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The Direct-current Transformer Ultilizing

the Inverter® it was shown

that pliotrons, or high-
vacuum three-clectrode valves, in
suitable circuit arrangements can
be made to convert direct current
into alternating current in a man-
ner the inverse of that in which
a rectifier converts alternating
current to direct current, In de-
veloping the inverter, the trans-
fer or commutating problem was
solved in such a way that the
current reverses naturally, leav-

l N a previous article describing

Thyratron Tubes

By D. C. PRINCE

Research Laboratory, General Electric Company

The transformation of direct
current without rotating machin-
ery has for many years afforded a
most fascinating problem. Start-
ing with the already available
tube rectifier as the latter half of a
dc-ac. /ac-dc. transformation, pli-
otrons were a few years ago made
to function as inverters and thus
complete the solution. In power
applications, however, thyratrons
are more suitable than pliotrons.

~~Eprror

however, somewhat different from
those of the pliotron. While no
current is flowing to an anode,
the space surrounding that anode
remains free of ionization. In this
state, the well-known laws of grid
action apply as in a high-vacuum
tube. As long as the negative
ele~ iic field due to the grid pre-
dominates over the positive elec-
tric field due to the anode, no
current will flow. If, on the other
hand, current is flowing to the
anode, the surrounding space is

ing to the pliotron grid only the

filled with ionization and the grid

function of holding the current at
zero until it should flow again.
The inverter is particularly well adapted for con-
verting direct-current power into alternating-current
power at the usual commereial frequencies exceept for

Fig. 1.

Thyratron Tube

the losses that result from the present rather high
space charge drop in the pliotrons. In recent years
considerable rescarch by several workers has been
undertaken in order to produce and utilize tubes with-
out incurring excessive losses, One of the most inter-
esting of these tubes is the “Thyratron,” one form
of which consists of a mercury-are rectifier with a
grid added to cach anode arm, as shown in Figs. 1
and 2. In operation, the low voltage drop and high
efficiency of the mercury-arc rectifier are obtained
with valuable control characteristics which are,

() The Inverter,” by D. C. Prince, GENERAL ELECTRIC REVIEW, Octo-
ber, 1925, p. 676,

is no longer effective. The thvra-
tron thus has the characteristic
that current can be prevented from starting by a
small negative grid voltage but cannot he stopped
under the usual conditions of operation by applyving
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Fig. 2. Sketch of Thyratron Tube with

Principal Parts Indicated

a large negative grid voltage. These tubes are, there-
fore, not suitable for driving oscillating circuits unless
a natural stopping of the current is obtained by such
methods as was described in the article on inverters,

More specifically, the current flow is stopped with-
out using grid control. Such a circuit is shown in Fig.
3. It differs from a single-phase high-vacuum tube in-
verter circuit in that no attempt need be made to
keep the grid current proportional to the anode cur-
rent. As in the high-vacuum inverter, an angular
advance must be given to the grid phase. The oper-
ation of such a circuit is indicated in Fig. 4. In this
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illustration, the center points of the transformer wind-
ings are used as the points of voltage reference. The
potentials ¢, «nd ¢,s are impressed upon the two
anodes a; and aa. Between times y and ¢/, the poten-
tial of grid g, is positive so that current flows to it
and to the anode ay that it surtounds,  During this
time, grid g2 has a negative potential impressed upon
it so that no current can start to flow to as, the
anode which it surrounds,
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It is therefore possible to combine the two circuits
as in Fig. 7. In the combination, the alternating-volt-
age wave form is supplied by condenser C which sup-
plies the transformer excitation that is purposely made
large for stabilitv. Since the inverter input power has
the same forn as the rectificr output powes, there is no
need for any energy to be stored inside the device
except that represented by transformer excitation,
That is, the input and output currents neutralize and
do not tend to prevent the free swing of the oscillating
excitation circuit which acts as a small flywheel. If
the power input and output did not balance, a large
flywheel would be required, but with the nearly per-
feet balance very little storage action is necessary,
Since the departures from average power are similar
in bot' inverter and rectifier, the inductances L, and
La .y be wound on the same core provided the turns
are in the same ratio as the turns of the main trans-
former. Were separate inductances used, cach would
carry a direct-current component and so would have

0|C‘ to be made with open cores. When combined on a
g a; ;
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At 1) the relative polarity of the grids reverses,
At
ther+fore tends to gain current at the expense of a,
o total current is held substantially constant
LoanducCance Lo Between ) and ¢, all the current

this tine, anode as is more positive than ay, and

Lo

anode ay for ay so that at #' there is nothing to
m.intain jonization in the neighborhood of grid g
and anode ar. From t." to #y, the fonization decays and
the grid gy is able to prevent the current from restart-
ing when anode ay becomes more positive than as at ty',

At " the reverse transfer hegins to take place and
is completed by ", the time between " and "
serving for de-tonization of the space around aa.

The wave form of voltage is here assumed to be
supplied by the load which may be synchronous
machinery or may include static condensers. The
operation with static condensers is  deseribed in
greater detail later,

For purposes of reference, the diagram of a single-
phase rectifier is shown in Fig. 5, and the correspond-
ing wave shapes in Fig. 6. A comparison will show a
great similarity between the connection diagrams and
wave shapes of the inverter and the rectifier. Except
during transfer, the inverter and the rectifier have sine
waves of counter-voltage and of voltage respectively.
Each has a nearly square current wave. The instan-
tancous powers of the two are therefore of the same
form. The variations from the average are absorbed
by the inductances and are also of the same form.
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Fig. 4. Wave Shapes of Thyratron Inverter, Showing
the Transfer of Current Advanced in Phase with
Respect to fy, 1y, 15", etc.

im and iss are the anode currents; ea1 and es are the anode voltages
with respect to the middle of the transformer primary winding; and
e and e are the grid voltages with respect to the center of the winding
supplying grid excitation,

single core, however, the inverter and rectifier direct
currents flow in opposite directions in this two-circuit
inductance, so that the saturating effects cancel and
a closed core can be used.

Such a closed core does not store energy as does a
heavy inductance. Instead, a sudden rise of rectified
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load accompanied by a corresponding rise in inverter
input encounters only the leakage reactance of the
combination reactance. When the oscillating circuit
voltage is passing through zero, the inverter has no
counter-electromotive force, and the entire impressed
voltage appears across the inductance. Simultancously
the rectifier has no output voltage so that the entire
load must be supplied by the inductance. This deviee,
therefore, transfers power directly from input to out-
put circuits, Conversely, when the oscillating voltage
is at its peak, it is higher than the impressed con-
tinuous potential. Simultancously, the rectifier volt-
age is higher than the counter-clectromotive force of
its load circuit, so that energy flows back from the
rectifier to the inverter circuit.

In effect, the main transformer converts the funda-
mental energy in sine waves., The combination reac-
tance converts the harmonic energy difference between

t— 3. C. /7Dl =t

fercury .cc Rectifier Circuit

the continuous innat and output and the pulsating
energy of the main transformer. The title of harmonic
transformer would secem to apply naturally to this
picce of apparatus,

Turning now to the transfer period as shown in
Fig. 8, it appears that from y to 2’ the potential differ-
ence between inverter anodes a; and as is in the correct
direction to produce transfer to as. At #), grid gs be-
comes positive and current can flow to anode as. Con-
denser € promptly discharges, throwing the current
all to anode as. From #,' to t', the current to anode a,
is held at zero by the continuing discharge of con-
denser C which is, however, hastened by the fact that
the current is not commutated immediately by the
transformer and must, therefore, pass through C
until the secondary current is commutated. De-ioniza-
tion of the space surrounding anode a, takes place
during this period.

The potential difference between anodes a; and a,
reverses at #,’, but de-ionization is complete and grid
g1 now has a negative potential so that the current can-
not return to anode a,. The potential difference is now
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correct to transfer current from rectifier anode as
to a,. This transfer takes place between #’ and #y/, and
the free oscillation cycle then recommences. Between
ty and f; and between £, and ', ete., full-load current
flows in condenser C; and even after f, and 4/, part of
the load current flows through C for a short period.
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Fig. 6. Mercury Arc Rectifier Wave Forms, Showing
Natural Lag of Current Transfer

fa1 and f49 are the anode currents; and ey and ¢
with respect to the middle of the transformer second.r

ire the anode voltages
winding.

Fig. 9 shows oscillograms of some of the currents
and voltages in different parts of the circuit. Un-
fortunately, sufficient vibrators were not available
so that all traces could be made on one film. Fig. 9
therefore consists of two films, Due to slight irregu-
larities. it was impossible to match these films
exactly, but the upright lines are drawn through
corresponding points on the various traces. Trace
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Fig. 7. Direct-current Transformer Circuit, Showing the Combination
of Rectifier Circuit (Fig. 5, on right) and Inverter Circuit
(Fig. 3, on left)
A small oscillating circuit including condenser C and the exciting react-
ance of the transformer shown to the right of it supplies the exciting current

for this transformer and stores the small amount of energy required for this
service,

a is the potential between one thyratron anode
and the cathode. Trace b shows the corresponding
anode current, This trace was taken through a cur-
rent transformer so that trace by, the normal zero
line, is in reality the average direct current: and the
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true zero line b’ must be drawn on the film. The cur-
rent is zero while there is a drop across the tube and,
when it starts, it jumps to full value while the voltage
falls to almost nothing. This accounts for the very
high efliciency of these devices, since losses require
simultaneous current and voltage drop. Trace ¢ shows
the current drawn by one grid. The starting of the
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Fig. £ “vav Sha, . of Direct-current Transformer, Indicating
ae o .winat .. - of Those Corresponding to the Inverter
and the Rectifier
tar and tge re the tiyratron anode currents, e and eae the thyratron
ancde voltages ath respect to the middle of tY ansformer winding, faand

tae, And eay ard o are the anode currents and voltages of the rectifier.
e and ¢pe are the thyratron gnd voltages with respect to the mid-point
of the exaiting winding and 1,y and 1, the grid currents,

grid and the anode currents coincide, but, unlike the
high-vacuum  tube, no further correspondence s
necessary. This contributes to the simplicity of cir-
cuit design, since no provisions for controlling the
grid-current wave shape are required. Trace d is the
main transformer secondary voltage, Each half cycle
shows the usual form of a shock-excited wave with a
fairly high decrement. This decrement is probably due
mostly to the alternating-current losses, since the
output is almost exactly balanced by the input
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throughout the cycle. Trace e is the voltage across
the grid transformer. It leads the main transformer
voltage in time,

It will be observed that the time fy at which the grid
voltage reverses is the time at which a sudden change
takes place in cacli of the other waves. These rapid
changes are due to the reicase of the condenser charge
for an instant during which it commutates the inverter
current. This is started by the grid which becomes
positive, and it stops when commutation is com-
pleted. Since there is no reactance in the circuit in-
volved, the action is extremely rapid. At time f, the
reverse action takes place, A point of particular inters

Fig. 9. Oscillograms of the Wave Shapes Obtained with a
Direct-current Transformer

ar—a is the voltage between one thyratron anode and the cathode,
b'~—b is the corresponding anode current, co—r shows the current drawn by
one grid, do—d 18 the main transformer secondary voltage and eg—e 1s the
voltage across the grid transformer.

est is the negative kick in trace a. This is due to com-
mutating the inverter current before the voltage
passes through zero, and is depended upon to stop
the arc and allow the grid to acquire control.

Not without some difficulty is the imagination
restrained from picturing distribution systems of the
future using electric valves of different types. It is
practically certain that circuits and apparatus of
the types described here will be of increasingly greater
interest to power system operators.




