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METHODS OF CALCULATING OPTINUM TUBE OPERATING CONDITIONS

In crder to make optimum adjusiment of transmitting tube operating
conditions, it is necessary to visualize clesrly the effect on tube
operation, and hence on circult output, of varying grid bias voltege,
grid drive, plate voltags, and plate circult impedance,

A complete sample set of calculations will be made for the
various classes of operation, for the GL-889A, All of the work is
based on use of the "constant-current" curves, and experiences has
shown that the results so obtained correlate closely with actual
operating test results.

~ Several sets of calculations should be made for any particular
class of operation to be sure that the optimum conditione are met
as far as plate efficiency and grid drive are concerned. Overating
conditions should be chosen s0 as to always fall within the maximum
ratings..

CLASS ¢ AMPLIFIER AND OSCILLATOR

Certaln conditions of operation are arbitrarily assigned, as
followss:
. DC plate voltage equal TH00 volts
. Grid bias voltage equal =800 volts
. Feak grid voltage swing equal 1800 volts
. Plate voltage swing equal 6,000 volts

£ N0

£11 of the above values may be obtained in practice by applying
them directly and by varying the grid drive or load impedance.

Referring to Fig. 1, the first etep is to determine the operating !
line A-A" as established by the four assigned conditions of operation,
The point "A" 18 determined by the DC plate voltage and grid dias
voltage. As the plate voltage swings down and the grid voltage rises
in sinusoidal fashion, their instantansous values describe 2z straight
line, terminated at A°. The point A is automatlcally determined,
having chosen "A' as the starting point and having previously deter-
mined the amplitude of grid and plate voliage swing,

The point "A" is set at a point corresponding to a plate voltage
of 7500 wlts and grid bias of =800 volts. With & grid swing of
1,800 volts and & plate swing of 6000 volts, the point A' is locatad
at a grid voltage of 1000 wolts aud a plate voltage of L5C0 volts.
Thus the operating line A~A' ia determined.

The rest of the work is eimply mechanical integration. The
ingtantapnecus velues of plate voltage and current, and grid voltage
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end current are tabulated as in Filg. 2. DBy simple relations indi-
cated in Fig. 2, the operatling conditions ars completely determined.

By going through‘this soft of calculations, it is possible to
determine;

a

DC plate input kw
Plate output kw
Plate efficiency
Grid excitation power
Grid blas loss

DC grid current

°

a

a

O e o
s

It will be found that the location of the point A' affects the
tube operatlon very greatly since a small change in its position
changes the working range in the high grid current snd plate cure
rent reglon.

A few gets of calculations will indicate the optimum operating
conditions for the installation Vnde® consideration. By referring
to Fig. 3, a general ldea may be geined as to the relation of the
variocus factors involvsd.

CLASS C R-F POWER AMPLIFIER-PLATE MODULATED

The opsration of a tube under plate modulation conditions may
be analyzed in a wanner similar to that for a class C oscillator,
unmodulated. In this type of service, opsrating conditions are
epecified for carrier conditions. Modulation is applied by super-
imposing the signal voltege on the applied DC plate potential.
100% modulation means that the applied plate potentia) varies from
zero to twice the DC applied volitage, throughout the audio cycle,
as shown in Fig. 4.

In establishing the cperating lines for plate modulated service,
the carrier conditions are determined. It will be noted that the
maximum anods dissipation for carrier conditions is less than that
for Class C oscillator rating. This must be so since when 100%

wodulation 1s applied, the plate imput, and plate dissipation ine

crease 50%, the additionsl plate input being supplied by the modula-
tor, ’ ‘

When establishing the operating line for carrier conditions,
it must be borne in mind that a second line must be drawn for
conditions obtained at doudble the DC plate voltage. This second
line correeponde to the conditions under which the tube is operat-
ing, at the peak of the modulating voltage, Certain relations, as
enumerated below must exist between these two lines, in order that
the output be free from dietortion.
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TYPE GL.-889 CALCULATION OFP TYPICAL OPIRATING CONDITIONS BY DATE

Telegrapn
CLASS ¢ ICE
Prod. Prod.
Angle ~ 8ine ep ip Sine og ig Sine
Degrees Volts Amps Amps ., Volts | Amps, Amps,
0 o | 7500 - -800 F
b » 087 7000
15 2258 59QQ
25 .423 5000 | 1.2% +523
35 574 | 4100 | 3.0 | 2.8 .020 | .0115
45 707 2300 5.20 3.68 .02 .0141
55 .819 2600 6.0 4,91 50 409
66 906 2100 badk 5 .50 - .90 815
75 . 966 1700 6.5 621 1.25 208
85 2996 1500 6.5 E 648 1.70 692
90 1,00 1500 ( *) -- ( *) --
5-85 Incl. _ _ _ _ _ Summation z5,.65 29,85 4,350 | 4,126 |
Divide By 18 18 18 18
Average Current _ _ _ _ _ b = 1.98 1.56 g = 242 229 |
L R By = _T800 i 1 o s o e e Ee = =800 |
L o= _ 1500 1 e i &g =, _100Q
Difference (Swing) __6000 (Swing) 1800
Plate Input = Eb x Ib = 7500 _1.98 - =l N

Plate Output = Plate Swing x Average Product Sine Amps. =6000 x1.66 = Q.95

= Output _ _9.95 =
Efficiency Taput L i OT0. i
Total Grid Excitation Rower = Grid 1nog £ Airé?gl’roduct Sine Amps,= = 410.
or Total Grid Excitation Power = (approx.) Grid %wing x 15 = = 43
1800 "x .242
Grid Bias Loss = Ig X Ec = 800 x .242 =193

~ * Peak value - for reference only — omit from calculation of avg. currents.

H-5172866
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1) If the modulation 1e to be free from distortion, & linear
relation must oxist between the RF voltage and current, Therefore,
for 100% modulation, &t the peak of the modulation cycle, the RF
voltage and curreant must be double that of the carrier comdition,
while at the other extreme of the modulation cycle the BF voltage
and current are iero. '

2) The opsrating line for the peak of the modulation cycle
must be drawn so that the load impedance will be the same as for
the cperating line at carrier conditions.

3) It will be found upon examination of the comstant current
curves that in owler to double the current, at double the voltage
when operating at the peak of the audio cycle, 1t will be necessary
to work te rather high peak currents. This will require that the
grid be driven to a considerably higher positive pesk than for
the carrier conditions., It is not generally desirable to modulate-
the grid drive, but the higher positive grid drive may bde accomplished
in practice by two factors. If a combination fixed and grid resis~
tor blas 1s used, the bias voltage developed will be reduced at the
peak of the audio cycle. This will be true since the minimum plate
voltage on thls operating line is higher than for the carrier
operating line, which results in working the tube in a lower grid
current region, This reduces the grid current, and hence the dias
voltege. Thus with constent grid excitation, the positive grid
voltege peak will he raised dy the amount of reduced grid dias,

In actual practice, with reduced loading of the grid excitation supply,
the grid drive voltage will increase to some extent, thus further
increasing the positive peak grid voltage.

1 —

CLASS- B AUDIO AMNPLIFIER

Operating conditions will be examined, and calculatione will be
made for e two tube push-pull amplifier, since this is the type of
circuvlt generally encountered in this class of service.

The applisd conditions of operation must first be determined
as follows: '

1) The DC plate voltege is arbitrarily aesigned to be 7,500
volts. ; ,

2) The plate current is to be chosen for zero signal inmput.

Fig..5 represents a composite plate characteristic curve for
tvo tuhesl. Use of this curve clarifies the snalysis which is
complicated by the fact that the plate current of the two tubes
both act on a common magnetic circuit in the output transforner.
The composite curve 1s formsd by placing two sets of static plate
characteristic curves back to back as indicated in the figure.
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Since the plate currents for the two tubes act through the out-
pul transformer in wpposite directions, only their differencee cone
tribute to useful output, Thersfore, the dottel lines indicate
ussful ceomposite plate characteristics for the two tubes, the grid
voltage lines now corresponding to signal voltages.

The output operating line is shown as X-Y. The individual
tube operating lines are YAB and XCD, :

The individual tube operating lines of figure 5 are based on a
2810 . 8ignal plate current of .2 ampere. In general a valus of
10 to 15% of the average plate current is used, If too high a value
of gero sismal current is used, the distortion, and plate dissipa-
tion are excessive,

3) The grid blas voltage is establiched, since a DC plate
voltags of 7,500 volts, and a zero eignal plate current of C.2
ampere has been chosen for this set of calculations, From the
plats current curves, this would require =300 volts bias.

4) Assume a peak positive grid voltage of 550 volts. This is
an arbitrary value, and may be applied by a suitable driving stage.
The peak grid swing is then 850 volts., If: too high a value of
positive grid voltege is chosen, the driving power will be greatly
lnersagsed with little increase in power output,

5) For this sed of calculations a plate voltage swing of
6,000 volts will be used., This agair 4s an arbitrary value, and
ordinarily is approximately 80% of the D.C. plate voltage. If
too low & minimum plate voltage dip 1s used, excesslive distortion
and grid drive will result. If too high a minimum plate voltage
dip 1s used, plate efficlency is sacrificed. The valus of the
load impedance in the plate cuitput circuit to give this swing
will be determined from the ratio of the plate wltage swing to
the peak plate current as determined later, in the calculations,

Summarizing the esbove, the following conditions of opsration
have been established thus far:

1) DC plate voltege = 7,500 volts

2) Grid bias voltage = ~300 volte

3) Pesk grid voltage swing = 850 volts - This results in a
marximum positive grid voltage of 550 volts, at maximum
signal,

L) Pegk plate voliage swing = 6,000 volts — This results in a
minimum plate voltage dip of 1,500 volts at maximum signal.,

1. April 1933, IRE, pg. 591 "Push=Pull Audio Amplifier® by B.J. Thompson
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The above conditions compietely determine the operating lins
%Y Fig. 5.

Efficient operating conditions for class B andio amplifiers
normally result in some distortion. This can be tolerated since
the even order bharmonics are eliminated from the output in the
push=pull amplifier. However, this makes 1t impossible to draw
a straight operating line between points A and B, Fig, 4, as was
dons in the case of the class C amplifier, for calculation of
opereting conditions. However, items 1 through Y above do define
the extrems points of grid and plate voltage snd current excur-
sionsg as shown by points "X" and "Y' 6 Fig. 5, and "A" and "B",
Fige . ’ P

Reference is now made to Fig. 5. The load line X-Y must dbe
stralght, since the load current must vary directly with the
plate voltage, the load impedance being constant. Working from
Fig. %, the operating line A-B Fig, 6 is laid out so that ths
grid voltage for any velue of plate voltage corresponds on the
two curves, For exemple, on figure 5, for a grid voltage of plus
300 the plate voltage is 2,700. This then determined one of the
points, "P" along which the curve A-B, Pig. 6, was to lie., FHaving
laid out the operating line A~B, Mg. 6 it remains to calculate
the tubs operation, as shown in Fig. 1. . :

Complete tube performance may thus be determined for the
chosen set of conditions, as followsi

1) DC plate input kw (per tube)

2) Plate output kw (per tube)
3) Plate Dissipation

M) Plate efflciency

5) Grid excitation power

6) Losd resistance - plate to plate
7) DC grid current

8) Grid bias loss

411 of the above results are for maximum signal operation,
The meximum anode dissipation, however, will be found %o ooccur at
a signal less than unity, approximately at S::%E_r° wherei

y}

ratio of plate voltage swing to the DC plate voltage,
at maximum signal, S<1,
ratio of the signel under consideration (grid swing),
to the maximum signal, as used in the sample celculatvion,

K

1]
(&)

Thus for the conditions of operation chosen for the sample
celculation, the signal.for maximum anode dissipation is determined
ag follows:
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K =

{sa

000 = .80

0
. 500

oY=

s< = .7shk

8 X 5.1%

The maximum signal grid swing (S 2 1), in the example, Fig. 7,
was 850 volts. For "S" equal .T94, the grid swing will be 675 volts,
with a maximur positive grid voltage peak of 375 volts., The operat-
ing line for S = ,79Y4 is then A-C, Fig, 6. Carrying through calcula~
tions for this operating line, similar to those on Fig. 7, it will
be found that thet anode dissipation is 4.42 kw, Since this value
is within the rated anode dissipation of the tube, the conditions
chosen for operating line A-B are satisfactory.

1f the operating line A=B, Fig. 6, deviates greatly from a

stralght line, it ie en indication that distortion ie present, and
the output should be checked for harmonic content,

CLASS B RADIO FREQUENCY POWER AMPLIFIER

In claee B radio freQuency amplifier service, the R.F. current
end voltage relations are as indicated in Fig. 8.

If the amplifier output is free from dlstortion, the plate
voltage and plate current will vary linearly with the grid swing.
Thus for a maximum modulation factor of 1.0, at the crest of the
audic cycle the R.¥F, voltage and currents will be double those for
the carrier conditions,

In calculating the performance of the class B, RF amplifier,
the operating line AB, Fig. 9, must be established by the follow=
ing steps; :

1) Point A depends upon the velue of DC plate voltage and
grid bias chossen., The higher the plate voltage the greater the
powsr capabllities of the tube. The grid blas voltsge is such as
to allow a zerc signal plate current of 10 to 15% of the average
DC plate current under carrisr conditicne., The same fectorsz apply
as oxplalned under class B audio service. In the curve, Pig. 9,
the point A is located at & plate voltage of 7,500 volts, and a
grid voltage 0of=300 volts.

2) The location of peint B depends upon a number of consideraw
tione, If it approaches too close to the diode line, the grid drive,
rnd distortion are likely to become excessive for mazximum modulation.
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TYPE GL~-2894 CALCULATION OF TYPICAL OPIRATING CONDITIONS BY DATE
B Audio
c S X AMPLIFI ICE
Pldte Prod. Prod.
Angle Sine 6p |Swingip FléiosSving ©g ig Sine
Degrees volts| YOIt S hmps. Xops & ipliVolts Arps . Amps,
0 0 7,500 - =300 -
5 . 087 7,000 | 500 5 250 «226
15 258 7,900 1,600 1.3 2,080 - &
25 .423 4,800 2,700 2.1 5,670 + 79 205 2021
35 574 3,700 3.400 2.25 11,200 187
45 .707 2,700 h.goo 3.8 18,250 300
55 .819 2,100 ﬁ,gko 4,2 22,700 395 .10 082
65 .906 1,800 |5, 700 | 4,5 25,700 L70 g 362
75 .966 1,600 5,900 | 4,6 27,100 520 .70 676
85 996 | 1,500 16,000 J4.7 23,200 AT JI5 JTu6
90 1,00 1,500 (_* - 550 (___*) s
5-85 Incl. _ _ _ _ _ Summation _28,68 | 141,150 2,00 | 1,887 |
Divide By 18 18 18 18
Average Current _ _ _ _ _ b = 1,59 Ul =l 111 | 105 |
Qg —————— Eb = —LE-Q-Q——- ——————— Ec_n_ .-.;00-___
900 o - ép = 1,500 __ | - - - - g =. _s50
Difference (Swing) _0,000 (Swing) 850
Plate Input = Eb x Ib = 7,500 o S W NERTRN . ;¢ DAL .- 3% ™ %30
Plate Cutput = RAARXERIHECOUOOKEIXRRARGIXS =18 yii:aslﬂ
Flate Dissipa&ilon ‘-; Plate Input -~ Plate Cutput 4,09 kw
Efficiency = Inpui = .8 = 65.6% |
: 11.92 1
Tptal Grid Excitation Rower =. Grigsgwing x Avg., Product Sine 8e= = 5
mexmmzmxmmxmmmmm =
Grid Blas Loss = Ig x Ec = 111 v 300 = at
* Peak value - for referenge only - omit m ocalculati f avg. ts.
Load Resistance = kee:ae,llc-epfate vé’ltage swfrff;"’-:c’?ogg avion of ave. curremts
Peak plate current N H-5172866
= 1276 ohms

-
—

Effective load, plate to plate = 4 x 1276 = 5100 ohme

FIG. 7
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If "B% ig located too high in the positive grid region, the grid
drive would be increased at maximum modulation., It is usually
necessary tc make several asets of calculations to determine the
optimam conditions for minimum distortion at the desired power
outpui, and maximum efficiency. Taking the above factors into
account, the point B for the curve on Fig. 9, was located at

& plaje voltage of 2,500 wlts and a grid voltage of <700 volts,

Ag in the case of the class C oscillator the operating line
on Fiz. 9, 1s & straight line connecting points "A" and "B',

Calculations for maximum modulation conditions will then be
id=ntical to those described for class C operation, operating
over the entire line from A to B.

Under carrier condltions, the tubs operates over the same
lins, but the grid and plate swing are only one half that for
maximum modulation, Therefore, for carrier conditions similar
calculations are made to those for meximum modulation, but the
operating line extends only from A to C, Maximum plate dissipa~
tion occurs under carrier conditions, so the value of dissipation
calculated should bs é@xscked to see that the maximum ratings are
not exceeded.

It 1s a2dvisable to plot the plate current versus the grid
voltage for the conditions chosen for maximum modulation, and to
analyze the current wave for exceassive distortion. This curve
may be plotted from points on the operating line AB, Fig. 9.

CLASS A AMPLIFIER CALCULATIONS FOR RESISTANCE LOADS

Exempleg of calculations for the other classes of service will
be for the GL-883A, However, that tube was not designed for class
A operation, Tube applications do not generally require that
a tube of high power rating be operated under class A conditions,
since in large tubes operating efficiency becomes an important
fector, and the more efficient class B linecar service is resorted
.to. Therefore, the sample calculations on class A opsration will
be made for the GL=-845,

Referring to Fig. 10, it ie first necessary to draw the load
line £=~B about the operating point "0". The following factors
should be consldered in locating the operating lines

1) ‘The point "0" must be located so that the product of the
plate current and plate voltage at that location does not excased
the meximum rated anode diesipation.
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2) The position of point "O" on a proposed operating line must
be such that the grid swing does not go past the zero blas curve, as
shown at "A", At the oxtreme negative grid swing, point "B'  opera-
tion should not extend appreciably into the non=linear portion of the
curves, In general, point "B' ghould not b2 below 10 to 15% of the
plate current at poipt "0". The grid swing from "O" to "A' 4s equal
to the grid swing from "O' to "B",

3) In the calculations it will de shown that the power output
is proportional to the product of the total plate current and plate
voliage change when operating over the load line from "A" to "B",
It is thus apparent that lowering the point "0O" would reduce the
possible plate current swing and therefore the power output. To
raise 1t, would cause the anode dissipation rating to be exceeded,
as explained abova,

Having thus located the line A-B, Fig. 10, it is poseidlie to
calculate spscific conditions of tube operation, as follows?

1) Power output = (Ep,y = Epin)(Ipgx = Ingn)
B

From Fig. 1z

. Epgax = plate voltage at B = 2030 volts
Enin = plate voltage at A = 380 volts
Ihax © DPlate current at A = ,159 amperes
Inin = plate current at B = ,010 eres
Power output "(2030—389%(.159-.0::§

z 30.6 watts

2) Plate dissipation 18 the product of the plate current and
the plate voltage at operating point "0",

Plate disasipation, from figure 1 = .080 x 1250 = 100 watts

3) Required load resistance is equal to the ratio of the plate
voltage change to the plate current change, on the loed line A=B,
From Fig, 10, the load resistance is calculated as follows#

Plate current at "A" = 159 ma
Plate current at "0 % 80 ma
Plate voltage at "A" = 380 volts
Plate voltage at "C" = 1250 volte

Ry, = 1220 = 380 = 11,000 ohms
- 159 - 80

4) The D-C plate current will be egual to the valus of plate
current at the point "O", or from Fig, 10, this value is 80 ma,
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57 Some distortion is always present dvue to non-linearity. This
dietortion is comprised almozt entirely of a second harmonic, The
allowable parcentege of esecond harmonic is generally specified as 5
percent maximun anq may be calculated from the following relations

% 2nd harmonic = } (Ipax ¥ Iggn)-Io x 100

Tnax = Imin
where, referring to Fig. 1l:
Ipax = plate current at "A' 5 159 ma,
Ipin = plate current at "B" = 10 ma,
Iy = plate current at "0" = 80 ma.
then percent second harmonic 1s¢

14592100 80, 102,

The above celculations set up conditions of operation which would
deliver the maximum power possible, yet not exceeding any of the
maximum ratings of the tuba, Several gsets of calculations may de
reguired to obtain the optimum operating conditions to fulfill other
special requirements, such as operation st reduced powsr outpus,

reduced plate voltage, different load impedance or combinations of
the above. '
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