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FOREWORD

INTRODUCTION

This is one of a group of handbooks covering
the engineering information and quantitative
data needed in the design and construction of
military equipment, which (as a group) con-
stitutes the Army Materiel Command Engineer-
ing Design Handbook Series.

PURPOSE OF HANDBOOK

The handbook oOn Servomechanisms has been
prepared as an aid to designers of automatic
control systems for Army equipments, and as a
guide to military and civilian personnel who are
responsible for setting control-system specifica-
tions and ensuring their fulfillment.

SCOPE AND USE OF HANDBOOK

The publications are presented in hand-
book form rather than in the style of text-
books. Tables, charts, equations, and: biblio-
graphical references are used in abundance.
Proofs and derivations are often omitted and
only final results with interpretations are
stated. Certain specific information that is
always needed in carrying out design details
has, of necessity, been omitted. Manufac-
turers' names, product serial numbers, tech-
nical specifications, and prices are subject to
great variation and are more appropriately
found in trade catalogs. It is essential that
up-to-date catalogs be used by designers as
supplements to this handbook.

To make effective use of the handbook dur-
ing the design of a servo, the following proce-
dure is suggested. The designer should turn
first to Chapters 16 and 17 where design
philosophy and methods are discussed. Im-
plementation of the ,design procedure may
require a review of certain theoretical con-
cepts and methods which can be achieved
through reference to Chapters 1 through 10.
As the design proceeds, a stage will be
reached at which the power capacity of the
output member has been fixed. Reference to

Chapters 14, 15, and 16 will then illustrate
the salient features of output members hav-
ing the required power capacity. After the
designer has chosen the output member, he
will find the information dealing with sensing
clements and amplifiers (Chapters 11, 12,
and 13) helpful in completing the design.

FEEDBACK CONTROL SYSTEMS AND
SERVOMECHANISMS

Servomechanisms are part of a broad class
of systems that operate on the principle of
feedback. In a feedback control system, the
output (response) signal is made to conform
with the input (command) signal by feeding
back to the input a signal that is a function
of the output for the purpose of comparison.
Should an error exist, a corrective action is
automatically initiated to reduce the error
toward zero. Thus, through feedback, output
and input signals are made to conform essen-
tially with each other.

In practice, the output signal of a feedback
control system may be an electrical quantity
such as a voltage or current, or any one of a
variety of physical quantities such as a linear
or angular displacement, velocity, pressure,
or temperature. Similarly, the input signal
may take any one of these forms. Moreover,
in many applications, input signals belong to
one of these types, and the output to another.
Suitable transducers or measuring devices
must then be used. It is also common to find
multiple feedback paths or loops in compli-
cated feedback control systems. In these sys-
tems, the over-all system performance as
characterized by stability, speed of response,
or accuracy can be enhanced by feeding back
signals from various points within the system
to other points for comparison and initiation
of correction signals atthe comparison points.

At present, there is no standard definition
of a servomechanism. Some engineers prefez/

to classity an};ll system with a feedback loo
as a servomechanism. According to this inter-



pretation, an electronic amplifier with nega-
tive feedback is a servo. More frequently,
however, the term servomechanism is re-
served for a feedback control system contain-
ing a mechanical quantity. Thus, the IRE
defines a servomechanism as “a feedback con-
trol system in which one or more of the sys-
tem signals represents mechanical motion.”
Some would restrict the definition further by
applying the term only to a special class of
feedback control system in which the output
is a mechanical position.

APPLICATION OF SERVOMECHANISMS TO
ARMY EQUIPMENT

Servomechanisms are an important part of
nearly every piece of modern mechanized
Army equipment. They are used to automat-
ically position gun mounts, missile launchers,
and radar antennas. They aid in the control
of the flight paths of jet-propelled rockets and
ballistic missiles, and play an important role
in the navigational systems of those vehicles.
As instrument servos, they permit remote
monitoring of physical and e¢lectrical quan-
tities and facilitate mathematical operations
in computers.

No single set of electrical and physical re-
quirements can be stated for servomecha-
nisms intended for these diverse military ap-
plications. The characteristics of each servo-
mechanism are determined by the function it
is to perform, by the characteristics of the

il

other devices and equipments with which it
is associated, and by the environment to
which it is subjected. It will often be found
that two or more servo-system configurations
will meet a given set of performance specifi-
cations. Final choice of a system may then be
determined by such factors as ability of the
system to meet environmental specifications,
availability of components, simplicity, relia-
bility, ease of maintenance, ease of manufac-
ture, and cost. Finally, the ability to translate
any acceptable paper design into a piece of
physical equipment that meets electrical and
physical specifications and works reliably
depends to a great extent upon the skill of
the engineering and manufacturing groups
responsible forbuilding the system. The exer-
cise of care and good judgment when specify-
ing electrical, mechanical, and thermal toler-
ances on components and subsystems can
contribute greatly to the successful imple-
mentation of servo-system design.

The handbook on Servomechanisms was pre-
pared under the direction of the Engineering
Handbook Office, Duke University, under con-
tract to the Army Research Office-Durham. The
material for this pamphlet was prepared by
Jackson & Moreland, Boston, Massachusetts, un-
der subcontract to the Engineering Handbook
Office. Jackson & Moreland was assisted in their
work by consultants who are recognized authori-
ties”in the field of servomechanisms.



PREFACE

The Enginecering Design Handbook Series of the Army
Materiel Command is a coordinated series of handbooks
containing basic information and fundamental data useful
in the design and development of Army materiel and sys-
tems. The handbooks are authoritative reference books of
practical information and quantitative facts helpful in the
design and development of Army materiel so that it will
meet the tactical and the technical needs of the Armed
Forces. The present handbookis one of a series on Servo-
mechanisms.

Section 3 of the handbook contains Chapter 13, which
covers the different amplifiers used in servo controllers,
This chapter describes the following types of amplifiers:
electronic, transistor, magnetic, rotary clectric, relay,
hydraulic, pneumatic and mechanical . The advantages and
disadvantages of the various types are discussed to help
the circuit designer in making a choice for his particular
application .

For information on other servomechanism components
and on feedback control theory and system design, sec one
of the following applicable sections of this handbook:

AMCP 706-136 Section 1 Theory (Chapters 1-10)

AMCP 706-137 Section 2 Measurement and Signal
Converters (Chapters 11-12)

AMCP 706-139 Section 4 Power Elements and System
Design (Chapters 14-20)

An index for the material in all four sections is placed
at the end of Section 4.

Elements of the U. S. Army Materiel Command having
need for handbooks may submit requisitions or official
requests directly to Publications and Reproduction Agency,
Letterkenny Army Depot, Chambersburg, Pennsylvania
17201. Contractors should submit such requisitions or
requests to their contracting officers .

Comments and suggestions on this handbook are wel-
come and should be addressed to Army Research Office-
Durham, Box CM, Duke Station, Durham, North Carolina
27706.
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CHAPTER 13

AMPLIFIERS USED IN CONTROLLERS

13-1 ELECTRONIC AMPLIFIERS*

13-1.1 VACUUM TUBES

Vacuum tubes are thermionic devices in
which a number of ¢lectrodes are contained
inside a scaled envelope of glass, metal, or
ceramic, which is evacuated to the lowest
practical gas pressure. Types of tubes gen-
crally used in amplifiers include diodes, tri-
odes, tetrodes, pentodes, and beam power
tubes. Table 13-1lists the symbols normally
used with these types of tubes and their as-
sociated circuits,

13-1.2 Diodes

The simplest form of vacuum tube is a
diode, which contains two c¢lectrodes (a plate

*By A. K. Susskind

and a cathode) and a heater. In the symbolic
representation of Fig. 13-1, the top element
is the plate, the middle element is the cath-
ode, and the heater is at the bottom. The

Fig. 13-1 Symbolic representation of a diode.

TABLE 13-1 SYMBOLS
Control-grid supply VOItAZE ..o E,,
Plate SUPPLY VOITAZE ..o By
Instantaneous total grid VOITAZE ... [
Instantaneous total plate vOItage ... )
Instantancous total plate CUTTENT ... (2
Quiescent (zero excitation) value of plate voltage ..o iy
Quiescent (zero excitation) value of plate current ... I,
Instantaneous value of alternating component of grid voltage ..., e
Instantaneous value of alternating component-of plate voltage ..., €
Instantaneous value of alternating component of plate current ..., 1y
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AMPLIFICATION

heater, usually enclosed within the cathode,
is used to raise the temperature of the cath-
ode to the point where the cathode acts as a
source of free electrons. The electrons leave
the cathode and a great many of them travel
to the plate, forming a unidirectional path
for controllable current flow from the plate
to the cathode (called plate current).

13-1.3 Control of electron flow. Useful con-
trol of electron flow from the cathode cannot
be achieved by varying the heater potential.
Therefore, heaters are always connected to
sources of fixed potential, and heater symbols
are frequently omitted from electronic-circuit
diagrams.

In a diode, the only useful way to contrcl
clectron flowis by control of the plate voltage
e, (the potential difference between the plate
and cathode). The relationship between plate
voltage e, and plate current 4, for constant
cathode temperature is shown in Fig. 13-2,
where the curve is drawn for positive values
of ey For all negative values of e, plate cur-
rent 4, is zero. Reference directions (indicated
by arrows in Fig. 13-1, for exampl¢) are chos-
en sothat e, is a positive number whenever the
plate is actually positive with respect to the
cathode, and 4, is a positive number when cur-
rent flows from plate to cathode.

13-1.4 Diodes as rectifiers. The diode is a
nonlincar device. One usetful application of
this nonlinearity is in arectifying circuit such
as Fig. 13-3.If the simplifying assumption is
made that the ex-i, curve has a constant slope
R, in the conducting region, and infinite im-
pedance in the nonconducting region, output
currentisgivenby
E, 1 1.

R;,—}—R( - + 5 sin wi

T =

——2— cos2wt——2—cos4wt— )
3Ix 15n

(13-1)

The time-invariant (ord-¢) componentof this
waveform can be isolated by adding a low-pass
filter to the output. See Gray® for a more de-
tailed discussion of rectifier circuits.

13-2

Fig. 73-2 Volt-ampere curve of a diode
cathode temperature constant.

E_ sin ot R

[<]
a

2 3n
Wl —-

Fig. 13-3 Diode used as rectifier.
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13-1.6 Triodes

If a third electrode, called the control grid,

is inserted between the plate and cathode of a
diode, the tube becomes a triode. The control
grid provides an additional means of control-
ling electron flow. Plate current isnow a func-
tion of both the control-grid and plate voltages
and, since a change in grid voltage can result
in a larger change in plate voltage, amplifica-
tion can occur. The triode is shown symbolic-
ally in Fig. 13-4.
13-1.6 Plate characteristics. The volt-ampere
(e»-t») characteristics of a triode comprise a
family of curves with grid voltage e, (grid-to-
cathode voltage) a parameter. These curves
are called plate characteristics ;a typical fam-
ily is shown in Fig. 13-5. These curves demon-
strate that :

(a) Plate current can flow only when the
plate is positive with respect to the cathode.

(b) For a given value of plate voltage e,
increasingly negative values of grid voltage
e, decrease plate current 4 and, if e, is made
sufficientlynegative, conductionceases. Thisis
called cutoff, and the value of e, that causes
cutoff is called the cutoff voltage.

(¢) The curves are not straight lines.

(d) Curves for successive values of e, are
displaced by unequal amounts.
It follows that, ¢ven when the plate voltage 1s
positive and the grid voltage is above cutoff,
the triode behaves as a nonlinear device. For
precise results, therefore, nonlinear analysis
must be used.

Fig. 13-4 Symbolic representation of a triode.

e =+k
& 1 .g‘oien—ﬁ‘

| /

‘=n-—kz
2 m=ky
o) 6. —i

Fig. 73-5 Plate characteristics of a triode.

-

Fig. 13-6 Triode amplifier.

13-1.7 Graphical analysis. The most effective
technique is graphical analysis. Usingthe typ-
ical triode amplifier in Fig. 13-6, which in-
cludes aload resistance Ry, in its plate circuit,
graphical analysis can be accomplished as
follows :

(a) On the plate-voltage axis of the plate
characteristics, mark the point corresponding
to the plate supply voltage Ew,.

(b) From this point, draw a straight line
with aslope —1/Ry to the1, axis. Thissloping
line is called the loadline.

(¢) For cach valuc of e, determine the
corresponding values of e, and 4 using the

13-3
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abscissa and ordinate, respectively, of the
intersection of the load line with the e, line of
interest.

An example of this construction is given in
Fig. 13-7.For a more complete discussion, see
Preisman’s book. 2

131.8 Linear approximations. As an analysis
tool, graphical construction is reasonably
straightforward, particularly when the cir-
cuit associated with the tube is relatively
simple. In many cases, however, complex con-
figurations are involved and graphical analy-
sis becomes tedious. It is especially so when
nonresistive clements are encountered. It is
often possible to make a good linear approxi-
mation of the tube characteristics, if the re-
gion of operation on the plate characteristics
is small enough, so that

(a) Theslopeof the plate characteristicsis
approximately constant over that region.

(b) The plate characteristics ar¢ almost
uniformly spaced over that region.

131.9 Region of operation. The region of
operation is determined by the choice of Ey,
Ry, and the range over which e, varies due to
the input signal. In amplifiers for servomech-
anisms, it is usually possible (in all but the
last stage) to select B, By, and the tube type
so that the grid is never operated positively
or in the nonlinear region near cutoff. Under
these conditions, the assumption of lincar be-
havior usually leads to satisfactory results.

13-1.10 Linear equivalent circuits. The dy-
namic voltage-source linear equivalent circuit
for a triode is given in Fig. 13-8. Here, ¢, ¢,

and %, are time-varying quantitics and the
grid-to-cathode impedance is shown as infi-
nite. This is primarily justified by the as-
sumption that the grid is never allowed to
become positive with respect to the cathode
and, as a result, no significant grid current
flows. In the equivalent circuit, the amplifi-
cation factor p is defined as

26 (13-2)
aeo ib = constant

p=—

The factor p can be computed from the plate
characteristics of Fig. 13-5by finding (at the

SLOPE - - \/R,

ecl_kl
e, =~ky

L _k3

Fig. 73-7 Graphical analysis of a triode
amplifier.

PLATE

CATHODE

Fig. 13-8 Linear equivalent circuit of a triode.

approximate center of the operating region,
and along a horizontal lin¢) the change in
plate voltage due to a change in grid voltage
and then forming the quotient of these two
variables. The plate resistance r,, in ohms, is
defined as

7, = 2 (13-3)

ot eo = constant
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The factor 7, can be computed by measuring
the slope of an e, —4, curve at the approxi-
mate center of the operating region. A third
parameter, the transconductance, is also con-
venient to use at times. Transconductance, in
mhos, is defined as the change in plate cur-
rent per unit change in control-grid voltage
and is given by

gn— o B
m= T,
aec eb = constant i

(13-4)

For different types of triodes, typical values
of u range from 2 to 100, r, from 1000 to
20,000 ohms, and gm. from 1000 to 5000
micromhos (13X 10 mho = 1 micromho) .

13-1.11 Alternate linear equivalent circuit.
An alternate lincar equivalent circuit is
shown in Fig. 13-9. In this circuit, a current
source gm¢; and a parallel resistance 7, are
used instead of the voltage source pe;, in
series with 7, as shown in Fig. 13-8. The
choice of which equivalent circuit to use in an
analysis is entirely a matter of convenience
because the two circuits shown give identical
results.

13-1.12 Quiescent operating point. As indi-
cated above, the linear model usually applies
only to variations in €, and % from the quies-
cent operating point, which is the point e, =
Eyos 0 = I, corresponding to zero input sig-
nal. The input signal e, is usually superim-
posed on a negative bias E,,, so that positive

PLATE
GRID 1
Bnt,
i | .y
‘l
CATHODE

Fig. 73-9 Alternate equivalent circuit of a triode.

values of e, do not result in positive values of
e, It follows that the quiescent operating
point 1s found at the point where the zero-
signal load line intersects the e, = E,, charac-
teristic. This point should be determined
from the plate characteristics.

13-1.13 Phase shift. The zero-signal load is
usually simple to determine because it takes
into consideration only the resistive compo-
nents of the load (capacitors being considered
as open circuits and inductances as short
circuits). Variations in e, and %, due to input
signals are denoted as e, and 4,. Using these
definitions, the following may be written :

€y = Ebo + e (13'5)
iy = Lo + 1, (13-6)
€c = Ecc + € (13-7)

The signs of e, and %, may be negative, but
the signs of e, and 4, are not. In fact, Figs.
13-8 and 13-9 show that e, is negative when
e, is positive, and ¢, is positive when e, is
negative. Thus, a triode causes a phase shift
of 180° between grid and plate.

13-1.14 Pentodes and Beam-Power Tubes

Among vacuum tubes containing more than
three electrodes, beam-power tubes and pen-
todes are of primary importance in servo-
mechanism applications. A beam-power tube
contains a cathode, a control grid, a screen
grid, beam-forming e¢lectrodes, and a plate.
A pentode contains a cathode, a control grid,
a screen grid, a suppressor grid, and a plate.
These two tube types are shown symbolically
in Fig. 13-10. For servomechanism applica-
tions, the significant change brought about
by the addition of the screen grid is the abil-
ity to achieve higher gain in beam-power and
pentode circuits than is possible in triode cir-
cuits. However, since the screen grid is usually
operated at a fixed d-c voltage (relative to the
cathode), which is intermediate between plate
supply and cathode potentials, an additional
power supply is often required. This fre-
quently outweighs the advantage of higher
gain when over-all amplifier complexity is
considered. In this respect, the triode is
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BEAMPOWER TUBE

CENTODE

Fig. 73-70 Symbolic representation of a beam-
power tube and a pentode.

superior to multigrid tubes because it re-
quires no screen supply. It is often simpler to
add more stages of amplification than to pro-
vide additional power supplies. Another fea-
ture that triodes possess 1s greater linearity
of operation with large signal-voltage inputs.

131.15 Plate characteristics. Figure 13-11
shows typical plate characteristics of a beam-
power tube, while those for a pentode are
shown in Fig 13-12. Both figures show that
the plate current changes very little with
changes in plate voltage when operation is
above the knee of the curves and when all
grid voltages are constant. It follows, there-
fore, that the plate resistance 7, of these tubes
is very high, usually ranging from about
100,000 ohms to 10 megohms, as compared
with a triode 7, of about 1000to 20,000 ohms.
Since triode transconductance is approxi-
mately equal to pentode transconductance,
when similar construction is used, it follows
that the amplification factor 1, given by

(13-8)

is much higher for multigrid tubes than for
triodes.

UW=0mnTy

13-1.16 Linear equivalent circuits. When
screen-grid and suppressor-grid voltages are
constant, and operation is above the knee of
the curves, the linear equivalent circuits of a
multigrid tube have the same form as the

T -
| ="
=
i
o 8y —

Fig. 73-77 Plate characteristics of a beam-
power tube with constant screen voltage.

'el'o
T .el--kl
éh .el'“kz
0 6§ —>

fig. 73-72 Plate characteristics of a pentode with
constant suppressor and screen voltages.

triode linear equivalent circuits of Figs. 13-8
and 13-9. For analysis of pentode operation,
Fig. 13-9 is usually more convenient. When
7, 1s high compared with any load impedance
connected to the plate, it is possible to con-
sider the plate resistance as infinite. In Fig.
13-9, the tube can then be considered simply
as a current source g 6

13-1.17 Graphical analysis. Graphical analy-
sis of multigrid tubes is similar to that of
triodes.

13-1.1 8 Interelectrode Capacitance

In the linear equivalent circuits heretofore
discussed, no interelectrode capacitances were
shown. These capacitances actually exist, but
their values are so small (a few micromicro-
farads) that they are of no consequence at
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the signal frequencies encountered in servo-
mechanisms. Therefore, interelectrode capa-
citance may be ignored, except when ampli-
fier stability is considered.

13-1.19 Tube Specifications

In addition to the plate characteristics and
the parameter values for the equivalent cir-
cuit, there are other important tube specifi-
cations, listed in tube-manufacturers' cata-
logs, which the circuit designer must take into
consideration. While these additional specifi-
cations do not affect the theoretical operation,
they do represent application limits. If these
limits are exceeded, tube performance will
differ from the given characteristics, or the
period of operation over which the tube par-
ameters remain at approximately the pub-
lished values will be materially narrowed.
These additional specifications must there-
fore be ascertained and adhered to. Of parti-
cular interestis the average plate dissipation
P, ,which is defined as the time average (over
a cycle) of the product of total plate voltage
and total plate current. For sinusoidal opera-
tion

1 (= .
P,=— f exind (1)
2x 0

(13-9)
For lincar operation, the plate dissipation is
greatest under quiescent conditions and is
given by

Po=EyI (13-10)
where Ew and I, are the plate voltage and
plate current, with zero input signal. Since
servo amplifiers usually receive no error 8ig-
nals for extended periods of time, quiescent-
condition plate dissipation frequently de-
termines whether the dissipation rating is
being exceeded. The power dissipation of the
screen 1s determined in a similar manner;
i.e., by computing the time average of the
product of screen voltage and total screen
current.

13-7

13-1.20 LINEAR ANALYSIS CF
SIGNAL-STAGE VACUUM-TUBE
VOLTAGE AMPLIFIERS

In servomechanisms, voltage amplifiers are
used primarily to increase the level of the
control signal.

13-1.21 Characteristics of Tubes Used

The tubes used in low-level voltage ampli-
fiers have the following characteristics :

(a) Triodes have high values of n (e.g.,
100) and pentodes have high values of gm
(e.g., 4000 micromhos) .

(b) Maximum current ratings are moder-
ate (e.g.,, 10 ma).

(¢c) Plate-dissipation ratings are moderate
(e.g., 1 watt).

13-1.22 Simple Amplifier

The simplest voltage-amplifier circuit is
that of Fig. 13-6, the linear equivalent of
which is shown in Fig. 13-13. The gain of such
an amplifier is defined as the ratio of the varia-
tional component of the output voltage to the
variational component of the input voltage.
The mathematical expression for this gain is

K = —ei = _l"'RL_
Cin R[, + Tp
(The minus sign results from the 180" phase
relationship between e, and éw.) In designing
amplifiers, the usual practice is to attempt to
achieve the required gain with the least num-
ber of stages of amplification. This naturally
leads to an attempt to realize the maximum

(13-11)

®in .l +

]

(=

Fig. 13-13 Equivalent circuit of a simple
plate-loaded amplifier
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gain from cach stage. Equation (13-11) indi-
cates that the maximum possible gain equals
p and can be attained by making K, much
larger than r,. To prevent this large value of
R; from producing plate-current values so
low as to make 7, large (7, is inversely re-
lated to &), a high plate supply voltage is
required, reaching a wvalue that is usually
impractical. Practical values of Ey, do not
exceed a few hundred volts and usually re-
strict the gain to a level that is only 60 to 80
percent of the amplification factor. Similar
restrictions apply to a pentode, since gm 1S
approximately proportional to 4.

13-1.23 Series Tube Triode Amplifier

In one method of attempting to realize the
maximum possible gain, R, is replaced by a
second vacuum-tube circuit, as in the series
tube triode amplifier of Fig. 13-14. Tube V2
and its cathode resistor Ry, are approximately
the equivalent of a battery of poE.. volts plus
a series resistor of value 752 T Ri (1 + Ra).
As an example, consider a series tube circuit
using both sections of a Type 6SL7 dual-tri-
ode, where

=y =70

Tp1 = Tpz = 44,000 ohms
R, = 22,000 ohms

E,, = 850 volts

E, = 45volts

The equivalent plate supply voltage is

E'y = Eyy + meE.,. = 350+ (70X 45)
= 3500 volts
the equivalent plate load on V2 is

R, = Tp2 + (I + l"'2) Rk = 44,000
+ (71x 22,000) ~ 1.6megohmsand the gain
is

€in

The series tube amplifier has one drawback,
however, that makes it impractical except in

rare instances. This drawback is the necessity
for a floating supply E...

Fig. 73-14 Series tube amplifier.

13-1.24 Cascode Amplifier

A more practical circuit for realizing maxi-
mum possible gain is the cascode triode am-
plifier of Fig. 13-15. With tubes V1 and V2
identical, the gain of this circuit is

L _ —1 (r+1) Ry

= = 13-12
€in n+42) r,+ R, ( )
which reduces to
K =—g,.R, (13-13)
when

r+2)r, >>Rrandp >>1

This demonstrates that the gain of a cascode
triode amplifier equals that of a single pen-
tode amplifier with infinite »,. However, the
pentode amplifier requires a screen-bias sup-
ply and the triode cascode amplifier does not.
On the other hand, the disadvantage of the
cascode triode amplifier is the necessity for a
second tube. If two tubes are to be used, the
second tube could be more advantageously
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+E,,

Fig. 13-15 Cascode amplifier circuit.

employed as a second voltage amplifier in
cascade with the first, in which case an even
larger over-all gain than either the cascode
or pentode amplifier would produce might be
realized. Cascode circuits are used primarily
in direct-coupled amplifiers where the prob-
lem of cascading amplifier stages makes it
desirable to maximize the gain per stage,
even at the expense of extra tubes.

13-1.25 Cathode Followers

In equivalent circuits, the symbol e, repre-
sents the variational component of grid-to-
cathode voltage. When the tube circuit has
internal feedback, e, does not equal the exter-
nally applied input voltage. For example, in
Fig. 13-16,which is the circuit schematic of a
cathode follower, e, is expressed as

e, = €, — €

where e is the time-varying component of
the input voltage and ex is the time-varying
component of the cathode-to-ground voltage.

139

Fig. 13-16 Cathode follower.

Successive manipulations of the linear equiv-
alent circuit (Fig. 18-17) demonstrate the
nature of e, When the generator voltage pex
(which has the same polarity as e;) is consid-
cred as due to a fictitious resistor uRy and is
then lumped with By in the final step of Fig,
13-17, the identity of the cathode terminal
vanishes. Therefore, additional cathode load-
ing cannot be applied to the final equivalent
circuit of Fig. 13-17. The equations for €, and

gain K are
— i R. — lletan _
“=bh e A+, B
K=% — BEx
€in R, (1 +u) 41
= ;Rk — (13-15)
(14w (R + 1+u)

The voltage gain of a cathode follower is
always less than unity, no matter how large
R ismade. To aload connected from cathode
to ground, the cathode follower appears as a
generator with an open-circuit voltage as
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given by Eq. (13-14), and the variational
output impedance R, 1s given by

R( s
"\1 ) 1
R, = tu/ T 1 (1316)

Rk+( T ) 1+u  m

1+u
if
Re>> —2— andp>>1
14n

Practical values of R, range tfrom 100 to 1000
ohms.

The cathode follower is nearly always used
to couple a low-impedance load to a-high-im-
pedance signal source, thereby reducing the
severe loading effect (on the source) that is
imposed by other types of coupling circuits.
Where even lower output impedances are de-
sired, the White cathode follower, comprising
two tubes interconnected as shown in Fig.
13-18, can be used. The equivalent circuit
(when V1 and V2 are identical) is shown in
Fig. 13-19. This configuration can result in
practical circuits with an output impedance
of 10 to 100 ohms and with a gain approxi-
mately the same as that for a single-tube cath-
ode follower.

Fig. 13-77 Equivalent circuit of a cathode follower and its manipulation.
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Fig- 13-18 White cathode follower.

I, + Ry

R
2 *#*r—'(lnm«;y?u)
]

l+-‘—+_‘_'l.:_RL_
- [ ur,*aak,)

fa
R, + R,

Fig. 73-79 Thevemin equivalent circuit of
White cathode follower.

Where the voltage gain of a cathode fol-
lower must approach unity as closcly as pos-
sible, the resistor By in Fig. 13-16 can be re-
placed by a second tube as in Fig, 13-20. The
gain expression then becomes

K — Lo
€in
1 [7p2 + R (1 4 1) ] ~1
(1 +p) [m + Bu(1+ ) += :‘_"pl
(13-17)
when

Tpe + B (1 + pe) >> I_"'.F'l:_and wm>>1
1

These inequalities can exist in a practical cir-
cuit without reducing the V1 plate current to
such a small value that 7, is large.

13- 1.26 Simple Feedback Amplifier

Another common form of voltage amplificer
is the circuit of Fig. 13-21, which is ¢volved
by adding a feedback resistor By to the circuit
of Fig. 13-6. The grid-to-plate gain expression
forthis circuitis

K= il 22

— (13-18)
Ry + 7, +Ri (1 +p)
O~ LTS
—o
o —o

Fig. 73-20 Two-tube cathode follower.
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and the variational outputimpedance that the
load seesis

Ro=r, 4+ Ru(1 4 p) (13-19)

Because of the appearance of the term
R (1 +u) and also because of the approxi-
mate constancy of p over a range of operating
conditions (also during aging of the tube),
the addition of Ry increases the gain stability
in the presence of variations in 7,. It also low-
ers the gain and increases the effective output
resistance. Output voltage e, is expressed as

_"Rein

= ———"—"  — ¢ (13-20)
2R +uR + 7,
when
R,=R,=R

The circuit can be used as a phase splitter ;
i.e., a circuit with two outputs ¢qual in magni-
tude but 780" out of phase. It can also be used
as a coupling circuit between a single-ended
input and a push-pull stage. The two output
voltages must always be less than the input
voltage.

13-1.27 Differential Amplifiers

Figure 13-22 shows the general form of a
commonly used class of amplifiers called dif-
ferential amplifiers. The time-varying com-
ponents of the output voltages are given by
the expressions

This equation shows that the plate-to-plate
output voltage of a differential amplifier is
proportional to the difference between the in-
put signals. If the output is taken between the
plate of one tube and a point of fixed potential
(such as ground), the output can still be made
approximately proportional to the difference
between the input signals by making

Ry(14+p) >>Ri 41y

Then
. R -
€1 = 2(Ry+7y) (€in1 —€in2) (13-24)
S - .
ea2 —_ 2(RL + ,rp) (eml e(n2) (13 25)

Because it produces an output signal that is
cither positive or negative, and proportional
to the difference between the two input sig-
nals, this circuit is useful as a summing de-
vice in a servomechanism. If one of the grids
is grounded, on¢ output of the differential
amplifier is in phase with the input, and the
other output is 180" out of phase with the in-
put. For this reason, the differential amplifier
may be used as a phase splitter, It is then
necessary that the two output voltages be of

ey, = —Ri, { —€imps [R3 (1 + p») +Rrg+ Tp2] +CimoptaRs (1 411) (13-21)
€2 = —Rps { emits By (1 4 ps) _e£n2p'2D[Rk(1 +w1) + Ry + 751 } (13-22)
where

D= (1Fp) (It R2—[1 Ftu) R,
+ Rei + 7511 [(1 + we) By + Fre + 7p2]
If both tubes are identical, R = Rr2 =R,

and the output is taken between the plate of
V1 and the plate of V2,then

"

€, = €51 — €p2 =
RL Te

iz — €m) (13-23)

cqual magnitude. For this case it is sufficient,
but notnecessary, that

RBe(l+4wp) >>E .+

Itisonly necessary that
R
R =—— e
R, + —r <
L+

13-12
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N

fig. 13-21 Plate-and-cathode-loaded amplifier.

in-l

i [.

I.

fig. 73-22 Differential amplifier.

Because the output of a differential amplificr
depends almost entirely upon the difference
between the two input signals, the circuit is
insensitive to equal changes in both signals.
Thus, equal variations in the input signals,
such as drift in the reference potentials to
which they are returned, result in small out-
put-voltage variations. This property makes
differential amplifiers very useful for d-c am-
plifier applications.

13-1.28 Use of Pentodes

In all circuits previously discussed where a
resistor K, is connected in series with the
cathode, the use of pentode tubes is not con-
venient. This is because maintenance of prop-
er screen voltage (which must be constant
with respect to the cathode) would require a
separate power supply for the screen of each
pentode stage, with the supply connected be-
tween screen and cathode. However, when
signal frequencies are,high cnough (at least
10 ¢ps) , pentodes can be used without a sepa-
rate or tfloating screen supply for each stage.
This is accomplished by connecting all pentode
screens to a single source of positive voltage
through individual resistors R, and by con-
necting a large capacitor (typically, 0.1 to 1
microfarad) between the screen and cathode
of ¢ach pentode.

13-1.29 POWER AMPLIFIERS

In the previous discussion of voltage-ampli-
fier circuits, no attention was paid to the cur-
rent levels in the amplifier load because the
power supplied to that load is of little conse-
quence. However, in the final stage of a servo
amplifier, the amplifier load is the output
member of the servomechanism. Since the
load is usually a motor or a similar power-
consuming device, the final amplifier stage
must be a power amplifier with adequate out-
put.

13-1.30 Tubes Used in Power Amplifiers

The tubes used for power amplification dif-
fer from those used for voltage amplification.
These differences include :

(2) Greater maximum plate-dissipation
ratings (e.g., 10 watts)
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(b) Greater plate-current ratings (e.g.,
200 ma)

{c) Greater range of grid voltage over
which operation is linear (e.g., 15volts)

Pentodes and beam-power tubes (e.g., Type
6L.6) are commonly used as power-amplifier
tubes because they produce a larger a-c load
voltage than triodes do, for a given plate sup-
rly voltage and given maximum permissible
harmonic distortion. In addition, pentodes
are less likely than triodes to produce unwant-
zd oscillations, when feeding inductive loads
such as motors, because the grid-to-plate
capacitance of a pentode is lower than that of
atriode.

13-1.31 Bush-Pull Power Amplifiers

in servomechanisms, the push-pull power
amplifier is more generally used than the
single-ended, or any other type of power am-
plifier. The push-pull circuit comprises two
tubes of the same type connected as shown in
Fig. 13-23. The two grid-signal voltages are of
equal magnitude and 180° out of phase. The
input transformer T1 can be replaced by a
phase-splitting circuit as discussed in con-
nection with Figs. 13-21 and 13-22. The major
advantages of the push-pull circuit over the
single-ended circuit (load connected to one
tube or two tubes in parallel) can be sum-
marized as follows :

(a) Higher plate-circuit efficiency (ratio
of output power to power dissipated in tube).
Efficiency can be as high as 65 percent in a
push-pull amplifier, as against up to 30 per-
cent for a single-ended amplifier. Hence, for
a given pair of tubes dissipating a fixed
amount of power, the push-pull circuit deliv-
ers a greater output.

(b) An output, or load, signal that is com-
pletely free of even harmonics. Tube nonlin-
carites introduce these harmonics, but push-
pull circuit action cancels them. This permits
operation of ecach tube with a bias that is
high enough to cut off the tube during part
of the negative grid-voltage halt-cycle when
there is an input sinusoid of maximum ampli-
tude. Under these conditions, the higher
values of plate-circuit efficiency (up to 65
percent) are achieved. Therefore, in servo
amplifiers, E is often adjusted for plate-cur-
rent cutoff during some part of the negative
portion of the maximum input sinusoid, but
€or less than 180" if self-bias is used.

(¢) There is no net d-c component of plate
current in the output-transformer primary.
Therefore, the transformer may be lighter
and smaller than one that is used to match
a load to a single-ended power amplifier
which must carry d-¢ current.

Fig. 13-23 Push-pull amplifier.
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(d) Ripple in the plate supply voltage does
not appear in the load, thus reducing the fil-
tering requirements on the power supply.

13-1.32 Analysis of push-pull power ampli-
fiers. Practical push-pull amplifiers must be
analyzed by graphical techniques because
they nearly always involve nonlinear tube
operation. The analysis procedure is as fol-
lows :

(a) First, form the composite plate char-
acteristics of the two tubes. This is done by
arranging two scts of plate characteristics,
as shown in Fig. 13-24A, so that the origin
of the bottom set coincides with the point
ey = 2E4, of the top set.

(b) Add algebraically the two curves e,
E,,.In the example of Fig 13-24B, E, ,is as-
sumed to be equal to — ks, andthedashedcurve
istheresult of the addition. Relabel the result-
antcurvee, =0,

(¢) Add algebraically the upper curve for

e, = —k, and the lower curve for e, = —k..
Relabel the resultant curve e, = —ka+ks =k;.
(d) Add algebraically the upper curve for
e, = —k¢ and the lower curve for ¢, = —ka.
Relabel/the resultant curve ¢ = —-k1

(¢) Continue this procedure by combining
upper ¢, and lower €, until the complete set of
composite characteristics is obtained (Fig.
13-24C),

(f) Through the¢ point é, = Euw, draw a
straight line with slope =1/ (N1/N:)2Ry. Re-
label the current axis (Nz/Ny)i, and the volt-
age axis {N;/N.)e; This is shown in Fig.
13-24D. Load voltage ¢, and load current 7,
may then be read off as a function of ¢

13-1.33 Push-pull amplifiers with a-c supply.
When the amplifier signal is an amplitude-
modulated carrier, a power amplifier similar
to the one shown in Fig. 13-25 is sometimes
used. Its advantage over the conventional
push-pull configuration is that it does not
require a d-c power supply. Theresulting sig-
nal wavetforms arcindicatedinFig. 13-26. The
pulse-like nature of the plate-current wave-
form makes analysis exceedingly difficult,

particularly when pentodes are used. There-
fore, circuit values for this configuration are
more easily determined by experimental pro-
cedures.

13-1.34 Efficiency

In practice, vacuum-tube power amplifiers
are used only where the load requirements are
moderate (uptoapproximately 100watts) be-
cause such amplifiers are relatively inefficient,
with a maximum of about 65 percent.

13-1.35 CASCADING AMPLIFIER STAGES

When a single amplifier stage cannot prc-
vide the required gain, additional cascaded
stages must be supplied until the requirement
ismet. In a cascaded amplifier, each successive
stage amplifies the output of the preceding
stage. There are two methods of cascading,
cach named according to the type of coupling
circuit used between stages:

(a) Direct coupling, in which the total in-
stantancous value of the output of one stage
affects the next stage.

(b) A-c coupling, in which only the time-
varying component of the output of one stage
affects the next stage.

13-1.36 Direct-Coupled Amplifiers

An example of a two-stage direct-coupled
amplifier is given in Fig. 13-27. Assumingthat
R, TR, >>R,, the gain of this amplifier is
expressed as

. MLWRmRm % R2
(B + Tp1) (Rro +752) R, +R,
(13-26)

The voltage divider Ry, R, reduces the gain
but is needed to make the V2 grid negative
with respecttoits cathode. The voltage divider
can be eliminated by coupling the plate of V1
tothe grid of V2 by means of a battery E
(Fig. 13-28). However, the separate battery
makes this coupling method impractical from
many viewpoints. Another way of eliminating
the voltage divider is to couple the plate of Vi
directly to the grid of V2. The cathode of V2
must then be returned to a positive-potential
point, and R, to a still more positive point,
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Fig. 73-24 Graphical analysis of a push-pull amplifier.
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Fig. 13-28 Battery-coupled, d-¢c amplifier.

Four separate power supplies are therefore
required (bias of V1, plate of V1, cathode of
V2, and plate of V2). Again, an impractical
situation arises. However, the need for four
separate supplies can be obviated by using a
single¢ high-voltage supply and tapping off the
required d-c voltages at appropriate points on
ableeder as shown in Fig. 13-29. Typical volt-
age levels corresponding to zero input signal
arcindicated on this figure. If the bleeder cur-
rent is large compared with the tube currents,
then the gain of the amplifier is

— P-1P2RL1RL2
(Bpy + 751) (Bpz + 752)

The heavy drain on the power supply, due to
the large bleeder current, makes this method
undesirable in many applications. Figure
13-30 shows still another method of elimin-
ating the effect of the voltage divider.
Resistance B, in Fig. 13-27is replaced by a
gas-discharge tube, such as a Type VR106
voltage regulator. A gas-discharge tube is
characterized by a very nearly constant ter-
minal voltage over a limited current range
(e.g., 10to 30 ma) sothatitacts as an equiva-
lent battery. Figure 13-30is the simplest cou-
pling circuit where signal levels are high
¢nough so that the gas-discharge-tube noise
(somewhat reduced by Ey and Cy) docs not
reduce the amplifier signal-to-noise ratio be-
low acceptable limits. Iannone® discusses in
detail the use of gas-discharge tubes as cou-
pling devices in d-¢ amplifiers.

(18-27)

13-1.37 Problems encountered in direct-
coupled amplifiers. Not only are there practi-
cal difficulties in the design of coupling
circuits in direct-coupled amplifiers, but the
very nature of direct coupling makes the out-
put level of such an amplifier dependent
upon all amplifier components, tube character-
istics, and power supply levels. Any variation

(+100v) R, (s200v) R,

+E, (4300V)

Fig. 73-29 D-c umplifier with single supply voltage.
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Fig. 73-30 D-c amplifier with gas-discharge tube coupling.

in these parameters (caused by aging of com-
ponents, changesin environmental conditions,
power supply ripple, etc.) changes the output
level even though the input remains constant.
The following measures are generally used to
reduce variation (drift) in the output level :

(a) Use only components that are stabil-
ized for age and changes in environmental
conditions ;¢. g, tubesthat have been “broken
in” (operated for 100 to 200 hours before use)
and temperature-stable metalized-type resist-
ors.

(b) Incorporate good regulation of all
power supply voltages, including filament
voltage. (A change of 20 percent in filament
voltage is approximately equivalent to a grid-
voltage change of 0.2 volt. Over the nonlinear
range of operation, changes in filament volt-
age also produce changes in 7,.)

In practice, these measures cannot be carried
out to perfection. Tubes show the effects of
aging, practical power supplies rarely have
voltage regulation better than 0.1 percent, and
good regulation of filament supplies often re-
sultsin excessive weight and space require-
ments. The reduction of drift, therefore, re-
quires the use of special circuit designs (par-

ticularly for the first stageof a direct-coupled
amplifier) that inevitably lead to greater
over-all amplifier complexity. One exampie of
added complexity is the use of feedback, which
can reduce the effect of drift but cannot elim-
inate it.

13-1.38 Drift-compensated direct-coupled am-
plifier. Figure 13-31 shows a circuit in which
the output is independent of filament-voltage
and supply-voltage variations, provided that
the two tubes are identical. Assuming linear
operation, the ratio of total output voltage to
total input voltage is

& _ _—uRs

e (13-28)
Cin 2r, + R3

13-1.39 Bridge circuits. Bridge cirruits, such
as those in Figs. 13-32 and 13-33, eliminate
drift duc to changes in E,;, filamert voltage,
and 7,. Assuming linear operation i Fig. 13-
32, the ratio of output voltage to input volt-
ageis

s — URL
en Tp+ 2R, + 2R, +R

(13-29)
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Fig. 73-3] Drift-compensated d-c amplifier.

and the output impedance R, sc¢en by the load
is

m:m+ﬁ%5 (13-30)

Assuming linear operation in  Fig. 13-33, a
low output impedance circuit, it follows that

& _ — bRy
€in o+ Re(1+4+p) +R.(2+p) +R
(13-31)
and
Ro — Rk(l + H) + rp +R (13_32)
24p 24w

13-20
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Fig. 13-32 Drift-compensated d-c amplifier.
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Fig. 13-33 Drift-compensated d-c amplifier.
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13-1.40 A-C Coupled Amplifiers

Because the reduction of drift to a neglig-
ible amount often leads to considerable circuit
complexity, direct-coupled amplifiers are gen-
erally avoided in servomechanism design.
Instead, a-c coupled amplifiers are used. How-
ever, in an a-c coupled amplifier, low-fre-
quency signal components are attenuated and,
since typical signal frequencies in a servo-
mechanism occur in the 0 to 20 ¢ps band, the
signal must first be modulated; i.e., superim-
posed on an a-c carrier. Typical carrier
frequencies are 60 cps and 400 cps. The block
diagram of a servomechanism incorporating

an a-c coupled amplifieris shown in Fig. 13-34.

If the amplifier load responds to modulated
a-c signals, the demodulator 1s not used. An
example of such a load is a 2-phase induction
motor. If the input signal is already in the
form of a modulated a-c signal, such as the
output of a synchro control transformer, the
modulator is not used. Servo compensation is
shown ahead of the modulator in Fig. 13-34
because d-c compensating networks are simp-
lerto design than a-c compensating networks.

INPUT

SERVO
——®] COMPENSATION MODULATOR
DEMODULATOR |g————————  amiicier

Fig. 73-34 Use of a-c amplifier to replace
d-c umplifier.

13-1.41 Two-stage a-c coupled amplifier. Fig-
ure 13-35is the circuit schematic of a simple
two-stage a-c coupled amplifier. Resistors By
and capacitors C} furnish self-bias by raising
the average cathode potential above ground.
The grid circuit may then be returned to
ground potential, as shown, and the need for
a grid-bias supply is eliminated. Ci is large

N
il

A,

Cu2

Fig. 73-35 Two-stage a-c amplifier (resistance-capacitance coupled).
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Fig. '13-36 Equivalent circuit of two-stage a-c amplifier in Fig. 73-35.

enough (1 to 40 microfarads) so that its re-
actance 1s negligible at the frequencies of in-
terest, thereby eliminating the effect of Ry on

value of R, is chosen sothat
lEcc| = IboRl

where

I,, = quiescent plate current

tors.

B. LOW-FREQUENCY EQUIVALENT CIRCUIT

dynamic response. For linear operation, the

(13-33)

|E .| = absolute value of desired bias

The large capacity of Cy is provided in com-
pact form by low-voltage ¢lectrolytic capaci-

The equivalent circuit of the two-stage a-c
coupled amplifier is shown in Fig. 13-36.For
analysis, this equivalent circuit can be broken
down into three separate simplified circuits as
shown in Fig. 13-37.In these circuits, C, isthe
output capacitance of tube V1, C, is the input

capacitance of tube V2, and C,, is the wiring

capacitance. The gain expressions

for the

¢ . three frequency regions are
‘s R, Cy+Cy+ C, 7 K o €g0 L —_ MRLlRDQ
_ = 92 e €51 o Tl + TpRys + Rl
o Fo2 (13-34)
’ J
- : 3 K . Kmid
C. HIGH-FREQUENCY EQUIVALENT CIRCUIT by, = i (13-35)
—_] —
f
K L — Kmhi
Fig. 73-37 Simplified equivalenf circuits of I Iy f (13-36)

first stage of Fig. 73-35.
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where
f = frequency of input signal
f1 = lower half-power frequency (response
down to 3 db)

. Tp1 + RLI
- 27th1 (Tlem + 'rleﬂ + R02RL)

f2 = upper half-power frequency (response
down 3 db)

_ TRy 4 ruRe + RuRys
27{(01 + Cz + Cw) rleLIRﬂ

Typical values of f; range from 1 to 20 cps,
typical values of f; from 50 to 500 ke. Thus,
in a servomechanism application, the high-
frequency equivalent circuit needs considera-
tion only when stability questions are
involved. In a properly designed amplifier, it is
usually permissible to assume that the gain is
constant and given by the mid-frequency
value K,uq. Plots of output voltage, gain, and
phase shift as a function of frequency are
shown in Fig. 13-38. When pentodes are
used, and the effect of R, and C) is to be
taken into account, then

actual output voltage 1
output voltage with ~— | + _gmFs
fixed-biasoperation 144 I
]
fs
(13-37)

where
f = frequency of inputsignal

_ 1
- ZﬂCkRk

13-1.42 FEEDBACK AMPLIFIERS

f3

13-1.43 Advantages

Negative feedback applied to an amplifier
produces the following advantages :

(a) Improved stability,

dK’ 1 dK
K~ 1—BK K

(13-38)

where

dﬁ_—pcr unit change in gain with
K’ feedback
K = open-loop gain

g = fraction of output signal fed back

—per unit change in gain without
K feedback
Since | 1 —BK | > 1 for negative feedback,
then

dK’ dK

K’ < K

(b) Modification of frequency response.
For example, addition of negative feedback to
a single-stage a-¢ coupled amplifier (Fig.
13-39) decreases the lower half-power fre-
quency and increases the upper half-power
frequency. Thus,

iy =FH/ (1 —PBKmi) (13-39)
s2r =F2(1 —PBKumia) (13-40)
where

fiy = lower half-power frequency with
y feedback P d Y

fi1  =lowerhalf-power frequency without
' feedback

for == upper half-power frequency with
* 7 feedback e

fa = upper half-power frequency without
* T Redback ueney

Kuwe = mid-frequency gain of amplifier
without feedback

(¢) Modification of input and output
impedances.

(1) For voltage feedback (signal propor-
tional to output voltage fed back), the output
impedance 1S given by

Z
Ty = ——— 13-41
*=T_bK, ( )
where
Z’, = output impedance with voltage
feedback

Z, = output impedance with input voltage
to feed-forward section short-
circuited
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Fig. 13-38 Frequency response of single-stage u-c coupled umplifier using
resistance-capacitance coupling.

By permission from Radio Engineers’ Handbhook. by F. E.
Terman. Copyright 1943, McGraw-Hill Book Company, Inc.
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1\
——

3“.

Fig. 13-39 Single-stage a-c coupled amplifier
with voltage feedback.

B = fraction of output voltage fed back

K, = open-loop gain of amplificr with load
open-circuited

Since | 1 —BK, | > 1 for negative feedback,
then
7'y L 2,

For example, consider the output impedance
seen by Ry in the cathode follower of Fig.
13-16. Here,

Z, =g

B =-1

K, =p

Z,=—"2
1 +4n

(2) For current feedback (signal propor-
tional to output current fed back), the output
impedance is given by

z,=2%,%+2,(1—K,) (13-42)
where

Z”, = output-impedance with current
feedback

Z, = impedance across which feedback
is developed

Since|l — K,| > 1for negative feedback,
then

z",>Z,
For example, consider the output impedance

seen by the load resistor Ry in Fig. 13-21.
Here,

Zo =17y + E,
Z, = Rk
K, =—pn

Z'y=1y+ B.(1 4+ p)

(3) When both voltage and current feed-
back arcused, then

Z”y = effective outputimpedance with both
types of feedback

_ Z,+Z,(1 —K,)
- 1—BK,

Techniques for finding impedance levels at
anyterminal pair are given in the book by
Bode.®

(d) Improvement in signal-to-noise ratio
when noise is generated internally (not at in-
put to amplifier). The addition of feedback it-
self does not increase the signal-to-noise ratio.
It does, however, permit an increase in the
signal-to-noise ratio because it permits an in-
crease in the input-signal level or an increase
in the gain of the stages preceding the noise
source without overloading the output stage.
This means, for example, that the power
supply for the output stage of a feedback am-
plifier requires less filtering as would normally
be required.

(13-43)

(¢) Reduction of nonlinear distortion. A
feedback amplifier reduces the percentage of
harmonic distortion in the output by a factor
of 1/1 — K.

13-1.44 Disadvantages

The disadvantages of negative feedback
are:

(a) Stability problems arise. These prob-
lems are analyzed and solved in the manner
outlined in Section I of this publication.
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(b) Over-all gain is less than in an open-
loop amplifier with the same number of
stages. That is,

K — K
1—BK

Since |1 —BK| > 1 for negative feedback,
K’ < K. To achieve a specified gain, a nega-

tive-feedback amplifier requires more stages
of amplification than an open-loop amplifier.

(13-44)

13-1.45 PROBLEMS ENCOUNTERED IN USE
OF ELECTRONIC AMPLIFIERS AS
SERVO COMPONENTS

13-1.46 Reliability

The greatest single cause of failure in elec-
tronic servo amplifiers is vacuum-tube break-
down. In many modern designs, vacuum tubes
have been replaced by transistors and mag-
netic amplifiers, but there are still cases
where dynamic requirements or environmen-
tal conditions dictate the use of vacuum
tubes. In these cases, the designer can do
much toward achieving amplifier reliability.
It is possible to design amplifiers that will
operateforthousands of hours without failure
by taking the following measures :

(a) Carein selection of tube types. There
are now available higher-quality tube types
than those originally developed for consumer
use. The highest-quality tubes that are well-
adapted to military applications are listed in
MIL-STD-200. Tube types should be selected
from this list whenever possible.

(b) Derating of tubes. Particular care
must be taken to ensure that maximum tube
ratings are not exceeded. These ratings are
published in tube manufacturers’ catalogs and
in Military Specification MIIFE-1. Circuits
should be designed for operation well below
maximum tube¢ ratings because tube life is
appreciably increased when the tubes are
thus derated. While there is no available ana-
lytical relationship giving tube life as a func-
tion of derating, ample experimental evidence
shows that derating of tube characteristics
leads to increased tube life. Maximum plate
dissipation, maximum plate voltage, maxi-
mum cathode current, and maximum bulb

temperature are the major characteristics
that should be derated.

(c¢) Cooling of tubes. Vacuum tubes should
not be located near other heat-radiating parts
and proper ventilation should always be pro-
vided. Where convection cooling cannot be
made adequate, cither by natural circulation
or forced air flow (fans), conduction cooling
can be provided by means of a metallic bond
between the tube envelope and the chassis
(e.g., by using a properly designed tube
shield).

(d) Interchangeability of tubes. Circuits
should be designed so. that malfunction can-
not be caused by variations in characteristics
between tubes of the same type (as listed in
MIL-E-1) or by reasonable variations in tube
characteristics caused by aging. Negative
feedback, for example, can do much to stabil-
ize circuit performapce in the presence of
tube-characteristic variations. A properly de-
signed circuit does not require a specially se-
lected tube. When circuit design necessitates
the selection of tubes with particular charac-
teristics, unmanageable maintenance prob-
lems inevitably follow.

(e) Protection fromshock. In mobile appli-
cations, tubes must be protected from mechan-
ical shock. Shock mounts on the amplifier
chassis are very helpful and, in addition, the
amplifier should be located as far as possible
from shock-producing members. Where me-
chanical shock is unavoidable, select tube
types specifically designed to tolerate shock
and use their acceleration ratings as a guide
in this selection.

(f) Filament-voltage regulation. Filament
voltages in excess of nominal ratings are par-
ticularly detrimental to tube reliability. If the
source of heater voltage is known to be vari-
able, it may be possible to sclect a center
value that is lower than the tube rating,
providing the resulting decrease in tube per-
formance does not produce circuit malfunc-
tion. Otherwise, some means of heater-
voltage control must be devised, or a more
stable source provided.

13-26



AMPLIFIERS USED IN CONTROLLERS

(g) Derating of passive circuit compo-
nents. Circuit components such as resistors
and capacitors (called passive components)
must be carefully chosen for highest quality.
The effects of variations in environmental
conditions on component electrical character-
istics must be considered in the over-all. am-
plifier design. Derating of manufacturers'
specifications is helpful in extending the use-
ful life of passive components as well as
tubes. Many designers now derate the power-
dissipation ratings or resistors and the maxi-
mum voltage ratings of capacitors (at normal
ambient temperatures) by as much as 50 per-
cent. Additional derating of these specifica-
tions is made for operation under unusual or
extreme conditions. To include aging effects
in resistors, some design groups also derate
the resistance-tolerance specification and use
a l-percent resistor where a S-percent toler-
ance is initially required, and a 5-percent re-
sistor where 10- to 20-percent tolerance is
required. While these measures lead to higher
initial equipment cost, they often pay for
themselves in reduced maintenance costs.

13-1.47 Construction

In the physical construction of an ampli-
fier, the dominant considerations are : adher-
ence to weight and space requirements;
freedom from unwanted electrical coupling
between components ; proper ventilation to
prevent excessive temperatures; freedom
from mechanical vibration ; and accessibility
of compcnents for maintenance.

13-1.48 Maintenance

Equipment down-time can be materially
reduced by using plug-in subassemblics that
can be quickly replaced by spares in case of
failure. To reduce the required inventory of
spare units, as many as possible should be
identical. For example, it is frequently possi-
ble to use several identical complete ampli-
fiers at different places in a system. The single
design, in this case, must be capable of satis-
fying different requirements and may there-
fore require greater design effort. However,
the resultant operational and maintenance
convenience often makes this approach very
desirable.

13-1.49 Quadrature Signals

In some applications, a servo amplifier is
required to amplify a signal that contains
two components, one¢ component in time-
phase with respect to a signal to which the
output member of the servomechanism can
respond and representing the loop error, and
the other component 90° out of phase with
the first. The second component, called the
quadrature signal, serves no useful purpose.
Its presence, however, causes the amplifier to
saturate ecarlier than it otherwise would,
thereby reducing the effective gain of the
amplifier. For this reason, it is desirable to
remove the quadrature-signal component.
One method employs a keyed demodulator
that is triggered at the time the instantane-
ous value of the quadrature voltage is zero.
Since the output of a keyed demodulator will
then be a function of the in-phase signal only,
remaining constant between triggering
points, it follows that the quadrature com-
ponent is eliminated from the demodulator
output.

13-1.50 Complete Amplifier

The design of a complete amplifier is not a
rigidly determined procedure. The designer
must take into consideration not only the am-
plifier specifications (load characteristics, in-
put signal voltage and impedance, amplifier
dynamics, space and weight restrictions), but
also such characteristics of the over-all sys-
tem as environmental conditions and avail-
able power supplies. However, the designer
may very well be able to design several differ-
ent amplifiers that satisfy the requirements.
For example, after a push-pull power-
amplifier stage has been designed, a freedom
of choice often exists for selecting the means
of obtaining the two grid signals. This choice
could be a transformer with a center-tapped
secondary, a plate- and cathode-loaded ampli-
fier, or a differential amplifier with one grid
grounded. In general, the objective is to
achieve the required gain in the voltage-
amplifier section with the least number of
stages so that the tube complement is held to
a minimum. On the other hand, it might be
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desirable to incorporate negative feedback
for gain stability. This decreases the open-
loop gain and, as a result, the design might
use more than the minimum possible number
of tubes. Here, as in so much of systems de-
sign, trial-and-error procedures are used and
even after a design is completed, building and
testing a breadboard model nearly always re-
sults in a considerable number of design
changes.

13-1.51 Details of a Typical Servo Amplifier

Figure 13-40 shows the circuit schematic
of the main elements of a complete amplifier
designed to drive a 2-phase motor. Tubes V4
and V5 form a push-pull amplifier. The
control-grid signal for V4 is derived from
voltage amplifier V84, one of two triode sec-
tions in the same tube envelope. The control-
grid signal for V5 is derived from V3B, the
output of which is of the same magnitude as,
but 180° out of phase with, the output of
V3A. The input signal for V3B is part of the
output of V34, and hence V3B inverts that
signal. The ratio Res/Ry + R and the gain
of V3B are¢ adjusted so that the output of
V3B is exactly equal in magnitude to the out-
putof V3A. V2B is another simple voltage am-
plifier and V2A is an electronic phase shifter
comprising a phase splitter similar to the
one discussed in connection with Fig. 13-21.
By connecting B9 and C4 between the plate
and cathode of V24, the output voltage atthe
junction of E9 and C4 can be varied in phase
from 7° to 170° without. appreciable change
in amplitude simply by varying E9. V1 is a
summing amplifier for the two input signals.
Each stage of the servo amplifier uses a ca-
thode resistor to provide negative feedback
within the stage and also to provide bias volt-
age, thereby eliminating the need for a nega-
tive bias-voltage supply. Series grid resistors
R25 and R26 are used to suppress parasitic
oscillations that frequently occur when the
resistors are omitted. The capacitor across
the output transformer compensates for the
inductance of the motor; the capacitor value
depends upon the particular motor used. Am-
fier gain is controlled by varying R28 in
the feedback loop. The gain factors for the

individual stages are indicated on the figure.
Other specifications are :

Power Requirements :
For v4 and V5, Type 6V6 —plate current
80 ma at 4+300v, filament current 2.7 amp
at 6.3 vac
For V4 and V5, Type 6.6 —plate current
110 ma at 4+-300v, filament current 3.6 amp
at 6.3 vac

Gain : 1000 min, 5000 max
Power ouput : 15 watts max

Load impedance: adjustable from 200 to
20,000 ohms through transformer taps

Noise level : less than 1volt output with both
inputs grounded

Internal phase shift: adjustable from 7" to
170°

Linearity: linear for input signals up to =50
mv

Response : flat within = 1db from 50to 10,000
cps for resistive load of 1200 ohms; flat to
+50 ¢ps of the modulating frequency (3"
phase shift at 50 cps), for motor loads, with
carrier frequency constant ; carrier frequen-
cies of 60, 400, and 1000 cps can be used (for
60 ¢ps carriers, the coupling capacitors should
be increased to 0.05 microfarad).

13-1.52 THYRATRON AMPLIFIERS

Amplifiers employing thyratron tubes can
be used in certain servomechanism applica-
tions to supply resistive, capacitive, or induc-
tive loads. The thyratron is an efficient ampli-
fying devicethat provides high power gain.

13-1.53 Descriptionof Thyratron

A thyratron is a thermionic tube contain-
ing a plate, a cathode, and one or more grids.
The thyratron envelope is filled with hydro-
gen, mercury vapor, or a noble gas such as
xenon. Hydrogen-filled thyratrons are used
only for high-voltage pulse work; they will
not be considered in the following discussion.

Mercury-vapor-filled thyratrons must be kept
between fairly narrow operating-temperature
limits, usually between 40°C and 80°C, thus
limiting the ambient temperatures in which
these tubes can be used. However, nearly all
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thyratrons filled with noble gas can be used
in ambient temperatures ranging from
—55°Cto 4-756°C, with some tubes having an
even wider ambient-temperature operating
range. The control power required by thyra-
trons is quite small, being generally about
100 milliwatts. Load-current ratings range
from about 40 milliamperes to 18 amperes,
and more. Peak-forward and peak-inverse
voltage ratings range from about 350 to 2000
volts, with ratings from 750 to 1500 volts be-
ing the most common for the larger tubes.
Plate-to-cathode drop is generally 8 to 15
volts.

13-1.54 Thyratron Characteristics

The thyratron acts essentially as a switch
capable of conducting currentin one direction
only. As long as the voltage between control
grid and cathode -is more negative than the
critical grid voltage, the thyratron does not
conduct plate current. When the grid-to-
cathode voltage is more positive than the
critical grid voltage, the thyratron conducts
plate current, provided that the plate is posi-
tive with respect to the cathode. However, the
control grid loses all control over the plate
current as soon as the thyratron begins to
conduct, and current flows as long as the
plate-to-cathode voltage is positive, even if
the control-grid voltage is again made more
negative than the critical grid voltage. Figure
13-41 shows typical control characteristics of
a thyratron. The grid voltage at which con-
duction starts is called the critical grid volt-
age and is a function of plate voltage. The
shaded area in the figure indicates a region
of uncertainty where conduction may, or may
not, start. This uncertainty region is the re-
sult of manufacturingvariations, variation in
tube temperature, and tube aging. Conduction
in a thyratron is carried on by ionized gas.
At the end of the conduction period, a certain
time is required for the gas to be deionized.
Usually, this deionization time is about 1mil-
Iisecond, thus placing a limit on the frequency
of the alternating voltage that can be con-
trolled by a thyratron. Nearly all thyratrons
require a warm-up period, ranging from
about 10 seconds to on¢ minute, every time
the equipment is started. This warm-up pe-

w 1200 %%7’%% CONDUCTION
51000 ig%%//?
S 600 \/%yéy
é e _'Cwanu?:non %%
)
200 7
2

CRITICAL GRID VOLTAGE IN VOLTS

Fig. 13-41 Typical thyratron control
characteristics.

riod prevents damage to the cathode by posi-
tive-ion bombardment.

Once a thyratron begins to conduct, the
control grid has no further influence on the
magnitude of the plate current, and grid con-
trol can only be re-established by removing
the plate voltage or by reversing it. Removal
of the plate voltage is nearly always a cum-
bersome procedure, but reversal can be ac-
complished by the simple expedient of using
ac instead of dc to supply the plate voltage.
For this reason, thyratrons are¢ hardly ever
supplied from a d-c¢ source. Reversal of the
alternating plate voltage interrupts the plate
current during each cycle, thus re-establish-
ing grid control fur the next cycle.

13-1.66 Thyratron Amplifier with
Resistive Load

Figure 13-42 shows a simple half-wave
thyratron amplifier working into a purely

13-30



AMPLIFIERS USED IN CONTROLLERS

resistive load. The output current of this am-
plifier is apulsating direct current, the magni-
tude of which depends upon the grid voltage.
A common method of applying grid control is
shown in this figure, where a constant sinus-
oidal voltage is phase-shifted by an R-C net-
work so that it lags the plate voltage of the
thyratron by 90°. This phase-shifted voltage,
frequently called the rider, is added to a vari-
able d-c¢ control voltage E,; the sum of the
two voltages is then applied between grid and
cathode of the thyratron. A very small capaci-
tor C2 is connected directly between grid and
cathode to prevent transient disturbances in
the plate voltage from producing excessive
voltages on the control grid through the plate-
to-grid capacitance.

Figure 13-43 shows the waveforms of plate
voltage and critical grid voltage of the thyra-
tron as a function of time. The actual grid
voltage produced by the circuit of Fig. 13-42
is shown for two values of the control voltage
E,, together with the resulting load voltage.
If E, is positive (Fig. 13-43A), the grid volt-
age exceeds the critical grid voltage early in
the positive half-cycle of plate voltage. The
thyratron thus “fires” early, permitting the
plate voltage to be applied to the load over the

major portion of the positive half-cycle. The
rectifying propertiecs of the thyratron pre-
vent a reversal of the load current ; therefore,
no negative voltage can be applied to the re-
sistive load. If E, is negative (Fig. 13-43B),
the thyratron fires late in the positive half-
cycle, and the plate voltage is applied to the
load for only a small portion of the positive
naif-cycle.

13-1.56 Control of load Voltage

With the grid circuit shown in Fig. 13-42,
the load voltage can be controlled by varying
the control voltage E,. With resistive loads,
the change in the d-c value of the load voltage
is proportional to the change in the d-c con-
trol voltage. Thyratrons are often used in
full-wave amplifiers, in which case a trans-
former or other means must be used to supply
cach tube with the appropriate rider. Occa-
sionally, the a-c rider is purposely distorted
by means of diodes, ¢tc., to obtain more favor-
able control characteristics for inductive or
capacitive loads.

The angle a at which the thyratron begins
to conduct is often called the firing angle, or
angle of retard. This firing angle can also be
controlled by providing an a-c¢ grid voltage,

T1
cl THYRATRON
ALTERNATIN: T .
VOLTAGE 1 l
INPUT "l c2
RIiER I

LOAD

———— P LA E VO L AGE

EC
D-C CONTROL
VOLTAGE

rig. 13-42 Half-wave thyratron amplifier.
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fig. 73-43 Waveforms of circuit in fig. 73-42.

the phase angle of which (with respect to the
plate voltage) can be adjusted by external
means. A simplified circuit of this type is
shown in Fig. 13-44. The phase angle of the
alternating grid voltage may be varied by
means of various phase-shift circuits and
devices, depending upon the application.
Control schemes furnishing a steep voltage
pulse to fire the thyratron offer certain ad-
vantages in some applications. These pulses
may be produced by electronic circuits or by
magnetic devices such as pulse transformers.
Another control scheme in this general cate-
gory employs a magnetic amplifier to provide
pulse signals, the phase angle of which (with

respect to the plate voltage) wvaries in re-
sponse to the control current of the magnetic
amplifier.

13-1.57 Thyratron-Amplifier loads

Thyratrons can be used to supply loads
consisting of resistive, inductive, or capaci-
tive elements, either smgly or in combination.
If a d-c output is required, the thyratrons can
be connected as single-phase or polyphase
rectifiers of cither the half-wave, full-wave,
or bridge type. The back-to-back connection is
used if an a-c load, such as the control wind-
ing of a servomotor, is to be supplied. Some
of these circuits are shown in Fig. 13-45,
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Fig. 13-44 Control of a thyratron by means
o a phase-variable a-c signal.
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13-1.58 Resistive loads. The load-voltage
wavetorms found in multitube circuits with
resistive loads can be obtained by methods
similar to those used to obtain the wavetorms
in Fig. 13-43.

13-1.59 Inductive loads. If the load is induc-
tive, the picture is somewhat more compli-
cated. When the firing angle is very large, the
load current is very small because, during
any conduction period, the load inductance
prevents build-up of the load current as shown
in Fig. 13-46. As the firing angle is reduced,
the load current increases slowly until the
point is reached at which theload current sup-
plied by one tube persists until the next tube

A-C SUPPLY

]

8. SINGLEPHASE FULL-WAVE
(SUPPLIES D-C TO LOAD)

o

3-PHASE SUPPLY

C. 3.PHASE HALF-WAVE (SUPPLIES D-C TO LOAD)

Fig. 73-45 Piate and load connections of typical thyratron amplifiers.
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Fig. 73-46 Load voltage and current supplied by a single-phase full-wave
thyratron amplifier to a highly inductive load.

begins to conduct. When this point 1s reached,
conduction is nearly continuous and the aver-
age value of the load current, being limited
only by the load resistance, increases rapidly
asthe firing angleisfurther reduced. Continu-
ous conduction is possible in 3-phase
half-wave circuits when the firing angle is
somewhat less than 120°. In single-phase full-
wave circuits, the firing angle for continuous
conduction must be less than 90°. Continuous
conduction is impossible in single-phase half-
wave circuits.

If gas-filled thyratrons are used to supply
inductive loads by continuous conduction,
provision must be made for the prevention of
gas “cleanup” duc to bombardment of the
plate by positive ions.® This bombardment
takes place at the end of each conduction pe-
riod, at which time a large negative voltage is
applied to the plate while there are still posi-
tive ions present within the tube envelope.
Manufacturers’ instructions should be fol-
lowed when applying gas-filled thyratrons to
inductive loads.

13-1.60 Battery, capacitive, and separately
excited d-c motor loads. The back voltage
caused by a battery, by a charge on a capaci-
tor, or by motor counter-emf prevents cur-
rent flow until the plate voltage exceeds the
back voltage. Once conduction has started,
current is limited by the series impedance
present between the source of alternating
power and the back voltage. Conduction con-
tinues until the plate voltage drops to a value
approximately equal to that of the back volt-
age. Conduction ceases at this point, unless
an inductive element is present, in which case
conduction continues until the energy stored
in the inductive element is dissipated.

When an inductive element is present in
the impedance between the source of alternat-
ing power and the back voltage, conduction
may or may not be continuous, depending
upon the magnitude of the inductive element,
the magnitude of the back voltage, and the
configuration of the thyratron amplifier. 2318
Continuous conduction is particularly desir-
able in motor-control circuits since the speed
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regulation and transient response of the
motor are much better with continuous con-
duction than with discontinuous conduction.

13-1.61 Dynamic Performance

The response of a thyratron-controlled de-
vice is generally determined by the time con-
stants of the device. The response of most
devices is not affected by the substitution of
a thyratron amplifier for other sources of
¢clectrical power, except that a small random
delay is introduced. The magnitude of this
delay is roughly equal to the period of the
supply frequency divided by the number of
thyratrons used in the amplifier. Thus, a
single-phase full-wave amplifier introduces
a random time delay of about one-half cycle,
a 3-phase half-wave amplifier introduces a de-
lay of one-third cycle, etc. This delay is caused
by the time difference between firing of suc-
cessive thyratrons; i.e., once a thyratron is
fired, a changein its grid voltage has no effect
until the next thyratron is ready to conduct.

13-1.62 Exception to time-constant rule. An
important exception to the time-constant rule
outlined above is the separately excited d-c
motor. As long as thyratron conduction is
continuous, the response of the motor is de-
termined by the mechanical and electrical
time constants of the motor. However, the
response becomes much more sluggish as soon
as conduction becomes discontinuous. This is
because the discontinuous nature of the con-
duction makes it impossible to build up the
armature current to the value required for
rapid acceleration. Regenerative braking for
rapid deceleration is impossible because the
rectifying action of the thyratron amplifier
prevents a reversal of the armature current.
Discontinuous conduction, therefore, leads to
a much slower response than would be ex-
pected from the mechanical and e¢lectrical
time constants of the motor. This effect is
discussed in detail in the article by Chin and
Walter. 04

13-1,63 D-C POWER SUPPLIES FOR
ELECTRONIC AMPLIFIERS

A d-c power supply converts an a-¢ input
voltage into a unidirectional voltage which,

after filtering and smoothing, becomes the
desired d-c voltage. D-c power supplics are
used primarily to furnish tube plate and
screen voltages as well as control-grid bias
when self-bias is not used.

13-1.64 Types of Rectifiers

Diodes or thyratrons are commonly used as
rectifiers in d-c power supplies. Many low-
current power supplies, however, use semi-
conductor devices such as junction diodes or
selenium rectifiers because they are smaller,
require no filament voltage, and last longer.
Thyratrons and gas diodes are used where
load currents are heavy; i.e., in the order of
amperes.

13-1.65 Power-Supply Circuits

Circuit schematics of the two most common
diode-rectifier configurations are given in
Figs. 13-47and 13-48. The advantages of the

vl
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fig. 13-47 Full-wave rectifier with typical
L-C rilter.

_-._—NY'Y'\___qm —0 4

~ OUTPUT

Fig. 13-48 Bridge rectifier with typical
L-C filter.
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bridge rectifier over the standard full-wave
rectifier are as follows:

(a) A transformer is not required to pro-
vide d-c isolation between the a-c input and
the output. (A transformer is necessary only
if a voltage step-up is required.)

(b) The peak inverse (negative) voltage
across cach rectifier is one-half that in a full-
wave circuit. The one disadvantage of the
bridge circuit is that twice as many rectifiers
are required.

13-1.66 Design of D-C Power Supplies

The design of rectifier-filter combinations
is given detailed treatment in many publica-
tions.®® In specifying a power supply, the
following characteristics are of interest :

(a) Load voltage and current.

(b) Regulation. Load regulation is a meas-
ure of the steady-state change in output volt-
age due to a change in load current from zero
to full load, with the a-c line voltage constant
at the design center. Line regulation is a
measure of the steady-state change in output
voltage due to a change in a-c line voltage
from minimum to maximum specified value,
with load current held constant at 50 percent
of the specified rating. Regulation is usually
expressed as a percentage R, where

AE,

o

R = x 100

(13-45)

(c) Output-voltage ripple. This term de-
scribes the time-variant component of the
output voltage. Ripple usually has a complex
waveform and is specified either as the peak-
to-peak value or as the rms ripple, which
defines the “heating value” of the ripple com-
ponent.

(d) Internal or output impedance. Output
impedance Z,(s) relates dynamically the
change in output voltage caused by a change
in output current and is given by

_AE,(s)

Zo(8) = AL (5)

where

(13-46)

AE, (s) = Laplace transform of the change
in output voltage

Al,(s) = Laplace transform of the change
in output current

The magnitude of the output impedance is a
function of the frequency of the load varia-
tions and, because power supplies are non-
linear devices, is also a function of the mag-
nitude of these variations and the center
value around which they are taken.

Regulation, ripple, and internal impedance
are largely determined by the type of filter
used. These characteristics can be improved
(i.e., lower percentage regulation, ripple volt-
age, and output impedance) by inserting a
regulator between the rectifier-filter combina-
tion and the load, as shown in Fig. 13-49. In
most practical regulated power supplies, the
reference voltage is derived from the plate-
to-cathode voltage drop of a gas-discharge
tube called a voltage-regulator tube. This
voltage drop is nearly constant and is con-
tinually compared with the regulator output
voltage. The drop is usually a fraction of the
output voltage because practical voltage-
regulator tubes have voltage drops lower
than the required regulator output voltage.
The resultant difference voltage, or error, is
used to moditfy the voltage drop in the regu-
lator in such a way that the output voltage
remains nearly constant in the presence of
input and load variations. For high-precision
applications, standard cells are used as refer-
ence eclements.

OUTPUT

AC RECTIFIER

— AND FILTER REGULATOR & LoAD

REFERENCE

fig. 73-49 Block diagram of regulaoted
power supply.
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13-1.67 Typical electronic regulator. The cir-
cuit schematic of a typical ¢lectronic regula-
tor is given in Fig. 13-50, where V1 is the
error amplifier, V2 is the series regulator
tube, and V3 is the voltage-regulator tube.
Because the full load current flows through
V2, and because V2 has a plate-to-cathode
voltage of atleast afewtens of volts, the plate
dissipation of V2 is quite high. Where the full
load current is appreciable, several tubes may
be connected in parallel, each tube dissipating
(wasting) considerable power. If the circuit
of Fig. 13-50is assumed to operate initslinear
range, the change in output voltage caused by
a change in input voltage is

dE, ued + 1

= 7 (13-47)
p T
L+ us (14 BK) + 22
where
= —’rpl
71 +Rs
B = R
R, +R:
— H1R3
7o + Rs
E, = load voltage
I = current through series regulator tube

The sma<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>