactance at low loads and small reactance at
heavy loads. As a result, the output voltage will approach
that of a six-phase rectifier under heavy loads and will be
nearer to that of a three-phase rectifier under light loads.
It will be seen that the range of voltage available for com-
pounding is somewhat limited if only the three- and six-
phase circuits are used. It is probable, however, that the
limits are sufficiently wide for the great majority of applica-
tions. A much larger variation can be obtained by going
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from the single- to the six-phase connection. This transi-
tion is entirely practical but uses slightly more material
than the three- to six-phase case and is, therefore, not
desirable as long as the latter arrangement can be made to
give the required characteristics.

Regulation Curve of Compound Rectifier.

Under extremely light loads the direct current through
the interphase transformer will be so small that it would
be impractical to supply a transformer having sufficient
exciting reactance so that its exciting current would always
be smaller than the load current. The effect, therefore,
of the interphase transformer will be lost as zero load is
—— — __ _ approached and theno-load volt-

T age will be that corresponding to
six-phase operation.!

As long as the instantaneous
c. current in either side of the
interphase transformer does not
fall to zero, its reactance does
not appear in the alternating-
current circuits. As soon as the
| current in one branch of the

Fiovrr 143.—Paths taken by interphase transformer is actu-
;Z’:;“;ﬁi‘gf;ﬁog‘.’”ems under six- glly interrupted, however, this

transformer acts as though it
were inserted in the anode leads. Figure 143 shows the
circuit through which the transient current flows which
accomplishes the commutation of the output current be-
tween anodes. The exciting inductance of the interphase
transformer is added to the leakage reactance of the wind-
ings of the main transformer to obtain the value of react-
ance used in ecalculating the regulation. For very light
loads the result will therefore be a six-phase regulation
curve dropping much more rapidly than that corresponding
to the main transformer alone. The rapidity with which

—— —— ————

—

t This rise in voltage is avoided in practice by arranging to have some
small load always carried by the rectificr.
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the voltage decreases will be dependent upon the exciting
reactance of the interphase transformer.

After sufficient load current is flowing so that the inter-
phase transformer is carrying current continuously, the
output voltage will be that corresponding to the three-
phase rectifier. As more load is applied, the output current
flowing through the saturating winding of the interphase
transformer will decrease the reactance of its main circuit.
The exciting current will then rise until it is as large as the
load current and continuous choke action will be lost. The
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Fraurk 144.—Regulation curves of a small experimental rectifier.

voltage will then be displaced from the three-phase value in
the direction of the potential corresponding to six-phase
operation. By this means the voltage may be held con-
stant over the greater part of the load range or may even
be made to increase slightly with load.

Figure 144 shows the experimental regulation curves of a
small compound rectifier which was arranged with suflicient
reactance so that it could be short-circuited without danger.
In figure 144 the load is increased to short-circuit under
three conditions, with no saturation of the interphase
transformer, with the compounding apparatus in operation,
and with the interphase transformer short-circuited.
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Although the compound curve never equals the six-phase
curve except at short-circuit, the six-phase voltage is
approached sufficiently to give flat compounding from light
load to 6% amperes, which is 10 per cent of the current
under short-circuit.

Figure 145 shows the results of tests on a 1000-kilowatt,
600-volt, twelve-phase rectifier, and figure 146 shows the
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Figure 145.—Regulation curve of a 1000-kw. compound rectifier.

interphase transformer. Since the set is twelve-phase,
there are three interphase units. The lower units each
combine two groups of three phases and have direct-current
saturating windings. The small top unit combines the two
six-phase groups into one twelve-phase unit.

Wave Shapes Obtained with Compound Rectifiers.

Figure 147 shows the wave shapes obtained with an
oscillograph when an experimental rectifier was operating
as two separate three-phase units connected in parallel
through an unsaturated interphase transformer. At time
t; the secondary voltage of the phase being measured became
equal to that of the preceding phase in the same three-phase
group, and it began to conduct current. Between ¢, and ¢,
both phases were conducting current and the reactive drops
caused by the changing currents averaged the induced
voltages of the two phases so that their terminal voltages
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Ficure 146.—Interphase transformer for a 1000-kw. compound rectifier.
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were nearly constant. At time {, the current transfer
was completed and the terminal voltage of the incoming
phase again became equal to its induced voltage. . Between
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Freure 147.—Wave shapes obtained with interphase transformer unsaturated.
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t: and {5 the current left the phase under observation, and
this time the reactive drop prevented the terminal voltage
of the phase from falling as rapidly as the induced voltage
until after the transfer was completed. The dotted lines
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indicate the form of the secondary voltage and interphase
transformer voltage waves if they had not been distorted
by the reactive voltages during current transfer. The slight
irregularity in the secondary voltage wave at time {; was
caused by commutation of currents in the second three-
phase group of windings and was present because of the
coupling between the two groups through the transformer
primary windings.

Figure 148 shows the wave shapes obtained with the core
of the interphase transformer saturated. The operation
is now that of a six-phase rectifier. Current is building
up in the phase under observation between ¢; and ¢, and
decreasing between ¢; and {,. No more than two anodes
carry current simultaneously, and between ¢, and ¢; ounly
one anode is conducting. The interphase transformer now
carries pulses of current of the same shape as the anode
pulses, but, since it carries the current of all the anodes, the
pulses will be closer together. There is a voltage across the
interphase transformer, through which transfer must oceur,
only during the time the current is transferring between
anodes. As the reactance of the interphase transformer
influences the period of commutation, it is apparent that
the output voltage can never rise to the six-phase voltage
corresponding to that of the transformer by itself. Instead,
the output voltage will approach this value as the reactance
of the choke is decreased by saturating it more and more,
but can never reach it.



CHAPTER XIII

EFFECT OF RESISTANCE ON WAVE SHAPES, INTER-
PHASE TRANSFORMER AND CHOKE EXCITING
CURRENTS

In the preceding chapters the effect of resistance on the
performance of rectifiers has been treated only by means of
approximations which assumed that the current wave shapes
were unaffected by its presence. Also, the interphase
transformers and chokes have generally been assumed to
have zero exciting current. It is the purpose of this
chapter to consider what the effects of circuit resistance and
choke-system exciting currents really are, so that the
magnitude of the errors involved in the assumptions which
have been used may be more clearly indicated.

Effect of Resistance on the Transfer of Current between
Anodes.

When reactance alone is considered, the potential of a
single anode carrying a steady current is the same as the
open-circuit “voltage as long as only the simpler cases
without coupling between phases are considered. If
there is also resistance in the circuit, the anode potential
will be lowered by the drop in it due to the passage of the
current and will, therefore, be less than the open-circuit
value. The potentials of the inactive phases, however,
will be unaffected by the resistance, and a phase, for this
reason, will begin to conduct current at a time ¢, slightly in
advance of the time ¢, at which the open-circuit voltages
are equal, as shown in figure 149.

At the time the second phase starts carrying current, the
induced voltages differ by an amount equal to the resistance
drop in the phase carrying current, which makes the

potentials of the two anodes equal. The voltage causing
214
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the current to transfer between phases is the difference in
the open-circuit potentials as before, but the commutating
current is now limited by both resistance and reactance and
will consist of a sine wave about a displaced axis having a
logarithmic decrement, such as shown by figure 57. In
addition, the phase of the current will be affected by the
resistance. (It will be remembered that, when reactance
alone is considered, the displaced current axis suffers no
decrement and the commutating current lags the voltage
by exactly 90 degrees.)
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Fiouvre 149.—Fffect of resistance on transfer of anode currents.

The voltage between phases is 24/2F sin g sin wt where

E is the voltage of each secondary and «f is measured,
as shown in figure 149. If the effective resistance of each
phase is r and the circuit is of a type where the entire load
current J is carried by one winding at a time, commutation
will begin when

24/2E sin -;—;sin wty, = —Jr,
—J
h = Zl)sin—l —— (55)
2+/2E sin »

The alternating current which flows will be
S . X
v/2E sin % sin <wt — tan—! 7)

Vr? +X? ’ (56)

1/(1-0.
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where X = wl is the equivalent reactance per phase, and
the damped direct current for the incoming phase will be

\/iE sin gsin (wt, — tan~1t i()

V't + X2

—r(t—t)

€ . -

(67)

The term :2J— arises from the fact that at the time com-

mutation commences there may be considered to be a cur-

rent é flowing from each anode through the choke in the

. J . .
output circuit and another current 5 flowing from the active

anode and entering the one just commencing to carry cur-
rent. Thetwo components which leave the anodes and pass
through the choke will be held constant by its action, but
the component of direct current passing through the cir-
cuit in which commutation is taking place will have a
decrement. The second term of equation (57) represents
the transient due to the starting of the alternating current
given by equation (56).

Adding the current components, there results for the
two anode currents

v/2E sin % sin (wt — tan—! §>

. J
T2 vVt + X2 t
{ — .o . X
J V2E sin - sin | of; — tan™? ) e
2+ N I, (58
2 Vrr 4+ X?
V/2E sin ~ sin (wt — tan‘li{
=21 P v/ _
* =3 VX,
2E sin - sin (wtl — tan—! §>
J + p T »—r(t—h) (59
2 VX o 09

It will be seen that, for values of resistance small in com-
parison with the reactance, very little error is introduced
by neglecting its effect on the wave forms.
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Interphase Transformer and Choke Voltages and Exciting
Currents.

The voltages which are applied to the interphase trans-
formers and chokes under light-load conditions have
already been considered in Chapter VII. As soon, how-
ever, as the loads become heavy enough so that commuta-
tion of the currents requires considerable time, these
voltages will change. Inasmuch as the shapes of the output
voltage waves can be readily determined, it is not very
difficult to-arrive at a close value for the voltage applied to
the choke system in any particular case. A lengthy dis-
cussion of the problem, therefore, will not be attempted.
By analyzing the voltage into an harmonic-series form and
calculating the currents due to the different components, a
satisfactory value for the exciting current can usually be
obtained using only one or two terms.

Effect of Interphase-transformer and Choke Exciting
Currents on Regulation.

The interphase-transformer and the choke exciting cur-
rents can affect regulation in several ways. By drawing a
variable current from the active phases, the voltage of these
phases is disturbed, which will cause a slight change in the
time at which the phases enter and leave the conducting
group, as well as affecting the average value of their volt-
age during the conducting period. Also, the various losses
in the choke system must be compensated for in some man-
ner and this will have its effect on the output voltage.

The exciting currents for the choke system meet the
exciting reactance of the interphase transformer and choke,
and the leakage reactance of the phases carrying current.
As the latter reactance will be quite small compared with
the former, it is apparent that most of the ripple in the
output voltage will appear across the choke system and
that only a small part of it will fall across the main trans-
former windings. The effect on the wave shapes of the
anode voltages will therefore be small and the error result-
ing from neglecting it will be very slight. The current
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wave shapes will often be found to have a noticeable dis-
tortion but the discussion is based on wave forms which
result in a given average value and this is not affected by
the ripple. Also the transfer of current between anodes
will not be materially affected, hence the effect of the cur-
rent ripple due to incomplete choke action is of little
moment.

The losses in the choke system are of several varieties.
First, there is the loss due to the steady direct current, and
there can be no question of how this should be treated.

]
n - ®

R e e e ©

Fraure 150.

Then there are the excitation losses which may be divided
into iron and copper losses. The passage of the exciting
current through the main transformer windings will also
cause a small loss there. Against these losses there can
be balanced a possible increase in input, for the exciting
current will flow through the main transformer windings
by first one path and then another, depending on which
anodes happen to be active, and the integral of instantane-
ous power input from the alternating-current lines may be
a positive quantity, even though the frequencies are
different.

Figure 150 illustrates this point. The wave shapes of a
three-phase rectifier, neglecting the effect of transformer
reactance on the current wave, are shownina. The princi-
pal component of the choke exciting current is shown by b
and it is obvious that the integral of the instantaneous
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product of this current and the voltage of the conducting
phase is zero. There should be, however, a small compo-
nent of the exciting current in the phase shown in ¢. This
represents an input of power from the alternating-current
source.

Figure 151.—Kenotron rectifier set, 20 kilowatts.

Example of Circuit Calculations in Which Resistance and
Choke-system Exciting Currents Are Considered.

The calculation of the performance of a kenotron rectifier
of the type used in supplying high-powered radio sets
provides a good example of many of the points discussed in
this chapter. The apparatus is shown in figure 151 and
the connections are double three phase, as shown in figure
152,

In figure 151 the six kenotrons appear at the top of the
picture, and the three high-tension transformers which
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supply the power are beneath the rectifiers and slightly
behind them. In the foreground, from left to right,
are the interphase transformer, a potential transformer
used in measuring its voltage, and a small transformer used
to light the filaments of the kenotrons.

v

+ £ p ree

Fiavre 152.

The anode-current waves were calculated from equations
(58) and (59) and are shown in figure 153 for different
load currents. These waves were then analyzed by a
process of step-by-step integration, as illustrated in Table
XII, and final calculations made, as shown in Table XIII.
The output is determined by deducting the losses from the
input, arid the output voltage is obtained by dividing the

0.5 Amp.
0.4 Amp.
Point of equal phase voltages 0.3 Amp.
Soifage ommutating—_ | 0.2 Amp.

| \ 0.1 Amp.
1 1 1 1 1 1 1 i i 1 F \Ll 1 1

i
|
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F16URE 153.—Anode current waves of circuit shown in figures 151 and 152.

power by the current. The calculations of the effect of
the interphase-transformer exciting current are only rough
approximations, but the accuracy is sufficient for the
needs of the case and the table shows the different things
which may be considered and indicates roughly their
relative importance. Figures 154 and 155 show the
calculated performance and the results obtained by tests,
and it will be seen that they are in close agreement.
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TaBLe XII
ANALYsIS OF REcTIFIER PLatE CURRENTS
Load 0.4 Ampere (for Each 3¢ Group)

Sin 1 8in
0 (6 + ) (0 + | 42
30°) 30°)
0! 0.500, 0.008 | 0.004 | 0.000 High-tension (secondary) side
6 0.588 0.039 | 0.023 i 0.002 Unity power-factor component
12| 0.669) 0.100 | 0.067 | 0.010 = 0.1044 X /2
i8 0.7431 0.194 | 0.144 | 0.038 = 0.1476 ampere root-mean-square
24 0.809 0.313 | 0.253 | 0.098 Total current = +/0.04958 = 0.2227
30 0.866| 0.400 | 0.346 | 0.160 ampere root-mean-square
36 0.914] 0.400 | 0.366 | 0.160 Direct current = 0.1333 ampere
42 0.951) 0.400 | 0.380 | 0.160 Wattless alternating current
48 0.978 0.400 { 0.391 | 0.160 = \/0.04958 — 0.1332% — 0.1476°
54 1 0.995] 0.400 | 0.398 | 0.160 = 0.1003 ampere root-mean-square
60 | 1.000] 0.400 [ 0.400 | 0.160 Power factor = 0.1476 + 0.2227 =
66 0.995: 0.400 | 0.398 | 0.160 6.3 per cent
72 0.978| 0.400 | 0.391 | 0.160 Low-tension (primary) side
78 | 0.951] 0.400 | 0.380 | 0.160 Unity power-factor component =
84| 0.914) 0.400 | 0.366 | 0.160 0.2952 ampere root-mean-square
90 | 0.866| 0.400 | 0.346 | 0.160 Total current = /0.09916 = 0.3149
96 0.809 0.400 | 0.324 | 0.160 ampere root-mean-square
102 0.743| 0.400 | 0.291 | 0.160 Direct current = 0
108 | 0.669) 0.400 | 0.268 | 0.160 Wattless alternating current
114 | 0.588 0.400 | 0.235 | 0.160  _ | /goo0re o oomss
120 0.500) 0.392 | 0.196 | 0.154 = 0.110 ampere root-mean-square
126 4 0.407) 0.360 | 0.147 1 0.130 p, 0o £ 0t0r = 0.2952 + 0.3149 =
132 0.309 0.299 [ 0.092 | 0.095 93.7 per cent
iii 8?82 8323 g?)?)g ggg; (Notice that in caleulating the primary
’ ' ) ' currents no allowance has been made
igg Y 102 8 g 0 for the transformation ratio.)
354 0 0 0
Sum.......... 7.989 6.263 2.975

Average. ... ..

0.1333 0.1044 0.04958
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TasLE XIII
CALCULATION OF RECTIFIER PERFORMAN

CE

Alternating potential (primary)................ ... ... ... ... ......
Transformer ratio..........oouune i i
Resistance of each high-tension winding.............................
Resistance of two low-tension windings in parallel....................
Resistance of each kenotron (approximate)..........................
Leakage inductance (from high potential side, one winding)............
Exciting current at 110 volts (3¢)......ccvvirivein ..
Exciting power at 110 volts (3é). ... oottt e,
Zero power-factor component of exciting current at 110 volts (3¢)......
Resistance of interphase transformer...............................
Filament loss. .. ... i i

110 volts
114:1

1280 ohms
0.034 ohms
1000 ohms
12.2 henries
1.97 amperes

166 watts

1.765 amperes

33 ohms

1060 watts

Neglecting Interphase Transformer and Excitation Losses

Output current (amperes)............. 2m* | 0.200] 0.400| 0.600
Root-mean-square current (secondary,

one winding)...................... 0.578m10.0567|0.1126/0.1683
Loss (secondary, six circuits including

tubes). ... ..ol i 4,580m? 44 174 387
Root-mean-square current (primary,

two windings)............ ... ... 93m| 9.14{ 18.16| 27.15
Loss (primary, all circuits)............ 883m? 8.53| 33.7] 75.2
Total 2R losses...................... 5,463m? 52.5 208 462
Unity power-factor amperes (primary,

two windings). ........ ... ... 88.9m| 8.78/ 17.35/ 25.7
Zero power-factor amperes (primary,

two windings)..................... 27.1m| 2.575| 5.36] 8.78
Input at 110 volts (three transformers).| 29,300m| 2,900{ 5,725[ 8,480
Output........ooviiiiia e 29,300m|2,847.5| 5,517 8,018
Output voltage. ..................... 14,650| 14,238| 13,780| 13,350
Line current (unity power-factor). . 154m| 15.22| 30.05, 44.5
Line current (zero power-factor).. - 47m| 4.46) 9.28| 15.22
Line current (root-mean-square)....... 161.2m| 15.84( 31.45| 47.0
Power factor......................... 95.6| 96.0| 95.5] 94.7
Efficiency........cooviiiiii .. 100 95| 98.2| 96.3| 94.7

0.800
0.2227
678

35.9
131.5
810

33.65

12.54
11,100
10,290
12,860
58.25
21.7
62.2
93.7
92.7

1.000
0.2773
1,052

44.75
204
1,256

41.6

16.53
13,730
12,474
12,474

72.0
28.62
77.5
93.0
90.9
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Estimated interphase-transformer volt-

BEC. i 5,190) 5,522| 5,854 6,186] 6,518 6,850
Interphase-transformer excitation loss... 60{ 67.5] 75.0/ 83.0] 93.0 102
Interphase-transformer copper loss. . ... 0 1.3 5.3 11.9] 21.2 33
Unity power-factor current drawn to

cover interphase-transformer exci-

tation loss (secondary)..... ... fininen il e 0.000.89
Zero power-factor current drawn from

alternating-current side for interphase-

transformer excitation (line value)....|......... 0.99] 1.05( 1.10; 1.165 1.22
Additional power drawn to cover inter- '

phase-transformer excitation loss.....[......... 67T 671 671 67t 67
Additional losses in main transformer

circuits due to interphase-transformer

excitation current............ ... ... . ... 1.0 1.1 1.2 1.4 1.5
Resultant net loss in output...........[......... 2.8 14.4 29.1| 48.6 69.5
Resultant drop in output voltage.......|......... 14 36| 48.5 61 69.5
Output voltage. .. ...... . ... ... ... i, 14,224/ 13,742 13,301 12,799 12,40
Total input (including iron losses in main

transformers)...................... 166 3,133] 5,958 8,713| 11,333 13,963
Total output.............. ... ... ... 0| 2,845| 5,503| 7,989| 10,241 12,404
Efficiency...... ... ... . i 0| 90.8] 92.3] 91.7| 90.3 88.9
Unity power-factor component of line

current. .. ........... i 0.87) 16.45| 31.25] 45.7| 59.45| 73.25
Zero power-factor component of line

Current. ... ... 1.77) 7.22| 12.10| 18.09| 24.64 31.61
Root-mean-square value of line cur-

TEMb. .o vt it e 1.97) 17.98] 33.5| 49.1] 64.3 79.8
Power factor....o..oo.ovii i 44 2 9% 91.5! 93.3] 93.1] 92.5 91.8
Including Filament Losses
| |
Total input...... .. .............. P N f 4,193 7,018] 9,773| 12,393 15,023
Total output (as before). ............. 0 2,845| 5,503 7,989! 10,241 12,404
Efficiency.......... ... .. ....... . 0 L67.8 % 784| 81.8| 82.7 82.6
j I

* m is an infinitesimal.
t Rough estimate.
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