CHAPTER 6

RECTIFIERS

Any electrical device which has a high resistance to current in one
direction and a low resistance to current in the opposite direction possesses
the ability to convert an a-c current into a current which containg a d-e
component in addition to a-¢c components. An ideal rectifier would be
one with zero resistance in the forward direction and with an infinite
resistance in the reverse direction, A number of devices possess non-
linear characteristics, among which are high-vacuum thermionic diodes,
gas-filled and vapor-filled thermionic diedes, pool-cathode mercury arcs,
and certain crystals.

The important rectifiers for power purposes fall into two general
groups, depending on their inherent characteristics. The vacuum tube
rectifier possesses an infinite resistance on the inverse cycle, as the tube
will noct conduct when the plate is negative with respect to the cathode.
On the forward, or conducting, portion of the cycle, the vacuum diode is
characterized by an almost constant and low value of resistance. The gas
or vapor rectifiers also possess an infinite resistance on the inverse cycle,
but as discussed in Sec. 1-31, they are characterized by a substantially
constant tube drop during conduction. Owing to these differences, the
resulting operation in & circuit is slightly different. A detailed discussion
is included below, -

6-1, Single-phase Half-wave Vacuum Rectifier. The basic cireuit
for half-wave rectification is shown in Fig. 6-1. It is assumed that the
load is & pure resistance. Also, it is supposed that the power transformer
is ideal, with negligible resistance and leakage reactance.

An application of Kirchhoff’s potential law to the load cirouit yields

e = e+ i (6-1)

where ¢ is the instantaneous value of the applied potential, e, is the
instantaneous potential across the diode when the instantaneous current is
iy, and R, is the load resistance. This one equation is not sufficient for
the determination of the two unknown quantities 4, and e, that appear
in the expression. Here, as for triodes and multielecirode tubes, a second
velation is contained in the static plate characteristic of the tube. Con-

sequently a solution is effected by drawing the load line on the plate
characteristic.

There is one significant difference between the solution of the diode as
a rectifier and that for the other tubes as amplifiers, With the rectifier,
an a-¢ source supplies the power to the circuit. A vacuum tube as an
amplifier converts direct current from the plate supply into alternating
current.

The dynamie charaeteristic of the rectifier circuit is obtained in a some-
what different manper from the corvesponding curve for an amplifier.
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Fia. 6-1. A simple half-wave rectifier circuit,
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Fia. 6-2. The static and dynamic eharacteristics of a reetifier.

The procedure is illustrated in Fig. 6-2. For an applied potential e, the
current is the intersection of the load line with the static characteristic,
say point A. That is, for the particular circuit, the application of the
potential e results in a current 7,. This is one point on the dynamic eurve
and 18 drawn 'vertjeally above e in the diagram. The slope of the load

“ line does not vary, although the intersection with the e, axis varies with e.

Thus, when the applied potential has the value ¢, the corresponding cur-
rentisds’. The resulting curve so generated is the dynamic characteristic.

If the static characteristic of the tube were linear, the dynamic charac-
teristic would also be linear. Note from the construction, however, that
there is considerably less eurvature in the dynamic curve than there is in
the static characteristic, It will be assumed in what follows that the
dynamic eurve is linear.

To find the waveshape of the current in the output circuit, the pro~



cedure followed is that illustrated in Tig. 6-3. This procedure is very
much like that used to find the waveshape in a general amplifier circuit;
in fact, the situation here is quite like that of a class B amplifier, except
that cutoff of the tube exists at zero input.
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F1a. 6-3. The method of obtaining the output-current waveform from the dynamic
characteristic.

If it is assumed that the relation
€ = iy {6-2)

is valid during conduction, and this supposes that the static characteristic
i linear, then from Eq. (6-1) it follows that

e = e + Ry = i(r, + R) = E,, sin wl (6-3)

or

fy = - sin wf = I, sin wt < ot <

1 Bt sin wl = I, sin wt when 0 £ wf S 7w

B =0 when n S wf £ 2n (6-4)
where

E.,
In=g v,

The d-c power supplied to the load is defined as the product of the read-

- ing of a d-c ammeter in the load circuit and a d-c¢ voltmeter across the
load. Thus

Pd-ﬂ = EdvtId-c (6_5)
Clearly, the reading of the d-c ammeter is represented by
R Y B A . I
[M—é;,/o zbda—é;](;lmsmada=? (6-6)
and so
1\ E:R, '
Pi.=It R ={2) .=t R
N O ®

The power supplied to the circuit from the a-c source, and this is the
power that would be read by a wattmeter with its current cotl in the line

and with the potential coil across the source, is given by the integral
1 2r
Py == / ety dot (6-8)
2 0
This becomes, by Eqs. (6-2) and (6-3),
2x
P= f ¥y + Ry) da (6-9)
2r Jo

which may be written in the form
Pi=I1(r, + Ri) (6-10}

where the rms current has the value

2:‘ L
Tos = \/_1 2 gy — \/L 2 sin? =m (6-11)
ij; i do 5 Jo 17 sin® a do 5

The efficiency of rectification is defined by the relation

ey

_ Pd-v - ___[‘;-o[ef .
™= p. X 100% I F ) X 1009
which becomes
{1 100
"= (T‘) T F /R (6-12)
By combining this with Eqs, (6-6) and (6-11), there results
_(I/x\' 100 _ 406
"= (In./z) TRy el gty A (4 (6-13)

This indicates that the theoretical maximum efficiency of the single-phase
half-wave rectifier is 40.6 per cent. But it may be shown that maximum
power output occurs when R, = r, with a corresponding theoretical
plate-circuit efficiency of 20.3 per cent.

There are several features of such a rectifier circuit that warrant special
attention. Refer to Fig. 6-1, which shows the complete wiring diagram
of the rectifier. On the inverse cycle, i.e., on that part of the cycle during
which the tube is not conducting, the maximum potential across the
rectifier tube is equal to the transformer maximum value. That is, the
peak inverse potential across the tube is equal to the transformer maxi-
mum value,

Note also from the diagram that with the negative terminal of the out-
put connected to ground the full transformer potential exists between the
primary and the secondary windings of the filament heating transformer.
This requires that the transformer insulation must be adequate to with-
stand this putential without rupture. Evidently if the positive terminal



is grounded, then the transformer need not have a high insulation
strength.

-6~2. Ripple Factor. . Although it is the object of a rectifier to convert
‘¢ into d-¢ current, the simple gircuit considered does not achieve this,
Nor, in fact, do any of the more complicated rectifier circuits, either
gingle-phase or polyphase, accomplish this exactly. What is achieved is
a ynidirectional current, periodically fluctuating eomponents still remain-
ing in the output. Filters are ordinarily used in rectifier systems in order
to help decrease these fluctunting components, and these will receive
detailed consideration in Chap. 7. A measure of the fluctuating com-
ponents is given by the ripple factor r, which is defined as

, = T8 value of a-¢c components of wave
- avg or d-¢ value of wave

and which may be written as
I:m- = I‘rmu

= Id-c Ed-—ﬁ

(6-14)

where I',, and £, denote the rms values of the a-¢ components only.
An analytical expression for the ripple factor is readily possible. It is
noted that the instantaneous a-¢ component of the current is given by

. _ . Z., = 'l. b Id-°
But by definition

I \/ [2'(zw1d.,) da = \/ [2'(;—211.,.,+I.,_,)da

This expressmn is readily interpreted. The first term of the mtegmnd
when evaluated yields the square of the rms value of the total wave I2,,
The second term yxelds

. ““"'f Z‘LI“da*—ZIdu

The rms ripple "c'urrent then becomes

I, = VIS F L = VI -
By combining':ﬁhese results with Eq. (6-13)

o . Igns - Iﬂm IHI)I t .
. LTL - \/(?) 1 (6-15)

“This expression’is independent of the current waveshape and applies in
general, since the development was not confined to a particular wave-
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ghape. In the case of the half-wave single-phase rectifier the ratio

Liws !ﬂ[:z =7 =
.. Tjr =3~ 1.57
~sndhenece
ey r=+/157" —1 =121 (6-16)

: This shows that the rms value of the ripple potential exceeds the d-c

potential of the output. This merely tends to show that a single-phase
half-wave rectifier without filter is a relatively poor device for converting

&0 into d-c potential,
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Fia. 8-4. Schematic wiring diagram of a single-phase full-wave rectifier.

' 8-3. Single-phase Full-wave Rectifier. The circuit of the single-
phase full-wave rectifier ig given in Fig. 6-4, Actually the circuit com-
prises two half-wave circuits which are so connected that conduction takes
place through one tube during one half of the total power eycle and through
the other tube during the second half of the power c¢ycle. The output
eurrent through the load has the
form iHustrated in Fig. 6-5, where the /\

/
N/

IN |
|

e

wi

through tube 7'l and the portions of

-

[

- The d-c and rms values of the load ¢ |
ourrent.are found from Eqgs. (6-6) and _ !
[

(6-11) to be £\f2

|
|
i
|
|
{[1
|

|
™
2\
I, = . wt

(6-17)  Fia. 6-5. The transformer potentisl

T
Tooe = —— and output load current in a single-
\/ 2 phase full-wave rectifier,

where I,, is the peak value of the current wave, The d-¢ output power

is then
{2\ E:R,
P = k= (1) 5 (6-18)




By comparing this expression with Eq. (6-7) it is seen that the power
delivered to the load is higher by a factor of 4 in the full-wave case.
However, the power depends on the circuit parameters in the same way
as for the half-wave circuit.

The input power from the a-c¢ source is readily found to have the same

form as Eq. (6-10), viz,,
Py = I7,(rp + By) {6-19)

The efficiency of rectification is

81.2
Lo i A (6-20)
This expressions shows a theoretical maximum that is twice that of the
half-wave rectifier.
The ripple factor is readily found when it is noted that

Irm- - [m/‘\/§ —
L. = 2ljn 1.11

From Eq. (6-15), ‘
r=+/1.117 — 1 = 0.482 (6-21)

Thus the ripple factor has dropped from 1.21 in the half-wave rectifier to
0.482 in the present case. 'What has been accomplished in the full-wave
rectifier, therefore, is that the rectification process has become more
efficient, with a higher percentage of the power supplied to the circuit
being converted into the desired d-¢ power, and with a consequent smaller
fraction remaining in a-¢ form, which, while producing heating of the
load, does not contribute to the desired d-¢ power.

A study of Fig. 6-4 indicates that when one tube is conducting, say
T1, then tube T2 is in the nonconducting state. Except for the tube drop
isrp in T'1, the peak inverse potential across T2 is 2F,,, or twice the trans-
former maximum potential measured to the mid-point, or the full trans-
former potential. The potential stress between windings of the filament
transformer is seen to be the full d-¢ potential, if the negative is grounded,
and is sensibly zero, if the positive is grounded.

6-4. Circuits with Gas Diodes. Gas diodes may be used in the half-
wave and full-wave circuits discussed above. Owing to their different
plate characteristics, the results are somewhat different. For these tubes
a sensibly constant potential appears across the tube when the tube is
conducting, but conduction does not hegin until the applied potential
exceeds the breakdown potential of the tube. The tube will consequently
conduct for less than 180 deg in each cycle. The situation is illustrated
in Fig. 6-6.

T}_le equation of the potential across the load during conduction is
obtained by applying Kirchhoff’s law to the plate circuit,

e =0l = E,sina — E, (6-22)
and the corresponding expression for the current is

&y = E’m sin o — Eo
b = "“““IT!—'—** . (6~23)

where Ey is the constant tube drop during econduction.
The d-c plate current is found by taking the average value of the
instantaneous current and is
I

I (4] E'm . —
Id., —— SIH_L_L&.) d(! (6‘24) t' -]

=_27r o Rl

where «; i8 the angle at which the tube fires /\ /

and o is the angle at which conduction -»f-ay T
ceases. Ordinarily the applied plate poten- ~-—a',—oj \/

tial is much larger than Eo, and the angles

amand = — azare very nearly zero, Conse- Fia. 6-6. The applied potential
quently the limits on the integral of Eq. E“;if the current waveshape in a
(6-24) may be changed to 0 and = without a“ga;wo‘i‘féﬁf(’"ﬁ” Cirouit using
appreciable error in the result. When

this is done and the integral is evaluated, it is found that

i

E E E E
fg=2n 20 o Omf g T Lo
g ) = (1 3 E,,,) (6-25)
The load potential E,, may be written as
- I_':L" 1-7 By
e P 2K, ' (6-26)

This equation does not contain the load current. This means, of course,
that E,., is independent of the load current, with consequent perfect
regulation.

Tf) calculate the efficiency of rectification, it is necessary to caloulate
the input power to the plate cireuit. This is given by

1 {7 . I . E., s - K
P,- - = . Iim S a °
o™ ‘L ety do oa -[) I, 8n o B da

where the limits are again taken as 0 and ». This expression reduces to

m 4 E'O
P = iR, (1 TR (6-27)



The efficiency of rectification is then

(-5

Py, 4 2K, y

no= g = G (6-28)
=z,

which may be reduced to the form

7 = 40.6 (1 -~ 1.87 ‘E“) % (6-29)
Note that this value is independent of the load current or load resistance.
"To the same approximation, namely, E, 3> K, the ripple factor is given

by

r =121 (1 + 0.5 211“) (6-30)

which is slightly higher than the value with the vacuum diode. This
inereased ripple results because the tube conduction is less than 180 deg,

The corresponding properties of the full-wave circuit with gas tubes
will follow a completely parallel development and yield results that bear
the same relution to the vacuum-tube case that the foregoing results
do to the corresponding half-wave vacuum-rectifier case,

8-5. Miscellaneous Single-phase Rectifier Circuits, A variety of
other rectifier circuits exist which find widespread use. Among these are
bridge reectifier circuits, potential-
doubling circuits and potential-
multiplying circuits. The bridge
circuit finds extensive use both as
¢, a power reetifier and also as the

rectifying system in rectifier-type

a-¢c meters. The rectifiers for
J power use utilize thermionic di-
Fig. 6-7. Single-phase full-wave bridge odes of both the vacuum and gas
rectifier circuit. varieties, whereas those for instry-
ment use are usually of the copper oxide or ¢rystal types.

To examine the operation of the bridge circuit, refer to Fig. 6-7. Itis
observed that two tubes conduct simultaneously during one half of the
cyele and the other two tubes conduet during the second half of the eyele.
The conduction paths and directions are such that the resulting current
through the load is substantially that shown in Fig. 6-5.

The primary features of the bridge circuit ave the following: The cur-
rents drawn in both the primary and secondary of the plate-supply trans-
former are sinusoidal. This permits a smaller transformer to be used for

& given output power than is necessary for the same power with the
single-phase full-wave circuit of the two-tube type.* Also, the trans-
former need not have a center tap. Since each tube has only transformer
potential across it on the inverse cycle, the bridge circuit is suitable for
high-potential applications. However, the transformers supplying the
heaters of the tubes must be properly insulated for the high potential.

A rectifier meter is essentially a bridge-rectifier system which utilizes
copper oxide elements. The potential to be measured is applied through
a multiplier resistance to two corners

of the bridge, a d-¢ milliammetor

being used as an indicating instru-

ment across the other two corners, /\

But as the d-¢ milliammeter reads 7
average values of current, the scale /

of the meter is calibrated to give rms

values of sinusoidal waves by apply-

ing a sinusoidal potential to the input f l'r‘iu ?;8' A full-wave p”“"“"‘l’d““bl“‘g
terminals. The indication on such '

an instrument is not correct for input signals that contain appreciable
harmonics.

A common potential-doubling circuit is shown in Fig, 6-8. The out-
put! from such a circuit is approximately equal to twice the transformer
maximum potential. It operates by alternately charging each of the two
capacitors {o the transformer pesk potential ¥,,, eurrent being continually
drained from the capacitors through the load. This cireuit is character-
ized by poor regulation unless very large capacitors are used. The peak
inverse potential is twice the transformer peak potential. If ordinary
rectifiers aFe used, two separate filainent sources are required. If a rela-
tively low potential system is built, and these are used extensively in
a-c/d-c¢ radio sets, special tubes such as 2525 are available, These tubes
are provided with separate indirectly heated cathodes, The cathodes in
these tubes are well insulated from the heaters, which are connected in
series internally.

The regulation of the potential doubler can be improved, particularly
at the higher loads, by employing a bridge double rectifier,> which is
illustrated in Fig. 6-9, The feature of this rectifier circuit is that at
light loads the output potential is approximately twice the transformer
peak potential. However, the potential will never fall below the output
of the bridge circuit at any load, nor will the ripple factor exceed that of
the bridge circuit, viz., r = 0.482. Most other features of this circuit
are like those in the normal bridge circuit, such as the peak inverse




patential to. which each tube is subjected, and the heater-cathode insula-
tion problems.

An alternative potential-doubling cireuit® is shown in Fig. 6-10. The
output potential from this circuit, like that from Tig. 6-8, is approxi-
mately equal to twice the transformer maximum potential, It operates
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Fi6. 6-9. A bridge doubler circuit.

by charging capacitor €y during one half cycle through tube 71 to the
transformer peak potential E, and during the next half eycle charges Cj
through tube T2 to the potential determined by that across €, and the
transformer in sevies, the peak being approximately 2E,. The peak
inverse potential across each tube is twice the transformer peak potential,

"This cirolut may be extended to a quadrupler by adding two tubes and
i 88 ahown in an 6-11. It may be extended to provide
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Fm. 610, Aha.lf-w&ve potentml—doublmg Fra. 6-11. A half—wave potential-quad-
olmult e rupling eirouit.

8-6. Controlled . Reetxﬁers, Jt is sometimes necessary to provide a
uontrol on the amount. of the rectified current in a rectifier. Such con-
trolled ecurrents:are required in motor speed control, in certain electric
welding operations, in lighting-contral installations in theaters, in torque.
controls:of various types, and in a variety of industrial control applica-
tions. Buch control.of the output of a rectifier may be accomplished by
controlling the.potential of the power transformer feeding the rectifier, or
this might, in some eases, be controlled by inserting a controlling resistor
in the output circuit. The first method may require expensive control

equipment, and the second would be characterized by poor efficiency.
The development of thyratrons, ignitrons, and excitrons, the latter two
being single-anode pool tanks, has made control a direct and relatively
inexpensive process. The basic analyses are common to the three types
of tubes, and no loss of generality is ineurred by confining our attention
to thyratrons.

In the discussion in Sec. 1-33 it was indicated that the complete elec-
trostatic shielding of the cathode by the massive grid structure in the
thyratron (and also in the excitron) provides a means for controlling the
initiation of the arc in the tube by controlling the grid potential. Thus

€p 4 ey
] L Crotical
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Negative control fube Positive control fube

Fig, ‘6-12. The grid-control curve for an applied sinusoidal plate potential to a
thyratron,

gince the arc is extinguished once each cycle on each negative half cycle,
provided that the arc is initiated regularly, control is possible if the point
in each half cycle at which the arc is initiated can be controlled. Such
regular control is possible, thus providing a control on the average recti-
fied current.

In order to analyze the action of a thyratron in a controlled circuit, use
is made of the critical grid breakdown characteristic of Fig, 1-44. As
indicated in See. 1-33, a knowledge of this single curve is sufficient to
predict the behavior of the thyratron in the control circuit. This curve
gives the minimum grid potential required for conduction to occur for

each value of plate potential. Thus if a sinusoidal plate potential is

applied to the tube, the potential on the grid that is required just to per-

it conduction at each point in the cycle is found from the critical grid

ourve, The conditions are illustrated in Fig. 6-12. On this diagram,
corresponding to any time ¢, in the positive half cycle, the plate potential
iseyi. The corresponding critical grid potential is obtained directly from
the eritical grid breakdown characteristic and is shown in the figure.
This means that, unless the grid potential is more positive than that given

by €e at the particular instant, conduction will not take place. Of

course, once conduction begins at any point in the cycle, the grid loses
control of the arc and cannot again control until the arc is extinguished.

‘Buppose that the circuit is so arranged that the grid potential exceeds
the critical grid breakdown value at some angle, say ¢. Conduction will



start at this point in the cycle. But the potential drop across the tube
during conduction of the thyratron, like that in any gas are discharge,
remains substantially constant at a low value E, that is independent of
the current. Consequently the current in the plate circuit of the tube is
readily found. Refer to Fig. 6-13, which gives the schematic diagram
of a thyratron cireuit, and to Fig. 6-14, which shows the potential and
current waveshapes in the thyratron.

If the tube drop after conduction has begun is Ey, then the current in
the plate load of resistance R, during the conducting portion of the cycle
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Fia. 6-13, A thyratron eircuit with a-¢ plate  Fia, 6-14. The plate potential and
and grid excitation. the plate current in a thyratron.
is

. E.sina — E

G =it 70 (6-31)

where E,, is the maximum value of the applied potential. Clearly, the
current is zero until conduction takes place, after which it assumes the
value dictated by Iq. (6-31). The current follows the form of Eq.
(6-31) until the supply potential e falls below E, at the phase = — g
The current remains zero until the phase ¢ is again reached in the next
cycle.

The average rectified current, i.e., the value read on a d-¢ ammeter, is
given by the expression

1 e

= B [,_m(._ _ By
ks ), sin a — - ) da
which integrates to

B, E ’
I, = o E, [cos ¢ + €08 g — ﬁﬁ (m — @p ~— ga)J (6-32)

Id,, 7:2; dOt

where o = wt, and where ¢ is defined by the relation
Ey = E,, sin ¢y - (6-33)

If the ratio Eo/E,, is very small, then ¢o may be taken as zero. Equation
{6-32) reduces under this condition to the form

= E’r‘ ey
Ii.. = oy -8 (1 + cos ¢} (6-34)

The limits of variation of the angle are from 0 to .

It is clear from this analysis that the average rectified current can be
controlled by varying the position in the cyele at which the grid potential
exceeds the critical grid starting value. The maximum ecurrent is
obtained when the arc is initiated at the beginning of each eycle. The
minimum current iz obtained when the arc is not initiated, and this
would oceur if initiation were adjusted to oceur at the end of each cycle.
Sketches showing the character of the results are given in Fig. 6-15.

The potential across the thyratron throughout the cycle wilt vary in the
manner illustrated in Fig. 6-16. During the portion of the cycle when
the tube is not conducting current, the full applied potential appears

across the tube. During 1he portion

of the eycle when the tube is con-

ducting, the drop across the tube is
o Fo, which is assumed constant and
independent of the tube current.
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F1a. 6-15. The character of the conduc- Fie. 6-16. The potential across the
tion in & thyratron for various angles of thyratron for various current-conduction
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The reading of a d-¢ voltmeter placed across the tube will be

2x

=§; o

Ed-u €p da

This integral is written as

@ T — 0 2x
B, =L ( f B, sin a da + / o da + E,, sin « da)
[H ¢

21!' kAl

This integrates to

"l

. y Y ..
By, = 5;: (r = ¢o — ¢) = 5% (cos ¢ + 08 ¢o) (6-35)

If the peak transformer potential K, >> B, this equation reduces to

E "

Eoo = - 2

(1 + cos ¢ (6-36)



The appea.l‘&nce‘of the negative sign merely means that the cathode is
more positive than the plate for most of the cycle. I*is to be emphasized
that the d-a voltmeter does not read the value E, when an a-c potential
is applied to the tube but will read E, if a d-¢ potential is applied.

The readings of d-¢c and a-c indicating instruments may be calculated
in somewhat gimilar ways. For example, the reading of an a-¢ ammeter
in the plate lead will be :

“ 1 2r

Lt : . 2 )
I s %, ~2-]:7; f (E———o————-———m Sln}; Eo) do (6'37)
@

This integration is readily effected. Similarly, the reading of a watt-
meter to indicate the total power supplied to the plate circuit is

ax
P == —f euda

; e n

P - -2!;[' E.sinaﬂE—'-’-'ﬁ%x;———E"da - (6-38)

This integration is also readily effected. In particular, it is essential to

get up the basic expression for any quantity before proceeding in its
evaluation,

.87, Phase-shift Control. In the phase-shift method of control, the

eonduction point of the eycle is controlled by controlling the phase angle

which is

which is

A RS A ; P
Fra, 6-17.":Phase-shift ocontrol of & Fia, 6-18. The average load current as a
thyratron.. "~ - ' function of phase angle between the grid

and plate potentials,

_bb't'weeu the plate and grid potentials. The situation is illustrated in
“Fig, 6-17,° In this figure, the grid-cathode potential e, lags the plate-
‘eathode potential e, by the angle 8. Note from the figure that the grid
ipotential equals the critical grid breakdown potential at the angle ¢ and
‘gonduction beging at this point in the cycle. The arc is extinguished
‘when the plate potential falls below the value to maintain conduction.

+1f the applied grid potential is large compared with the critical grid

potential at the point of conduction, the angles ¢ and 8 are approximately
the same. Also, it may be assumed under these conditions that the
oritical grid curve coincides with the zero-potential axis. Also, if
En>> E,, then Eq, (6-34) will give the dependence of d-c¢ load current
on the phase angle for all values of ¢ for which the grid potential lags
‘behind the plate potential. When the grid potential leads the plate
potential by any angle, conduction will oceur very nearly at the beginning
of each eycle, with full rectification. A sketch showing these results is
given in Fig. 6-18. The curve possesses a discontinuity at the 180-deg
position, since for an angle slightly larger than 180 deg the plate current
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Fia. 6-19, A simple phase-shifting network and the potential circle diagram.

is at its full value, whereas for an angle slightly less than 180 deg the plate

.. gurrent is zero.
" For those cases where a small plate potential or a small grid potential
" is used, the foregoing simplifications are not valid. However, the analy-

gis follows the same general form, due account being taken of the differ-
ence between ¢ and 8 and of the angles » — g and .

Cirouits for achieving the phase-shift control in a single-phase system
are readily analyzed, A common circuit and the potential sinor diagram
that applies to this circuit are given in Fig. 6-19. The phase between
the grid and the plate potentials is controlled by means of the two imped-
ances Zy and Z,. Tt should be noted that the potential circle diagram in
Fig, 6-19 has been drawn under the assumption that

= B (a resistance) Z; = jwl {(an inductance)

Also, the potentla.l circle diagram applies only during the periods before
conduction begins in each cycle. Before conduction begins, there is no
current in the lead R;, and points b and P are the same. From the resuits
of the potential circle diagram, it is clear that the phase 6 between the

plate and grid potentials can be varied over the range from 0 to 180 deg

by varying the control resistance £ in the phase—sluftmg network, with
0 at 180 deg when B = 0 and with 0 at 0 deg when B = . Jv1dently,
the load current will decrease as the resistance R decreases The phase



angle ¢ is, from inspection of Fig. 6-19,

6 _Ei_ Zs .
tan_§ = E = Z; (b‘&g

If the control impedances Z; and Z; are interchanged, then the sinor
diagram that results bas the form given in the accompanying diagram,
G

¢l
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which shows that F,, leads the potential K. Then, from Fig. 6-18, no

control over the plate current is possible, and I, is a constant and equal

‘ to its maximum value for all values of 6.

\ The use of B and (' as control impedances

is possible and is generally preferred over

the use of B and L. With an RC phase-

shifting eircuit, control is possible for

Z, = —jXg, Zy = R but is not possible
fDrZIﬁ R, Za= "']X(,‘ :

6-8. D-C Bias Control. The magni-

: tude of the d-¢ or average rectified current

bias  of a thyratron may be controlled by ap-

plying a d-o bias to the grid of the tube and

oontrollmg 11'.5 magmtude The plate supply must be an a-¢ potential.
_'Thﬂ mtuatmn is beat understood by reference to Fig. 6-20.

e i o ok
Gon%ml grld voH'uga e .
¥1d, 6-21. The average plate current in ~ F1a. 6-22. A circuit for bias phase centrol
‘s thyratron as g funotum of the d-c grid- - of a thyratron,

ing potentla.l

The tube: wﬂl conduct at the point where F, intersects the eritical grid

/18 tob large‘to intersect the critical grid curve, no conduction will be pos
«ible; . The optimum bias is that for which the grid-potential line is
‘tangent o the oritical grid eurve, and the tube conducts for one-half of the

-qurve, the angle¢ in-the diagram. Cleatly, if the negative grid potential

cycle. For less negative bias, the conduction angle ¢ is less than 90 deg.
Control is evidently possible over the range from full conduction to half
conduction. The results of Fig. 6-21 show the character of the control.

6-9. Bias Phase Control. The combination of d-¢c and a-¢ potentials
as 2 bias yields bias phase control. A circuit for such control is given in
Fig, 68-22. The network comprising 1 and € serves to introduce an a-c

. - potential of fixed phase with respect to
7 y & the plate potential.

/ 5 \\_____ -7_.L Suppose, for econvenience, that
o E, R = X¢. The a-¢ grid potential will
then lag the plate potential by 45 deg.
The amplitude of the a-¢ grid potential
is 0.707 that of the plate potential.
Suppose also that the critical grid
potential coincides with the zero axis,
\Cy : The general features of the operation
\ of thig control are illustrated in Fig.
/ \ %+ §-23. The conditions corresponding

Ny to three different values of K¢ are il-
lustrated. In the first, K¢ is positive;
in the second, E¢ is zero; in the third,

— __i;‘_""* [—*;LEC,_. f’

: Fla 6-23 Bias phase control, show- Fie. 6-24. An on-off thyratron control
“ing carrent variations for three differ- circuit.

ent:values of d-¢ component Ke.

Ec¢ignegative. For the circuit shown, the minimum rectified current oceurs
when Eg is negative and equal to £,,.. Conduction begins at 135 deg in
the cyele and continues until the end of the cycle. If the d-c bias is made
more negative than this, no conduction is possible. It is evident from the
dipgrams that conduction will begin at the start of the cycle when the
d-¢ bias equals 0.707 times E,..

8-10. On-Off Control. A variety of circuits exist which permit on-off
control.  Such circuits would be used when it is desired to use a thyratron

a4 an arcless switch or contactor. A circuit for on-off control is given in

Fig. 8-24. With switch S open, no conduction occurs since E,. is so
sdjusted that it is more negative than the maximum negative critical
grid value. When the switch § is closed, the grid is tied to the cathode
and approximately maximum rectified current is delivered. The resist-



ance R serves to prevent short circuiting of the battery source E,, when
8 is closed.

6-11. Control of Ignitrons. As discussed in Sec. 1-35, the ignitron will
not conduct at any portion of the cycle of an applied a-c potential to the
plate unless ignition is caused by applying a potential to the igniter rod.
Moreover, since this ignition pulse may be applied at any point in the
cycle, control of the average current is afforded by controlling the ignition
of the tube. However, the instantaneous power required by the igniter
circuit of the ignitron is higher than that required by the grid cireuit of a
thyratron, and the methods of thyratron control are not applicable to
ignitrons, But with control accomplished the general discussion of See.

2, lytron Thyratron
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F1a. 6-25. Several ignitron eontrol cireuits.

6-6 is applicable, and Eqs. (6-31) to (6-38) express the results for the
ignitron as well as for the thyratron.

Several common methods of establishing the point of ignition in each
cycle of an ignitron are illustrated in Fig. 6-25. These methods utilize
thyratrons for the control of the ignitron. In the first of these diagrams,
the ignitron current passes through the load resistor, whereas, in the
second, the igniter-rod current does not pass through the load.

Refer to Fig. 6-25b, and suppose that the thyratron is not conducting.
In this cireuwit the capacitor € will be charged to the peak value of the
transformer potential through the rectifier. If the thyratron grid poten-
tial is adjusted to permit conduction, the capacitor charge will pass
through the thyratron and igniter-rod circuits, and the ignitron will con-
duct provided that the ignitron anode potential is sufficiently positive to
maintain the discharge. The current surge through the ignitron-rod
circuit will quickly discharge the capacitor, the thyratron anode potential
will fall below that needed to maintain the'are, and the thyratron igniter-
rod eircuit current will fall to zero. The capacitor will be recharged
through the diode rectifier circuit in time to control the ignition point in
the next cycle.



