CHAPTER 13
AUDIO FREQUENCY POWER AMPLIFIERS

By F. LaNGFOrRD-SMITH, B.Sc., B.E.
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SECTION 1 : INTRODUCTION

() Types of a-f power amplifiers (&) Classes of operation (11} Some characteristics
of power amplifiers (tv) Effect of power supply on power amplifiers.

(i) Types of a-f power amplifiers
An interesting analysis of possible types of a-f power amplifiers is given in Ref. G1.
However, for practical applications we may sub-divide the arrangements as under :

On basis of form of loading—
(a) Plate loaded (the normal arrangement).
(b) Cathode loaded (i.e. cathode follower).
(c) Combined plate and cathode loaded (e.g. the Mclntosh amplifier—see Fig.
13.50D and the Acoustical QUAD amplifier, Refs. H4, H6).

On basis of coupling to load—
(a) Transformer coupled.
(b) Choke-capacitance coupled (shunt feed).

On basis of load connection—

(a) Single-ended output (i.e. one valve).

(b) Push-pull output.

(c) Parallel output.

(d) Push-pull parallel output,

(e) Single-ended push-pull (Refs. E32, H1, H2).
On basis of excitation—

(a) Single input to grid.

(b) Push-pull input to grids.

(c) Single input to one grid, with other valve excited from common plate or cathode

circuit—see Sect. 6(viii).
(d) Grounded-grid single input.*
(e) Grounded-grid push-pull input*.

*Not normally used with a-f amplifiers.
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13.1 (i) TYPES OF A-F POWER AMPLIFIERS 545

On basis of input coupling—
(a) Resistance-capacitance.
(b) Choke~capacitance.
(c) Transformer.
(d) Direct coupling.
On basis of type of valve—
(a) Triode.
(b) Pentode.
(c) Beam power amplifier,
On basis of use of feedback (see Chapter 7)—
(a) Without feedback.
(b) Negative voltage feedback.
(c) Negative current feedback.
(d) Cathode follower.
(e) Combined positive and negative feedback.
On basis of Class of Operation—sece (ii) below.

On basis of input power required—
(a) No grid input power.
(b) With grid input power.

(ii) Classes of operation

Class A operation* is the normal condition of operation for a single valve, and
indicates that the plate current is not cut off for any portion of the cycle.

Limiting Class A push-pull operation* is operation such that one valve just
reaches plate current cut-off when the other reaches zero bias,

Class AB operation* indicates overbiased conditions, and is used only in push-
pull to balance out the even harmonics.

Class B operation* indicates that the valves (which are necessarily in push-pull)
are biased almost to the point of plate current cut-off.

The numeral “1” following A or AB indicates that no grid current flows during
any part of the cycle, while *“ 2’ indicates that grid current flows for at least part of
the cycle. With Class B operation the “ 2> is usually omitted since operation with
grid current is the normal condition.

(iii) Some characteristics of power amplifiers

Amplifiers incorporating negative feedback are covered in Chapter 7. The de-
sign of output transformers is covered in Chapter 5 Sect. 3.

For a limited supply voltage Class A, gives the lowest power output with given
valves, while Class AB; and Class AB, give successively higher outputs. Pentodes
and beam power amplifiers give greater power output than triodes under the same
conditions. Negative feedback does not affect the maximum power output.

The power plate efficiency is the ratio of the audio frequency power output to
the d.c. plate and screen power input. It is least for Class A;, and increases pro-
gressively with Class AB,, AB, and B. It is less for Class A, triodes than for Class A
pentodes or beam power amplifiers.

The sensitivity] is normally taken as the ratio of milliwatts output to the square
of the r.m.s. grid voltage. Pentodes and beam power amplifiers have considerably
greater sensitivity than triodes. Class AB, or any push-pull operation decreases the
sensitivity. Amplifiers with grid current require power in the grid circuit ; sensiti-
vity cannot be quoted for such types except for the whole section including the driver
valve. )

*See also definitions in Sect. 5(G)B.

+The writer favours the use of the alternative form
+/power output in milliwatts

grid voltage r.m.s.
which gives values from slightly over 1 (e.g. type 45) to nearly 50. This form has the advantage that,
for the same power output, the value is proportional to the voltage gain. This value is the square root
of the “ sensitivity >’ as normally measured. .
Another alternative form is the ratio of milli-watts output to the square of the peak grid voltage.

Sensitivity ==
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The effective plate resistance (or outrput resistance) of a power amplifier is an
important characteristic when the load is a loudspeaker. The optimum value of plate
resistance depends upon the loudspeaker, but in the majority of cases the optimum
is about one fifth of the load resistance for the best frequency response—lower values
give heavier loudspeaker damping bur a loss of bass response. Feedback amplifiers
with very high feedback factors normally have a very low value of output resistance as
the result of negative voltage feedback ; in some cases the output resistance is pur-
posely raised to a more suitable value by some device such as bridge feedback—see
Chapter 7 Sect. 1(iv). The general question of the optimum plate resistance is covered
in Chapter 21 Sect. 1(ii), while loudspeaker damping is covered in Chapter 21 Sect. 3.

Critical load resistance—Pentodes are much more critical than triodes as regards
the effects of variation from the optimum value of load resistance—this holds with
or without feedback in both cases. See Sect. 2(iv), Sect. 3(viii), Sect. 5(ii), Sect. 6(i1),
and summary Chapter 21 Sect, 1(iii).

Distortion—Single Class A, triodes are usually operated with 5% second harmonic
distortion at maximum output, while the third and higher order harmonics are small
under the same conditions. All published data for such valves are based on 5%
second harmonic unless otherwise specified. With push-pull Class A; triodes the
even harmonics are cancelled and only small third and higher order odd harmonics
remain. Push-pull class A, triode operation is regarded as providing the best fidelity
obtainable without the use of feedback.

As the bias is increased towards Class AB, operation the odd harmonic distortion
increases only slightly until cut-off is just reached during the cycle (i.e. up to Limiting
Class A operation), beyond which point a kink appears in the linearity (transfer)
characteristic, and the distortion is more displeasing to the listener than is indicated
by the harmonic distortion.

Power pentodes operated under Class A, conditions on a resistive load may have
very slight second harmonic distortion but from 7% to 139% total distortion. This
is largely third harmonic with appreciable higher order harmonics. When. operated
into a loudspeaker load the harmonic distortion is much more severe at low and high
frequencies due to the variation of loudspeaker impedance with frequency. Negative
feedback may be used to reduce distortion at all frequencies.

With a load of varying impedance, such as a loudspeaker, there is a selective effect
on the harmonic distortion. For example, if the impedance of the load is greater
to a harmonic than to the fundamental, the harmonic percentage will be greater than
with constant load resistance equal to that presented to the fundamental. See Sect.
11(ii1) and Fig. 13.54, also Sect. 2(iv) for triodes, Sect. 3(viii) for pentodes.

Owing to the fact that the dominant harmonic with power pentodes is the third,
there is very little reduction of distortion due merely to push-pull operation. If,
however, the load resistance per valve is decreased, the effect is to increase the second
harmonic per valve (which is cancelled out in push-pull) and to decrease the third
harmonic, and thus to improve the fidelity.

Some of the distortion occurring with Class AB, or Class B operation is due to the
effect of grid current on the input circuit. The design of such amplifiers is treated
more fully later in Sections 7 and 8.

Normally the harmonic distortion is stated for full power output, but the rate of
increase is also of importance. Second harmonic distortion (Class A, triodes or
beam power tetrodes) increases more or less linearly from zero to full power. Third
harmonic distortion in pentodes increases less rapidly at first, and then more rapidly
as full output is approached. Higher order odd harmonics show this effect even
more markedly.

Beam power amplifiers in Class A; have considerable second harmonic, but less
third and higher order harmonics. When operated in push-pull the second harmonic
is cancelled, and the total harmonic distortion on a constant resistive load is small.
On a loudspeaker load, however, the same objections apply as for pentodes, and ne-
gative feedback is necessary in all cases where good fidelity is required.

For further information on fidelity and distortion see Chapter 14.
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In calculating the frequency response of an output stage, it should be noted
that the inductance of the output transformer varies with the applied signal voltage.

When the d.c, plate current remains nearly constant at all output levels the regu-
lation of the power supply is not important as regards the output power, provided
that it is adequately by-passed—see (iv) below, With Class AB, operation there is
a greater variation in current drain from zero to maximum signal, and improved
regulation is required in the power supply in order to avoid loss of power and increased
distortion. Class AB,, and particularly Class B amplifiers, require extremely good
power supply regulation owing to the large variations in current drain.

The use of self bias (cathode bias) reduces the variation of plate current due to
change of signal level, and frequently enables less expensive rectifier and filter systems
to be used, although in some cases the output may be slightly reduced and the dis-
tortion slightly increased as a result. Self bias cannot be used with Class AB, or
Class B operation.

Parasitic oscillation in the power stage is sometimes encountered, either of a
continuous nature or only under certain signal conditions. High-mutual-conduct-
ance valves are particularly liable to this trouble, which may be prevented by one or
‘more of the expedients listed below. Class AB, or Class B amplifiers sometimes
suffer from a negative slope on portion of the grid characteristic ; this may sometimes
be recognised by a “° rattle ” in the loudspeaker. Improvement in most cases may be
secured by the use of one or more of the following expedients :

A small condenser from each plate to earth.

A condenser from each grid to earth (with transformer input only).

Series stopping resistors in grid, screen and plate circuits, arranged as close as
possible to the valve.

Improved layout with short leads.

Input and output transformers with less leakage inductance.

In addition to these expedients, it is usually helpful to apply negative feedback
from the plate of the output valve to its grid circuit or to the cathode of the preceding
stage.

A Class AB; or Class B amplifier requires a driver stage and (usually) coupling
transformer in addition to the final stage. These, together with the additional cost
due to the good regulation power supply, should all be considered in calculating the
total cost. It is desirable to consider the whole combination of driver valve, driver
transformer and push-pull power stage as forming the power amplifier, and the input
voltage to the driver will generally be comparable with that required by a single power
pentode.

When fixed bias is required for a class AB,, AB, or B amplificr, this may be obtained
from a battery or from a separate rectifier and filter. In order to reduce the cost,
back-bias with the addition of a heavy bleeder resistance is often used. Some varia-
tion in bias is inevitable with this arrangement, and a loss of power output and an in-
crease of distortion will result. The additional cost of the power supply and filter
needed to handle the total current of valves and bleeder must also be considered.

Pentodes and beam power amplifiers may be used as triodes by connecting plate
and screen. If the suppressor is brought out to a separate pin it may be connected
to the plate. Care should be taken to avoid operating such a valve at a plate voltage
higher than the maximum rated screen voltage unless special * triode ”’ maximum
ratings are available,

The load impedance with triode power amplifiers may be open-circuited (if neces-
sary) without any serious effects ; it should never be short-circuited. The load
impedance with pentodes may be short-circuited only if the valve is being operated
considerably below its maximum plate dissipation ; it should never be open-circuited
unless an appreciable degree of negative voltage feedback is being used.

(iv) Effect of power supply on power amplifiers
The usual by-pass capacitor connected across the power supply is large enoggh
to act as a reservoir and maintain practically constant voltage, except at low frequencies.
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The analysis of a power supply shunted by a condenser and supplying sine-wave
signal current does not appear to have been published.

An analysis has been made (Ref. B6) for the simpler case where the signal current
is of rectangular form. The minimum frequency of rectangular waveform for a
specified variation of supply voltage over the half-cycle is given by
KR /R) + 1

fr = 4.606KR ; C log,, A ®
where K = Iy0/(Tpo + 1)
R, = resistance of voltage source
R L = E /1 2]
C = shunt capacitance
4 1 -K)
T (1 — K) — [K(Ry/Ry) + 11x/100
E,, = direct voltage across C
I,, = direct plate current of valve
I, = peak signal current through valve plate circuit
and x = fall of supply voltage between beginning and end of positive half-cycle,

. expressed as a percentage of E .

The only approximation in egn. (1) is that the voltage across the condenser at the
commencement of the positive half-cycle is taken as being E,.

Eqgn. (1) %as been applied to the following example—

Eyy = 250V,1,, =40mA, I, = 30mA, C = 16uF, x = 2,
to give these results :
When R; /R, = 5 10 20 30 35
then fr = 170 157 127 96 49 ¢/s

This example is a severe one since a rectangular waveform is more severe than a
sine waveform with the same peak current, while the value of x only allows 29, drop
in voltage over the half-cycle. If 5% voltage drop is permissible, f, becomes 39 ¢/s
for R;/R, = 10. The importance of good power-supply regulation for satisfactory
performance at low frequencies is demonstrated.

This effect does not occur to any appreciable extent with push-pull Class A am-
plifiers, and is not so pronounced with Class AB amplifiers as it is with single-ended
Class A or with Class B.

Amplifiers should always be tested for frequency response and distortion
at maximum power output, as well as for frequency response at a lower level.

SECTION 2 : CLASS A SINGLE TRIODES

(i) Simplified graphical conditions, power output and distortion (i) General graphical
case, power outpur and distortion (4i1) Optimum operating conditions (iv) Loud-
speaker load (v) Plate circuit efficiency and power dissipation (vi) Power sensitivity
(vii) Choke-coupled amplifier (viti) Effect of a.c. filament supply (ix) Overloading
(x) Regulation and by-passing of power supply.

(i) Simplified graphical conditions, power output and distortion

The basic circuit of a single Class A, triode is Fig. 13.1. The load resistance (R,)
is normally connected to the secondary of a transformer (7°) whose primary is con-
nected in the plate circuit of the valve. The load resistance (R,) presented to the
valve is given (see Chapter 5 Sect. 1) by

R, = (N1/N:)*R, D

where N,;/N, = transformer turns ratio, primary to secondary. . In the ideal case,
the primary and secondary windings of T may be assumed to have zero resistance,
and the d.c. plate current I, to remain constant under all operating conditions.

The valve characteristics are shown by Fig. 2.22 in which the loadline AQB has a
slope — 1/R; and passes through the operating point Q. In this example, E, = 250
volts and E, = — 10 volts, and Q is vertically above E, = 250 volts, because the full
E, voltage is applied between plate and cathode.
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The maximum grid swing which can be used is 20 volts, that is from A (E, = 0)
to B (E, = — 20 volts) since the E, = 0 curve is the border of the grid current region,
Actually a slight grid current usually flows at zero bias, but this is generally neglected.
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Fig. 13.1. Basic circuit of a Class A, Fig. 13.2. Loadline applied to triode

plate characteristics to determine

triode with transformer-coupled load. power output and distortion.

The power output may be calculated from a knowledge of the maximum and
minimum voltages and currents along the loadline, assuming a sinewave input voltage

(Fig. 13.2):
Power Outpu‘: ~ %(Emaz - Emz‘n) (Imaa: - Imin) (2)
2 %RL(Imax - I'min)2 (3)
Q &(Emaa: - Emfn)z/RL (43')
2 $EJQ(1 — Emin/Ep)1 — Inin/T0) (4b)

Equations 2, 3 and 4 give the exact fundamental frequency power output when the
odd harmonic distortion is negligible. The power output of 5% second harmonic
frequency is only 1/400 of the fundamental power output, which is negligible.
The load resistance corresponding to the loadline is
RL = (Emaac AEmin)/(Imaa: - Imin) (53)
= (E4/1p)1 — Enin/E») (5b)
The percentage second harmonic distortion

’}(['mam + Imin) - I

- y— 2 « 100 ®
40 — OB
= 240 + OB X 100 (7a) ” FIG.13.3
AQ/QB — 1 A A
wZ(AQ/QB—i—l)XlOO (7b) 14—; A
The equation (7b) has been plotted graphic- 2911
ally in Fig. 13.3. v I }
The voltage gain of a power amplifier ;s { 4 |
is given by 2 I | I
M = (Emar - Emin)/(ZEﬂ) ; =11
= 282/PR, ® &° 7 |
where P, = power output in watts. ¥ A =
The peak values of the fundamental and 5 va M
second harmonic components of the signal T
plate current are : t
Fundamental I = ¥ maw — Imin) 5 20 25 30
(9) RATIO AQ/QB

Second harmonic Ly = {Imas + Tmin Fig. 13.3. Curve of second har-

. — 21y (0)  sonic distortion plotted against the
If AQ/QOB = 11/9 = 1.22,then the second  rario AQ/QB for the two portions
harmonic distortion will be 59%. This of the loadline (Fig. 13.2).
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(i) SIMPLIFIED GRAPHICAL CONDITIONS 13.2

is the principle of ““ 3%, distortion rule ”’ reproduced in Fig. 13.4. The rule has
each division to the left of O a length of 11/9 or 1.22 of the length of a corresponding

—2

Ii

\
9

T
LOAD LINE AND OUTPUT ON BASIS

AR I

HARMONIC  DISTORTION

OF 5%, SECOND

DETERMINING

FOR

POWER OUTPUT RULE

division to the right of 0. It may be made with each left-hand division
11 millimetres and each right-hand division 9 millimetres. Each of
these divisions may be divided into 10 equal subdivisions. It may be
used by placing the < 0 > of the distortion rule at any likely operating
point and tilting the rule gradually until the reading on the rule corres-
ponding to the zero bias curve is the same as the reading corresponding

to the curve of twice the grid bias at the operating point. A4Q/QB

will then be 11/9 and the second harmonic distortion corresponding
to AQB as a loadline will be 59%,.

There are also methods for the graphical determination of any
degree of second harmonic distortion. One of these was originated
by Espley and Farren (Ref. Bl) and is illustrated in Fig. 13.5; it
must be drawn on transparent material. It is applied to the curves
in a manner similar to the 5%, distortion rule, except that a loadline
is first drawn in, and then the Harmonic Scale is moved so that DBC
is parallel with the loadline. For example, with the loadline EFG the
distortion is 209, while with E'FG the distortion is 109%,. The scale
may be constructed on the basis of :

2nd Harmonic Distortion %, 0 5 10 15 20

DB/BC 1.0 122 15 1.86 2.33

If the valve is to be operated with a known plate voltage, the usual
procedure is to take as the operating point (Q) the intersection of the
vertical line through %, with one of the E, curves such that Q is either
on, or below, the  maximum plate dissipation curve ” (Fig. 13.2).
If the latter is not included in the published curves, it may readily be
plotted over a small range. This dissipation curve only affects the
operating point Q, and there is no harm if the loadline cuts the curve.
In general, if the plate volrage is fixed, a triode gives greatest output
when it is operated at the maximum permissible plate current, with
the limit of J, = }E,/r, (see eqn. 22).

If there is no predetermined plate voltage, a triode gives increasing
power output as the plate voltage is increzsed, even though the plate
current is limited in each case by the dissipation.

(ii) General graphical case, power output
and distortion

In practice there are several additional factors which should be
taken into account.
(A) Resistance of transformer primary

Provision may be made for this resistance by giving the line QE,
a slope of — 1/R’ where R’ is the resistance of the transformer
primary or choke (Fig. 13.6). By this means the plate voltage of
point Q is less than E, by the value RI,. This does not affect the
slope of the loadline, which is determined solely by the effective im-
pedance of the load reflected across the primary of the transformer.
It is assumed that the final filter condenser has sufficient capacitance
to supply the varying current over each cycle without appreciable
change in voltage,
(B) Effect of primary inductance

The reactance of the transformer primary gives an elliptical load-
line [see Chapter 2 Sect. 4(vi)]. This may be reduced to any desired
extent by increasing the inductance. Obviously this effect is only
serious at the lowest signal frequencies ; suitable values of inductance
are given in Chapter 5 Sect. 3(iii)c.

Fig. 13.4. 59, distortion rule for use in calculating the power
output of triodes.
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(C) Effect of regulation of power supply
This has only a slight effect on Class A triodes, provided that the final filter con-

denser has sufficient capacitance to supply the varying current over each cycle without
appreciable change in voltage.

Ey F1G.13.6
!
Imax A
FIG.13. 5 A - N Slopen—i/a
] €
% Iy — / t F " @Y
o hely <
W AR I R )] a
+ la i <«
b [ v
¥
e 1
lmin ye\
o
20% 15% 10%5%0% 8 4 O  PLATE VOLTAGE Ep

Fig. 13.5. Alternative form of distortion rule for application to triode loadlines (Ref. B1).
Fig. 13.6. Plate characteristics of triode exaggerated to show rectification effects.

(D) Rectification effects

Owing to the second harmonic component of the signal frequency plate current,
the average plate current under operating conditions is greater than with zero signal.
The increase in plate current is given by

Al = U paw + Imin — 21)) (11
which is also equal to the peak value of the second harmonic current (I,,) as shown
by eqn. (10). This may be put into the form

ar, = 4 — 1p (12)

where I, = In., — Jgand lp = (I — Ipin)-
This is illustrated in Fig. 13.6 where AE = QB and EQ = AQ — QB. Obviously
AQ/QB o I,/15. The line EQ is then divided into four equal parts; C is the
centre point of AB and D is the centre point of CQ. The plate current of point D
is greater than that of point Q by the amount {(I, — I ;) which is equal to 41,, Point
D is the only point on the loadline which fulfils the conditions regarding current,
while point Q is the only point which similarly fulfils the conditions regarding voltage.
The condition is therefore an impossible one, and the loadline must shift upwards
until the point of average current lies on the line QF,.

Unfortunately, as the loadline moves upwards, the relationship between I, and I,
changes, and the simplest procedure is to draw a second loadline A'B” (Fig. 13.7)
parallel to AB, then to determine its points E'F'C’D’ as for the original loadline.

Points D and D’ are joined by a straight line
° F16.13.7 DD’, and the intersection of this with QFE,
gives point D’ which must be on the working
loadline. Through D’ draw a loadline parallel
to AQB, and A”D*B” is then the maximum
signal dynamic loadline. The only error is
through assuming that DD’ is a straight line,
whereas it is actually the locus of point D ;
the error is small if DD’ is short.

It is evident that the change from the no-
signal quiescent point Q to the maximum
signal dynamic loadline A”’B’" will be a gradual
process. As the signal increases, so will the
loadline move from AQB to A”P”B”. At

b intermediate signal voltages the loadline will

Fig. 13.7. Method for graphical de- be intermediate between the two .limits. .The
termination of * shifted ” loadline due 3Verage plate current for zero signal will be
to rectification. I, bur this will rise to I, at maximum signal.

PLATE CURRENT

o PLATE VOLTAGE £
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It will be observed that D’/ does not correspond to the intersection of the loadiine
and the static bias curve. Point P” is not the quiescent point (which is Q) but may
be described as ‘° the point of instantaneous zero signal voltage on the dynamic load-
line.” Point P”" must therefore be used in the calculations for harmonic distortion
at maximum signal. The loadline A”D"P”’B” provides the data necessary for the
calculation of power output, second harmonic distortion, and average direcr current,
All these will, in the general case, differ from those indicated by the loadline AQB.
Summary :

1. Power output is calculated from the loadline A”B” in the usual manner.

2. Second harmonic distortion (per cent) at maximum signat = (2D"P"//A”'B"’)
x 100,

3. Average d.c. current at maximum signal = [,” = [ o+ AdI,” = current for
point D”’.

The graphical method above is accurate, within the limits of graphical construction,
but rather slow. Approximate results may be calculated from the originai loadline
by the equations :

I m Iy + i mea + Lmin — 21501 + R /7)) (33)
A1 ~ Hmaz + Lmin — 2101 + Ry /1) (14)
Alternatively the rise in current may be calculated from the second harmonic dis-
tortion (H,) and power output :
a1, ~V2HV Po/R (1 + Ry /r,) (15)
In another form, the rise in current may be calculated from the harmonic distortion,
I 0 and [,

Al &~ (IQ — IpiaXl + Ry /r)[Hy/(1 — 2H))1 (16)
or less accurately by

AL & (0.78 1)1 + Ry /rp)[Hp /(1 ~ 2H,)) an
(on the assumption that I[,.,, = 0.22 I,).

Eqn. (17) is interesting, since it does not involve any data beyond those normally
published. If H, = 0.05 it may be reduced to
AL v 0043 11 + Ry /ry) (18)

Eqns. (13) to (18) give results slightly lower than the graphical methoa.

For rectification effects with cathode bias see below.
(E) Cathode bias

Cathode bias loadlines may be drawn on the mutual characteristics [Chapter 2
Sect. 4(v)] but the position is complicated by the rise in plate current caused by
rectification. The simplest approach is to assume a voltage between plate and cathode
(E ), determine the plate current under maximum signal conditions as for fixed bias

(I,”) and then to calculate the cathods: bias
FIG.13.6

: - resistor (R,) from the equation R, =
b E,/I,’. Itis then necessary to check for
A plate dissipation at no signal ; this may be

done by the method of Fig. 2.27, drawing

a cathode loadline having the correct slope,

and noting the plate current (I,,) at which

the cathode loadline intersects the mutual

characteristic for the desired value of E,.

The dissipation with no signsl input is

then E,I,.. There is a siight error

v through assuming that E, remains con-

®  stant from zero to maximum signal, but

B this is usually negligible. Alternatively,

the maximum value of I,;, may be calcu-

lated from the maximum dissipation, and

marked on the corresponding E, curve ;

Fig. 13.8. Determining change of plate through this point a cathode loadline may

current with fixed and cathode bias, be drawn whose slope will indicate the

having operating conditions tdentical at minimum permissible value of cathode
maximum stgnal. bias resistor.

(o)

E§E E &

b1 ba bb b
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Alternatively, cathode loadlines may be drawn on the plate characteristics, but they
will be slightly curved [for method see Chapter 12 Sect. 2(iii)].

Rectification effects with cathode bias may be detérmined entirely from the
plate characteristics (Fig. 13.8). The loadline corresponding to maximum signal
conditions is A”B’* (as for Fig. 13.7) while point P’ is the point of instantaneous
zero signal voltage. The maximum signal plate current is I,” as for fixed bias. For
the sake of comparison, the zero signal loadline AQB for fixed bias has also been
added. - From D" a straight line is then drawn to E,, where E,, is the total supply
voltage across both valve and R, ; this line will have a slope of — 1/R,.

The cathode bias loadline must pass through the point R on the E,; curve at which
the plate current is ', because R, = E,/I,”". The R, loadline also passes through
O as shown ; it intersects the sloping line through E,, at point S with plate current
I,’. This point S is the quiescent operating point with cathode bias and has a plate
voitage E,, which is slightly greater than E,;.

- The change in average plate current from no signal to maximum signal is given by
41, for cathode bias and 471,” for fixed bias. It is obvious that 41, is always less
than 47,”. More specifically,

a1y T, Eg ’
a1, ~ Re B (198)

As a typical example, for type 2A3, E, = 250 volts, E, = — 45 volts, r, = 800
ohms, R, = 750 ohms ; 47,/41,” ~ 0.2.

In words, the change of plate current with fixed bias is five times that with cathode
bias.

If the value of the cathode bias resistor and the total supply voltage (E,» = Ey -+ E.
:re kmown, the following procedure may be adopted (Fig: 13.9A).

FIG.13.9A

, Fig. 13.9A. Determining position of
Ty loadline and rise in plate current, given
Iq plate supply voltage (E,y = Ep + Eo)

and cathode bias resistor only.

o

1. Draw the cathode bias loadline (R,) on the plate characteristics.

2. Draw a straight line through E,, with a slope of — 1/R,.

3. Take the point of intersection (Q) and draw a vertical line to the horizontal axis.
This will give the quiescent plate-to-cathode voltage E,;, and Q will be the
quiescent operating point, with grid bias — E .

4. Through Q draw a loadline with the desired slope from E, =0t E, = — 2F 4
—-this will be AQB. Mark the point of average plate current (D).

5. Select the adjacent characteristic curve (— E ;) and arbitrarily select point Q"
having slightly higher plate current than Q. Through Q" draw a parallel load-
line A”Q”B” " from E. = 0to E, = — 2E,,. On this loadline mark the point
of average plate current (D”).

6. Join DD, and mark its point of intersection (D") with the sloping line through
FE,,. Through D’ draw a parallel loadline A’B’ which will be the maximum
signal loadline, Obviously B’ will be intermediate between B and B”, and
its position may be fixed approximately by joining BB and making B’ the point
of intersection with the new loadline. The rise in plate current fromi the quies-
cent condition (I,) to the maximum signal condition (/,) is given by 41,
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If it is desired to make allowance for the transformer primary resistance, the slope
of D”E,, in Fig. 13.8 should be — 1/(R" 4+ R,) where R’ = primary resistance.

In general, any single Class A triode may be operated either with fixed or cathode
bias as desired. The maximum value of grid circuit resistance frequently depends
on the source of bias. When it is permissible to use a value of cathode bias resistor
which provides the same grid bias as required for fixed bias, the .load resistance,
distortion, and power output will be identical. When it is necessary, on account of
plate dissipation, to use a higher value of R,,then the conditions in the two cases will
be different.

Cathode by-passing—1It is important for the by-pass condenser to be sufficiently
large to maintain the bias voltage constant over each cycle—any fluctuation leads to
increased distortion and loss of power output. When operating at low levels it is
usually sufficient to ensure that the reactance of the by-pass condenser, at the lowest
frequency to be amplified, does not exceed one tenth of the resistance of the cathode
bias resistor,

At high operating levels it is necessary to ensure that the direct voltage from B +
1o cathode remains substantially constant over each half-cycle. This may be treated
in the same manner as the by-passing of the power supply—see Sect. 1(iv) and Eqn. (1).

The network comprising the resistive elements R; and R, and the capacitive ele-
ments C and C, may be replaced by its equivalent network comprising C, in parallel
with R,, connected from B+ to cathode. In the special case when C/C; = R,/R,
we have R, = R, + Ryand C, = CC,/(C + C,), but the general case is more in-
volved. Eqgn. (1) of Sect. 1 may then be applied directly.
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Fig. 13.9B. Plate characteristics type 6]5 with g ., and &, curves and loadlines (Ref. B5).
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(F) Alternative method using g,, and g, curves

A = — g.R; /(1 + g,R)) (19B)
where A = amplification with small input signal

gn» = mutual conductance
and g, = plate conductance = 1/r,,
For predominant second harmonic distortion :

A = '%(A1 + A,) (19C>
Second harmonic distortion per cent = 25(A4; — A,)/(A;, + Ay)
where 4’ = amplification with maximum input signal

A; = amplification at maximum positive excursion

and A, = amplification at maximum negative excursion.

The values of 4, and A, may be calculated, using eqn. (19B), from the values of
& and g, corresponding to the relevant points on the loadline which may be derived
from Fig, 13.9B for type 6]J5. Alternatively, the values of g, and g, may be derived
by measurement or graphically at the points of maximum positive and negative ex-
cursion on the loadline, By this means it is possible to calculate amplification and
distortion with high signal inputs from measurements made at low inputs.

This method may be used for cathode followers by using eqn. (19D) in place of
(19B) :

A = g R/l + (gm + 8,)R}] (19D
It may also be used for degenerative amplifiers by using eqn. (19E) :
A = ngL/[I + (gm + gy)Rk + grRLJ (IQE)

References B5, B7, B8, H17,

(iii) Optimum operating conditions

The preceding graphical treatment enables the optimum load resistance to be de-
termined to give maximum power output for limited distortion; provided that valve
curves are available. It is frequently desirable to be able to make an approximate
calculation without going to so much trouble. The optimum load resistance is a
function of the nverating conditions (see Refs. A). The following treatment is based
on Ref. Al4, and relates to ‘“ ideal 7’ (linear) valve characteristics.
Case 1: Grid current and distortion zero, fixed signal input voltage, no

limitations on plate current or voltage

See loadline AQB in Fig. 13.10 in which the characteristics are parallel and equi-
distant straight lines. The loadline may be placed anywhere between the E, = 0
curve and the E, axis. Maximum power output will be obtained when R, = r,,
that is when the slope of AQB is equal in magnitude to the slope of the characteristic
curves, The power output with any load resistance is given by

2
. = (“’Eg) IQ_L_V, (20)
(r, + Rp)*
where £, = r.m.s, grid input voltage.

Since there is no advantage in having the loadline in the position shown, it may be
transferred to the position A’Q’B’ where it has the lowest possible grid bias and plate
voltages. Under these conditions the ‘ plate circuit efficiency ”* is 16.69, when
R, =r,

C{ise 2 : Grid current and distortion zero, fixed plate voltage, no limitations
on plate current or signal input voltage

Let E,,; be the fixed plate voltage. The loadline may be CPD in Fig. 13.10 where
C is the intersection with the E, == 0 curve which is the boundary of the grid current
region. PD must equal CP for zero distortion. Maximum power output is obtained
when the loadline is adjusted so that its lower extremity touches the E, axis, as with
EFG, and when R, = 2r,. Under these conditions the plate circuit efficiency* is
25%.

The maximum power output with any load resistance is given by

p, _ AEuR;

(2r, -+ Rp)*

See also equations (31) to (34) inclusive.

*See Section 2(v).

2n
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Fig. 13.10. “ Ideal” plaze chamcterilszicél‘of triode to illustrate choice of optimum
oadline.
Fig. 13.11. “ Ideal ” plate characteristics of triode with fixed plate voltage to tllusrrare
choice of optimum loadhine.
Case 3 : Grid current and distortion zero, fixed plate voltage and maximum
plate current, no limitation on signal input voltage

Let E,;, = fixed plate voltage
and I, = maximwn plate current.

It is always advsntageous to operate the valve with the maximum plate voltage,
which is here regarded as being fixed. There is, however, an optimum value of plate
current, and any increase or decrease in plate current results in lower power output.
The optimum plate current is given by

I, = {Eu,/r, (22)
where R; = 2r,
as illustrated in Fig. 13.11 with loadline EFG.

If the maximum plate current is higher than I,,, then it is preferable <o operate the
valve at {4 50 as to avoid loss of power output and waste of current.

If the maximum plate current is less than 7,,, it is necessary to increase the grid
bias to reduce the plate current to I,; (point L). One possible loadline is KLLM where
KL = LM and for this condition

R, = (Eun/ls) — 21y (23)

Py o= HE, — 2lpyr)ly 29
and the plate circuit efficiency is given by

n = 4t — 2r,Iy/Es) (25)

The load resistance for this condition is always greater then 2r,.
Case 4 : Grid current and distortion zero, fixed plate dissipation, no limita-
tion on plate voltage, plate current or signal input voltage
The power output under these conditions is given by eqn. (24) which may be put
into the form
Py = ¥Ppm — 204%r;) (26)
where P,,, = maximum plate dissipation.
Obviously the power output continues to increase as E,, is increased. The plate
circuit efficiency approaches 50%, as E,; is made very large. The value of load re-
sistance is given by eqn. (23).
Case 5: Grid current and distortion zero, fixed plate dissipation, fixed
minimum instantaneous plate current
Owing to the existence of *“ bottom bend ” curvature in actual valve characteristics,
it is necessary to fix a minimum value of instantaneous plate current if distortion is
to be reasonable (Fig. 13.12).
It is here assumed that the portions of the characteristics above 1,.,,;, are straight,
and that operation is restricted to the linear region. E,,, is the plate voltage at
which the extended straight portion of the characteristic cuts the axis.
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Applying this procedure to each of the previous cases, we have :

(1) No change—R,; = r,.

(2) No change—R; = 2r,.

(3) Py, = é[Ebl - (212)1 - Ibmt'n)rp — Ebmin][lbl - Ibmin] (27)
The optimum valuc of lead resistance is given by
RL = (En/.lzn) o 27’1» + (Eu/Toy — Ty, — Ebmin/Ibmin)Ibmin/(Ibl ~ Tymin) (28)
The plate circuit efficiency is given by

7 =30 — 21,00 /E sy + ol ymin/Evs — Evmin/Ev)A — Tymsn/Top) (29
(4) The optimum value of load resistance for maximum power output is given by
Ry =M o/lIymin — 1ry + Eymin/Iymin (30)
1, FIG.13.12
|----- £ F1G,13.13
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Fig. 13.12. Plate characteristics of imaginary triode with * ideal ™ characteristics
above 1y, and curved characteristics below this line.
Fig. 13.13.  Ideal triode characteristics with R; = 2r,.

Summary of operating conditions

(A) 1deal characteristics

If there is no limitation on plate current, the optimum load R, = 2r, and the load-
line is as Fig. 13.13.

Grid bias : E, = 075E,/u (3
Plate current : I, = Eu/4r, (32)
Max. power output: P, = E,*%/16r, (33)
Plate circuit efficiency : = 259% (34)

(B) Practical characteristics
The optimum plate current for ideal characteristics is given by
Iy = 4By /7y
and in practice is slightly higher.
Grid bias for optimum- plate current :
Ecl = 0.75(E, — Ej/n (35)
where E, = plate voltage at intersection of E, axis and tangent to E, = 0 curve
at current [, ,a
and E, = grid bias for d.c. filament operation (add E;/2 for a.c. operation).
Usual values of E, are between 30 and 45 volts. Examples are :
Type 2A3 E, = 35 volts approx.
Type 45 E; = 40 volts approx.

Note : At voltages above about 180 voits, the grid bias will have to be increased
to reduce the plate dissipation.

When a triode is being operated at the optimum plate current, the load resistance
should be approximately 2r,. Fig. 13.14 shows the variation in power output, and
second harmonic distortion, of a typical small power triode indicating that maximum
power output occurs at slightly less than 2r,. The percentage third harmonic
distortion is usually between one third and one tenth of the second harmonic dis-
tortion up to 5% of the latter ; the ratio decreases as the load resistance is increased.
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When a triode is being operated at a plate current which is less than the optimum,
then R, will be greater than 2r, for maximum power output. Refer to Case (3),
eqns. 23, 24 and 25.

(iv) Loudspeaker load

A loudspeaker (see Chapters 20 and 21) presents a load impedance which is neither
purely resistive nor constant. At most frequencies it causes an elliptical loadline
[see Chapter 2 Sect. 4(vi)] with the shape of the ellipse varying widely over the audio
frequency range. All that can be said here is that the elliptical loadline results in
higher distortion and lower power output than a purely resistive load.

The variation in impedance is almost entirely an incréase above the nominal (400
¢/s) impedance. As a result, with constant signal voltage applied to the grid, the dis-
tortion and the power output decrease as the load resistance is increased (see Fig,
13.14).

A triode applies neatly constant voltage across the load impedance. This is a
standard condition of test for a loudspeaker, and some models of loudspeakers are
designed to operate under these conditions (see Chapters 20 and 21). A triode is
almost the ideal output stage for a loudspeaker load when looked at from the load
point of view, with or without feedback.

See also Sect. 3(viii) for pentodes, Sect, 11(iii) and Fig. 13.54, and Chapter 21 Sect. 1.
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Fig. 13.14. Power cutput and distortion of type 45 triode plotted against load resistance.

The curves were derived graphically, with allowance for shifting loadline. The operaring

conditions are : E, = 250 volts, E, = ~50 volts, peak grid signal voltage 50 wolts,
I, = 34 mA (zero signal), r, = 1610 ohms.
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(v) Plate circuit efficiency and power dissipation

The plate circuit efficiency is defined as the ratio of the maximum signal frequency
power output to the d.c. power input under these conditions. (Owing to rectification,
the d.c. power input under maximum signal conditions is usually greater than with
zero signal input).

The plate circuit efficiency cannot exceed 509, in any Class A amplifier, and usually
does not exceed 25% with Class A triodes. The plate circuit efficiency in an ideal
Class A triode is given by

7 = R /2R, + 4r,) (36)

The power relationships in a Class A triode are shown in Fig. 13.15 on the assump-
tion that no second harmonic or rectification effects are present, and that fixed bias is
employed. Allowance is made for the power loss in the d.c. resistance of the trans-
former primary. The plate-to-cathode voltage is E,, but the total supply voltage
is E,;.

The plate dissipation in a Class A triode is greatest with zero input signal. If there
are no rectification effects, the power input remains constant and the power output is
simply power transferred from heating the plate to useful output. With normal
rise of plate current for 5% second harmonic distortion, the plate dissipation is more
nearly constant, but it is still sufficient to base the design on the zero-signal condition.

The quiescent operating point may be limited by one or more of the following :

1. Maximum plate dissipation.

2. Maximum plate voltage.

3. Maximum plate current.

Fig. 13.16 is an example including all three. The dissipation curve may be plotted
from the relationship I, = P,/E,. The horizontal line AB is the maximum plate
current, while the vertical line CD is the maximum plate voltage. The quiescent
operating point must not be outside the area ABCD.
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Fig. 13.15. Power output and dissipation relationships in a Class A triode.
Fig. 13.16. Plate characteristics of small battery operated power triode with limits of
maximum plate dissipation, maximum plate voltage and maximum plate current.

(vi) Power sensitivity

A triode suffers from low power sensitivity when compared with pentodes and beam
power amplifiers, but the difference becomes smaller when a higher degree of negative
feedback is applied to the latter. In any case, it is usually a simple matter to provide
sufficient gain in the voltage amplifier.

Maximum power sensitivity is obtained when R, = r,, although this limits the
maximum power output for a fixed value of distortion.

See Sect. 1(iii) for the form in which the sensitivity is expressed.

(vii) Choke-coupled amplifier

The choke-coupled amplifier of Fig. 13.17 may be used as an alternative to the trans-
former-coupled arrangement of Fig. 13.1, and the foregoing discussion may be applied
exactly on the understanding that



560 (vii) CHOKE-COUPLED AMPLIFIER 13.2

1. the choke inductance and resistance correspond to the transformer primary
inductance and resistance,

2. the condenser C offers negligible impedance to signal frequencies compared
with R,.
(viif) Effect of a.c. filament supply
The curves of power triodes are usually drawn for the condition with d.c. filament
supply and with the negative filament terminal regarded as the cathode. When a.c.
is applied to the filament, roughly the same performance is achieved by increasing
the grid bias by E,/2. The increase is taken as 1.5 volts for a 2.5 volt filament.

Flea347 FiGg.13.le

- Ec+ - Ey, +

Fig. 13.17. Choke-coupled ampli- Fig. 13.18.  Bastc cireust of
Srer. power pentode.

(ix) Overloading

A triode has no ¢ cushioning ” effect such as occurs with a pentode when the peak
signal voltage approaches the bias voltage. There is therefore no warning of the
impending distortion which occurs when grid current flows. The distortion may
be minimized by the use of a low-plate-resistance tricde in the preceding stage, a
low grid circuit resistance or a grid stopper resistor (10 000 ohms is normally satisfac-
tory, but values from 1000 to 50 000 ohms have been used).

(x) Regulation and by-passing of power supply
The regulation and by-passing of the power supply affect the minimum frequency
which can be handled satisfactorily at full power output—see Sect. 1(iv).

SECTION 3 : CLASS A MULTI-GRID VALVES

@) Introduction (i) Ideal pentodes (#i) Practical pentodes—operating condirions
(tv) Graphical analysis—power outpur and distortion (v) Rectification effects (vi)
Cathode bias (vit) Resistance and inductance of transformer primary (viit) Loud-
speaker load (ix) Effects of plate and screen regulation (x) Beam power valves
(xi) Space charge tetrodes (xii) Partial triode operation of pentodes.

(i) Introduction

Multi-grid valves include pentodes, beam power amplifiers and similar types, and
space-charge valves. All of these have a family resemblance, in that they have higher
plate circuit efficiencies and greater power sensitivities than triodes, but on the other
hand they have higher distortion, particularly odd harmonic distortion. ‘Their
advantages over triodes generally outweigh their disadvantages, particularly as the
distortion may be minimized by negative feedback, and they are almost exclusively
used in ordinary commercial radio receivers. Reference should be made to Chapter 7
for amplifiers incorporating negative feedback.

The basic circuit of a power pentode with transformer-coupled load is Fig. 13.18.
A choke-capacitance coupled load may also be used, as for a triode (Fig. 13.17). The
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only essential difference from a triode is that provision must also be made for a constant
voltage to be applied to the screen. In some cases the screen is operated at the same
voltage as the plate, so as to avoid a separate screen voltage supply.

In a practical circuit the screen, the plate return and the grid return should each
be by-passed to the cathode,

(ii) Ideal pentodes

An ideal pentode is one having infinite plate resistance, a 90° angular knee and
equally spaced characteristic curves (Fig. 13.19). The zero bias characteristic is
OAGC, the - E,, characteristic is ODE, while the — 2E ; characteristic is OB. The
operating point is Q, the optimum loadline is AQB where AQ = QB and the distortion
18 Zero.

The following may readily be derived—

Optimum R, = E,/I, )
Then for optimum load resistance :
Py = 3E,0, @
D.C. power input = E,I, 3
Plate circuit efficiency = $E,I,/E, I, = 50% 4)
E, = Ecz/zm (5)
where E,, = screen voltage
and u; = triode amplification factor = p,gs.
For any value of load resistance :
P, = }I,°R, when R, is less than E,/I, 6)
P, = }E,*/R, when R, is greater than E,/I, )

(It is assumed here that the signal voltage is reduced for other than optimum R,
in order to avoid distortion.)
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Fig. 13.19. Plate characteristics of ideal pentode.

Fig. 13.20. Plate characteristics of typical pentode compared with ideal characteristics.
(iii) Practical pentodes—operating conditions

A practical pentode has characteristics of the form of Fig. 13.20 on which has been
superimposed the “ ideal characteristics > for the same plate voltage and current.

(A) The load resistance corresponding to the loadline AQB is slightly lower than
the ideal value E,/I,. A good general rule for all pentodes is

R, ~ 09 E,/I, (€))

which is usually correct within 4 109 for maximum power output. Eqn. (8) is
safe to use under all circumstances, although an adjustment may be made experi-
mentally or graphically to secure the best compromise between distortion and power
output.

g) The power output is always less than 3E,7,, and may be caiculated graphically
[see (iv) below].

(C) Owing to rectification effects, the direct plate current may rise or fall from
zero signal to maximum signal [see (v) below].



562 (iii) PRACTICAL PENTODES—OPERATING CONDITIONS 13.3

(D) The plate circuit efficiency is usually between 289, and 439, for total har-
monic distortion less than 10%. Of course, the screen current is wasted, so that the
total plate + screen circuit-efficiency is lower. The plate dissipation is equal to the
d.c. watts input less the signal power output. The screen dissipation is equal to the
d.c. screen input,

(E) Screen current : In a pentode, if the control grid bias is kept constant and
only the plate voltage varied, the total cathode current (plate -+ screen) will remiain
nearly constant, decreasing slightly as the plate voltage is reduced down to the knee of
the curve. Below this plate voltage the screen current increases more rapidly until
zero plate voltage is reached, at which point the screen current is a maximum (Fig.
13.21). It is evident therefore that if a dynamic loadline cuts the zero bias curve
below the knee, the screen current will rise rapidly and the screen dissipation may be
exceeded. The average maximum-signal screen current may be calculated from the
approximation

1’02 ay R i’IA + %IQ (9)
where I, = screen current at minimum plate voltage swing and zero bias (point A),
and I, = screen current at no signal and normal bias.

The screen dissipation is therefore P,, where
Py = Eno(dly + 3y . (10)
The variation of screen current with change of control grid voltage is such that the
ratio between plate and screen currents remains approximately constant provided that
the plate voltage is considerably higher than the knee of the curve. This ratio may
be determined from the published characteristics.

A pentode, or beam power tetrode may be used as an amplifier with the plate voltage
in the region of the knee of the curve of the E, = 0 characteristic, that is somewhere
about one fifth of the screen voltage, provided that care is taken to keep both plate
and screen dissipations within their ratings. This gives operation very similar to that
of a triode with a non-critical and low value of Joad resistance, which may be useful
in some special applications (Ref. C6). This method of operation is not here de-
scribed in detail.
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Fig. 13.21. Plate,.screen and cathode current characteristics of pentode.
Fig. 13.22. Calculation of pemrode power output and distortion using the five selected
ordinare method.

(F) The screen should be supplied from a voltage source of good regulation ; a
voltage divider, whose ““bleed” current is very much higher than the maximum
screen current under dynamic conditions, is the most common source when the screen
volrage is lower than the plate voltage.

(G) The voltage gain is determined as for a triode [Section 2(i) eqn. 81.

(H) If oscillation or parasitics are experienced, a grid stopper resistance of
about 500 ohms may be used. A small mica condenser from the plate terminal to
earth is often beneficial. The bias resistor and its electrolytic by-pass condenser may
be by-passed by a 0.001 pxF mica condenser. The shells of metal valves should be
earthed directly. The length of leads should be as short as possible, particularly
between the valve terminals and their by-pass condensers.
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‘With type 807, a stopper resistor of 100 ohms (non-inductive) may be connected
directly to the screen terminal of the valve, and a by-pass condenser (0.01 uF mica)
taken from the end of the resistance remote from the screen, directly to earth,

(I) Overload characteristics—Owing to the crowding together of the charac-
teristics at and below the knee of the curves, a pentode tends to give a smoother over-
load characteristic than a triode. There is no point at which the distortion begins
sharply, but rather a gradual flattening effect on the top, or top and bottom, of the signal
current wave, Pentodes or beam power amplifiers with negative feedback lose most
of this *‘ cushioning effect,” and more closely resemble triodes as regards overload.
The distortion due to grid current may be minimized by a low impedance (triode)
-preceding stage and a fairly low value of grid resistor ; this will then leave the dis-
tortion due to the characteristics as the predominant feature, and provide a reasonably
smooth overload.

(iv) Graphical analysis—power output and distortion

The choice of loadline for a pentode is usually made by firstly selecting the screen
voltage and then selecting a convenient plate voltage. The third step is to note the
grid voltage which allows a small plate current to flow, and to divide this voltage by
2 to obtain the grid voltage for the working point—thus determining the quiescent
operating point Q. A scale is then swung around Q (a small pin is helpful as a pivot)
until the two parts of the loadline are equal. If the scale is calibrated in millimetres,
the 10 cm, calibration may be held at Q and the two parts compared directly by eye.
When the two parts are equal, the second harmonic distortion will be zero, and the
loadline is a first approximation for maximum power output.

In the case of some pentodes, and particularly beam power amplifiers of the 6L6
class, the loadline for zero second harmonic is obviously far from the knee of the curve
In such a case the loadline should be taken to the knee of the curve, if sharply defined.

To determine the exact loadline for maximum power output, it is necessary to take
several angles, and to calculate the power output for each. The final choice of load-
line is usually a compromise between power output and distortion ; in such a case the
load resistance is always less than the one giving maximum power output. ,

Load resistances higher than that giving maximum power output are to be avoided
because they give greater harmonic distortion, less power output and higher screen
current. It is better to err on the low side, particularly with nominal loudspeaker
loads.

Owing to the presence of appreciable percentages of third and higher order odd
harmonics, the formulae for triodes are not suitable for pentodes. There are several
methods for pentodes, the choice depending on whether third harmonic only is re-
quired, or third and higher harmonics. Reference should be made to Chapter 6
Sect. 8(iii) *“ Graphical Harmonic Analysis.”

The treatment here is based on a working loadline. If the amount of second
harmonic is very small, the rise of plate current due to rectification may be neglected.
If there is an appreciable amount of second harmonic, it is necessary to use the method
of Sect. 3(v) for drawing the corrected loadline ; the formulae below should then be
applied to the corrected loadline.

(A) Five selected ordinate method (For second and third harmonics only)
This method makes use of the plate currents corresponding to grid voltages — 0.293
and — 1,707 E,, in addition to the three currents used with Class A,' triode.s. .If
these are all available, the loadline of Fig. 13.22 is all that is required—if not, it will
be necessary to plot the dynamic characteristic as in Fig. 13.24.
Py = [Upox — Iyin + 141 Uy — IV)I?R /32 an
RL = (Ema:c - Emin)/(lmaac - Imin) (14)
I 4 Ty — 214
max min X 100 13
Imaz_lmin+l-41 (IX"“IY) ( )
1 — Iy, — 141Uy — Iy)
i x 100 14
Toan = Toen ¥ 141 Iy — Ip) as

% 2nd harmonic =

% 3rd harmonic =
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where I, = plate current at — 0.293 E,

Iy = plate current at — 1.707 E .
Eqns. (11) to (14) are exact provided that there is no harmomc higher than the third.
The power output is that for fundamental frequency only, but the power output for
109, harmonic distortion is only 1% of the fundamental power output,

The presence of third harmonic distortion has a flattening effect on both the posi-
tive and negative peaks, thus increasing the power output for a limited value of 1, ., —
I,.in. For example, 109 third harmonic reduces the value of I,,,, by 109, while
it increases the total power output by 19%,. If there were no distortion, and the value
of I, .. were maintained at 909, the power output would be only 819%,. Thus the
ratio of power output with and without 109, third harmonic distortion is 101/81 =
1.25, on condition that I, ., — I, is kept constant. In simple language, for the
same plate current swing, 109, third harmonic distortion increases the total power
output by 259%,. This will be modified by the presence of fifth and higher harmonics
[see iv(D) below ; Sect. 7(iii)].

(B) Five equal-voltage ordinate method (Espley)

For second, third and fourth harmonics only.

The previous method requires characteristics for — 0.293 and — 1.707 E,,, which
are often not directly available. The following method is usually more convenient
and is exact provided that all harmonics above H, are zero (see Fig. 13.23 for symbols),

o == (Lo — Ino + Jos — I1.5)2R /18 (15)
3Ly — 2L + Iny)

9% 2nd harmonic = % 100
%o 20 e = AT, + Tos — Lo — Lo (16)

Jo — 2I4.5 + 2015 — o)

[ ic = -
% 3rd harmonic 3ot Los — Thm — 1oy x 100 an

o — 4lo.s + 6110 — 45 + L)

0, . i — N
% 4th harmonic &I, + 1oe —Lon = Lo X 100 (18)

1
D.C. plate current = -6(19 4+ 2145 <+ 21,5 + Ip.g) (i9)

A third harmonic scale may be prepared for reading the third harmonic percentage
(Ref. Al4 pp. 71-72).
(C) Seven equal-voltage ordinate method (Espley)

This is exact for harmonics up to the sixth, provided that higher harmonics are
zero. It is sometimes more convenient than the five ordinate method, when there are
no — 0.5 and — 1.5 E,; curves, even when the higher harmonics are of no interest.

The symbols have the same significance as in Fig. 13.23 with the subscript indicat-
ing the grid voltage.

P, = (1671, 4 2521 .55 — 450g.g; + 451153 — 252144, — 1671,.4)2 R /819 200 (20)
H, % =25(5591 444861 4.55 — 12151 .47 +3401, .0 — 12151, .5, +486., 4, +55915.0)/I (21)

H,% =250(451) —361 .55 — 631 467+ 631,.55 +361,.6,—451,.0)/ 1 (22
H % =450(171, —421 .53+ 151 .1 +201, .o+ 151, .55 — 421, 47+ 1715.0) /T (23)
H, % =4050(1 ¢ — 4L .55 -+ 51g.65— 51, .35 + 4Ly sr—T5.0)/ 1 (24)
H,% =2025(1,—615.q5+ 150 p.67— 2011 .q+ 151, .35 — 61, 57+ Ly.0)/ (25)

where [==1671,-2521.33—4514.4;+451,.55— 2521, .4, 1671,.,.
(D) Eleven selected ordinate method

To use this method, it is first necessary to plot the loadline on the plate characteris-
tics, and then to transfer it to a dynamic mutual characteristic (Fig. 13.24) from which
the required values of plate current may be derived.

Py = }051, — 050, + Iyms — Inms)®Ry (26)
I, = 051, — 051, + Inms — Iyms = fundamental @7
Iy = Iy + Tae — 251) (28)
I,; = 0.167(214.5 + Iy — Iy — 21,.5) (29)
I,y = §, + 21 + 12 o — 20y, — 21,. 7) (30)
Iys = 0.0Q214; + Iy + 2615 — 214, — 21,3 — 1) (31)

Percentage second harmonic = (I;me/Im) X 100
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Fig. 13.23. Calculation of pentode power output and distortion using the five equal-
) voltage ordinate method.
Fig. 13.24. Calculation of pentode power output and distortion using the eleven selected
ordinate method.

Percentage third harmonic = (I ns/Inm) % 100 etc.

Note that all currents, including I 1, {,ms €tc., are peak values. The exact values
of grid voltage are 0, 0.191, 0.293, 0.5, 0.691, 1.0, 1.309, 1.5, 1.707, 1.809 and 2.0.
The approximate valucs are, however, sufficiently accurate for most purpdses,

Eqgn. (26) shows that third harmonic distortion adds to the power output, while
fifth harmonic subtracts from the power output as' calculated for dlstortxonless con-
ditions. See also (iv)A above ;. Sect. 7(iii).

For theoretical basis see Chapter 6 Sect. 8(iii).

(v) Rectification effects

The general effects are the same as_for a triode except that it is sometimes possible
with a pentode to have zero second harmonic’and no loadline shift. In all other cases
it is necessary to determine the corrected loadline before applying harmonic analysis or
calculating power output. The method of deriving the corrected loadline is the same
for pentodes as for triodes [Sect. 2(ii)D]. For example see Fig. 13.28.

With a triode, the loadline always shifts upwards into such a position that the dis-
tortion is less than it would otherwise be. With a pentode, the loadline shifts upwards
when the load resistance is lower than a certain value, and shifts downwards when the
load resistance is higher than this value. When a pentode loadline shifts downwards
it causes increased distortion or decreased power output.

(vi) Cathode bias

The operation of cathode bias is the same as with triodes [Section 2(ii)E] except
that the total current flowing through the cathode bias resistor is the sum of the plate
and screen currents [Chapter 2 Section 4v)]. If the screen is supplied from a voltage
divider which is returned to the cathode, the bleed current must be added to the
cathode current in calculating R;. This tends to stabilize the bias voltage. Even in
cases where there is no rise of plate current at maximum signal, there will always be
a rise in screen current [Section 3(iii)E].

When a tentative value of R, has been determined for maximum signal conditions,
it is necessary to check both plate and screen dissipations at zero signal. If the plate
and screen voltages are equal, the simplest method is the use of the * triode *’ mutual
charactensncs, if available {Chapter 2 Sect. 4(v)].

If there is a *“ bleed  current through R, the procedure is shown in Fig. 13.25
where the triode mutual characteristic is shown in the upper part, with OA repre-
senting the bleed current in the lower part. The cathode loadline is drawn from A
(instead of from 0) with a slope of — 1/R, where R is the value determined for
maximum signal conditions.

The no-signal grid bias is — E, and the cathode current (I, + [.,) is It;. The
dissipation on plate and screen is given by

P, = IL,Eym/(m + 1); Pp = [WEe/(m + 1) (32)
where m = ratio of plate to screen currents = I,/I,.
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"The rectification effects with cathode bias may, like triodes (Fig. 13.8) be determined
from the plate characteristics but an approximation is involved since D”E,, must
have a slope of — m/R(m -+ 1) where m = I,/I,. The value of I, may be taken
as that for maximum signal, and a slight error will then be introduced when deriving
the zero signal condition. The cathode bias loadline should, ideally, be drawn as two
loadlines—one for zero signal, and the other for maximum signal. For most pur-
poses, however, the maximum signal cathode loadline may be used for both conditions.
The zero bias lines are, in each case, above the lines for maximum signal, and the
difference in slope is of the order of 5% to 10%,.

In general, any Class A; pentode may be operated either with fixed or cathode bias,
as desired, except for the limitations on the maximum grid circuit resistance {see
Sect. 10(i)]. It occasionally happens that a condition is permissible only with fixed
bias, owing to the rise in plate dissipation at zero signal.

For back bias, further details regarding fixed bias, and grid circuit resistance see
Sect. 10.

For cathode by-passing see Sect. 2(ii).
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Fig. 13.25. Cathode loadline of pentode with additional bleed current passing through
the cathode resistor, plorted on mutual characteristics.

Fig, 13.26. Power ourput and harmonic distortion of typical pentode plotted against

load resistance. Valve type 6AK6, E, = E , = 180 V, E,, = -9, peak signal = 9 volts.

(vii) Resistance and inductance of transformer primary

The resistance of the transformer primary may be allowed for in the same way as
with triodes [Sect. 2(ii)A]. If R’ is the resistance of the primary, and R, is the
cathode bias resistance, then the slope of the line QF , in Fig. 13.6 should be — 1/(R" +
Ry).

The transformer primary inductance may be based on Chapter 5 Sect. 3(iii)c.

For the same load impedance and the same high frequency attenuation, pentodes
may have higher transformer leakage inductance than triodes if frequency response
is the only criterion. However, owing to the distortion with reactive loads at high
output levels, it is very desirable to maintain the leakage inductance as low as prac-
ticable, particularly in push-pull amplifiers.

(viii) Loudspeaker load

-A pentode is, unfortunately, critical in its load resistance for both maximum power
output and distortion. At low operating levels the output power rises steadily as the
load resistance is increased up to the value R; = r, provided that the grid input
voltage is maintained constant (the low operating level is to avoid overloading under
any conditions). A loudspeaker has pronounced impedance peaks at the bass re-
sonant frequency and at high audio frequencies. When a loudspeaker is operated
at a low level, the acoustical output is accentuated at the bass resonant frequency and
at high audio frequencies. The latter may be reduced to any desired degree by a
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shunt filter—a resistance R in series with a capacitance C. If R is variable, the com-
bination is the simplest form of tone control. If R is fixed, typical values are :
R =13R; ; C = 0.025xF for R; = 5000 ohms.

This does not affect the rise of impedance at the bass resonant frequency, which
is a function of the loudspeaker design and the type of baffle—see Chapter 20 Sect.
2(iv) and Sect. 3.

At maximum signal voltage the conditions are somewhat different (Fig. 13.26).
The power output in this case reaches a maximum at R, = 9000 ohms. The second
harmonic reaches a2 minimum (practically zero) at about R; = 14 000 ohms, and then
rises steadily ; actually it undergoes a change of phase near R, = 14000 ohms.
The third harmonic rises all the way from zero to the limit of the graph. Minimum
“ total distortion ” occurs at R, = 10 000 ohms, which is the published typical load,
being a close approach to maximum power output. In this particular case the load
resistance for zero second harmonic is not that for maximum power output,

In the case of a loudspeaker load, the load resistance may rise from the nominal
value to (say) 6 or 8 times this value ; all the variation is in the upwards direction. If
full signal voltage is maintained for all frequencies, the distortion will be very severe
and the maximum power output will be reduced at low and high frequencies. The
only methods of minimizing the trouble are the use of a loudspeaker and baffle with
less prominent impedance peaks, and the use of negative voltage feedback
(see Chapter 7) or reduced signal voltage on the grid. A pentode, operating well
below its nominal power output, is capable of giving reasonable fidelity even on
an ordinary loudspeaker load. In a normal radio receiver, a power pentode with a
nominal maximum power output of 4 or 5 watts can give reasonable fidelity up to
somewhat over 1 watt, but it has the advantage of being capable of delivering its full
power output when the distortion can be tolerated.

The effect of these high impedance loads, which are here assumed to be purely
resistive for the purpose of illustration, is shown by the beam power amplifier plate
characteristics in Fig. 13.27. The effect may be minimized by reducing R, slightly
below the optimum value.
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Fig. 13.27. Plate characteristics of 6L6 or 807 beam tetrode with loadlines of optimum
resistance also twice, four times and eight times optimum. The loadlines have been corrected
for the rectification effect.

The impedance of a loudspeaker is, however, far from being resistive (see Chapters
20 and 21), having a reactive component varying with frequency, which must be com-
bined with the shunt reactance of the transformer primary at low frequencies and that
of the shunt capacitance from plate to earth at high frequencies. The combined
reactive components increase the distortion and reduce the power output [see also
Chapter 5 Sect. 3(iii)c and Chapter 2 Sect. 4(vi) ; Ref. C4].

The published values of power output apply to highly efficient output transformers.
The available power output from the secondary of a normal power transformer is
equal to 7 times the published value, where 7 is the efficiency [see Chapter 5 Sect.
2(ii) and Sect. 3(vi)]. Typical efficiencies are from 70% to 95% (depending on the
price class) for well-designed transformers.
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(ix) Effects of plate and screen regulation

The internal resistances of plate and screen supply sources cause a reduction in
power output. If the regulation of the power supply is such that the rise of plate and
screen currents causes a decrease of 1% in all the electrode voltages, the decrease in
power output (by the use of conversion factors) will be approximately 2.5%. This
will be modified by the shape of the characteristics and rectification effects, and the
only accurate method is the graphical one outlined below. See also remarks on
push-pull—Sect. 6(iii).

In addition, the regulation and by-passing of the power supply also affect the mini-
mum frequency which can be handled satisfactorily at full power output—see Sect.
1(iv).

Graphical method (Ref, B4).

Iet R, = internal resistance of plate supply source,
R, = internal resistance of screen supply source,
AI, = increase in plate current from zero to maximum signal, with constant
electrode voltages,
AI,, = increase in screen current, with constant electrode voltages,
AE, = change in plate voltage,
4E, = change in screen voltage,
E, == plate voltage at maximum signal,
and E .’ = screen voltage at maximum signal.
Then E,) = E, — 4dE, (33) E,, = E., — 4E, (34)
where 4E, = R, 41, (35) AdE., = R,4I, (36)
=0 -
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Fig. 13.28. Plate characteristics of 6L6 or 807 illustrating method of correcting the
loadline for rectification. The corrected loadline is A” B”.

On the plate characteristics (Fig. 13.28) AB is the uncorrected loadline with C as
its average current point, A’B’ is a parallel loadline with C’ as its average current
point, A”’B”’ is the corrected loadline. The average current may be determined from
the point on A”’B’” which has a plate voltage 300 volts ; from this the rise of current
AT, may be calculated. The value of 41,, may be determined from eqn. (9), 4E
may be calculated by eqn. (36) and E ., by eqn. (34). In the example of Fig. 13.28
let it be assumed that the plate, screen and grid voltages are all reduced proportion-
ally, F,* being 0.9 :

E, = E_, = 300 volts E,)/ = E., = 270 volts
E, = — 15 volts E,’ = — 13.5 volts
The procedure is :

1. Plot a new curve for E, = 0, E,” = 270 volrs, by the use of conversion factors*.
This is drawn on Fig. 13.29. For F, = 0.9, F, = 0.86.

2. Plot a curve for E,;” = — 13.5, E,,’ = 270 volts similarly. - This will be the
— 15 volt curve (for E,; = 300 volts) with the current ordinates multiplied
by the factor 0.86.

*For conversion factors see Chapter 2 Sect. 6 and Fig. 2.32A.,
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Fig. 13.29. Plate characteristics of 6L6 or 807 giving graphical method for deriving
the effect of internal resistance in the wvoltage supply source.

3. Plot a curve for E,,’ = — 27, E,y’ = 270 volts. This will be the — 30 volt

curve (for E., = 300 volts) with the current ordinates multiplied by 0.86.

Mark the point Q at E, = 270, E, = 270, E_ = - 13.5 volts.

. Through Q draw the uncorrected loadline RQS.

. Draw the corrected loadline R”D”’S” by the same method as previously (Fig.
13.08).

7. Determine the rise of plate current from Q to D" (intersection of R”S” with
E, = 270 volts). This should be approximately the same as derived in the first
case (d7I,). If there is an appreciable error, some adjustment should be made.

O Ui

(x) Beam power valves

Beam power amplifier valves, otherwise known as output tetrodes, are in two prin-
cipal classes, The first class includes most of the smaller valves, which have charac-
teristics so similar to pentodes that they may be treated as pentodes in all respects.
The second class includes types such as 61.6, 807 and KT'66, which differ from pen-
todes principally in having sharper ¢ knees” to their plate characteristics, more
second harmonic but less third harmonic distortion. The optimum load resistance
is more critical than with ordinary power pentodes.

The screen currents of many types of beam power valves, due to variations in grid
alignment, may have considerably greater tolerances than in pentodes—up to £ 1009%
in some instances—and screen dropping resistances should not be used unless re-
commended by the valve manufacturer. The screen supply should normally be
obrained from a voltage divider.

The distortion and power output of type 6L.6 beam power valve are plotred against
load resistance in Fig. 13.30. The second harmonic is 9.69, at the rated load re-
sistance, the third harmonic only 2.4% and all higher harmonics negligible. At lower
load resistances the second harmonic rises, although not seriously, the third harmonic
decreases steadily, and all higher harmonics are negligible—the overall effect being
quite satisfactory, At higher load resistances the performance is not good, and the
overall effect is roughly the same as with a pentode. See Chapter 7 for the effect of
negative feedback.

Reference C3.

(xi) Space charge tetrodes

A space charge tetrode is actually a triode operating on a virtual cathode provided
by the thermionic cathode and the inner (space charge) grid. It is capable of low
distortion, even lower than a triode, but the power output for a given d.c. power input
is less than that of a triode, owing to the power taken by the space-charge grid.

See Refs. C1, C2.
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&xii) Partial triode operation of pentodes (< ultra-linear” operation)

When the screen and plate of a pentode are being operated at the same voltage,
pentode operation is obtained when the screen is connected to the B-- end of the
output transformer primary, while triode operation is obtained when the screen is
connected to the plate end of the primary. Any desired intermediate condition
can be obtained by connecting the screen to a suitable tap on the primary. In such
intermediate condition the valve operates as a pentode having negative feedback
applied to the screen, with a section of the load impedance common to both electrodes,
and minimum high level distortion with push-pull operation is usually obtained when
the tapping point is about 439, of the total primary turns (Refs. C7, H5, H6).
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Fig. 13.30. Power outpur and distortion of type 6L6 beam power amplifier plotted
against load resistance, for E, = E ., = 250 volts, E,, = ~14 volts, peak signal 14 volrs.

SECTION 4 : PARALLEL CLASS A AMPLIFIERS

Any two Class A amplifier valves may be connected in parallel, with suitable pro-
vision for their correct operation, to provide double the power output, It is assumed
that these have identical characteristics (the normal manufacturing tolerances have
only a very slight effect). The load resistance will be half that for one valve, The
distortion will be the same as for one valve. The input voltage will be the same as
for one valve. The total plate current will be twice that for one valve. The effective
plate resistance will be half that for one valve.

Parasitics are likely to occur, particularly with high-slope valves. Precautions
to be taken include the following :
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1. The two valves should be placed closely together, with very short leads between
grids and plates (and screens in the case of pentodes).

2. A grid stopper should be connected directly to one or both grids. It is usually
cheaper—and just as effective—to have one grid stopper of, say, 200 ohms than
two stoppers each of 100 ohms.

3. Screen stoppers (50 or 100 ohms for each screen) are very helpful, particularly
with types 61.6 or 807 [see Sect. 3(iii)H].
N.B. Plate stoppers are less helpful, are wasteful of power, and are generally
unnecessary.
The advantages of parallel operation lie principally in the elimination of the phase-
splitter or input transformer required with push-pull operation. The disadvantages
are :

1. The necessity for handling the heavy direct plate current. This necessitates
either a special output transformer or a choke (say 20 henrys) with parallel feed
to the output transformer.

2. The higher distortion—this is not serious if negative feedback is used, and in
any case is no worse than that of a single valve.

3. The attenuation of lower frequencies at maximum power output due to the
limited size of the by-pass capacitor. This effect is also a function of the plate
supply regulation—see Sect. 1(iv).

Parallel operation may be used with a cathode-follower stage, permitting the use

of two smaller valves with lower plate voltage in place of one valve with higher plate
voltage, and thereby reducing the difficulties of grid excitation.

SECTION 5 : PUSH-PULL TRIODES CLASS A, AB,

@) Introduction (&) Theory of push-pull amplification (iii) Power outpur and
distortion (iv) Average plate curremt (v) Matching and the effects of mismarching
(vi) Cathode bias (vit) Parasitics.

(i) Introduction
(A) Fundamental principles of push-pull operation

The fundamental circuit of a push-pull power amplifier is Fig. 13.31. A balanced
(push-pull) input voltage must be applied to the three input terminals, and a balanced

FIG.13.21 : (push-pull primary) output transformer must
be connected to the two plates with its centre-
tap connected to E,, . For the best results
the input voltage must be exactly balanced,
the valves must have identical characteristics
and the output transformer must be exactly
balanced between the two sections of the
primary, with perfect coupling between them.
Under these conditions, any even harmonics
introduced by the valves will be cancelled,
but the odd harmonics will not be affected ;

Fig. 13.31. Fundamental cir- the flux in the core due to the d.c. plate
cuit of push-pull power amplifier. currents would be zero.

The load resistance R, is connected across the secondary, and the reflected resist-
ance* across the whole primary is
R; = 4R{N,*/N,%

Rz

*See Chapter 5 Sect. 1(ii).
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and the reflected resistance across half the primary is
R,” = iR, = 2R(N\*/Ny?)

where N; = turns in half primary winding

and N, = turns in secondary winding.

If valve V, in Fig. 13.31 were removed from its socket, the load resistance effective®

on V,; would then be

R, = IR, = RJ{(N,*/N,%
which is half the load resistance on-V;, under push-pull conditions. This is the con-
dition which occurs when one of the valves reaches plate current cut-off.

If the output transformer were replaced by two separate transformers, one from
each plate to E,, +, the even harmonics would be cancelled but some advan-
tages of push-pull operation would be lost. The whole principle of push-pull opera-
tion is based on the assumption that the two plates are always exactly 180° out of
phase with one another. This is achieved by an ““ ideal ” output transformer (see
Chapter 5 Sect. 1) even if one of the valves is not operating.

If two valves are to be operated in push-pull, the plate and grid voltages may be
the same as for single valve operation, the plate-to-plate load resistance may be twice
and the plate currents twice the respective values for a single valve ; under these
conditions the power output will be exactly twice that for a single valve. On the other
hand, higher power output is obtainable, with some increase in third harmonic dis~
tortion, merely by decreasing the plate-to-plate load resistance without any change
in grid bias (Ref. E7). Still higher power output is obtainable by increasing the grid
bias and the signal input voltage, also by increasing the plate voltage to its maximum
value.

(B) Classes of operation

A Class A amplifier is an amplifier in which the grid bias and alternating grid
voltages are such that the plate currentof the output valve orvalves flows at all times.
The suffix 1 indicates that grid current does not flow during any part of the input
cycle.

A Class AB, amplifier is an amplifier in which the grid bias and alternating
grid voltages are such that the plate current in any specific valve flows for appreciably
more than half, but less than the entire, input cycle. The suffix 1 has the same
meaning as with Class A.

A very useful operating condition is the borderline case between Class A and Class
AB,, that is when the plate current just-reaches the point of cut-off—this is called
Limiting Class A, operation. .

Class A; triodes may be operated from poor regulation power supplies without
serious loss of power output owing to the.comparatively small rise of current at maxi-
mum signal. Class AB, triodes require good regulation of the power supply. Class
AB, also requires very tight coupling between the two halves of the transformer
primary.

Automatic bias control has been developed (Refs. A24, A25) whereby the opera-
tion is pure Class A, with small input voltages, with the bias automatically increasing
with the input voltage to provide firstly Class AB, and finally Class AB, operation.
See also Sect. 11(1i).

(C) Important features

Class A, triodes may be operated in push-pull from power supplies having poor
regulation without any serious loss of power output, owing to the comparatively small
rise of current at maximum signal. In addition, with normal by-passing, the regula~
tion of the power supply does not affect the minimum frequency that can be handled
satisfactorily at full power output,

Good regulation of the power supply is necessary with Class AB operation, on both
these counts.

With Class AB operation, the current in one half of the output transformer is zero
for part of the cycle—this causes a very rapid rate of change of current at the cut-off
point, tending to cause parasitics due to the leakage inductance of the transformer.
This effect may be minimized by the use of a transformer with low leakage induct-

*See Chapter 5 Sect. 1(ii).
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ance-—see Chapter 5 Sect. 3(iii)c—or by reducing the rate of change of current. The
latter is accomplished in limiting Class A operation owing to the avoidance of the
sharp bend or “ discontinuity ”” in the characteristic at the cut-off point. Valves
of the 6L.6 or 807 class, when connected as triodes, have a slower rate of cut-off than
normal triodes, and arc therefore particularly adapted to Class AB, operation, which
merges closely into limiting Class A.

The use of a resistive network to pass a steady current through the primary of the
transformer does nothing to reduce the rate of change of current, although it may help
in damping out any parasitics which may occur.

(if) Theory of push-pull amplification
It is assumed that the input voltage is sinusoidal, that the operation is Class A,
that the output transformer is ideal having no resistance or leakage reactance, and that
the input and output voltages are balanced. The valves are assumed to be perfectly
matched. For circuit and conditions see Fig. 13.31.
(A) The plate-current grid-voltage characteristic of any valve may be expanded
into an infinite series—
Ty1 = Q¢ + aye, + ase,? + aze,® + aze,t + ae + ...l eY)
where 7, = instantaneous plate current,
e, = instantaneous grid signal input voltage,
ay= plate current at zero signal,
and a,, a,, a,, etc. are coefficients.
The instantaneous fundamenial power output is given by
P, = (aleg)ZRL 2
where R; = load resistance on one valve.
In a push-pull amplifier the second valve V, has a grid voltage opposite in polarity
to V,:

Tpe = Qg — @8, + aue,® — aze,® + agL,t — ase,® + el (3)
where 7, = instantaneous plate current of V,,
a, = plate current of V, at zero signal,

and q,, a,, a, etc. have the same meanings as in eqn. (1).

Eqn. (3) has been derived from eqn. (1) merely by making e, negative, so that ¢,?
becomes positive and ¢, becomes negative.

As the plate currents are in phase opposition to the output load, the net flux-pro-
ducing current is

Tg = iy — T4
= 2ae, + 2ase,® + 2az¢,° + ...... 4
where i; = net flux-producing current in N, turns, i.e. one half the primary wind-
ing,

and all currents are instantaneous values.

The d.c. components and all the even harmonic terms are seen to have been ¢an-
celled, only the fundamental and odd harmonic terms remaining.

The total plate current from E,, is given by

i = im + ‘;bz
= 2ay + 2a.¢,% + 2a,e,* 4 ... (&)

from which it will be geen that the d.c. components plus the even harmonic terms are
present. Thus the total supply current will only remain constant when there is no
even harmonic distortion.

(B) The effect of hum in the plate and girid supply voltages

If the plate supply volitage E,, in a distortionless Class A amplifier is changed
slightly, both plate currents will change together, and the net flux-producing current
(i,) will be unchanged. Hum from the supply voltage would not therefore appear
in the output. The effect of hum from the grid bias supply will be similar.

In a practical amplifier, owing to the curvature of the valve characteristics, the effect
may be analysed as follows, commencing with hum in the grid bias supply voltage.
Assume that there is a hum voltage E, cos pt in series with E ,, and that the input
signal is E, cos gqt.
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The input voltage to V), is E, cos pt + E; cos gr.

The input voltage to V, is E, cos pt — E, cos gt.

Substituting these values in equation (1) we have
1y = @y + a(Ej cos pt + E, cos gt) + ay(E, cos pt + E, cos gf)* + ......

= @y + @; 5, cos pt + aE, cos gt + a,E,®% cos? pr + a.E,? cos? gt +

2a,EE, cos gt cos pt 4+ ...

Similarly

15y = ag + a(Ejcos pr — E, cos gt) + a,(E, cos pt — E, cos gt)* 4 ......

= ay + a;F; cos pt — a B, cos qt -+ a,E,? cos? pr + a.E,? cos? gr —
2a,EE, cos grcos pr + ...
Therefore ¢y = iy — 145 = 2a,E, cos gt + 4a,E,E, cos gt cos pt
= 2a,E, cos gt{} + 2(a;/a,)E, cos pr] (6)

Eqn. (6) has the form of a carrier (2a,E, cos ¢z) modulated to the depth 2(a,/a,)E,
by a hum frequency cos pr.

The effect of hum in the plate supply voltage is similar to its effect on the grid bias
supply, that is to say the hum frequency modulates the signal frequency.” It should
be noted that these modulation components appear in single-ended amplifiers to the
same extent, but in combination with the fundamental and harmonics of the ripple,
which latter are absent with push-pull operation.

Summary—Push-pull operation tends always to reduce the effects of hum in
cither the grid bias or plate supply voltage.

(C) Effects of common impedance

The fact that no fundamental component is found in the total plate current i,
(eqn. 5) prevents any fundamental signal voltage from being fed back to earlier stages
as the result of a-.common impedance in the plate voltage source. As the even har-
monics are fed back, each will again result in higher order harmonics, so that there
can be no instability caused by feedback around a push-pull stage.

General deductions

1. Because the d.c. components of the plate currents cancel each other, no steady
flux is maintained in the core of the output transformer.

2. Because the even harmonics are zero, the limit placed on single-ended ampli-
fiers no longer applies. It is usual to design push-pull amplifiers for maximum
power output without primarily con- E
sidering the odd harmonics ; when dis-
tortion is objectionable, this may be re-
duced-—at the expense of power output—
by increasing the load resistance.

The effects of the regulation and by-passing ‘u.f t’%
of the power supply are covered in Sect. 5(i).

FIG. 13.32

(D) Application to characteristic curves— =
Composite characteristics o
From eqn. (4) the net flux-producing cur-
rent in one half of the primary winding is
fa =i — in ™ Y

Thus a *“ composite ’ characteristic may be

drawn _for the fixed grid voltage — E, by l‘t‘
subtracting the currents in the two valves.
At the quiescent plate voltage E,;, both
valves draw the same plate current and

Y
Composite Charecteristic L‘
D

therefore 7, = 0. The composite charac-
teristic must therefore pass through the
point E, = E4, i, = 0. At other plate
voltages the value of 7, is given by 7,; — 1,
when the plate voltage of one is increased

F
Fig. 13.32.

The derivation of the

composite characteristic for matched

push-pull valves.
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by the same voltage thdt the other is decreased. This may be applied graphically
as shown in Fig. 13 32 ; the upper half includes the E , characteristic for V; (ACDE)
while the lower half includes the E , characteristic for V/, but inverted and placed left
to right (FGH]). Point C on the V', characteristic is the quiescent operating point,
and point B corresponds to the plate voltage E,,. The V, characteristic is placed
so that H, the quiescent operating point, comes below C ; then since BC = BH = I,,
the point B is on the composite characteristic. ~ At any other plate voltage N, the point
L -on the composite characteristic is found by subtracting PN from KN, giving LN
as an ordinate. Valve V, cuts off at point ], so that the amount to be subtracted from
the V' ordinate is zero, giving D (and its opposite number G) as points on the com-
posite characteristic. The composite characteristic is therefore FGRBLDE which
may be compared with the straight line FBE. Sudden bends occur at D and G, but
the portion between D and G is fairly straight ; the laiter includes the whole-Class A
operating region. It is obvious that the non-linearity of the composite characteristic
becomes worse as the quiescent operating point is moved towards the foot of the char-
acteristic—that is as [ ,, becomes less. Thus we have the Class A condition (including
limiting Class A) with nearly straight composite characreristics, the Class AB, con-
dition which includes the kinks at the points of plate-current cut-off, and finally the
Class B condition with quite considerable non-linearity.

The composite characteristic of Fig. 13.32 is that for zero signal input voltage
(e, == 0). Other composite characteristics may be drawn by a somewhat similat
method, except that the (£, + e,) characteristic of I/, must be combined with the
(E. — e,) characteristic of V), to give the + ¢, composite characteristic. For example,

if E, = — 60 volts, we may take e, inn increments of 10 volts, giving :

ey 0 +10 +20 430 -+40 +50 +60 volts

E, + o —60 —50 —40 ~30 —20 —10 0 volts

E, — e, —60 —70 —80 -90 —100 110 —120 volts
A family of composite characteristics is shown in Fig. 13.33 in which E,, = 300

volts and E, = — 60 volts, with values of ¢, in accordance with the table above. The

Epy w———t (VOLTS)
300 400 500 00

e i

o 190 2

FIG, 13.33
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Fig. 13.33. Family of composite characteristics for two type 2A3 triodes.
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composite operating point is ¢, = 0 and £, = E,, = 300 volts. The composite
loadline is a straight line through this point, with a slope corresponding to R ;" = iR,
where R; = load resistance plate to plate. ~We may therefore imagine a composite
valve, taking the place of both V', and V,, working into half the primary winding with
the other half open-circuited. This composite valve will have a plate resistance (r,)
as indicated by the slope of the composite characteristic, which value is approximately
half that of one valve at the quiescent operating point (r,,). For this reason the slope
of the composite characteristic changes slightly with the grid bias.

Maximum power output is obtained from the composite valve when its load
resistance is equal to its plate resistance
i.e. when R,” = R;/4 = r,/2 or R} = 2r, ) 8
On the composite characteristics therefore, maximum power output is obtained
when the slope of the loadline is the negative of the slope of the composite characteris-
tics.

Owing to the good linearity of the composite characteristics for Class A, operation,
and the freedom from limitations in the vertical direction, elliptical loadlines may
be accommodated with less distortion than with any other method. Negative voltage
feedback makes such an amplifier practically distortionless for any type of load,
resistive or reactive, of any value of impedance ; the only limitation is regarding grid
current.

FIG, 13,34

Y
£

Fig. 13.34. Method of deriving the loadline on an individual valve (AQV") from the
composite characteristic AOB.

The loadline on one valve (e.g. V,) is determined as Fig. 13.34 in which the com-
posite characteristics, the composite loadline AB, and the individual V', characteristics
are the same as in Fig. 13.33. At every intersection of a composite characteristic
with the composite loadline (e.g. point C) draw a vertical line (e.g. CS) to cut the
corresponding V', characteristic. Then join these points APQSTYV etc. with a smooth
curve, which is the loadline on a single valve, Q being the quiescent operating point.
It is obvious that this loadline is curved, although it is less curved with Class A than
with Class AB, operation.

Equivalent cit :uit for push-pull amplifier

There are various forms which an equivalent circuit might take, but the one adopted
here (due to Krauss) has some special advantages for the purpose (Fig. 13.35). The
two valves are assumed to have equal constant amplification factor (u), and plate
resistances (r,; and r,,) which are functions of the plate current.
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From equation (4) we have

fg = Ty — T4

We may write
in = Iy + diggand iy = Iy — iy &)

where I,; = quiescent plate current of either valve

4i, = change of plate current in valve V)
and 4i,, = change of plate current in valve V,.
Combining (4) and (9),
. ig = diyy + dipy 10
in which the varying components of 7,, and 7,, add so far as 7, is concerned. Let
the varying components be 7,; and i,,, thus leading to the equivalent circuit of Fig
13..35 in which two generators each developing a voltage pe, through their internal
resistances r,; and r,, are effectively in parallel to supply the load current i ; through
the load resistance R,;’. All quantities except R;’ and  are instantaneous values.

FIG. 13.35
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The impedance seen by V, is the impedance of the circuit to the right of the line
ab, which is called r,,.
It may be shown (Ref. E7) that

Tas = R;(1 4 75/7p) an
The dynamic plate resistance of the composite valve may be expressed
ry = deyn/iy (12)
From (10) ¢4 = di,, + diy,.
Now di, = dey /1 (13)
and diy, = deyy/rp (14)
From (12), (13), (14), r4 = rmrnz/(rvl + To2) (15)

This indicates that the plate resistance of the composite valve at any instant is equal
to the parallel combination of the individual plate resistances of Vi and V,. For
Class A operation r, is very nearly constant, so that

P R Tpe/2 (16)
where r,, = plate resistance of V, or ¥, at the quiescent operating point.
Now if R;” = r, (the condition for maximum power output)

R, = rq & 1r,0/2 an
The load impedance seen by a single valve (V, or V) in Class A operation is given by
[From (11), (15), (17}}, ray A~ T (18)

so that each valve at any instant is working into a load resistance approximately equal
to its own plate resistance.

(iii) Power output and distortion

It has been shown in the preceding subsection that maximum power output is
obtained from two matched valves in push-pull when the load resistance from plate to
plate (R,) is equal to 4 times the plate resistance of the imaginary composite valve
(r,) or approximately twice the plate resistance of one of the valves at the quiescent
operating point (r,,). This value of R, may be regarded as the minimum value,
since any decrease would cause loss of power output, increased distortion, and high
peak currents. In some circumstances it is found desirable to increase R;—even
though this reduces the power output—thereby reducing the odd harmonic distortion,
the peak currents and plate dissipation.
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The value of load resistance to provide maximum power output may be determined
approximately from the plate characteristics of one valve (Fig. 13.36). Since the
E, = 0 characteristic approximately follows the 3/2 power law, it may be shown
(Ref. E5) that maximum power output occurs when the loadline intersects the E, = 0
curve at 0.6E,,. The plate current at this point is [,,, and the other values are :

R; = 1.6E;,/I,, plate to plate 19
P, = 02E;, I, for 2 valves 0)

If it is desired to determine the optimum value of R, in a particular case, several
half-loadlines may be drawn as in Fig. 13.36 but radiating from B. The power
output for each may be calculated from the expression

Py = §,n'R; 21
or Py = 3lyp(Evs — Emin)- (22)
Egns. (21) and (22) may be used with reasonable accuracy for Class AB;, since the
third harmonic distortion is usually less than 39%,. A useful rule is to multiply the
power output, as indicated by these equations, by the factor 10 000/(100 — H;%)*
to obtain a close approximation to the actual power output, Values of this factor
for various third harmonic percentages are given below :
H, 1% 29, 39, 59, 7% 10%
Factor 1.02 1.04 1.06 1.11 1.15 1.23
It is here assumed that fifth and higher order odd harmonics are negligible.

‘The loadline slope is unaffected by the grid bias, but the two extremities are slightly
affected—as the grid bias is decreased, the point A (which is really the intersection
of the loadline with the composite characteristic) moves slightly towards B. Thus
with Class A; the output will be slightly less than indicated by eqns. (20), (21) and (22).

FIG. 13.37
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Fig. 13,36, Method of deriving the approximate power outpur and load resistance of a
Class AB, amplifier from the characteristics of a single valve. The method may also be
. used with poorer accuracy for Class A,.
Fig. 13.37. Calculating third harmonic distortion with balanced push-pull. Curve A
is the dynamic characteristic.

The dissipation at maximum signal may be calculated from the product of the plate
supply voltage E,;, and the average plate current [see (iv) below], minus the power
output. The normal procedure is firstly to select a grid voltage such that the plate
dissipation is slightly below the maximum rating at zero signal, then to adjust the
loadline so that it approaches as closely as possible the value for maximum power
output, without exceeding the plate dissipation limit at maximum signal.

Simple method for calculating third harmonic distortion

This method is only accurate in the absence of all distortion other than third har-
monic ; it is a close approximation under normal conditions provided that all even
harmonics are zero.

The procedure is to draw the loadline on the plate characteristics, then to transfer
this to the mutual characteristics in the form of a dynamic characteristic (Fig. 13.37).
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Curve A is the dynamic characteristic while B is a straight line joining the two ends
of A and passing through O. 41, is the difference in plate current between curve A

and line B at one half of the peak grid voltage.

is given by

2 2
(541,, X 100)/(1“,, - 541,)

2
ot (?}Alb X 100)/1171» approximately.

Calculating up to fifth harmonic dis-
tortion

The usual method is to transfer from the
Ioadline to a dynamic characteristic, then
to proceed using the *“ eleven selected or-
dinate method ” (Sect. 3(iv)D). This
gives the power output and harmonics up
to the fifth, If the balance is good, only
the third and fifth harmonics are likely to
be required ; the fifth is very much less
than the third harmonic for Class A opera-
tion.

(iv) Average plate current

The average plate current with maximum
signal input is always greater than under
quiescent conditions—slightly greater for
“single valve” conditions, more so for
limiting Class A,, and considerably greater
for Class AB,.

The average plate current may be cal-
culated approximately by the expression
Iy~ Ing + 3 mas + Tmin — 2000)
(25)
provided that the plate current does not
actually cut off (Ref. El).

More generally, and more accurately, the
average plate current may be determined
by adding the plate currents of the two
valves instead of subtracting them as for the
composite characteristics. The total plate
current may then be plotted as in Fig.
13.38 as a function of the signal grid volt-
age. In order to find the average current
it is generally most convenient to take equal
angle increments over the cycle, for ex-
ample, every 10° as shown in Fig. 13.39.
The plate current should then be noted at
each point corresponding to 10° increase
in angle over the whole 360°. The aver-
age plate current is then the average of
these individual values.

In order to reduce the amount of work in-
volved in this calculation, use may be made
of the fact that each quadrant (90°) is simi-
lar. Itis very easy to make an error in this
calculation and the following method of ob-
taining the average from the plate current
curve over one quadrant is therefore given.

FIG. 13.38
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This method is illustrated in Fig. 13.40 which shows the total plate current for both
valves over one-quarter of a cycle. Grid voltages are shown as fractions of the peak
grid voltage. The plate currents corresponding to grid voltages of 0, 0.17, 0.34, 0.5,
0.64, 0.77, 0.87, 0.94, 0.98 and 1.0 times the peak voltage are shown as Iy, fy.4; €tc.
The average plate current (I,,) is then given by

Io,=31+ 107+ Tomat Lo+ owat Lo+ Logr Lo+ Toge +3100)- (26)
)
> 94 1.0
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(v) Matching and the cffects of mismatching

Matching is the process of selecting valves for satisfactory push-pull operation,
Most valve manufacturers arc prepared to supply, at some additional cost, valves
which have been stabilized and matched for the application required.

It is important to specify the conditions of operation when ordering matched valves,
as unless the valves are stabilized and matched under conditions similar to those in
which the valves are to be used, they will drift apart during life or may even be mis-
matched initially if the matching conditions are unsuitable.

All valves intended for matching should be operated for at least 50 hours under
similar conditions to those under which the valves are intended to be operated in the
amplifier. -

The matching technique varies with the class of operation for which the valves
are intended.

Matching valves for class A, service is not as critical as for valves intended for
class AB,, class AB, or class B. For class A, service it is usually sufficient to match
for zero signal plate current only. .

Triodes for class AB,, AB, or class B service should be chécked at a number of
points on the plate current grid bias curve. The points usually taken are (a) zero
signal condition (b) a bias corresponding to the maximum permissible plate dis-
sipation. The plate currents so measured. should agree at all points within 29%,.
Triodes intended for class AB, or class B service should also be matched for ampli-
fication factor.

When matching tetrodes and pentodes it is usually sufficient to match for zero
signal plate current and power output.

Even with perfect initial matching, valves are likely to drift apart during life and in
critical applications it is desirable to provide some means of balancing the plate cur-
rents of the valves in the equipment. This may take the form of separate bias re-
sistors in the case of self-bias or adjustable bias supplies in the case of fixed-bias
applications. Pentodes and tetrodes may also be balanced by adjusting the screen
voltages.

It is important that matched valves should never be run, even momentarily, at
dissipations or ratings in excess of those recommended by the valve manufacturers
as such treatment will render the valves unstable and destroy the matching.

Effects of mismatching with Class A, triodes
In Class A; push-pull triodes, a considerable degree of mismatching between the
valves is permissible without serious effects, provided that the valves are being oper-
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ated under single valve conditions as regards grid bias. There will be only a slight
effect on the maximum power output or the odd harmonic distortion, but there will
be some second harmonic distortion and some out-of-balance flux~-producing current
in the transformer., The second harmonic distortion will normally be small, par-
ticularly if the plate-to-plate load resistance is not much less than 4r,,, and for most
purposes it may be neglected with valves of ordinary tolerances. The maximum
out-of-balance plate current should be provided for in the design of the ourput trans-
former and this additional cost should be compared with the alternative additional
cost of using valves which have been stabilized and matched for quiescent plate current
only. There is normally no real need for matching for any other characteristic.

In order to demonstrate the effects of abnormal mismatching, composite charac-
teristics have been drawn in Fig. 13.41 for two valves of entirely different types. It
has been shown by Sturley (Ref. E27) that the method of deriving composite charac-
teristics also holds with mismatching.

Type 2A3 45
Amplification factor 42 3.5
Mutual conductance 5250 2175 pmbos
Plate resistance 800 1610 ohms

There is a difference of 129 in amplification factor, while there is a ratio exceeding
2 : 1 for the other characteristics. 'The selected operating conditions are : £, = 250
volts, E, = — 50 volts, R; = 5800 ohms (plate-to-plate). It will be seen that the
composite characteristics (dashed lines) are not quite parallel, although they are very
neatly straight. On account of the unmaiched condition, rectification occurs, leading
to a shift of the loadline, and the corrected loadline may be derived by the method
of Sect. 2(ii)D and Fig. 13.7. The second harmonic distortion on the corrected load~
line is only 5%.
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Fig. 13.41. Composite characteristics for two different valves (243 and 45) in GClass
A, push-pull. E,, = 250 volts, E, = -50 volts, R; = 5800 ohms plate-to-plate.
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The fact that two valves so different in characteristics can be used in Class ‘A, push-
pull to give what is generally classed as good quality (5% second harmonic) indicates
the wide latitude permissible, provided that the bias is retained at the value for a single
valve and also that the load resistance is not much less than the sum of the single
valve loads (or 4 times the average plate resistance).

For Class A, triodes it has been suggested (Ref. E8) that the following are reasonably
satisfactory limits in conjunction with ordinary commercial tolerances for valves :

Max, unbalance

Signat input voltages on the grids of V; and V,: 5%
Phase unbalance at high and low frequencies :

Quadrature component = 39%,
These are easily achieved by attention to the phase splitter or other source (see Chapter
12 Sect, 6). When testing for balance with a'C.R.O. on the grids of V; and V,, it is
important to reverse the connections of the B.F.O. when changing from one grid to
the other.

(vi) Cathode bias

In an accurately balanced push-pull Class A; amplifier there is no point in by-
passing the common cathode bias resistor, since there is no fundamental signal current
flowing through ir, In Class A, amplifiers which are not accurately balanced, there
will be some degeneration, and it is usual to by-pass the cathode bias resistor, al-
though this is not essential.

In Class AB, amplifiers it is essential to by-pass the cathode bias resistor.

Provision may be made, with cathode bias, for balancing the plate currents provided
that they do not differ too seriously. One excellent arrangement is incorporated in
Fig. 7.44 which may be used, with the necessary adjustments in the values of the re-
sistances, for triodes, pentodes or beam power amplifiers.

The value of cathode bias resistance may be determined, in the same way as for 2
single valve, on the basis of the maximum signal total plate current and desired bias
voltage. This will give the same performance as fixed bias, burt it is necessary to check
for plate dissipation at zero signal [for method see Sect. 2(i1)E]. If the dissipation
at zero signal is too great, it will be necessary to increase the bias resistance. This
will introduce a tendency to change from Class A; to AB;, which may be undesirable ;
it may be minimized by the use of a bleed resistor to pass current from E,, to the
cathode, and thence through the bias resistor, thus giving an approach towards fixed
bias. Alternatively, the load resistance may be increased, thereby reducing the maxi-
muin signal plate current and grid bias ; this will also reduce the power ourput.

Cathode bias causes a smaller change in average plate current from no signal to
maximum signal than fixed bias, This permits a poorer regulation power supply
than may be used with fixed bias, However, the regulation and by-passing of the
power supply also affect the minimum frequency which can be handled satisfactorily
at full power output-—see Sect. 1(iv).

Changes in effective gain occur in Class AB, amplifiers employing cathode bias,
during heavy low frequency transients, which add to the distortion measured under
steady conditions.

(vii) Parasitics

Parasitic oscillations in the plate circuit may occur with Class AB; operation when
the plate current is cut off for an appreciable part of the cycle, as a result of the trans-
former leakage inductance and the rapid rate of change of current at the cut-off point—
see Sect. 5(i)C. They may usually be cured by the use of a RC network shunted
across each half of the primary of the output transformer-—-see Sect. 7(i)—and, if
necessary, by the use of a transformer with lower leakage inductance—-see Chapter 5
Sect. 3(iii)c.

Parasitics in the grid circuit are not usually troublesome except when the valves
are driven to the point of grid current flow.” Grid stoppers up to 50 000 ohms are
often used with both Class A and AB, operation to give a smoother overload without
parasitics,
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SECTION 6: PUSH-PULL PENTODES AND BEAM POWER
AMPLIFIERS, CLASS A, AB,

(@) Introduction (i) Power output and distortion (ii1) The effect of power supply
regulation  (wv) Mistmatching (v) Average plate and screem currents (vi) Cathode
bias (vit) Parasitics (wvitt) Phase inversion in the power stage (ix) Extended Class A
(x) Partial triode (*‘ ultra-linear ) operation.

() Introduction _

Push-pull pentodes follow the same general principles as triodes (see Sect. 5) al-
though there are some special features which will here be examined. Provision must
be made for the supply of voltage to the screens, and for it to be maintained constant
with respect to the cathode. For economy, the screens are often operated at the same
voltage as the plates. If the screens are to be operated at a lower voltage, the alter-
natives are the use of a separate power supply, or a low resistance voltage divider.
The McIntosh Amplifier may also be used for Class A or AB, operation—see Sect. 8.
Quiescent push-pull pentodes are covered in Sect. 7(vii).

(ii) Power output and distortion

Composite characteristics may be drawn as for triodes, on the assumption that the
screen voltage is maintained constant, but they will not be straight (Fig. 13 42). The
loadline will pass through the point (E, = E 4, I, = 0) and the two knees of the char-
acteristics (e; = - E ).

In practice it is not necessary to draw the composite characteristics, if we are only
interested in power output. In limiting Class A, or in AB, one valve reaches cut-off,
so that the E, = 0 characteristic is the same as the ¢, characteristic. Even with
ordinary Class A; the error due to the approximation is small. The loadline may
therefore be drawn (AB in Fig. 13.43) and the plate-to-plate load resistance will be
4 times that indicated by the slope of 4B, With valves of the 61.6 class, the third

FIG. 13.42
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Fig. 13.42. Composite characteristics for push-pull Class A, beam power amplifiers
type 6L6, E,, == 250 wolts, E, = 250 wolts, E. = ~15 wvolts.
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harmonic is so small that its effect on the power output may be neglected, so that

Py = 3 o(Eys — Emin) 1)
which is the same as for triodes. With pentodes the power outpur will be somewhat
higher than indicated by eqn. (1) owing to the third harmonic distortion. In general,
the third harmonic distortion is slightly less FIG. 13.43
than half that with a single valve, owing
to the effect of the lower load resistance. 1yl -eceee - A
If it is desired to calculate the harmonic
distortion, it will be necessary to plot at
least portion of the composite characteris-
tics.
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The effect of a higher load resistance is E
to increase rapidly the odd harmonic dis- ;
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tortion, while the effect of a lower load re-
sistance is to decrease the power output. It
is therefore advisable, with a loudspeaker
load, to adopt a nominal impedance rather
less than the value for maximum power
output.

The power output of Class A push-pull pip 1343, Calewlation of power
pCﬂtOdCS 18 only shghtly greater than output using Ecl = O characreristic of
twice that for a single valve. one wvalve only.

(iif) The effect of power supply regulation

As with the case of a single valve the screen is more sensitive to voltage changes than
the plate. If neither screen nor plate is being operated at irs maximum rating, the
simplest procedure is to adjust the voltages as desired for maximum signal and allow
them to rise with no signal. = Alternatively, if it is desired to obtain maximum power
output, both screen and plate may be adjusted to their maximum ratings with no signal,
and allowed to fall with increasing signal. If it is desired to calculate the maximum
power output, the procedure for a single valve [Sect. 3(ix)] may be followed, except
that in this case there is no loadline shift caused by rectification.

The regulation of a common plate and screen power supply will not have a serious
effect on the minimum frequency which can be handled satisfactorily at full power
output with Class A push-pull operation, provided that a reasonably large by-pass
capacitor is used. If separate plate and screen supplies are used the screen supply
regulation is very much more important than the plate supply regulation, with Class A
operation.

With Class AB, operation, the regulation of both plate and screen supplies should
be good.

]
o VEmin E Epp

(iv) Matching and the effects of mismatching

Matching is covered generally in Sect. 5(v). It is important to match the valves
under the operating conditions in the amplifier.

The effects of mismatching with pentodes are more serious than with triodes. If
no care is taken in matching, or in the design of the output transformer, it is possible
for the distortion to be higher than with two valves in parallel. The advantages of
push-pull operation. will only be obtained in proportion to the care takento achieve
correct balance, particularly with regard to the quiescent plate currents and the signal
input voltages. As with triodes, Class AB, is more sensitive to mismatching than
Class A,.

(v) Average plate and screen currents

The average plate current for Class A, may be calculated approximately as for
triodes [Sect. 5(iv), Eqn. 25]. In all other cases, the composite characteristics are
required, following the same method as for triodes.

The average screen current may be calculated by the same method as for single
pentodes [Sect. 3(iii)E].
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(vi) Cathode bias
See Sect. 5(vi) as for push-pull triodes,except that the screen dissipation must also
be checked.

(vii) Parasitics
See Sect. 5(vii) as for push~pull triodes, also Sect. 3(iii)H.

(viii) Phase inversion in the power stage

In the interests of economy, push-pull is sometimes used in the output stage without
a prior phase inverter. All such methods—except the Cathamplifier-—have inherently
high distortion, and some have serious unbalance between the two input voltages.

(A) Phase inverter principle (Fig. 13.44)

The grid of V, is excited from the voltage divider R,R, across the output of V,.
R; + R, must be very much greater than the load resistance (say 50 000 ohms).
Rs and R, are grid stoppers. Al other components are normal. R, may be by-

passed if desired.
Sl
j )

Fig. 13.44. Push-pull circuit using phase inversion in the power stage.
Fig. 13.45. Push-pull circuir using screen resistance coupling from V, to the grid of V,.

FIG. 13.44 FIG. 13.45

<

INPUT

The signal voltage on the grid of V, must first pass through I/, where it is dis-
torted, then through V', where it will be distorted again. Thus the second harmonic
will be the same as for a single valve, and the third harmonic will be approximately
twice the value with balanced push-pull. The balance, if adjusted for maximum
signal, will not be correct for low volume, owing to the third harmonic ‘ flattening.”

(B) Screen resistance coupling (Fig. 13.45)

This is a modification of. (A) being an attempt to obtain from the screen a more
linear relationship than from the plate. No comparative measurements have been
published. R, may be about 1500 ohms for type 6V6-GT or 2500 for type 6F6-G,
with E, = E, = 250 volts—the exact value should be found experimentally ; C,
may be 0.002 nF. For better balance an equal screen resistor might be added for I7,.
Ref. E10.

(C) Common cathode impedance (Fig.
13.46)

R, and R, in series provide a common cath- ?_|
ode coupling impedance [see Chapter 12 ypur
Sect. 6(vi)]. R, may have a value of, say,
1000 ohms to give an approach towards bal-
ance, but necessarily must carry the plate cur-
rents of both valves—say, 70 or 80 mA-—and
will have a voltage of, say, 70 to 80 with a dis-
sipation around 6 watts. Care should be
taken to avoid exceeding the maximum heater- =
cathode voltage rating. Fig. 13.46. Push-pull circuit with

See Reference E23. common cathode impedance coupling.

FiG.13.46
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(D) The Parry ° Cathamplifier ”

The basic circuit is Fig. 13.46A, the two cathodes being coupled by a centre-tapped
a-f transformer, whose secondary winding excites the grid of ¥’,. A theoretical
analysis is given in Ref. E29, while some practical designs are in Ref. E30.

For balance, N, Iis A = ! Zi;R/Z and N; = N,
where g, = mutual conductance of V.

Distortion is reduced by the factor T(2T — 1)
where T = N,;/(N; -+ N,).

Note that T should normally be slightly greater than 1.

Gain is reduced by the factor T(T — 0.5).

The common cathode resistor R, helps to reduce unbalance.

In practice, R is made variable (say 100 ohms total) so as to permit the amplifier
to be balanced experimentally. One method is to connect a valve voluneter across
Ry, and to adjust R for minimum reading.

Instability may occur if R is too small.

A modified circuit is Fig. 13.46B in which the centre-tapped primary of 7T’ is not
necessary.

Fig. 13.46C permits both a.c. and d.c. balancing.

Fig. 13.46D keeps the circulating screen current out of the cathode circuit and so
maintains the ratio between plate and screen currents at the negative voltage peak
swing. Resistors R, are to prevent coupling from cathode to cathode through the
screen by-pass condensers ; their values should be low—-say 100 to 250 ohms each.

FIG, 13,464 w T FIG, 13,468 sz

FIG. 13.46C

Fig. 13.46A. Basic circuit of Parry Cathamplifier, (B) Modified circuit, (C) With
both a.c. and d.c. balancing, (D) Keep;a c}rculating screen current out of cathode circuit
(Ref. E30).
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(ix) Extended Class A

Extended Class A is the name given to a push-pull amplifier using a triode and a
pentode in parallel on each side. The amplifier operates entirely on the push-pull
triodes at low levels, with the pentodes (or beam power amplifiers) cut off ; ar high
levels the output is mainly from the pentodes. Consequently there is some curvature
in the linearity (* transfer ) characteristic at the transition point. The total dis-
sipation is, however, only about one third of that of a Class A amplifier with the same
maximum power output (Ref. E31).

This principle might also possibly be applied to any Class AB or Class B amplifier
merely 1o avoid current cut-off in the transformer and its resultant parasitics (Ref.
E13) unless one with very low leakage inductance is used.

(x) Partial triode (‘‘ ultra-linear ) operation
See page 570.

SECTION 7 : CLASS B AMPLIFIERS AND DRIVERS

@) Introduction (if) Power output and distortion—ideal conditions—Class B,
(115) Power outputr and distortion—practical conditions—Class B, (iv) Grid driving
conditions (v) Design procedure for Class B, amplifiers (vi) Earthed-grid cathode
coupled amplifiers (vit) Class B, amplifiers—quiescent push-pull.

(i) Introduction

A Class B amplifier is an amplifier in which the grid bias is approximately equal
to the cut-off value, so that the plate current is approximately zero when no signal
voltage is applied, and so that the plate current in a specific valve flows for approxi-
mately one half of each cycle when an alternating signal voltage is applied.

Class B amplifiers are in two main groups—firstly Class B, (otherwise known as
quiescent push-pull, see below) in which no grid current is permitted to flow, secondly
Class B, (generally abbreviated 1o Class B) in which grid current flows for at least
part of the cycle.

Class B, amplifiers have inherently high odd harmonic distortion, even when the
utmost care is taken in design and adjustment. This distortion frequently has a maxi-
mum value at quite a low power output, making this type of amplifier unsuitable for
many applications. They are also comparatively expensive in that a driver valve and
transfermer together with two output valves form an integral part of the stage, and
together give only the same order of sensitivity as a pentode.

The one outstanding advantage of a Class B, amplifier is in the very high plate-
circuit efficiency, although the current drawn by the driver stage should be included.
The principal applications are in battery-operated amplifiers, public address systems
and the like

The grid bias must be fixed (either battery or separate power supply) and special
high-mu triodes have béen produced to permit operation at zero bias to avoid the
necessity for a bias supply. In the smaller sizes, twin triodes are commonly used.
For the best results, accurate matching of the two valves is essential. If they are being
operated at a negative bias it is possible to match their quiescent plate currents by
adjusting the bias voltages separately. If the dynamic characteristics are not matched,
a difference of 109, in the two plate currents, measured by d.c. milliammeters under
operating conditions, will produce roughly 59, second harmonic distortion (Ref. E18).
The matching of valves is covered in Sect. 5(v).

Well regulated plate, screen (if any) and bias supplies (if any) are essential.

The rate of change of current in each half of the output transformer at the plate
current cut-off point is considerable, often resulting in parasitics

Parasitics in the grid circuit may be eliminated by the use of a driver transformer
having low leakage inductarce [Chapter 5 Sect. 3(iii)a] and, if necessary, by connect-
ing a small fixed condenser from each grid to cathode-—a typical value is 0.0005 pF—
see (iv) below.
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Parasitics in the plate circuit may be eliminated by the use of an output trans-
former with low leakage inductance—see Chapter 5 Sect. 3(iii)c—together with a
series resistance-capacitance network connected across each half of the primary or
alternatively {rom plate to plate.

Typical values for connection across each half of primary :

T.oad resistance (p-p) 6000 10 000 12 000 ohms

R 3300 5600 6800 ohms

C 005 . 0.05 0.05 uF
Typical values for connection from plate to plate :

Load resistance (p-p) 6000 10 000 12 000 ohms

R 6800 12 000 15 000 ohms

C 0.03 0.02 0.02 uF

Note—The Mclntosh Amplifier may also be used for Class B operation—-see
Sect  8(iii).

(ii) Power output and distortion——ideal cenditions—Class B,
(Circuit Fig. 13.31 ; characteristics Fig. 13.36.)
If the input voltage is sinusoidal, the output transformer ideal, the plate charac-
teristics equidistant straight lines, and the valves biased exactly to cut-off, the opera-
ting conditions will be—

Power output (totral) : Py = 1I,.(Eps — E,nin) (1)
or Py = %’IDmZRL = 2Evs — Emin)Z/RL (2)
where ,, = maximum (peak) plate current of either valve

E in minimum plate voltage of either valve
and R, = load resistance plate to-plate.

Load resistance (plate-to~plate) : L = MEyy — Epin)/Tom (€)}
Load resistance per valve : R, = R /4= (Eyy — Eps)/Iom 4)
Maximum power. output is obtamed when R, = 4r,
i.e. when E,,,”, = 0.5E,,
where 7, = plate resistance of one valve.
Average plate current (each valve): [, = I,,/7 =~ 0.3181,,, (5)
Power input from plate-supply : P, = 2E,,{, &~ 0.637E;,1,., (6)
Plate circuit efficiency : n = ({1 — Ep/Eys) x 0.785 (7
Plate dissipation : P, = d.c. power input — power output
= 1,,(0.137E,, + 05E,..) (8)

Power output in terms of plate dissipation and plate circuit efficiency :

Py = Pv’?/(l - 7]) ®

The current in the secondary of the transformer will be sinusoidal, there being no
distortion. The plate current in each valve will have the form of a rectified sine wave.

The slope of the composite characteristic is half that for Class A operation, so that
the slope of the composite plate resistance will be twice that for Class A.

(iii) Power output and distortion—practical conditions—Class B,

The practical treatment is based on the use of the composite characteristics [Sect.
5(i)D]. If the valves are biased completely to cut-off, each half of the composite
characteristic is identical with the individual valve characteristic, and a considerable
degree of non-linearity occurs in the middle region (Fig. 13.47A). As a result, the
greatest distortion of the loadline occurs with fairly small signals. For any particular
characteristic there is one value of grid bias beyond which the distortion increases
rapidly with increase of bias—there is a small quiescent plate current at this point
(Fig. 13.47B). Even in this case the whole of the composite characteristic, except
the small middle portion, is identical with the single valve characteristic.

It is therefore practicable to calculate the power output from the characteristics
of a single valve (e.g. Fig. 13.48). -The power output as calculated by eqns. (1) and (2)
is modified by the presence of harmonics and should be multiplied by the factor

F =1+ Hy — Hy + H, — Hy + Hy)* (10)
where Hy = third harmonic distortion (i.e. I3/1,),
and H; = fifth harmonic distortion (i.e. I;/I,), etc.
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The various harmonics are unpredictable, but at maximum power output H, usually
predominates, and a purely arbitrary approximation is to take
= (1 + 0.6H)2
Usual values of H,; at maximum power output vary from 0.05 to 0.10, so that F
varies from 1.06 to 1.12, a reasonable design value being 1.08. Thus, from eqn. (2),
Py ~ 0.1351,,%R, 11)
Alternatively, the total power output may be calculated from a knowledge of the
average and quiescent currents of one valve, with an error not exceeding 99, (see
eqns. 12 and 13 below)—
Py~ 2471, — 0.251,)%R, (12)
The more accurate method is to use the composite characteristics (which are the
same as the single valve characteristics of Fig. 13.48 over the range concerned) and
to apply the “ eleven selected ordinate method ”’ [Sect. 3(iv)D] for the determination
of power output and distortion. Although harmonics higher than the fifth are ap-
preciable, it is difficult to calculate them graphically with any degree of accuracy.
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Fig. 13.47. Composite characteristics of Class B amplifiers (A) biased to cut-off
(B) biased to the point of minimum distortion.

Fig. 13.48. Plate and grid characteristics of a typical small bartery-operated Class B
triode (1J6~G).

The load resistance may be calculated by eqn. (3) or (4).

Mazximum power output is usually achieved when the slope of the loadline .is
numerically equal to the slope of the individual valve characteristic corresponding to
the peak grid voltage, at its point of intersection with the loadline. A different load-
line is usually necessary for each value of peak grid voltage. Each loadline shouid be
checked for peak current, average current, plate dissipation and grid driving power.

When any loadline has been established as permissible, a higher load resistance may
be used with perfect safety without any further checking. This will require less grid
driving power, and will draw less plate current, but will give a lower power output ;
the distortion will be roughly unchanged, and the plate circuit efficiency will be higher.

The average plate current may be calculated by the accurate method of Sect.
5(iv) and eqn. (26). Alternatively, with an accuracy within 3% for third harmonic
not exceeding 109 (Ref. E11)—

(for each valve) I, ~ 0.318/,, + O. 251 50 (13)
Eqgn. (13) may also be put into the form—
Iym = 3.141, — 07851, (19)
The average power input from the plate supply is given by
P, = 2E 44l & E (06371, -+ 0.514). (15)
Plate circuit efficiency : 7 = Py/2E, 1, (16)
[Usual values of plate circuit efficiency are from 50% to 60%.]
Plate dissipation : Py E3y(0.6371 4 + 051, — Py an

With a plate circuit efficiency of 60%, the power output is 1.5 times the total plate
dissipation, whereas with Class A operation and a plate circuit efficiency of 25%, the
power output is 0.25 times the plate dissipation. Thus, if in both cases the plate



590 (iv) GRID DRIVING CONDITIONS 13.7

dissipation is the only limiting factor, six times more output may be obtained from the
same valves in Class B than in Class A.

(iv) Grid driving conditions

Grid current characteristics are provided for use with valves suitable for Class B
amplification (e.g. Fig. 13.48). It is usual practice to select a likely peak positive
grid characteristic and loadline, then to calculate the grid driving power and power
output. This may be repeated for several

other loadlines, and the final choice will FIG. 13.49
be made after considering all the relevant 1y
features. o i

In the case of a particular loadline such as
AB in Fig. 13.48, the peak grid current may
be determined by noting the intersection of
the vertical through A and the grid current ~
curve (shown with a broken line) corres-
ponding to the E, characteristic which
passes through A.  This is shown in Fig.
13.49 where — E, indicates the fixed grid
bias and the positive grid current com-
mences to flow at approximately E, = 0. Fig. 13.49. Typical grid mutual char-
The peak grid current is I,,, and the peak acteristic illustrating Class B operating

bonatf—

— Egm
i 9

~-E. o Eem tE.

signal grid voltage is E , ,, corresponding to conditions.
a positive grid bias voltage E.,.. The peak grid input power is then given by

P, = Ejnlym (18)
and the minimum grid input resistance is given by

Yemin = Eﬂm/Iwm (19)

{Note : The minimum variational grid resistance is derived from the slope of the
1, curve—it is always less than r,,;,.]

The driver valve has to supply this peak power, plus transformer losses, into a half-
secondary load varying from infinity at low input levels to 7,.,,;, at the maximum
input. The basic driver circuit is shown in Fig. 13.50A, where V) is the driver valve
and T the step-down transformer with a primary to half-secondary turns ratio N, /N,.
In practice, the transformer has losses, and it may be represented by the equivalent
circuit Fig. 5.9 (omitting Cw).

The efficiency is usually calculated (or measured) at 400 c/s where 7, r, and R,
are the principal causes of loss. An efficiency of from 70 to 809, at peak power is
typical of good practice. The voltage applied to the grid of Vs, provided that the
iron losses are small, is approximately [Chapter 5 Sect. 2(ii)].

Ea2 ~ Ey’?(Nz/Nl) (20)
where n = percentage efficiency — 100,
and E, = voltage applied across primary.

The load presented to V), is roughly as calculated for an ideal transformer [Chapter 5
Sect. 2(ii)] driving the same grid.

At high audio frequencies, the effects of L, and L, (Fig. 5.9) become appreciable,
causing an additional loss of voltage during the time of grid current flow, and a tend-
ency towards instability. The instability is brought about by a negative input re-
sistance which some valves possess over a portion of the grid characteristic [Chapter 2
Sect. 2(iii)]. It is therefore important to reduce the leakage inductance of the trans-
former to the lowest possible value. Fortunately the bad effects of any remaining
leakage inductance may be minimized by connecting a small condenser across each
half of the secondary so as to resonate at a frequency about 1.5 times the highest fre-
quency to be amplified (Ref. E18). The condenser and leakage inductance form a
h?lf-)section of a simple two-element constant k type low-pass filter [Chapter 4 Sect.
8(vii)].
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At low audio frequencies the primary inductance L, causes loss of gain as with any
a-f transformer. It should be designed for an unloaded secondary (Chapter 5 Sect. 3)
because it is unloaded for part of the cycle. Secondary loading resistances should be
avoided with Class A triode drivers (Refs. E17, E18).

In order to avoid excessive distortion due to the non-linear grid current characteris-
tic, the effective impedance looking backwards from the grid-cathode terminals
towards the driver, must be small compared with the effective input impedance of
the valve. The ‘ looking backwards > impedance has as its components (Fig. 5.9) :
“ Driver resistance ” R’ = r, + (N,/N)¥r,, + 1) @n
“ Driverinductance ” L’ = L, + (N,/N;)*L, 22)

It is usual to restrict the driver resistance R’ to a value less than 0.2 r,,,;, for the
most favourable conditions with high-mu vaives and with limited grid drive, where
7, min does not differ seriously from the minimum variational grid resistance ; in other
cases it should be less than one fifth of the minimum variational grid resistance (Refs.
E2, E12). For minimum distortion, R’ should be made as low as practicable. Hence
the transformer usually has a step-down ratio from primary to half-secondary.

The “ driver inductance,” if large and uncompensated, produces an effect like a
faint high pitched hiss or scratch that rises and falls with the signal (Ref. E18).

The effect of the varving load resistance on the driver valve is shown by the curved
loadline in Fig. 13.50B. The horizontal portion corresponds to the conditions
without grid current flow, while the slope at any other point corresponds to the
variational grid resistance at that point. The broken line joining the two extremities
has a slope corresponding to a resistance of ry,;(N1/N;)? ; this should not be less
than 4r,,. The driver valve should preterably be operated near its maximum rated
plate voltage and dissipation.
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Fig. 13.50A.  Fundamental driver [ —
and Class B (or AB) amplifier

circuit. Fig, 13,50B. Loadline on a rypical
triode driver.

As the output valves are driven harder, the driver valve is called upon to provide
increased power into a decreased minimum grid resistance ; this necessitates a greater
step-down ratio in the transformer. The extreme limit is when the * diode line
is reached. As a guide which may be used for a first trial, the minimum plate volt-
age may be taken as twice the  diode line ” voltage at the peak current level. The
diode line is shown in many characteristic curves, and is the envelope of the character-
istics—dit is the line where the grid loses control, in other words the minimum plate
voltage for any specified plate current no matter how positive the grid may be.

The cathode follower makes an excellent driver for all forms of amplifiers drawing
grid current, having very low effective plate resistance and low distortion—see Chapter
7 Sect. 2(i).

A cathode follower has been applied as a transformerless driver, one 6SN7-GT twin
triode being used as 3 push-pull driver to the grids of two 616 valves giving an output
of 47 watts (Ref. E22). However, this is not usually the most efficient arrangement—
see Chapter 7 Sect. 1(ii).
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(v) Design procedure for Class B, amplifiers

The major difficulty is in keeping the electrode voltages stabilized.

The following procedure applies to the case where the voltages are stabilized and the
plate voltage and desired power output are known.

1. Assume a value of plate-to-plate load resistance R;. Draw a loadline with a
slope corresponding to R;/4 on the characteristics for one valve, through the point
E,=Eys I, = 0.

2. Select a value of grid bias to give the minimum distortion of the composite
characteristic (Fig, 13.47).

3. Determine the quiescent plate current I,, of one valve.

4. Calculate the peak plate current from the approximation :

I, 74P /R, (23)

5. Calculate the average power input from the plate supply, using eqn, (15).

6. Calculate the plate dissipation from equation (17).

7. Check the plate dissipation and the peak plate current to see that they do not
exceed the maximum ratings.

8. Determine the maximum positive grid voltage E ., from the loadline and I,,,.

9. Determine the peak grid current I,,, corresponding to extreme point of the
loadline.

10. Calculate the peak signal grid voltage : E,,, = E.,, + E..

11. Calculate the peak grid input power : P,,, = E .1,

12, Calculate the minimum input resistance @ ¥omin = Egm/Iym.

13. Repeat steps 1 to 12 for several other values of R; and select what appears to
be the best compromise, with a view to the lowest driving power

14. Assume a reasonable peak power transformer efficiency-—say 709%,. This value
is used in the following step.

15. Select a driver valve with a2 maximum power output at least 0.9°,,, under
typical operating conditions (this makes allowance for the higher load resistance).

16. Select a driver load resistance twice the typical value or at least four times the
plate resistance.

17. Draw the assumed (straight) driver loadline on the driver plate characteristics
and determine the maximum available peak signal voltage E,, ..

18, Determine the transformer ratio from primary to half-secondary :

Ny /Ny = nEpn/Eym.

19. Calculate the ‘‘ driver resistance ”’ from eqn. (21) using values for r; and r,
indicated* from similar transformers. These resistances are usually less than 1900
and 350 ohms respectively for 10 watt amplifiers, or 2700 and 500 ohms respectively
for low power battery amplifiers.

20. Check the ““ driver resistance > to see that it is less than 0.2r,,,:, for high-mu
valves or 0.17, ¢, for other cases (this assumes that r,,,;, is approximately twice the
minimum variational grid resistance).

*Alternatively the driver transformer may be tentatively assumed to have 109
primary and 109, secondary copper losses, and 109% iron losses. On this basis,

o = Tymin/T and 1y & Tymia(N12/N,2)/9.

(vi) Earthed-grid cathode-coupled amplifiers

A cathode-coupled output stage, with earthed grids, has the advantages of a much
more nearly constant input resistance than a Class B stage, but it requires more driver
power for the same output. It is more suited to high~power amplifiers or modulators
than to conventional a-f amplifiers (Ref. E15). The increase in plate resistance due
to feedback is disadvantageous.

(vii) Class B, amplifiers—Quiescent push-pull

Class B; amplifiers do not draw any grid current whatever, but in other respects
resemble Class B, amplifiers. Either triodes or pentodes may be used, the latter being
more popular—they are used as * quiescent push-pull pentodes * in battery receivers.
The two valves (or units) must be very accurately matched, and an adjustable screen
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voltage is desirable. A high-ratio step-up input transformer is used to supply the
high peak signal voltage, nearly equal to the cut-off bias. Both the input and output
transformers should have low capacitance and leakage inductance, The output trans-
former should have its half-primary inductance, and its leakage inductance, accurately
balanced. Condensers (0.002 to 0.005 wF) are usually connected across each half
primary (Ref. E4).

SECTION 8 : CLASS AB, AMPLIFIERS

(@) Introduction (it) Bias and screen stabilized Class AB, amplifier (i) McIntosh
amplifier.

(i) Introduction

Class AB, amplifiers closely resemble Class B, amplifiers, but the valves are biased
as for Class AB, operation. Consequently they are less critical with regard to match-
ing, and the distortion which occurs in the plate circuit is much thesamg as for Class
AB,. The plate circuit efficiency is intermediate between Class AB, and'\3, operation
—typical values for triodes are from 40 to 48%. The variation in plate ¢urrent from
zero to maximum signal is less than with Class B operation, being of the order of 1 : 2.

The matching of valves is covered in Sect. 5(v).

Pentodes and beam power amplifiers may be used quite successfully in Class AB,
operation.

Fixed bias is essential.

Type 616 or 807 beam power amplifiers may be used in Class AB, with plate circuit
efficiencies of about 659% (or 619% including screen losses). The peak gri input
power does not exceed 0.27 watt for power outputs from 30 to 80 watts. The total
harmonic distortion under ideal laboratory conditions is 29, at maximum signal and
less than 2% at all lower output levels (this assumes a low-distortion driver stage).

Well regulated plate, screen and bias power supplies are essential.

Parasitics in plate and grid circuits—see Sect. 7(i).

References E20, E21.

(1) Bias and screen stabilized Class AB, amplifier (Ref. E26)

Fig. 13.50C gives a circuit with 807 valves operated in Class AB, with stabilization
of the bias and screen supply provided by the driver valve. Two high tension sources
are used, obtained from separate windings on the power transformer, and neither

needs good regulation, so that condenser

FIG, 13.50C input filters can be used.
The circuit offers three types of com-
pensation, the combined effect being to
o6 allow the output valves to draw a

minimum of plate current in the no
signal condition, although still being
capable of delivering an output of 60
watts for small distortion. The three
types of compensation are

(a) As the 807 plate voltage falls, due
to increasing plate current with signal
input, the screen voltage is increased
and the bias reduced.

Fig. 13.50C. Class AB, amplifier with (b) When the 807’s are driven into
stabilized bias and screen wvoltages  grid current their bias is increased due
(Ref. E26). to the current in the 500 ohm resistor
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R,. Thisis minimized by a d.c. negative feedback circuit giving several times reduction
of the effect, and is offset by a corresponding increase in 807 screen voltage.

(c) Any tendency for the 807 screen voltage to fall and for the bias voltage to increase
with rising 807 screen current due to signal input is minimized by the same negative
feedback circuit.

Referring to Fig. 13.50C, the voltage divider from the positive side of the 600 volt
supply to the negative side of the 300 volt supply has values to provide a suitable bias
for the triode-operated 6V6 so that it draws about 45 mA with a standing plate voltage
of 250 V. A decrease in the 807 plate voltage causes the 6V6 grid to become more
negative, decreasing its plate current which also flows through R, and so decreases
the 807 bias. The low voltage power supply is deliberately given poor regulation
with resistive filtering so that the decrease in 6V6 plate current appreciably increases
its plate voltage and thus the 807 screen voltage.

The 807 grid current at large output levels increases the negative potential at C
and also at A and B and thus increases the 6V6 bias, This reduces the 6V6 plate
current which makes point C less negative and minimizes the increase in 807 bias,
and at the same time increases the 807 screen voltage thus off-setting the bias increase.

The 807 screen current rises with increasing signal input and this tends to decrease
the screen voltage and increase the 807 bias. However the increased bias is also
applied to the 6V6, reducing its plate current and thus tending to restore the 807 bias
and screen voltages to their original values.

Between no output and full output the 6V6 plate current falls from 45 mA to 25 mA
but the valve is still well able to provide the small potwer required to drive the 807’s.

An additional feature of the circuit is that a very large input reduces the ability of
the driver to overload the output valves, and after full output is reached very effective
limiting is provided.

(iii) McIntosh Amplifier (Ref. E28)

With any push-pull amplifier in which each valve is cut-off during portion of the
cycle, some form of quasi-transient distortion tends to occur at a point in each cycle
at the higher audio frequencies (Ref. E13). This distortion is caused by the leakage
reactance of the primary of the output transformer, which cannot be reduced suffici-
ently by conventional transformer design technique. A completely new approach to
the problem is made by the McIntosh amplifier which incorporates special types of
driver transformer and output transformer, together with many other novel features.
The basic principles are indicated in Fig. 13.50D in which both driver transformer
T, and output transformer 7, have two wmdmgs wound together in a bifilar manner
so that the coupling between them is almost unity. It is claimed that it is practicable
to wind coils with a ratio of primary inductance to leakage inductance better than
200 000 to 1, whereas conventional transformers do not nearly reach the minimum
requirement (for low distortion) of 80 0C0 to 1. This type of transformer is cheaper

to wind than a sectionalized winding as
used in conventional high quality trans-
s+ formers.

Each output valve works into two
primary sections, one in its plate eircuit
and the other in its cathode circuit, but
these have practically unity coupling.
The effective number of primary turns
for each valve is equal to the total turns
for each of the bifilar windings. The
output transformer should therefore be
designed to have a total 1mpedance on
each of its primaries equal to one quar-
ter of the plate-to-plate load impedance.

FEEDBACK

E‘ ; BIFILAR WINDINGS

BIFILAR - WINDINGS

FIG. 13,500

Fig. 13.50D. Basic  principles of In the case of the amplifier of Fig.
MclIntosh Amplifier (Ref. E28). 13.50E the plate-to-plate load imped-
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Fig. 13.50E. Circuit diagram of complete 50 watt MclIntosh Amplifier (Ref. E28).

ance is 4000 ohms and the total impedance of each primary winding is 1000 ohms ; the
impedance from each cathode to earth is only 250 ohms. These low impedances
reduce the effects of capacitive shunting and thereby improve the high frequency
performancer:

The voltage from each screen to cathode is maintained constant by the unity coupling
between the two halves of the bifilar windings, no screen by-pass capacitor being re-
quired. This arrangement, however, has the limitation that it can only be used for
equal plate and screen voltages.

The driver transformer 7', makes use of the same bifilar winding method adopted
in the output transformer. The primary impedance in this design is above 100 000
ohms from 20 to 30 000 c/s, while the response of the whole transformer is within
0.1 db from 18 to 30 000 c/s. These high performances are made necessary by the
inclusion of this transformer in the second feedback parh of the whole amplifier.

The method of loading the output stage, with half the load in the plate and half in
the cathode circuit, provides negative feedback as a half-way step towards a cathode
follower. Additional feedback is achieved by connecting suitable resistors between
the cathodes of the output valves and the cathodes of the phase inverter stage. The
complete amplifier (Fig. 13.50E) has a typical harmonic distortion of 0.2% from 50
to 10 000 c/s, rising to 0.5% at 20 c/s and 0.359%, at 20 000 c/s, at an output level of
50 watts. The frequency response under the same conditions, measured on the sec-
ondary of the transformer, is level from 20 to 30 000 c/s, — 0.4 db at 10 ¢/s and
— 0.3 db at 50000 c/s. The phase shift is zero from 50 to 20 000 c/s, — 10° at
20 ¢/s and + 4° at 50 000 c/s.
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The outpur resistance is one tenth of the load resistance, thus giving good damping
and regulation .

These same principles may be applied to any type of push-pull output whether triode
or pentode, with any class of operation, A, AB,, AB, or B.

The high power output of the MclIntosh amplifier as described above is due to the
_operation of the screens at voltages greater than 400 volts, which is very considerably
in excess of the maximum rating of 270 volts (design centre) for type 6L.6 or 300 volts
(absolute) for type 807. It is unfortunate that the Mcintosh amplifier is limited to
operation with equal plate and screen voltages, but these should always be within the
maximum ratings for the particular valve type.

See also Refs. E31, GI.

The principle of combined plate and cathode loading is applied in some high-
fidelity Class A amplifiers, e.g. Acoustical QUAD, Refs. H4, H6,

SECTION 9: CATHODE-FOLLOWER POWER AMPLIFIERS

The principles of cathode followers have been covered in Chapter 7 Sect. 2(i).
A cathode follower may be used either as driver for a Class B ~~ AB, stage, or as the
output stage itself.

A cathode follower forms almost an ideal driver stage, having very low plate re-
sistance and distortion, although it requires a high input voltage. It is commonly
used, either singly or in push-pull, in high power a-f amplifiers where the distortion
must be reduced as much as possible. If parallel-feed is used, the hum- is reduced
by the factor 1/(x + 1) ; see Chapter 7 Sect. 2(ix) Case 4. A cathode follower driver
stabilizes the a-f signal voltage, but does not stabilize the grid bias.

Cathode follower output stages introduce serious problems, and are not suitable
for general use, even though their low plate resistance and low distortion appear at-
tractive. The difficulty is in the high input voltage which is beyond the capabilities
‘of a resistance-coupled stage operating on the same plate supply voltage. Two
methods are practicable, either a step-up transformer in the plate circuit of a general
purpose triode, or a resistance-coupled amplifier with a plate supply voltage about
3 times the plate-cathode voltage of the cathode follower. In order to take advantage
of the low distortion of the cathode follower, the preceding stage should also have
low distortion. A general purpose triode is to be preferred to a pentode or high-mu
triode with resistance coupling, and it may have an unbypassed cathode resistor.

One practical amplifier which has been described in the literature (Ref. F3) uses
700 volts supply voltage to the 6SN7 penultimate stage and eight 6V6-GT valves in
push-pull parallel operation in the cathode follower outpur stage. Negative feedback
is used from the secondary of the output transformer, and the damping on the loud-
speaker is as high as practicable. However, the total harmonic distortion at 50 c/s
is over 19, at 8 watts output, and 1.7%, at 20 watts..” The high output voltage which
must be delivered by the resistance-coupled penultimate stage thus shows its effect
on the distortion, even though the plate supply voltage has been increased to a dan-
gerously high value.

SECTION 10 : SPECIAL FEATURES

(@) Grid circuit resistance (i) Grid bias sources (i) Miller Effect (iv) 26 volt
operation (v) Hum.

(i) Grid circuit resistance

A maximum value of grid circuit resistance is usually specified by the valve manu-
facturer, a higher value being usually permitted with cathode (self) bias than with
fixed bias. The reason for the latter is that cathode bias provides increased bias as
the plate current rises, and so gives a degree of protection against ‘* creeping ” plate
current. This effect is due to the combined gas and grid emissicn currents which
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flow through the grid-cathode circuit—see Chapter 2 Sect. 2(iii), also Chapter 3
Sect. 1(v)d, and Chapter 12 Sect. 2(iii)E, (iv)B, (iv)C, (iv)D ; Sect. 3(iv)C, (v).
Typical values (e.g. type 6V6-GT) are :
With cathode bias 0.5 megohm (maximum)
With fixed bias 0.1 megohm (maximum).

If the heater is operated, even for limited periods, more than 109 above its average
rated voltage, the grid circuit resistance must be reduced considerably ; this holds in
automobile receivers.

If partial self-bias operation (‘‘ back bias ) is used, the maximum value of grid
circuit resistance may be found from the relation :

Ra'm = va + P<Rys - Rgf) (1)
where R,, = max. grid circuit resistance (fixed bias)
R, = max. grid circuit resistance (self bias)
and P = ratio of cathode current in output valve to the total current flowing
through the bias resistor.

In cases where the maximum value of grid resistance for a particular application
is not specified, the procedure of Chapter 3 Sect. 1(v)d should be followed, using
eqn. (6) for pentodes or tetrodes, or eqn. (7) for triodes. The value of maximum
reverse grid current (47 ) should be obtained from the specifications or from the valve
manufacturer ; failing this, a value of 24 may be tentatively assumed for valves of
the 6F6, 6V6 class, and 4pA for valves having higher cathode currents.

If either the value of R, for cathode bias, or that for fixed bias is specified, the value
for the other may be calculated from Chapter 3 Sect. 1 eqns. (8) to (13).

(i) Grid bias sources

Fixed bias is normally obtained from a separate power source with rectifier, filter
and load resistance., A typical circuit is Fig. 13.51 in which V), is the usual rectifier,
V, is the bias rectifier and R, the bias load resistance. V, may be any half-wave
indirectly-heated rectifier ; if the V, heater is operated from a common heater winding,
V', should be a type capable of withstanding a high voltage between heater and cathode.
Alternatively a shunt diode may be used (see Chapter 30 Sect. 6). If the output stage
draws positive grid current, as in Class AB; or overloaded Class A operation, the grid.
current flowing through the bias load resistance increases the bias voltage. It is
therefore advisable to design this to be as low as practicable.. The effect of negative
grid current on the bias is usually negligible.

FIG. 13.51

Fig, 1351, Method of obtaining fixed bias
using half of the rtransformer secondary
(plate) winding. Typical values of resistors
are : R, = 2500, R, = 25000, R, =
,l 8ias 15000, R, = 3000 okms; C, = 8uF,
SRe - C,=16uF,C, = C,="50uF. Alternatively

T o o &1 R, may be replaced by a choke.
14

Voltage stabilized grid bias supplies are sometimes used (see Chapter 33).

It is sometimes convenient to have two plate voltage supplies, one to provide for
the plates of the output stage only, the other for the earlier stages together with the
screens of the output stage and grid bias. The second supply is loaded by a heavy
current voltage divider (say 150 mA total drain) tapped near the negative end and the
tapping connected to the cathodes of the output stage ; one section provides grid bias,
and the other section provides the positive potentials,

Back bias is intermediate between cathode bias and fixed bias, so far as its con-
stancy is concerned. With this arrangement, the whole return current of a receiver
or amplifier is passed through a resistor between the cathodes (which are generally
earthed) and — E,, (Fig. 13.52). The value of R, is given by E /I where E_, is
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FIG. 13.52
Voice Coil
Field Coil
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Fig. 13.52. Circuit of portion of a receiver using back bias. V' is the power amplifier,
V, is the rectifier.

the bias required by V, and [ is the total current passed through R,. Bias for earlier
stages is obtainable from a tapping or tappings on R,. A hum filter is necessary for
each separate bias system. [Note that the curved plate of an electrolytic condenser
represents the negative terminal ; while on a paper condenser the curved plate re-
presents the outside electrode.] Back bias works best in large receivers where the
total current is much greater than the cathode current of the power amplifier.

An alternative form having fewer components is shown {in Fig. 13.53. Here the
field coil is in the place of R, in Fig. 13.52. The bias on [/, is equal to the voltage
drop across the field coil multiplied by R;/(R, + 0.5 megohm). The filtering in
this circuit is not so complete as in Fig. 13.52.

FiG. 13.53
g Voice Coii
25M0 Stages
16
~ 7~
Rz N JF] —0
vz g lb
— —0
Field
Coit
i -

Fig. 13.53. Alternative form of back bias, with the speaker field coil
in the megative lead.

(iii) Miller Effect

The Miller Effect has been introduced in Chapter 12 Sect. 2(xi). If the output
valve is type 6V6-GT under typical operating conditions, 4 = 17 and C,;, = 0.7 puF,
then the additional input capacitance, due to C,, alone, with a resistive load is 18 x
0.7 = 12.6 uuF. If the valveis a triode the effect is more pronounced. For example,
with type 2A3 under typical operating conditions 4 =: 2.0 and C,, = 16.5 uuF ;
the additional input capacitance is 3.9 X 16.5 = 64 upF.

(iv) 26 volt operation ~

Standard power valves give very.limited power output with plate and screen both
at 26 or 28 volts.  Special types (e.g. 28D7) have been developed to give higher power
output under these conditions.
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(v) Hum from plate and screen supplies

The hum of amplifiers with and without feedback is covered in Chapter 7 Sect.
2(ix)C.

Power amplifiers not using feedback are here summarized briefly, using the con~
ditions for types 2A3 and 6V6 as in Chapter 7.

Triode with (a) conventional output transformer—-
Relative hum voltage = 0.85
(b) parallel feed (series inductor)—
Relative hum voltage = 0.024

Pentode with conventional output transformer
and (a) common plate and screen supplies—
Relative hum voltage == 2.05
(b) screen perfectly filtered—
Relative hum voltage = 0.09

Pentode with parallel feed (series inductor)
(a) common plate and screen supplies
Relative hum voltage = 1.78
(b) screen perfectly filtered
Relative hum voltage = 0.179
Sec also Chapter 31 Sect. 4(iiy—Effect of the output valve on hum originating in
the plate supply voltage.

SECTION 11 : COMPLETE AMPLIFIERS
@) Introduction (it) Design procedure and examples (iif) Loudspeaker load.

(i) Introduction

While every amplifier must be built up of individual stages, the purpose of the design
is to produce a complete amplifier having specified characteristics in regard to over-
all gain, maximum power output, frequency range, output resistance, distortion, hum,
noise level and special features such as overload characteristics and tone control.
A designer’s job is to produce the required results at the minimum cost within any
limitations imposed by space or by the availability of valve types.

(ii) Design procedure and examples

The correct procedure is to commence with the loudspeaker, and then to work back-
wards through the amplifier. For example, after investigation of the loudspeaker and
speaker transformer efficiency (see Chapter 20 Sect. 6) it should be possible to esti-
mate the maximum power output required from the output valve(s). Then the output
valve(s) should be selected allowing for the possible use of feedback. Then the
preceding stage should be designed to work into the known following grid resistor
and effective input capacitance with a satisfactory frequency response and distortion
level. Finally, the input stage should be designed to give the required hum and noise
performance. If, after a first calculation, the overall gain is too high, it may be reduced
by one of many expedients such as increasing (or adding) negative feedback on the
output stage, removing a cathode by-pass, changing a voltage amplifier stage from
pentode to triode operation, or changing one or more valves to a lower gain type.
In large amplifiers a pre-set second volume control may be used, to be adjusted in the
laboratory.

The following information is a general guide in the design of typical amplifiers
public address (speech)
typical radio receiver (a-f amplifier only)
good quality radio receiver or amplifier
high fidelity receiver or amplifier

oWy
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Performance applies to amplifier only (resistance load).

Category A B C D
Frequency range 200-5 000 100-5 000 50-10 000 40-15 000 ¢/s
Attenuation at limits 3 3 2 1 db
Total harmonic distortion* 10 10 2 <1 %
Output resistance — — <R,/2 <R,/10%
Noise levelt — —25 —25 30 dbm
Hum level (120 c/s) ** — =150 —30 —-35t0—-40 —40t0 —45dbm
Intermodulation distortion*—

r.m.s. sum (voltage ratio 4 : 1) 40 40 8 <4 %

*at maximum power output.

**For 3% loudspeaker efficiency. In all cases the hum should not be audible
under listening conditions. See Chapter 31 Sect. 4(iii) for hum.

+For room volume 3000 cubic feet, 39 loudspeaker efficiency—see Chapter 14
Sect. 7(v). For measurement of noise see Chapter 19 Sect. 6.

1Or as required to give the desired degree of damping at the bass resonant
frequency.

See also Chapter 14 Sect. 12(i) for high fidelity.

With careful design and the use of negative feedback it is possible to make the total
harmonic distortion of the amplifier less than 0.19, and the intermodulation distortion
less than 0.5%. This has been achieved in the circuit of Fig. 7.44 and in the William-
son amplifier on which it is based (the new version of the Williamson amplifier is
given in Figs. 17.35 B, C, D, E, F, G, also in the Leak amplifier. See Refs. F1,
F4, ¥5, H4, H15, H16.

An example of category C is given in Figs. 7.42 and 7.43.

Undoubtedly one of the best and most versatile single-ended amplifiers incorporat-
ing negative feedback (and, if desired, also tone control) is the circuit Fig. 7.33. The
feedback should be as high as permissible, being usually limited by the sensitivity
required by a pickup. The only serious limitation is that 1, cannot be a combined
second detector and amplifier.

The Lincoln Walsh amplifier with automatic bias control (E24, E25) is quoted
as having intermodulation distortion of 0.29, at 5 watts, 0.6% at 10 watts and 1.7%
at 25 watts, the power in each case being the low frequency power only (50 ¢/s). The
valves used in this amplifier are type 6B4-G (similar to 2A3).

The McIntosh 50 watt Class AB, amplifier (Fig. 13.50E) has harmonic dis-
tortion less than 0.5% from 20 to 30 000 c/s, with exceptionally flat frequency res-
ponse and low phase shift—see Sect, 8(iii).

References to complete amplifiers : Refs. (F) and (H).

(iii) Loudspeaker load

Most amplifiers are designed to work into a constant resistive load, whereas a loud-
speaker presents a far from constant impedance which is largely inductive or capacitive
at almost all frequencies within its range. This feature is covered from the loud-
speaker angle in Chapter 20 Sects. 1, 2 and 7. See also Sect. 2(iv) for triodes and
Sect. 3(viii) for pentodes.

A simple 2 stage amplifier with a triode output stage is shown in Fig. 13.54, to-
gether with the fundamental, second, third and fourth harmonics (see Chapter 20 for
comments). An obvious conclusion is that all amplifiers should be tested for output
and distortion while delivering full power into a loudspeaker load. While highly
desirable, this requires a large sound-proof room for all except low levels. An alter-
native which is highly recommended is to construct a dummy load which has the same
impedance as the loudspeaker at 400 c¢/s, at 10 000 c/s, and at the bass resonant
frequency, based on the circuit of Fig. 20.3. The value of (R, + R,) in Fig, 20.3
should be equal to the measured value of the working impedance of the loudspeaker
at the bass resonant frequency as described in Chapter 20 Sect. 2(iv).
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Fig. 13.54. Harmonic distortion of amplifier having type 6]7 pentode coupled to 243
triode loaded by a loudspeaker on a flat baffle. The distortion was measured by a wave
analyser contiected across the voice coil, The bass resonance frequency is 10¢/s.
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