





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































27-80 DESIGN OF COMPONENTS

TABLE 17. DEgsieN oF NoNSATURATING EmMiTTER-CoupLED Frip-Frop
(F1c. 83) (Ref. 125)
Definitions

Vec = supply voltage

AV, = collector voltage swing

Al = collector current swing

Vve = base-to-emitter voltage
trn = recovery time

A =AV./Vee

K = Ry/(Rx + Ry + Ryr)
X = R./Ry

u = Rb/R/

¥ = (I/K)/|Vye/Vecl
Determine: RL, Rb, RK, Rf, CK, Cf.
1. Select: V., I, Vee, and tp,.
2. Select K:
(@) For bistability: K > (1/4)|Vee/Veel;

(b) For realizability: (1 — 4) and 4 > K >>|Vy./Veel.
3. Select u:
A

Qe S>Uu > ol — YA — K1+ K — A)’

4. Calculate KX:
KX = u/2 — Vu/4 — ud /lowe(1 — P)].
5. Calculate Ry:
Ry = (awoVee/AINK —|Vie/Vec)).

. Calculate R;: Rp = XR;.

. Caleulate Ry: Ry, = uRy.

. Calculate Rx: Rx = (u/K — u — X)R;.
Calculate Ck:

_trn
Cx = RxX(1 + X/w)In {{1 — A)/AI(K + KX/uw)/(1 — K — KX/w)}

10. Select Cy:  C; >>1/2nfupRy and Cy < ty0/wRy.

© 0o

achieved and the reliability of switching can be improved by using the
arrangement of Fig. 86. Diodes D¢ are routing diodes which make sure
that the negative trigger pulse reaches the collector of the nonconducting
transistor, which is at a high potential, but does not reach the collector of
the conducting one, the potential of which is low. Diode Dy allows the
coupling capacitor Cr to discharge rapidly at the termination of the trig-
ger pulse and thereby increases the trigger sensitivity of the circuit.
Frequency limitations due to saturation ean be prevented by using the
clamping techniques described in the previous section. These techniques
are directly applicable to all the bistable flip-flops described above. How-
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Fic. 84. (a) Unclamped and (b) clamped versions of base returﬁ flip-flop.

ever, it should be remembered that while clamping diodes prevent storage
effects in transistors, storage effects in the diodes themselves must also be
avoided. Consequently, the clamping diodes must be selected for short
recovery time. A clamped version of the base return flip-flop is shown
in Fig. 84b. A method of design for this circuit is given in Table 18. (The
design method is due to E. A. Fisch, General Electric Company.)

A method developed by J. G. Linvill (see Ref. 143), which uses diodes
for simultaneously routing trigger pulses and clamping, is illustrated by
the circuit of Fig. 87. The diodes Dzx and D¢ are of the breakdown
type. Diodes Dzx are continuously broken down and maintain a con-
stant voltage difference between the collector of one transistor and the
base of the other. Diodes Dzs are broken down when the voltage differ-
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Fic. 85. High-efficiency flip-flop.
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Fic. 86. Bistable multivibrator with steering diodes for high-speed triggering.
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Tasre 18. DesieN oF Cramrep Base RETurN Frip-Fror (Fic. 84b)
(From E. Fisch, General Electric Co., Syracuse, N.Y.)

Definitions
Vec = collector supply voltage
Vsp = base supply voltage
AV, = collector voltage swing
Al = collector current swing
Ip = current through voltage divider
Ve = collector-to-emitter voltage of conducting transistor

Ve = base-to-emitter voltage of conducting transistor
Vs: = forward voltage of silicon diode
Vge = forward voltage of germanium diode

Determine: RL, RK, Rb, CK, Vaa.

1. Select A, V¢e, and tyn.
2. Calculate Ve:
Vee= Voe+ Vi — VG’e;
Vee < Veey Vee = Vee + AV
. Select Veg: Vpp > Ve
. Calculate B: Ry = AV /AL,
. Select Ip: Ip > I¢go.
. Calculate R’:

R' = Rg + Ry = (Vss + Vee)/Ip — Ri.

7. Calculate design parameters @, b, c:

S UL W

a=Vee— Ve — Vsi;
b = Vi + Voe;
¢ = AV /R, — (Vap+ Vee — Visi)/R'.
8. Calculate design parameter mq by taking positive root of:

. ae(a + b) _ R, + R’ _ aeb(Re + R)
m+ m[ ¢ R’ ] cR’! -

0.

9. Calculate Ry: Ry = moR’
10. Calculate Rx: Rx =R — R

11. Calculate Ck:
CwBetBrt By b
K "Re(B»+ R1) 23

ence between the two collectors exceeds their breakdown voltage. Conse-
quently, diodes Dzg prevent collector saturation while the reference po-
tentials established by diodes D fix the stable points of the circuit.

The switching time tg, (i.e., the time within which the transient reaches
90% of its final value) of transistors in a nonsaturating flip-flop is given
approximately by:

bsw 22 0.37 /f b

The maximum rate at which a transistor flip-flop can be switched be-
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Fi1c. 87. Nonsaturating flip-flop using.breakdown diodes.

tween its stable states.is a complicated function of its circuit elements.
For optimum design, neglecting the effect of the collector capacitance and
that of the recovery time of the coupling network, the maximum switching
rate is approximately:

fmax gfabvl — apy = \/fabfae-

Flip-flops can be triggered from one stable state into the other stable
state by applying a trigger pulse of sufficient amplitude and/or length.
The required trigger charge (current multiplied by time) is approximately
Qr = (%, max/Tfap), Where 7, max is the maximum current flowing in the
collector of the conducting transistor (see Ref. 22).

Monostable Circuits. Monostable circuits have one stable state, the
stable state being usually associated with zero output (or a nonconducting
transistor). Application of a trigger pulse switches the circuit into a
state where an output is obtained for a short time. The output may be
considerably larger than the trigger input, and the shape of the output
pulse may be considerably better than that of the input pulse. Conse-
quently, monostable circuits can be used as regenerative amplifiers.

Many different circuits can perform this function.  Eccles-Jordan type
circuits can be made monostable by unbalancing a conventional bistable
circuit. For example, by inserting a resistor R, in one of the emitter
leads of the bistable flip-flop of Fig. 83, as shown in Fig. 88, the circuit
becomes monostable. The multivibrator of Fig. 69 can also be made to
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? R, Cx Ck ?RL

Trigger ”__ oPulse
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F1a. 88. Monostable multivibrator.

operate in a monostable manner. Table 19 gives a method of design for
monostable multivibrators of this type (see Ref. 125).

Figure 89 shows a conventional transistor blocking oscillator. The
circuit is freerunning (astable) if the emitter-base-diode is biased in the
forward direction, i.e., if V; is negative. Then, the input signal serves to
synchronize the freerunning circuit with the input. If the bias maintains
the transistor in cutoff condition (V; being positive), the circuit is mono-
stable and delivers an output provided an input trigger pulse is applied.
The operation of the circuit can be improved considerably by using the
arrangement, of Fig. 90, suggested by Linvill and Mattson (see Ref. 124).
Diode D, clamps the collector to potential V4, thereby preventing collec-

c
i
il
n-p-n
b o
12 R T
=|+ =l
1| a 1
v |2 =

Fi1c. 89. Blocking oscillator type pulse generator.
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TasiLe 19. DESIGN oF MONOSTABLE MULTIVIBRATOR (F1a. 69) (Ref. 125)

Definitions
Vee = supply voltage
AV, = collector voltage swing
AI, = collector current swing
Ve = base-to-emitter voltage
t.n, = recovery time (pulse width)

A =AV./V¢e

K = Ry/(Rk + Ry + Ry)
X = R1/Re

u = Rb/REZ

Y = (1/K)/|Veo/ Vec|

m = Rel/Re2

Determine: Ry, Rs, Rx, Rea, Res, Ck1, Cko, Ce.

1. Select AV, Al., Vee, and ¢y,
2. Select K: (1 — A) and 4 > K >>|Vve/Veel.
3. Select u:

For I¢po stability: u << Al./I¢po;
For realizability: a.o >u >
4, Calculate KX:
KX = u/2 — Vul/4 — ud/[on(1 — ¥).
5. Select m to satisfy:

A
a(l — (A — KA+ K — 4)

(a) design realizability: m < X;
(b) monostability:

1 — Y[l + KX + K2Xu/(u — KX)] } .
1 — K(I — KX¢) + K2Xu/(u — KX)

. Calculate Res: Rez = (asoVeoo/ALNK —|Vie/Veel).
. Calculate Re1: Rei = mRes.

. Calculate Rr.: Ry = XRes.

. Calculate Rp: Ry, — uR.o.

10. Calculate Rx: Rx = [u/K — u — X]Re.

11. Calculate Cko:

Cx2

m<KX{

[Jolio oL e

- trn

T RxK( + X/uw) In {[(1 — A)/AN(K + KX/0)/(1 — K — KX/w)]}

12. Select Cki. ‘This is arbitrary but Cx; should be smaller than Cks. TFor
example: '

Ck1 = 0.1Cks.
13. Select C.:
Ce> 1/27rfabRe2 and C, < trn/’ﬂ'Rf.
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Fia. 90. Nonsaturating blocking oscillator,

9

tor saturation. Diode D, prevents the transformer primary voltage from
being positive, thereby limiting the maximum collector-to-base voltage to
(V1 + Vo), which must be smaller than the collector breakdown voltage
of the transistor used.

Applications of Transistor Switching Circuits

Logical Switching Circuits. An important class of applications for
switching circuits are logic circuits used in digital data processing systems.
In general, a logic circuit has several input and output terminals with
output signals appearing only for certain combinations of inputs. Compli-
cated logical networks can be constructed by using and, or and inhibit
circuits as building blocks. One advantage of transistor logic over the
commonly used diode logic is the inherent amplifying capability of tran-
sistors which makes further amplification after a few logic stages un-
necessary. Logic circuits of various types using transistors have been
developed. One type (described by Bruce and Logue, see Ref. 154) uses
the common collector stage as its basic switching element (Fig. 91).

=15v -8v +15v Ov
i i
Ry Rz Ry RZ
In In
p————-0
c, p-n-p Out c, nep-n ——o0ut
§ R, §Re
o] Q
+15v ~15v

TF16. 91. Common collector stages p-n-p and n-p-n for logical functions.
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——o0-15v
§ o =8v
x | i‘:i @ y z
Out
; “X-Y-2)

+15v
Fi16. 92. And circuit.

Several such circuits having a common load resistor perform the and
function for positive input pulses (Fig. 92). (For negative input pulses a
similar circuit configuration acts as an or, provided the d-c¢ potentials are
appropriately changed.) With positive input pulses the or function can
be performed using n-p-n transistors as shown in Fig. 93.

An tnverter is shown in Fig. 94. If no input signal is applied, the
transistor is nonconduecting, the collector being a —5 volts potential due
to the clamping action of diode D. When the input is driven negative
(—5 wvolts), collector current flows and the collector becomes saturated
(the collector potential being = 0 volts). After removal of the input, the
charge accumulated on capacitor C flows into the transistor and turns it
off.

+15v
O

n-p-n

(X+Y+2)

~15v
Fia. 93. Or circuit.
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+15v =5v ~15v
Output
~0
I8
Inw -5v
Ov
=5v _L. }_J

F1c. 94. Transistor inverter stage.

A transistor switching circuit which may be used to gate an input
signal from a common input terminal to one of two output terminals is
shown in Fig. 95. The input signal at A may be routed to the output of
either transistor Ty (B) or transistor Te (D), depending on the polarity
of the gating signal applied at G. If a positive potential is applied at G,
T, is biased into cutoff and a positive pulse applied at A will cause an
output signal to appear at D only. If a negative potential is applied at
G, the input pulse will cause T, to conduct, and the signal will appear at
B but not D since the negative potential at G back-biases the emitter of
T, but forward-biases the emitter of T;. Similarly, once T'» conducts, Ty
is clamped into cutoff by the positive potential at G.

The abovementioned logic circuits use several resistors and capacitors
as biasing and coupling elements. Considerable circuit simplification
can be achieved with the direct-coupled transistor logic circuits deseribed
in the following section.

=Vee =Vee

AMN—

L

s

|

ta
Fic. 95. Bidirectional transistor gate.
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Direct-Coupled Switching Circuits. In digital circuitry a transistor
is either conducting (on) or nonconducting (off). However, on and off
are relative terms and imply only a significant difference in conduction.
The difference must be sufficient for reliable operation. For example, if
the collector of one transistor is coupled directly to the base of another
transistor, as shown in the direct-coupled flip-flop of Fig. 96, satisfactory
operation can be achieved, provided that the collector of the first (con-
ducting) transistor is at a sufficiently low potential to permit only very
little current flow in the other transistor and the collector of the second

=V

I

Fic. 96. Direct-coupled flip-flop.

nonconducting transistor is at a sufficiently high potential to cause con-
siderable conduction of the first transistor. The input and output charac-
teristics of many transistors satisfy these requirements and such tran-
sistors can be used in direct-coupled transistor logic (DCTL) circuitry.
Such circuits result in considerable savings in component parts: capaci-
tors and resistors (for details, see Vol. 2, Chap. 18, and Refs. 146 and 147).

Numerous logical and other switching functions can be achieved with
direct-coupled circuits. An or and an and are shown in Fig. 97. The half-
adder circuit of Fig. 98 has two output terminals: the ‘“‘sum output’ ter-
minal is energized if only one input signal is present, whereas the “carry
output” terminal is energized when both input signals exist. (d@ denotes
the complement of @ and b that of b.) The odd parity checker of Fig. 99 has
four inputs. An output appears if any one or any three of the four inputs
are present. There is no output for an even number of inputs.

Counters. An important class of application of bistable flip-flops
(conventional or direct-coupled) are counting or frequency dividing eir-
cuits. Two cascaded bistable flip-flops, as shown in Fig. 100, give a
count by four. In a similar manner, counting by numbers which are



o Out
(X+Y+2)
X Y Z
S, —0
(a)
Out
(X°Y2Z)
(®)
e, o O
F16. 97. Direct-coupled (a) or and (b) and circuits.
-Yee
R
Carry o Sum
output- output
b
a a

Fic. 98. Half-adder using direct-coupled logic.
27-91
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27-92
%
RL
d d
T c @—@c e
b b b b
a 7z

F1a. 99. Odd parity checker with direct-coupled transistors.

=V

' ] Output

1d

r'y
L 4

2

F1c. 100. Count-by-four circuit.
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powers of two (16, 32, 64 - -+), i.e., binary counting, can be achieved by
cascading an appropriate number of flip-flops.

By using feedback paths between stages, counting ratios which are not
powers of two can be obtained. For example, the “count-by-three”
circuit of Fig. 101 consists of two binary stages with feedback (through
a diode) from the second to the first stage in such a manner that
every three input pulses generate one output pulse. The operation of
this circuit can be understood by considering the waveforms of Fig. 102

-V

W
Q
e

Input 1 Qutput

|

ld »l ld »l

F1a. 101. Count-by-three circuit.

appearing at the collectors of the four transistors. The operation of the
“count-by-five” circuit of Fig. 103 can be explained in similar manner
taking into account the effect of the two feedback connections between
the third and second stage (through diode D,) and the first and third
stage (through a diode D,), respectively.

Shift Registers. A shift register consists of several binary storage
elements (these are usually bistable flip-flops) arranged in such a man-
ner that the application of a shift pulse transfers the state stored in one
of the flip-flops to the flip-flop of next higher (or next lower) order. (A
flip-flop can be in one of two states: transistor 1 on and 2 off or transistor
1 off and 2 on.)

The shifting operation can be performed in several different ways. One
convenient method is represented by the circuit of Fig. 104, which uses
diode gates. The state of the second flip-flop is changed as a result of an
applied shift pulse whenever one of the diodes connects a high potential
point of the first flip-flop to a low potential point of the second flip-flop.
In other words, the first flip-flop controls the diode gate which steers the
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SRR RRNE

T,
(output)

F1c. 102. Collector waveforms in ternary counter.

shift pulse so that the second flip-flop takes up the previous state of the
first flip-flop. .

The flip-flops are of conventional design. The funection of the RC net-
work associated with the gating diodes is to provide delay, since the diode
gates must be controlled by the previous state of the first flip-flop and not
by its new state (the first flip-flop may change state simultaneously with
the second one). ’

Dynamic Circuits. Several of the digital circuits described in the
paragraphs above apply to d-c type data processing systems, i.e., systems
in which data are represented by suitable combinations of one out of two
admissible discrete voltage levels. In a-c systems (often also pulse
systems) data are represented by the existence or nonexistence of pulses
at given time instants, these time instants being separated by intervals
corresponding to the clock-frequency f, of the system. For example, 1
may be represented by a pulse and 0 by the absence of a pulse. Since the
pulse has a finite duration ( < %4f,), it is necessary to ascertain whether
one has 1 or 0 within a short time interval.

In pulse systems the pulses representing the digits are subjected to
various operations (logic, storage, etc.). After the pulse has undergone
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Flip-flop 1 Flip-flop 2

n

: 2 : 3

+
[
| A1 }
|
Wy >
L L L | ,
|~ Coupling network
L |

Shift pulse
Fic. 104. A method of coupling shift-register stages.

a certain number of operations, it must be regenerated to reestablish its
desired shape, length, timing, and amplitude. Furthermore, means per-
mitting the temporary storage of pulses (or of pulse sequences, words)
must be provided.

The block diagram of a circuit suitable for retiming, reshaping, and
amplifying a deteriorated pulse is shown in Fig. 105. It is assumed that
the word pulse starts somewhat before the beginning of the clock pulse.
Coincidence of input and clock pulses activates the amplifier and results
in an output pulse. Since the output pulse is fed back to the input, the
output pulse is maintained until the clock pulse is removed. A circuit
performing the functions of the block diagram is shown in Fig. 106 (see

Clock
O

Input L«» ] Output
O————3{ Or » And G ——o0

Fia. 105. Block diagram of pulse regenerating amplifier.
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D, b,
Clock o—— -4
D, Dy
Input o—} ¢ P{—o Output

L]

=
il
Ll
VWA
=
[=RN]
VW

2.7
kQ E 1
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[o] (e o
-lv =20v +10v =20v =15v
Fia. 106. Pulse regenerating amplifier.

Ref. 156). Diodes Dy and D, form an or circuit feeding the and circuit
composed of Dy and Ds. The circuit uses a point contact transistor
(biased into cutoff) in common base configuration but can be adapted
to junction transistors in common base or preferably common emitter
configuration (for details, see Ref. 156).

The block diagram of a dynamic flip-flop circuit capable of reshaping,
retiming, amplifying and also of storing a pulse is shown in Fig. 107 along
with the waveforms characterizing its operation. A three-phase clock is
used: C; determines the time instant at which amplification of the de-
teriorated input pulse is started; Cs (delayed by 34fcr) is used in the
stages following the flip-flop considered; Cp makes the operation of the
inhibit gate more reliable. The input pulse is designated by W;, the
output pulse by W, and the pulse fed back through the delay line D by
Wp. Amplification is started after arrival of W; as soon as C; starts
and is maintained until C; ends. W is delayed by D (the delay is some-
what less than 1/f¢r if one pulse is to be stored and somewhat less than
n/for. if n pulses must be stored) and activates the amplifier again as
soon as coincidence with C; exists. The pulse is recirculated in the circuit
until I; inhibits the passage of W3 and clears the circuit for new informa-
tion. A complete circuit diagram (developed by G. A. Allard and S. K.
Ghandhi) incorporating the functions of the block diagram of Fig. 107
is shown in Fig. 108. The circuit is suited for operation at 1-Mec rate.

8. POWER SUPPLIES

Regulated Power Supplies. Transistors can be used with great ad-
vantage for the design of regulated power supplies. Although transistors
used in regulated power supplies are operated as d-c amplifiers, the
problems often arising in connection with low-level d-¢ amplifiers (tem-
perature stability) are of smaller significance in this type of application
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Fia. 1{‘).7. Operation of dynamic flip-flop.

as a result of the higher voltage and current levels used and also because
of the stabilizing effect of the feedback features often associated with
these circuits.

A simple power supply circuit for low-level applications (Fig. 109) uses
a breakdown diode for output voltage stabilization. The diode voltage
is the breakdown vOItage of the diode and the excess voltage (i.e., the
difference Vin — Vreg) appears across Rs. Thé shunt type transistor regula-
tor (Fig. 110a) is an extension of this circuit. Vreg 18 approximately equal
to the diode breakdown voltage since the base-to-emitter voltage is very
small for moderate currents. If the output voltage tends to increase, the
excess voltage appears between the emitter and the base of transistor 7.
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Fic. 108. Complete schematic of dynamic flip-flop.

Rg

-0

1
Ll

Fic. 109. Regulated power supply using breakdown diode.
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F1e. 110. Shunt type regulators using (a) single transistor and (b) compound tran-
sistor.

This causes the collector current to increase and increases the voltage drop
across Rg thereby preventing the load voltage from increasing. The output
resistance of the shunt regulator is

R, =2 Rp(1 — ayo) + hu1s,

where Rp is the a-c resistance of diode D. R, is small (56 to 25 ohms, de-
pending on the load current), implying good regulation for many applica-
tions. The circuit cannot be used for higher power outputs because of the
limited current that can be passed through D. (This circuit can handle a.
times the current handled by the circuit of Fig. 109.) The performance
of this circuit can be improved by replacing the transistor by a compound
connection (Darlington circuit, see Sect. 3, Low-Frequency Amplifiers) of
two transistors (Fig. 110b). This reduces the current through the voltage-
reference (see Ref. 164).

The circuit of Fig. 111 shows a series type transistor regulator. A break-
down diode is used as voltage reference, but other voltage reference devices
can also be used. Increasing output voltage causes the collector current of
T3 to increase and results in decreasing the collector current of T and,
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RS
Wv T +
AD
n-p-n Vreg
T3

Fia. 111. Series type transistor regulator.

therefore, the base current of T';. This decreases the collector current of 7'y
and results in stabilization of Vie,. The voltage divider consisting of R,
and R; has the effect of positive feedback and insures that the output
voltage reaches the breakdown voltage level of D. This circuit has excel-
lent regulation: output impedances of 1 ohm or less can be achieved in
typical cases. The circuit also reduces the a-c ripple of Vi, by a factor of
1000 or more.

The circuit of Fig. 112 is essentially a version of the series type regulator,
the excess voltage (Vin — Vi) lying across the collector junction. The
reference voltage can be provided by a breakdown diode (Fig. 113) or
other device, such as a VR tube. The output voltage is relatively inde-
pendent of input voltage and load current variations because of the small
voltage drop Vgg between base and emitter and the relatively small varia-
tions of Vpg with varying emitter current. In this configuration, too, the
current through the voltage reference can be reduced considerably by
using the Darlington circuit (Fig. 114, see Ref. 164).

In the circuit of Fig. 115, the output variation is fed back through 7’ to
T, and improved regulation is achieved.

\ r Q -
R
"y ] v 3%

T Reference
RT3  voltage

=0

+ O O+

Fi1c. 112. Transistor-regulated power supply.
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y Breakdown
diode

!
ld

+o O+

Fia, 114. Circuit of Fig. 113 using compound transistor.
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F1c. 115. Two-transistor regulated power supply.
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A somewhat more elaborate circuit using a VR tube as voltage reference
is shown in Fig. 116. An increase in output current increases the voltage
drop across the small resistor R3, thereby raising V; (D is a breakdown
diode). This results in an increased current through the voltage reference
which in turn increases the output voltage to compensate for the drop due
to the load current. Resistors By and R4 act to reduce the effect of input
voltage variations. If Vj, rises, the emitter current of 7'; decreases, thereby
decreasing the current through the voltage reference (for details, see Ref.
161).

+9 ' v
éRa . éﬂl

]— p-n-p

VR

F1q.116. Regulated power supply.

Power Converters. Transistor oscillators can be operated with low
supply voltages. This can be used to design power converters for the
conversion of low voltage d-c¢ into higher voltage ac or de. The diagram
of Fig. 117 is that of a d-¢ to d-c converter. The two transistors operate
as a push-pull oscillator with one of the transistors on and the other off
alternatively. On account of saturation effects in the transformer which
uses preferably a square loop material core, the voltage across the trans-
former is a square wave. This can be rectified if d-c¢ output is desired.
The square wave type operation results in very high efficiency (up to
95%), and dissipation in the transistors is small since the transistors are
either nonconducting or saturated.

The two transistors are not necessarily identical. For example, a high-
power transistor can be used in combination with a low-power transistor.
(Such an arrangement is more economical and makes fuller use of the
collector breakdown voltage of the high-power transistor.) In such cases,
a half-wave rectifier is used in order not to extract excessive power from
the low-power transistor which could lead to its destruction (for design
details, see Refs. 166 and 167).

D-c to d-¢ converters can be designed for very high output voltages
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e High - voltége
Ws Rectifier d-c output

Low - voltage
d-c input W, % ———°

— Vso
+

i Fia. 117. Power converter.
. 14

and can be used as efficient high voltage supplies (for example, for ap-
plication with cathode ray tubes).
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1. INTRODUCTION

Gyroscopes as Control System Components

The gyroscope has been an important element in certain types of auto-
matic control systems for a great many years. Applications of the
gyroscope greatly predate the relatively recent and extensive development
of automatic control system theory. Generally speaking, the gyroscope
is useful in automatic control systems as a reference with respect to which
measurements of angular motions can be made. The importance of the
gyroscope lies in the fact that it is a directional reference independent
of the base on which it is carried, and hence is useful on moving vehicles
where the vehicle frame itself is not a truly stable reference.

The Basic Gyroscope

A gyroscope can be described as a space reference, the direction of
which can be changed by the application of appropriate torques; it is
28.01
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basically a spinning wheel. Useful properties are derived from the fact
that the axis of such a wheel will maintain a fixed direction in space if no
disturbing torques are present. If a torque is applied to such a wheel
about an axis normal to the axis of the spin, the direction of the spin
axis will change at a rate proportional to the applied torque; the rotation
occurs about an axis which is normal both to the axis of spin and to the
axis of the applied torque. This response to applied torques is known as
precession.

The gyroscope will change its direction in space because of intentionally
applied torques or because of torques which result from various instru-
ment imperfections. Spin axis motions which result from such imperfec-
tions are generally referred to as drift, and the minimization of such im-
perfection torques is an important part of the design of all gyroscopic
instruments.

A practical gyroscope design must provide means for spinning the
wheel, for supporting its weight and at the same time providing the re-
quired degrees of angular freedom, for the application of such torques
as may be desired, and finally for sensing the angular relationship between
the spin axis of the wheel and such other element or elements as it is
desired to control.

2. GENERAL DYNAMIC PRINCIPLES

Dynamic Characteristics

If it is assumed that the wheel shown in Fig. 1 has an angular velocity
Q about the axis 1-1 and that its polar moment of inertia (moment of
inertia about axis 1-1) is J, then its angular momentum H is equal to JQ.
The angular momentum is a vector and may be represented by an arrow

Fic. 1. Elementary gyroscope.
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lying along the axis 1-1. If it is now assumed that an angular velocity
o exists about axis 2-2, it is evident that the direction of H is changing
at this latter angular rate. A fundamental principle of dynamics states
that if a body experiences a change in angular momentum, a torque is
being applied; this torque must be coaxial with the angular momentum
change and of a magnitude equal to the rate of change of angular mo-
mentum. Since the rotation of the H vector about axis 2-2 represents a
rate of change of angular momentum about axis 3-3 of magnitude oH
it follows that a torque L of the same magnitude must exist about the
axis 3-3. /

If the angular velocities Q@ and o are expressed in radians per second,
the units of torque L will depend on the units of J as indicated in Table 1.

TaBLE 1. DiMENsIoNs oF J, H, aNp L

Units of J Units of H Units of L
gram-cm? gram-cm?/sec dyne-cm
slug-ft? slug-ft*/sec pound-ft
pound-ft? pound-ft?/sec poundal-ft

It is conventional in most current work to express gyro momentum in cgs
units; hence the first line of this table is of greatest interest.

This discussion of precession is greatly simplified by the assumed
steady-state condition. Because the gyroscope wheel has inertia about
other axes than the polar axis, angular momentum changes exist which
are not associated with changes in the direction of the spin. In practical
cases additional masses may be coupled to the wheel, and springs and
damping mechanisms may exercise restraints. In order to account for
these various factors, motion equations may be written for the generalized
device indicated in Fig. 2. Equations describing the behavior of this
device can be applied to all the common types of gyroscopes.

Generalized Gyroscope Equations

The mechanism of Fig. 2 is a wheel mounted so as to have three degrees
of rotational freedom. The wheel spins about axis 1-1 and has an angular
momentum H which lies along this axis (assumed positive as shown).
The following assumptions are also made:

1. Axes 1-1, 2-2, and 3-3 are mutually perpendicular. Rotations in
space of the gyroscopic wheel about axis 2-2 are indicated by angle 6,
whiech is assumed positive in the direction of the arrow. The total mo-
ment of inertia of the system about axis 2-2 is indicated by I, and any
spring restraint and viscous damping between the inner and outer gimbals
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i
I5,Kq,Bg,Lg §
0y j

Fic. 2. Generalized gyroscope system.

are indicated by K, and Bs. Also, on axis 3-3 a space angle 63 (positive
as shown), a moment of inertia I3 and restraints (relative to the base)
K3 and Bj are indicated.

2. Torques may be applied to the system and these are indicated on
the figure as L, and L3. The positive senses of Ly and L agree with the
positive senses of 6, and 6;.

3. Small space rotations of the base may occur. These are indicated
as ap and a3 and the positive senses are the same as those of 6> and 6;.

If the spin axis is kept nearly perpendicular to 3-3 (i.e., if ax—0; is
always small), relatively simple transfer equations may be written which
relate the various quantities of interest, when the system is disturbed.
Table 2 lists these various equations in which s is the complex Laplace
transform operator.

It should be noted that the expression for 6; as a dependent variable
and 63 as an independent variable cannot be derived from that for 6; as a
dependent variable and 6, as an independent variable. For this reason
these equations must be used with some care.

A second point is that superposition principles may be used to deter-
mine the response of the system to several sirnultaneous disturbances.
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These relatively few equations thus become adequate for analysis of
complex applications.

3. TYPES OF GYROSCOPES

General

A number of variations on the simple gyroscope are used for various
purposes. The dynamic characteristics of each may be determined by
appropriate application of the equations of Table 2.

TaBLE 2. TRANSFER EQUATIONS

Independent Dependent
Variable Transfer Function Variable
L 0, = (K3 + Bss + Issh)L, E 0

2 27 (K + Bss + Iss®)(Ka + Bos + Ios?) + H2s? 2
L 0. = —H SL2 0
2 37 (K + Bss + Iis®)(Kz + Bas + Ins?) + Hs? 8
L 6, = Hsly 6
8 27 (K3 + Bss + Iss®)(Ks + Bas + Los?) + HZs? 2
L 0: = (1{2 + Bss + 1282)143‘ 0
8 87 (Ks + Bss + Iss®)(Kz + Bas + Ios?) + H2s? 8

_ —Hsfe
6 b= KT Bt It b
_ H 803
b b = Kz + Bss + Ins* b
o 0, = (1{3 + Bas + 1382)(1{2 + B2s)a2 0
2 27 (K3 + Bss + Is®)(Ks -+ Bas -+ Irs?) + Hs? 2
—Hs(K + Bs)as
[27)] 63 = 03
(K3 + Bgs -l- Iasz)(Kg + Bgs + I2S) + fl282
0 _ HS(I(:; + Bgs)a;; 0
@ * 7 (Ks + Bss + I18?)(Kz + Bas + Iosh) + H’s 2
(.Kg -I— st + 1282)(1(3 -I- Bas)a;;
o3 63 03

T (K + Bis + LiH)(Ks + Bas + Los?) + His?

Two Degrees of Freedom Gyroscope

Description. The type of gyroscope which has been used in greatest
numbers is the simple free gyroscope which consists basically of a wheel
so supported as to have two degrees of rotational freedom (neglecting
the spin axis freedom). This type of gyroscope utilizes directly the in-
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herent fixity in space of such a spinning wheel and is thus conceptually
the simplest of all types. Figure 3 illustrates such an instrument and
includes gimbal rings for the support of the wheel. The device shown in
Fig. 3 is much like that of Fig. 2 except that the springs and dampers
are absent (i.e., K2, K3, Be, and B3 are equal to zero).

Fie. 3. Free gyroscope.

Dynamics. The dynamics of this device may be determined by ap-
plication of the equations in Table 2 with K,, Ka, Bs, and B; equal to
zero. ‘Thus

Ly 1
K A
Dilals
!
b I 1
D Ch VA
I

Nutation Frequency. Inspection of these expressions reveals that if
a torque Lj is applied, the familiar gyroscopic precession results; in addi-
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tion, an oscillatory response is superimposed which has an angular fre-
quency equal to H/+/Isf3. This same oscillation frequency appears in
the expression for 63 and further analysis reveals that a conical motion of
the spin axis occurs. This motion is known as nutation and the angular
frequency H/~/T,1I; is the nutation frequency.

Recalling that H = JQ, then the nutation frequency will be given by:

J
LI

WN = Q.

:

For the free gyroscope the nutation frequency is a constaht, dependent on
the various moments of inertia, multiplied by the spin frequency. For a
thin disk with no coupled inertias Is = I3 = 14J, and wy = 2Q; for a
sphere, I, = I3 = J and oy = Q.

The thin disk case represents the highest possible nutation frequency
of a gyroscope; the case of the sphere illustrates that a sphere has no
preferred axis of rotation (the nutation at spin frequency simply implies
a shift of the axis of rotation). The normal free gyroscope with the
coupled inertias of the spin motor, gimbals, pickoff elements, etc., usually
has a nutation frequency lower than the spin frequency.

Suspension of Free Gyroscopes. Types of suspension other than the
simple bearings and gimbals of Fig. 3 may be used for the free gyroscopes.
Such suspensions are discussed further in Sect. 4 under:Gyroscope Sus-
pensions, but it should be noted that they may involve values of K,, Kj,
B, and B3 which are not equal to zero and hence must be considered in
the application of the Table 2 equations. :

It is evident that suitable pickoffs may be mounted on axes 2-2 and 3-3
in Fig. 3 if the gyroscope is to be used in a control system. Such pickoffs
are discussed in Sect. 4 under Pickoffs for Gyroscopes.

Rate Gyroscope

Description. Figure 4 illustrates the principle of the simple rate gyro-
scope which belongs to the general class known as single degree of freedom
gyroscopes. Figure 4 is similar to Fig. 2 with K. and B2540 and 6 as
the independent variable. Using the appropriate equation from Table 2,
6, is given by the following:

H803

- Kg + st + 1282.

b2

In the steady state 6, is proportional to the rate of change of 65 but
the transient response involves a damped oscillation. For some purposes
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F1c. 4. Spring-restrained gyroscope.

the damping is obtained entirely from inherent losses (friction, spring
hysteresis, air damping, etc.), and no actual damping mechanism is in-
cluded.

Performance Limitations. Performance limitations exist which make
the simple rate gyroscope unsuitable for many purposes.

1. The phase shift inherent in its response may be undesirable. This

may be minimized by making the undamped natural frequency very high,
but this technique results in a very small sensitivity (i.e., 62 is very small
for a given rate of change of 63) with resultant difficulties in securing satis-
factory pickoff performance.
2. When 6; 54 0 the effective input axis is no longer 3-3 but is actually
the normal to axis 1-1. This condition may, in some cases, cause unde-
sirable interaction among various axes in a control system, which can be
minimized by making the undamped natural frequency very high; how-
ever pickoff difficulties (as in the above discussion) are created.

3. The device is sensitive to angular acceleration about axis 2-2, which
can create undesirable interactions among the various axes of a control
system. This interaction can be reduced by making I, very small com-
pared with the angular momentum of the wheel (most easily done by
spinning the wheel at a high speed).
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Torque Generator. A large part of the pickoff problem which is
created when an effort is made to achieve a high natural frequency in a
rate gyroscope results from the difficulty of making the zero torque angle
of the spring (K.) coincide exactly with the zero output angle of the
pickoff (this implies not only very careful initial adjustment but also
very low spring hysteresis and good long-time stability in the spring and
pickoff). If, instead of an actual mechanical spring, an electromechanical
spring is used, this difficulty can be largely overcome. A torque generator
is added to axis 2-2 and the pickoff signal is applied (through a suitable
amplifier) to the torque generator; the sensing must be such as to cause
centering to occur. In this arrangement the zero torque angle of the spring
is inherently the same as the zero output angle of the pickoff. The un-
damped natural frequency is, in this case, limited only by (a) the dynamic
stability of the closed loop, (b) the gain which can be desirably included
in the amplifier, and (c¢) the electrical noise output of the pickoff. (The
last may determine the amount of gain which can be effectively used.)

Rate Integrating Gyroscope

Description. Figure 5 illustrates the principle of the rate integrating
gyroscope, the use of which has been pioneered by the Instrumentation

Fic. 5. Rate-integrating gyroscope. Lo
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Laboratory of the Massachusetts Institute of Technology. This is a
single degree of freedom device and is conceptually similar to the rate
gyroscope except that there is no restraining spring on the 2-2 axis (i.e.,
K, = 0). Application of the Table 2 equation with K, = 0 yields, for
the response of primary interest, the following expression:

i Hes
by = ————
Bg + 128

The angle 6 is thus found to be proportional to 5 in the steady state, but
a simple first order time delay exists. This delay may be kept low (a few
milliseconds) and is not normally troublesome in control systems.

Dynamics. ' The device is termed a rate integrating gyroscope because
the rate of change of input angle (63) is converted to a torque on the 2-2
axis (through the gyroscopic precession action), and this torque is inte-
grated with respect to time by the damping mechanism.

This type of gyroscope is (for small angles) functionally similar to one
axis of the two degrees of freedom type and is most useful where the
angle 6, can be kept very small, as is the case where servo means are pro-
vided to control 63 in response to a signal proportional to 6..

Torque Summing Gyroscope

Description. The free gyroscope can be applied advantageously as a
single degree of freedom device in some applications. Under Two Degrees
of Freedom Gyroscope, the following equations were given for the re-
sponse of the elementary two degree of freedom gyroscope (Fig. 3):

L, 1

e =— T}
Hs 12132

T

I, 1

0 = — | L

TR L,

——H2 s+ 1

These equations indicate that if a torque L3 is applied, the response on
the corresponding axis (3-3) of the gyroscope is oscillatory in character;
detailed analysis of practical devices reveals that the actual motion is
usually of negligible amplitude. The chief response is the familiar pre-
cession on the 2-2 axis.

Use as One-Axis Reference Device. If the free gyroscope is used as
a one-axis reference device, no important errors result from torques ap-
plied on the reference axis, provided these torques do not cause the preces-
sion on the remaining axis to result in an excessive angle. Torques applied
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on the 2-2 axis will cause a corresponding precession about the 3-3 axis,
and the important consideration is thus the reduction of unwanted torques
on the 2-2 axis.

When applying a gyroscope in this manner it is common practice to
use the control loop indicated in Fig. 6. In this figure the output of a

Fic. 6. Torque-summing gyroscope.

pickoff on the 2-2 axis is used to control power to a motor on the 3-3 axis.
This loop serves to prevent excessive values of 6, even in the presence
of a sustained torque on the 3-3 axis; only moderate gain is required in
this control loop. ‘

As shown in Fig. 6, no damping is present in the system and oscillation
tends to oceur at a frequency near the nutation frequency of the gyroscope.
Damping can occur from inherent losses, from an intentionally included
value of Bz or Bs, or from appropriate networks in the control amplifier.
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The Gyrotron Vibratory Gyroscope

Description. Although not a gyroscope according to the usual defini-
tion, the Gyrotron displays the characteristics of a rate gyroscope and
can be used for the same purpose. v
" The Gyrotron vibratory gyroscope is basically a tuning fork kept in
continuous, constant-amplitude vibration by a suitable driving system
consisting of a pickoff, an amplifier, and a driving coil. Because the
oscillatory motion of the fork tines is essentially radial (as referred to
the axis of symmetry), the moment of inertia of the fork changes with
time in phase with the tine motion. If an angular velocity o is imposed
about the axis of the fork, then a torque will be required about the base
which is equal to the rate of change of angular momentum, i.e.,

dH dw dl

I w—"

dt dt dt
Because of the periodic variation of I (essentially sinusoidal) at the
vibration frequency, a periodic variation in L is established at the same
frequency. This can be detected by a suitable pickoff, resulting in a
voltage which is essentially proportional to the applied angular velocity.
In the actually developed instrument the pickoff means is such that
an appreciable time delay appears in the signal (the order of 5 msec).

This time delay can be decreased at the expense of sensitivity.

Characteristics. The good features of the Gyrotron vibratory gyro-
scope include absence of wearing parts (such as the spin bearings in a
gyroscope), a very wide range in terms of the ratio of maximum to mini-
mum measurable rates, and good resistance to shock. In applications
requiring a very good rate measuring instrument, the Gyrotron vibratory
gyroscope is functionally superior to the spring-restrained rate gyroscope.
The undesirable characteristics of the Gyrotron vibratory gyroscope
includes a very low-level output (requiring complex electronic equip-
ment) and a relatively high level of drift. The drift (in the order of 50
degrees per hour) is very high compared with that of the best gyroscopes,
but it is very low compared to the usual spring restrained rate gyroscope.

Stable Platform

Description. For many control purposes (particularly where control
in three dimensions is involved) geometrical considerations make it
highly desirable that a reference element be available which has zero
(or at least very low or accurately controlled) angular motions about
three mutually perpendicular axes. For such purposes a platform may
be ‘used which is supported to have three degrees of rotational freedom
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and is servo controlled in response to signals from two or more gyroscopes
which are mounted on the platform. Figure 7 illustrates, in principle,
such a platform.

Fic. 7. Stable platform error conversion problem.

Signal Sources for the Platform. Any of the gyroscope types may
be used as signal sources. For instance, two free gyroscopes may be
used, which have their spin axes mutually perpendicular and hence be-
come sources of error signals for motions about three mutually perpen-
dicular axes in the stable platform. Three gyroscopes of any of the
remaining types may be mounted on the platform instead of the two free
gyroscopes and, provided their input axes are mutually perpendicular
(usually mutually perpendicular, although any relative orientation may
be used provided none of the input axes are coaxial), error signals will
be provided for rotations about each of the platform axes.

When two free gyroscopes are used, redundant information will be
available concerning platform rotations about one of the axes. This
redundant error information may be used either to control a torque on
one of the gyroscopes to keep it slaved (on one axis) to the stable plat-
form, or it may be used in a more complex way to average the indications
of the two gyroscopes and, hence, to improve to some degree the probable
drift. If it is desired to accomplish the latter, then the sum of the error
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signals - (redundant signals) is used for the control of that platform axis,
and the difference is used to control torques on both gyroscopes. By this
means the gyroscopes are, in essence, slaved to each other, and the re-
sultant drift (about the redundant axis) is the mean of the drifts of the
individual gyroscopes on that axis. A word of caution should be given
to the effect that depending on the orientation of the gyroscopes, their
relative quality and various other considerations, the average drift may
not be lower than that of the better gyroscope alone and, hence, this may
not be a useful procedure.

When three single degrees of freedom gyroscopes are used, no redundant
information exists.

Servo Error Conversion. Figure 7 illustrates the use of gimbals
to support the stable platform and to provide ‘means for reducing the
servo action to three single dimensional operations. If the rotations about
the various gimbal axes are small, each of the three servos may be con-
sidered as being associated with one of the gyroscope input axes, and the
control is straightforward. When the angles on these axes become large,
however, means must be provided to convert the error information as-
sociated with the various platform axes to error information referred to
the servo axes. .

Based on the notation indicated in Fig. 7, the following equations are
suitable for this error conversion. It is common practice to use electro-
magnetic resolvers to instrument these equations; the degree of accuracy
required in the solution depends upon the servo characteristics and upon
the magnitudes of the various angles. No general rule can be stated for
determining the accuracy requirements, and the designer must decide on
the basis of the individual requirements. It is usually true that errors of
5 to 10% are not objectionable.

E4 = El;
E5 = E;cos 8 — Ejzsin B,
Eg = (E, sin 8 + Ej3 cos ) cos v + E; sin v.

Study of Fig. 7 and the above equations shows that the loop gain is
variable for the servo on the outermost axis (as a function of y) and that
if y becomes equal to 90° the outermost axis becomes coaxial with the
innermost axis and one degree of freedom is lost. In most applications it
is possible to orient the gimbal system to prevent this angle from becom-
ing excessive (for instance, in heavy aircraft the pitch angle is usually
kept below about 15°) ; in cases where this cannot be done an additional
gimbal may be used which is so controlled as to keep the angle y near

!



GYROSCOPES 28-15

zero. This may normally be done quite roughly with adequate per-
formance.

4. DESIGN CHARACTERISTICS
Gyroscope Spin Drives

“Characteristics. Several characteristics should be considered in choos-
ing a spin drive for a gyroscope. The following are among the more
important:

1. Mechanical Stabtlity. The design should be such that mass shifts
are minimized.

2. Heating. Little heat can be removed from a gyroscope without use
of means which 'may apply unwanted torques. TFurthermore, in highly
accurate gyroscopes only small temperature gradients are permissible
within the device. For these reasons the heat produced by the drive
should be kept low and as uniform as possible.

3. Introduction of Power. Because unwanted torques must be kept
low, the drive should be such as to permit introduction of power to the
rotor assembly by means which result in a minimum of torque.

4. Weight. For most purposes it is desirable that the ratio of wheel
momentum to weight should be as high as possible, The drive should be
such as to introduce a minimum of weight and to permit a large radius of
gyration in the wheel.

5. Constancy of Speed. Constant speed is required in most rate-meas-
uring applications.

The Air Turbine Drive. The air turbine once was almost universally
used in aireraft instruments and torpedo controls but it is now becoming
uncommon., When a suitable air supply is available, when the means of
suspension allows air to be carried to the turbine, and when great ac-
curacy of angular velocity is not required, then the air turbine offers cer-
tain advantages. These advantages include good momentum-to-weight
ratio, relative simplicity, and absence of heat sources on the suspended
element. In torpedoes the gyroscope is commonly brought quickly to
speed by a turbine using high-pressure air and then is allowed to coast
during the run.

--'The Oil Turbine Drive. The use of the oil turbine drive is so unusual
as to require only brief comment. Its use implies many of the charac-
teristics of the air turbine but introduces certain disadvantages because of
oil leakage. Aside from the obvious disadvantages of leakage, the danger
of unbalancing the suspended assembly as a result of oil drops is also in-
volved.

The Spring Motor Drive. The spring motor is also uncommon but
has been used where the operating time is short enough to allow the use
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of a coasting wheel. When this condition is fulfilled, it is possible to use
a prewound spring motor which after bringing the wheel quickly to its
operating speed is decoupled.

Electric Motor Drives. The great predominance of modern gyro-
scopes are driven by various types of electric motors. Even among electric
motor drives a choice of type exists. Those which have been used in-
clude d-c¢ motors, squirrel cage motors (both two-phase and three-phase)
and hysteresis motors (again, both two- and three-phase). The various
electric motor drives include:

1. D-C Motor. D-c motors should be considered only where a-c power
is not available, and only for relatively low-accuracy applications of the
gyroscope. The poor characteristics of the d-c motor for gyroscope use
result from brush wear and loose parts inherent in the use of brushes
(both are sources of balance change) and from the difficulties of maintain-
ing satisfactory dynamic balance in a wound rotor. There is also diffi-
culty in maintaining a highly accurate angular velocity.

2. Squirrel Cage Motor. The squirrel cage motor is the most commonly
used type for gyroscope drives. It is relatively efficient (desirable to
reduce heating) and can be designed to have a wide variety of character-
istics. When operated from a closely controlled frequency source it will
maintain reasonably constant angular momentum. Because of the high
inertial load offered by the gyroscope wheel, special precautions must be
taken in the design of the squirrel cage motor in order to limit the power
input during starting; if this is not done, overheating will occur during
starting.

High angular velocity is usually desirable in a gyroscope and this re-
quires high-frequency operation of a squirrel cage motor. The 400-cps
supply common in aircraft is satisfactory for most purposes, although
higher frequencies are sometimes used. A two-pole squirrel cage moter op-
erated on 400 cps will run at somewhat less than 24,000 rpm, a suitable
speed for many purposes. Because bearing wear and input power both
rise rapidly with speed, it is frequently desirable to use a four-pole motor
which will operate at somewhat less than 12,000 rpm. i}

In order to maximize the radius of gyration of the wheel, it is common
in gyroscope motors to invert the usual motor design; that is, the stator
is commonly placed inside the rotor.

3. Hysterests Motor. The hysteresis motor is very similar to the
squirrel cage motor so that most of the previous comments concerning
the squirrel cage types are applicable. Because the hysteresis motor is
synchronous, wheel-speed accuracy is limited only by the accuracy of the
supply frequency; for this reason this type of motor has become common
where the greatest possible speed accuracy is required. The efficiency of
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the hysteresis motor is somewhat less than that of the squirrel cage motor.

Practical Considerations of Electric Motor Drives. When electric
motor drives are used, it is frequently desirable to minimize the required
power by operating the wheel in helium or hydrogen at reduced pressure.
This requires hermetic sealing but by reducing operating temperature can
greatly increase life and reduce drift.

If angular displacements can be limited to a few degrees, then power
for an cleetric motor drive can be introduced through flexible leads. Slip
rings or point contacts at the center of rotation of the gimbal axes are
used when large angular displacements must be accommodated.

Preloaded ball bearings are usually used for the spin axis bearings of
gyroscopes. The magnitude of the preload is a compromise among the
conflicting requirements of rigid positioning of the axis, low friction
torque, and long operating life. Lubrication is usually permanent and
may be a grease film, oil supplied by a saturated porous ball retainer or
oil supplied by a wick. A minimum amount of lubricant must be used if
1t is not to be a potential source of mass shift.

Gyroscope Suspensions

General. For present purposes a gyroscope suspension will be defined
as the means provided for supporting the wheel, its driving mechanisms,
and any casing or other parts associated with the wheel. The suspension
must provide angular freedom, but it must at the same time restrain linear
motions and define axes of rotation. A suspension is normally chosen as
a compromise among the following desirable characteristics: (a) low
disturbing torques, (b) simplicity, (c¢) ease of ‘manufacture, and (d)
ability to withstand shock and vibration.

The following are among the more important methods of suspension
which have been used: (a) ball bearings, (b) flexural devices, (¢) fluid
bearings, and (d) flotation.

Ball-Bearing Suspension. A ball-bearing suspension is usually the
simplest and most easily manufactured. Ball bearings are only moder-
ately good from the points of view of disturbing torques and ability to
withstand shock and vibration. The latter statement should be qualified
somewhat since the use of large enough bearings can result in excellent
shock and vibration resistance but at the cost of frequently prohibitive
torque levels. Ball bearings (simply applied) are generally useful for
gyroscopes in the 10° per hour and up class, although they have been used
in applications where drift requirements were in the region of 2° per hour.

Addendum to ““Ball-Bearing Suspension.” Great improvements in
ball-bearing performance for gyro suspension can be achieved if pro-
visions are made to keep the bearings always in motion. This causes
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their friction to be greatly reduced as compared to static friction. One
approach to this is a moderate frequency angular oscillation of the bear-
ings, induced by a suitable drive mechanism; this has been found to re-
duce friction levels by a factor of about three.

The greatest possible improvement is achieved by the Rotorace® (trade-
mark of Sperry Gyroscope Co.) principle in which the two bearings of
a suspension pair are rotated continuously in opposite directions for a
short period of time and then both simultaneously reversed and driven in
their new directions for a like period of time. This approach is found to
reduce all bearing uncertainty torques by about one order of magnitude.

Flexural Suspension. Flexural suspensions usually take the form of
crossed cantilever springs (see Fig. 8) or of wires in torsion. When used

Suspended
member

Fi16. 8. Grossed spring suspension.

alone the stiffness is usually great enough to make them suitable only for
rate gyroscope applications; in this service the suspension springs usually
serve also as the restraining springs.

Fluid Bearing Suspension. For low torque, fluid bearings depend
upon the maintenance of perfect lubrication which prevents all metal-to-
metal contact. Because rotational velocities are necessarily quite low, a
pump must be provided to produce a fluid flow; without such flow perfect
lubrication is not possible. Such bearings may take a wide variety of
forms and may use either a liquid or a gas for the lubricant. ,

Magnetic Suspensioh. Extremely low uncertainty torques may be
achieved by the use of magnetic suspensions. In such suspensions the
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magnetic flux in a gap between a rotor element and a stator element (sev-
eral clements are required to control the several degrees of freedom) is
made to vary in accordance with the gap. If the flux density is made to
increase with increasing gap, a stable suspension results.

Very good geometry is required if low uncertainty torques are to be
achieved.

. Electrostatic Suspension. Successful electrostatic suspensions have
been applied which operate very similarly to the magnetic suspension
just described but which depend on electrostatic attraction rather than
magnetic. Relatively small forces can be achieved per unit area because
of limitations in the breakdown potentials of suitable dielectrics.

. Flotation Suspension. Flotation alone is not-a complete gyroscope
suspension because it can only support the weight and cannot define rota-
tion axes or restrain linear motions. For this reason it is used in combi-
nation with another method. Such an application of flotation can reduce
the weight carried by the suspension to nearly the vanishing point and
hence can greatly reduce the suspension problem. This permits the use
of jeweled bearings.

Flotation is equally effective against gravitation and against accelera-
tion, with the result that it imparts good shock and vibration resistance.

It is impossible to achieve flotation without some damping of angular
rotations; for this reason the dynamic response equations will always in-
clude the terms (refer to Table 2) containing damping coefficients. Ad-
vantage is taken of this inherent damping in the rate integrating form of
floated gyroscope.

Pickoffs for Gyroscopes

General. Most control applications of gyroscopes involve the use of
some type of pickoff (sometimes termed signal generator) for detecting
deviations of the gyroscope frame from its normal angular position with
respect to the spin axis or for transmitting to a remote location the actual
relationship. ‘

Fluid Valves. A great many types of pickoffs have been used al-
though they may be classified into two groups as fluid valves or as electri-
cal pickoffs. Fluid valves (pneumatic or hydraulic) were once widely
used in aireraft automatic pilots and similar applications where pneumatic
or hydraulic servos were used. Their use is now uncommon,

Electrical ‘pickoffs for gyroscopes have included virtually all types
which have been used for any other purpose, and because of thelr great
variety, they will not be listed here.

Characteristics of Electrical Pickoffs. The requirements normally
placed on electrical pickoffs for gyroscope use may be listed (more or less
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in order of importance) as follows: (a) low torque, (b) good resolution,
(c) good linearity, and (d) low heating effect.

Variable Reluctance Pickoff. The commonest type of pickoff used
is the variable reluctance (moving iron) device such as the E transformer
or microsyn. Moving coil types have also been used even though they
require additional electrical connections across the suspension bearings.
In certain applications synchros may be useful for direct transmission of
the angle between the gyroscope and its base.

Potentiometer Pickoff. Potentiometers have been widely used as
pickoffs for gyroscopes which have relatively crude drift requirements
(the order of 3° per minute)} and where, for system reasons, a d-c¢ output
is desired. Such potentiometers are usually of a composition type for
good resolution. Because the wiper pressure used must be a compromise
between a very low value to minimize friction and a relatively high value
to assure reliable contact (especially under vibration), the user should be
careful to evaluate the applicability of the potentiometer pickoff to his
particular needs.

Torque Generators for Gyroscope Use

General. Virtually all uses of gyroscopes require that means be avail-
able for the controlled application of torques. A gyroscope can be ro-
tated in space by the application of torques and means for applying such
torques must be provided if advantage is to be taken of this property.
(Refer to Special Considerations in Gyroscope Applications, Sect. 5.)
The spring restrained rate gyroscope does not require a means other than
the restraining spring for the application of torque.

Many of the older designs of aircraft instruments used the reaction of
air jets for the application of torques, but most modern designs include
some type of electrical torque generator. Any type of electrical motor
suitable for stalled operation can be used for a gyroscope torque generator
but the actual choice will depend upon system consideration and upon
the degree of refinement required in the torque application.

Characteristics. Among the factors which should be considered in the
choice of a type of electrical torque generator are the following.

1. Stability of Torque Zero. The stability of torque zero includes such
factors as hysteresis and effects of mechanical shifts (small air gap
changes, ete.).

2. Linearity. Linearity is of secondary importance if the torque
generator is to be used only for initial alignment, but it can assume great
importance in uses where the relationship between electric input and
precession rate must be known to high accuracy.

3. Stability of Scale Value. The comments in the above paragraph on
linearity also apply.
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4. Range of Torque Requirements. The torque generator chosen should
be capable of covering the range of torque requirements of the applica-
tion.

5. Electrical Connections. Moving coil types of torque generators
will require electrical connections which cross the suspension axes; such
connections ecan be a source of undesirable torques or of unreliability.

6. Heating. Minimum heat must be maintained.

Types of Torque Generators. The types of electrical torque genera-
tors which have been used on gyroscopes include the following.

1. Induction Motors. The induction motor can be quite satisfactory
for moderate accuracy applications. Its major drawbacks include a need
for relatively large power inputs (particularly at high frequency) when
large torques are required and the need for the exact control of a-c volt-
ages when good accuracy is needed.

2. Moving Iron Devices (Variable Reluctance). The moving iron
type of torque generator is normally the most efficient and can have good
linearity. As an a-c device it is limited by the need for accurate control
of a-c voltages, and as a d-c device it suffers from hysteresis effects.

3. Moving Coil Devices (ID’Arsonval). The moving coil torque gener-
ator is the best choice among available types when highest accuracy is
required. This type usually uses a permanent magnet field which may
include shunts for temperature compensation. In this form, accuracies of
the order of 0.01% are possible.

Miscellaneous Design Factors

There are a number of gyroscope design factors which are not uniquely
associated with any of the individual components (i.e., spin drive, suspen-
sion, pickoff, or torque generator) but which are vital to the best perform-
ance. Casual inspection of the design will seldom reveal how well these
have been taken into account. Among the important ones are the fol-
lowing.

1. Time Stability. Time stability of the relationship between the lo-
cations of the center of gravity of the suspended assembly and the effec-
tive point of suspension.

2. Ambient Temperature. Effect of ambient temperature on drift per-
formance. This is largely associated with degree of temperature control
built into the gyroscope and the degree of symmetry.

3. Ambient Temperature Gradients. KEffect of ambient temperature
gradients on gyroscope drift.

4. Isoelastic Construction. Degree to which isoelastic construction has
been achieved. In an ideal gyroscope the structure of the suspended as-
sembly should be so designed that its spring rate is the same in all direc-
tions; if this is done, an applied linear acceleration will cause motion of
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the center of gravity directly along the acceleration vector and no torque
results. Failure to achieve isoelastic construction will result in drift due
to accelerations, including vibratory accelerations.

5. GYROSCOPE APPLICATIONS

Yertical Gyroscope

General. There are many requirements in aireraft and on shipboard
for-a device that will give an accurate indication of the vertical. Under
static conditions a simple pendulum will give such an indication, but
because of the great similarity between the force of gravity on a mass and
the force required to accelerate the mass, the simple pendulum does not
give a good indication of the vertical when attached to an accelerating
base. For this reason a simple pendulum is seldom a satisfactory indi-
cator of the vertical for use on either an aircraft or a ship.

Fortunately, if the average motion of the base is unaccelerated then
the average position of the simple pendulum is a reasonably good indica-
tion of the vertical (this neglects nonlinearities due to large excursions).
A pendulum combined with a suitable averaging device (or low-pass
filter) is therefore a useful device for the indication of the vertical on
moving bases. o

Averaging Vertical Gyroscope. Figure 9 illustrates one possible
mechanlzatlon of this principle. In this mechanization the gyroscope is
used both as a stable reference against which to measure pendulum mo-
tions and an integrator in the smoothing circuit. If the various com-
ponents are linear, the precession rate of the gyroscope toward alignment
with the pendulum is always proportional to the difference angle. This
results in a simple exponential response as the gyroscope approaches
alignment with a fixed pendulum position. The freqhency response of
the device is such that relatively high-frequency matiens of the pendulum
are attenuated, and relatively slow motions of the pendulum are followed.

If, for an angle § between the pendulum and the gyroscope, there results
a precession rate of the gyroscope toward alignment with the pendulum
equal to 8/r, then the time constant for the exponential response of the
gyroscope is equal to r. If the pendulum has a sinusoidal motion with
an amplitude s and an angular frequency o (radians per second), then
the motion of the gyroscope, 6g, in response is given by the following:

0s
g = —F———-
g V14 (w‘r)2

Rotation-of-Vertical Error. If there is to be a rotation of the indi-
cated vertical (due to earth rotation or to own motion over the earth)
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Torque generator
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F1c. 9. Gyro vertical.

then a steady-state error will exist which is equal to the product of the
angular velocity and the time constant . This error can be eliminated
either by time integration of the signal representing displacement be-
tween pendulum and gyroscope or by the application of a computed cor-
rection. Such an error can be minimized by making r small but at the
expense of poor attenuation of pendulum swings. It should be noted that
the rotation of the vertical due to earth rotation is from west to east and
is of magnitude Qg cos A where Qg is the earth’s angular velocity and A is
latitude.

Drift Exrror. If a steady gyroscope drift exists and its magnitude is
wp, there will be a steady error in the indicated vertical equal to wpr.
This can be reduced by making r small or by time integration of the
signal representing deviations between pendulum and gyroscope. Actual
gyroscopes will also exhibit random drift components and drift com-
ponents resulting from vehicle accelerations. These drift components
will also cause errors in the indicated vertical; accurate analysis of the
resulting error requires good knowledge of the gyroscope characteristics.

Acceleration Error. A gyro vertical of the averaging type will have
errors resulting from sustained accelerations; the error, in radians, is
approximately equal to the acceleration imposed divided by the accelera-
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tion due to gravity. A common (and highly practical) way of minimiz-
ing such acceleration errors is to open the control loop any time a large
acceleration occurs. This can be done on the basis of large pendulum
swings or on the basis of an acceleration command (i.e., command for
change of power setting or turn). If an independent measure of vehicle
acceleration is available, direct acceleration corrections are possible.
Such corrections should be applied either as a torque on the pendulum or
as a correction to the measure of deviation between pendulum and gyro-
scope.

Coriolis Acceleration. One class of acceleration which affects a ver-
tical gyroscope, but which is not completely familiar, is the Coriolis ac-
celeration. This is an acceleration in space resulting from motions over
the rotating earth (i.e., even when motions are unaccelerated with respect
to the earth’s surface, accelerations exist in space resulting from the inter-
action of earth rotation and vehicle velocity with respect to the earth).
One component of Coriolis acceleration is that due to the horizontal com-
ponent of linear velocity. It is always at right angles to the velocity
vector and is directed toward the left in the northern hemisphere and to-
ward the right in the southern hemisphere. The magnitude of this com-
ponent of Coriolis acceleration is given by the following:

a = 205V sin A,

where Qr = earth’s angular velocity (radians per second),
V' = horizontal component of vehicle velocity (feet per second),
A = vehicle latitude,
a = acceleration in feet per second?.

A second component of Coriolis acceleration is that due to the vertical
component of vehicle velocity. This acceleration is always directed toward
the east when the velocity is upward; its magnitude is given by the follow-
ing:

a = 2QgV cos A,

If desired, computed corrections can be made for the Coriolis accelera-
tions.

Variations on the Simple Gyro Vertical. This discussion of the
vertical gyroscope has been based on the particular instrumentation
shown in Fig. 9. The single two degrees of freedom gyroscope can be re-
placed by two single degree of freedom gyroscopes (with appropriate
servos to keep them operating in a nearly centered condition), and the
pendulums can be replaced by accelerometers. The simple first order
control system is also illustrative, and additional smoothing may be
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added by such means as damping the pendulums (or accelerometers) or
the addition of a time delay in the external control amplifier. Departures
from the simple first order circuit will result in higher order differential
equations, and the response should be evaluated to avoid amplification of
errors or actual instability.

It is usual practice to include an operating mode which allows for rapid
initial alignment of the gyroscope to the vertical. Such a provision can
be used at any time the vehicle motion is essentially unaccelerated.

Directional Gyroscope

General. In a directional gyroscope the inherent space rigidity of a
gyroscope is used to maintain an azimuth orientation. It may be com-
bined with a vertical gyroscope on a stable platform, or it may be a two
degrees of freedom gyroscope similar to that shown in Fig. 10. In certain
cases the gyroscope is used alone as a preset reference, whereas in others it
is used as a smoothing device to average the indications of an unsteady ref-
erence. (This use is similar to that of the gyroscope discussed under Ver-
tical Gyroscope in this section.) Devices are available which permit a

Fic. 10. Directional gyroscope.
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gyroscope to be slaved to the direction of the horizontal component of the
earth’s magnetic field; the resultant mechanism combines the best fea-
tures of a magnetic.compass and of a gyroscope.

Basic Principles. In the mechanism of Fig. 10, a pendulum is shown
which is used with a torque generator on the outer gimbal axis to keep
the gyroscope spin axis horizontal. (This is similar to the operation of
the vertical gyroscope discussed under Vertical Gyroscope in this section.)
The gyroscope spin axis thus establishes an azimuth rcference which lies
in the horizontal plane; indications may be taken by direct mechanical
means from the outer gimbal axis, or any suitable electrical transmission
may be used.

In this device azimuth drift results only from torques about the inner
gimbal axis, and moderate torques about the outer axis do not cause
difficulty if they can be overcome by the torque generator on this axis.

Alternate Configuration. As an alternative to the use of a pendulum
(or accelerometer) for the leveling of the gyroscope, a measure of the
angle between the spin axis and the normal to the gimbal plane (i.e., ro-
tation about the inner gimbal axis) is frequently used to control the torque
applied to the outer gimbal axis. This is satisfactory if the average
orientation of the vehicle is essentially level.

Auxiliary Reference. 1If it is desired to slave the gyroscope to an
auxiliary reference, means must be included to measure the difference
angle between the azimuth orientation of the gyroscope and that of the
reference, and a torque generator must be included on the inner gimbal
axis of the gyroscope.

North Indication. In many applications it is desired that a directional
gyroscope indicate north. It should be remembered that the direction of
north rotates in space because of earth rotation and vehicle motion over
the earth. The component of this rotation caused by earth rotation is
equal to Qg sin A and is counterclockwise (as seen from above) in the
northern hemisphere. In this case Qp is the earth’s rate of rotation and A
is the latitude.

The space rotation of the dlrectlon of north resulting from vehicle motion
over the earth is equal to L sin A, where L is rate of change of longitude
(taken as positive for easterly motlons) The direction of rotation is the
same as that for the effect of earth rotation.

Both of the above rotation effects may be accounted for by means of
computed corrections, or in the case of a slaved gyroscope, the slaving
device may be used to supply suitable torque signals. In the latter case
some standoff error may result.

Most directional gyroscope mechanizations include means for the rapld
initial alignment of the gyroscope to the desired orientation.
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Automatic Pilot

General. Automatic pilots are used in aircraft and ships to relieve
the human pilot. In guided missiles and drone aireraft they are used to
replace entirely the flight control functions of the human pilot. They
may be simple devices intended only for the control of heading or more
complex devices which control attitude about all three axes.

Basic Principles. Many aircraft automatic pilots make use of a
vertical gyroscope (Vertical Gyroscope, this section) and a directional
gyroscope (Directional Gyroscope, this section) with suitable signal
pickoffs on the gimbal axes. The output signals from the pickoffs are
proportional to angular deviations of the aircraft about the roll, pitch, and
yaw axes. The aircraft control surfaces are moved by suitable servo-
mechanisms in response to the angular deviation signals; the resultant
aerodynamic forces cause the aircraft to rotate in such a direction as to
reduce the angular deviation signals. The complete closed loop thus
becomes quite complex and includes the gyroscope, the control-surface
servomechanisms, and the entire airframe.

Some damping is available from the inherent airframe damping, but
this is not sufficient to stabilize the control loop if high performance is
desired. For this reason modern automatic pilots include suitable cor-
rective networks in the control amplifiers or rate gyroscopes to generate
damping signals.

Additional Requirements. In addition to the indicated design pro-
visions needed for maintaining a fixed attitude, many additional require-
ments frequently must be met. These include the following.

1. Means may be required to permit large attitude changes under con-
trol of the automatic pilot.

2. Means may be required to coordinate turns automatically. This
requires that the following relationship exist between bank angle and
rate of turn

' Rate of turn X True air speed
Bank angle =~ tan™! ( - - )
Acceleration due to gravity

3. Means may be required to change parameters as flicht conditions
change to account for changes in aerodynamie response.

4. Means may be required to allow signals from auxiliary sources
(altimeter, radio glide path receiver, ete.) to be superimposed on the
automatic pilot control.

5. Means must usually be provided to reduce attitude error signals to
zero before the automatic pilot is engaged. Failure to do this can result
in dangerous (or at least uncomfortable) transients in the aircraft atti-
tude.
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Variations in Design. There are, of course, almost unlimited varia-
tions possible in the automatic pilot, but all are characterized by the use
of suitable gyroscopes to measure attitude deviations of the vehicle and
to control surfaces to restore the vehicle to the desired attitude. The
possible variations include the following.

1. Elimination of monitoring controls on gyroscopes (i.e., pendulum
for control of vertical gyroscope). This is satisfactory if relatively short
time attitude control is satisfactory.

2. Use of single degree of freedom gyroscopes attached to vehicle frame
instead of two degree of freedom gyroscopes previously indicated.

The complete dynamic analysis of an automatic pilot-aircraft com-
bination is very complex and requires good knowledge of the aerodynamic
characteristics of the particular airframe.

Schuler Pendulum

General. A method of determining the vertical in a moving vehicle
was discussed which consists basically in averaging the indications of a
simple pendulum. (See Vertical Gyroscopes in this section.) When the
greatest possible accuracy is needed this method is unsuitable because of
its sensitivity to sustained accelerations. One solution to the problem
of the accurate determination of the vertical in the presence of accelera-
tions is the use of what is variously known as “the Schuler pendulum,”
“the 84-minute pendulum,” and “the earth’s radius pendulum.” This
device was originally proposed by Schuler in 1923.

Basic Principles. Operation of the Sechuler pendulum is philosophically
different from that of the averaging vertical indicator. The basic differ-
ence is that the Schuler pendulum uses the measured vehicle acceleration
to establish an appropriate angular acceleration of the indicated vertical
(required because of the generally spherical shape of the earth), whereas
the averaging vertical indicator attempts to ignore the vehicle accelera-
tions. The Schuler pendulum principle may be readily understood from
an inspection of Fig. 11.

Figure 11 shows an accelerometer held level at the surface of the
earth. If the output of this accelerometer is integrated once with respect
to time, the result is velocity. A second integration results in distance
moved along the surface of the earth. Because of the curvature of the
earth (assumed spherical, for the moment), when the accelerometer has
been carried through a distance S along the surface, it must be rotated
through an angle equal to S/R (in radians). A reference must be pro-
vided with respect to which the angle S/R can be measured, and a gyro-
scope is used for this purpose. If it is recalled that a gyroscope will
integrate torques, then a suitable torque generator makes possible the
second integration by the gyroscope. This variation is shown in Fig. 12.
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Independence from Vehicle Acceleration. A device built according
to the above principle will retain an accurate indication of the vertical
(once established) regardless of vehicle accelerations. If any departure
from the true vertical occurs, the accelerometer senses a component of
gravity which it interprets as a vehicle acceleration; as a result, an
angular acceleration of the indicated vertical is produced which, fortu-
nately, is toward the true vertical. The net result is an undamped oscilla-

tion about the true vertical having a period T = 2= R/g ~ 84 min.
The name earth’s radius pendulum derives from the fact that the above
expression is that for the period of a simple pendulum having a length
equal to the radius of the earth, and the name 84-minute pendulum is of
obvious derivation.

Damping. It is possible to introduce damping into the Schuler pendu-
Ium loop by any means which create a phase lead (one possible method
is to bypass some signal around one of the two integrators). Generally
speaking, any simple method of producing damping results in forced
errors due to accelerations. Given an auxiliary measure of vehicle velocity
it is possible to compare this measure of velocity with that resulting from
the integration of accelerometer output and to use the difference for
damping purposes; this eliminates the vehicle acceleration errors but
may introduce errors due to errors in the auxiliary velocity measure.
Figure 13 shows one possible loop utilizing this prineciple.

Gyro

Accelerometer 2 .p v 'p +

O

’

v

Fic. 13. Using auxiliary velocity measure for Schuler pendulum damping.
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* Practical Considerations. In actual operation it is necessary to use
two Schuler pendulums which are physically orthogonal and to be care-
ful that proper corrections are made for any acceleration errors which
result from rotations about the vertical axis and for the effects of earth
rotation. _

Accurate operation of a Schuler pendulum requires that an accurate
relationship be established between the measured linear acceleration of
the vehicle and the generated angular acceleration of the indicated ver-
tical. In the absence of damping, an error step of one knot of velocity
introduced into the loop will produce an oscillation of 0.224 min of arc
(the first error maximum occurs 21 min after the appearance of the
velocity error). Because vehicle maneuvers are likely to be of very short
duration compared with the period of the Schuler pendulum, a reasonable
approximation to the oscillation produced by a maneuver, when the loop
gain is not exactly correct, can be obtained for the undamped device from
the relation that the oscillation (in minutes of arc) ~ 0.224 (0.01 X %
error in loop gain) times the velocity change in knots. When damping
is present or when vehicle accelerations are expected to occur over long
periods of time, a more complete analysis should be made of the actual
loop used.

For the greatest possible accuracy, changes should be made in the loop
gain of the Schuler pendulum to correct for altitude changes and for the
oblateness of the earth.

Inertial Navigation

General. The general field of inertial navigation is an increasingly
important application of the gyroscope. A complete discussion of the
subject is beyond the scope of this chapter, but its basw principles are.
within the scope.

Basic Principles. Inertial navigation depends for its operation on one

of two processes: (a) the measurement and double integration (with
respect to time) of vehicle accelerations in a coordinate system established
by suitable gyroscopes; (b) the measurement ofthe orientation of an
indicated vertical (usually maintained by a Schuler pendulum as discussed
under Schuler Pendulum above) in a coordinate system established by
suitable gyroscopes. The first of these processes is usually used in ve-
hicles. which are essentially in free fall and the second in more conven-
tional vehicles. _
- Inertial navigation requires gyroscopes of a very high accuracy since
in the second type of system discussed above, a one minute of arc drift of
the reference gyroscopes causes a one nautical mile error on the surface
of the earth (this is a direct consequence of the definition of the nautical
mile).
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Gyrocompass

General. The gyrocompass was one of the earliest practical applica-
tions of the gyroscope, and the first U.S. instrument was installed on a
Navy ship in 1911. The importance of the gyrocompass lies in its ability
to indicate true north without the errors to which the magnetic compass
is subject.

Basic Principles. The gyrocompass acts to align itself with the hori-
zontal component of the earth’s angular velocity. Since this lies in a
precisely north-south direction, it provides an accurate north reference.

Basically the commonest form of gyrocompass consists of a gyroscope
suspended in such a fashion as to reduce to an absolute minimum all
disturbing torques about a vertical axis. This gyroscope has its spin
axis lying in a horizontal plane. When the spin axis points north, the
horizontal component of the earth’s angular velocity lies along the spin
axis and does not produce any disturbance. If the spin axis does not
point north, then a component of the horizontal component of the earth’s
angular velocity appears along the horizontal axis which is normal to
the spin axis. Because of this component of angular velocity, the gyro-
scope spin axis departs from the level condition at this same rate.

The gyroscope has attached to it a mechanism (in the simplest case,
a pendulum) which, under the influence of gravity, produces (about the
horizontal axis normal to the spin axis) a torque proportional to the
departure of the spin axis from the horizontal. This torque causes pre-
cession about the vertical axis toward the north.

Damping. The form of device discussed above is inherently oscillatory
and is normally artificially damped. It is usually adjusted to result in
a period of about 84 min.

A gyrocompass is unable to distinguish between the angular velocity
resulting from earth rotation and that resulting from vehicle velocity
about the earth. For this reason it aligns itself with the vector sum of
these angular velocities. A correction is thus required which is a func-
tion of vehicle speed, heading, and latitude. This correction is usually
made automatically by the instrument itself. A gyrocompass having an
84-min period uses the accelerations accompanying vehicle maneuvers to
precess the gyroscope instantaneously into alignment with the changing
total angular velocity vector; for this reason 84 min is the optimum period
for the simple compass.

Accuracy. There have been many variations on the gyrocompass but
all operate on principles which are close to that described. The inherent
accuracy of a gyrocompass depends largely on the success achieved in
reducing disturbing torques about the vertical axis of the gyroscope. A
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steady torque about this axis sufficient to cause a precession rate equal to
op will cause a north pointing error given by the following:

§ = radians,

Qcos A

where @ is the angular velocity of the earth and A is the latitude. A steady
torque sufficient to produce 0.1° per hour precession rate will, therefore,
result in an error of about 34° at a latitude of 60°.

Fire Control

General. Accurate control of gunfire against moving targets requires
that the position of the target at the time of projectile impact be pre-
dicted. Because target locating methods usually involve angular meas-
urements, target velocity computations usually involve angular rate meas-
urements. A gyroscope is a highly desirable reference against which to
make these angular rate measurements, especially on a moving vehicle,
the frame of which is not highly stable.

Basic Configurations. There are two common approaches to this
application: (a) the use of a pair of rate gyroscopes connected to the
sighting devices to give as outputs the two components of angular velocity
and (b) the use of gyroscopes in the positional stabilization of the line
of sight. Torques are applied to the stabilizing gyroscopes to cause the
sighting device to stay on target. A measure of the torque applied to the
gyroscope becomes a measure of the angular velocity of the line of sight.

Because this application is a rate measurement operation, it is neces-
sary that gyroscope wheel speed be accurately controlled and that the
torque application method be accurately calibrated.

Other Applications

There are many applications of the gyroscope in addition to those dis-
cussed in previous paragraphs. A partial list of these follows.

1. Aircraft Stability Augmentation. Many high performance aircraft
are nearly impossible to fly manually because of low aerodynamic damp-
ing. In such aircraft it is common practice to use rate gyroscopes and
servo means to add damping deflections to the control surfaces.

2. Ship Roll Stabilization. To increase passenger comfort or to im-
prove fire control accuracy, ships may be roll stabilized by use of gyro-
scopic equipment. The presently favored method is the use of control
fins moved by servo drives as a result of signals from gyroscopes. In
the past, stabilization has been accomplished by the application of the
precession torques of large gyroscopes to the ship hull.
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3. Radar Antenna Stabilization. On moving vehicles there is frequently
incompatibility between the high servo loop gain' required to reduce the
effects of vehicle angular motions and the low servo loop gain required to
filter radar noise. A gyroscope may be incorporated that gives the high
attenuation of vehicle motions; the radar error signal may be used to
precess the gyroscope under low gain.

Special Considerations in Gyroscope Application

General. Because each application of the gyroscope has its own spe-
cial problems, there is no universal approach to proper application but
certain points should be considered in selecting a gyroscope and method
of application. k

Warmup. Most gyroscopes are more stable after a warmup period
than they are immediately after starting. The requirements of the ap-
plication should be examined to:determine whether such a period can be
allowed or whether it will be necessary to choose a gyroscope capable of
meeting the performance requirements immediately after starting. In
the case of the very highest accuracy needs (such as inertial navigation)
it may not be possible to obtain the required performance without a
warmup period. ‘

Drift Correction. "Any gyroscope will have as a substantial part of its
‘drift a rate which changes very slowly with time. If the time of intended
use is short as compared with the time during which the drift rate changes,
a drift correction (by the application of a torque, for instance) can be
very helpful. A careful study should be made of the drift characteristics
of the particular gyroscope to be used in order to optimize the observation
period on which the correction is based and to determine the worth of
such a correction in light of the actual application. This is an area which
should be approached with caution to make certain that the factors for
which corrections are made do not change in actual use. Illustratively, a
correction made on the ground for torques due to. mass unbalance would
not be proper if the vehicle is later in free fall.

Gyroscope Orientation. It is frequently possible to improve the per-
formance of a gyroscope by choice of an optimum orientation. Illustra-
tively, single degree of freedom gyroscopes will not be subject to dis-
turbing torques as a result of the interaction of mass unbalance and
gravity if the suspension axes are vertical. Even with such an orienta-
tion, they will, of course, be disturbed by accelerations in the horizontal
plane, ‘

Effects of Vibration. Quite aside from the destructive effects of vibra-
tion there are performance-degrading effects of vibration on gyroscopes.
Linear vibration along nonprinciple axes will interact with nonisoelasticity
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effects to cause drift. Angular vibrations along nonprinciple axes can
interact with cross-coupling effects to cause drift. Unfortunately, only
rough estimates of these effects are usually possible by theoretical means;
these effects should be considered, however, and such provisions as are
practical should be made to eliminate forcing vibrations. Testing of the
completed system should be considered to determine whether these are
serious effects.

General Ambient Conditions. Because of the extremely low torques
required to cause significant drift of a gyroscope, virtually no ambient
condition should be neglected as a possible source of difficulty. When
highest performance is needed, it may prove necessary to control the tem-
perature and pressure and also.to maintain very low thermal gradients
in the vicinity of a gyroscope. Magnetic fields may cause gyroscope drift.

6. GYROSCOPE TESTING
General

Performance Testing. This section is concerned entirely with the
performance testing of gyroscopes and will not discuss relatively routine
testing which would be required on any component to determine its ability
to withstand various ambient conditions. Performance tests should be
repeated after exposure to various ambients, even when no obvious dam-
age has resulted.

General Categories. Gyroscope performance tests may be reduced
to four general categories: (a) electrical noise, (b) random drift, (c)
effect of operating conditions on drift, and (d) determination of response
to inputs.

Tests should be run in the order indicated. TUnless the random drift
magnitude is known, it is very difficult to assess the reliability of measure-
ments of the effect of operating conditions on drift. '

Electrical Noise Testing

Procedure. Because there is nothing specialized in the procedure of
making electrical noise measurements on gyroscopes, no discussion of
measurement techniques will be undertaken; an indication of the tests
which should be made will suffice.

Tests.

1. Radio noise tests will frequently be required, partlcularly if the
gyroscope has a heater with on-off control.

2. Tests should be made of electrical noise in the pickoff output. For
a~¢ pickoffs this will include quadrature and harmonic voltages, and for
potentiometer pickoffs the test should include the effect of contact dis-
continuities as the wiper is moved.
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3. Tests should also be made on the interaction with the pickoff of
various other circuits in the gyroscope. It is not uncommon to find that
the gyroscope spin motor, torque generator, and heater may produce
pickoff outputs when excited. In some gyroscopes, significant pickoff
outputs may be generated by wheel rotation even when the drive motor
is unexcited.

Random Drift Testing

Purpose. The purpose of random drift tests is to determine the effects
of various internal gyroscope imperfections which may cause a time-
varying precession rate. These effects may include friction, mass shifts
(interacting with gravity), coercion of power leads, and various other
effects. Random drift tests on rate gyroscopes may be made simply by
recording the output signal of the gyroscope over a period of time.

Equipment. The chief tool in the random drift testing of displacement
gyroscopes is a turntable on which the gyroscope can be operated in, as
nearly as possible, its normal mode of operation. This turntable should,
further, be equipped with means for accurately determining its angular
position. :

Procedure. When a single degree of freedom gyroscope, such as the
rate integrating type, is operated on the turntable, it should be mounted
with its input axis accurately parallel to the turntable axis, and its output
signal should be used to control a servo driving the turntable. Two
degree of freedom gyroscopes may be tested on a single axis turntable
by using one pickoff output to control the turntable and the other pickoff
output (through a suitable amplifier) to apply a slaving signal to the
proper gyroscope torque motor. One axis of the gyroscope thus controls
the turntable, and the second is kept in a centered condition.

Drift testing reduces itself to the determination of the time-varying
angle of the turntable when under control of the gyroscope. Adequate
drift testing, however, requires that several matters be considered.

1. Gyroscope drift is statistical in nature and large amounts of data
are required to reach any reasonable conclusions. A number of runs
should usually be made on a particular unit and, if possible, a number
of units should be tested.

2. Care must be taken to hold conditions as nearly constant as possible
during random drift runs; temperature, pressure, voltage levels, and
supply frequencies are included.

3. In a well-designed gyroscope, the predominant component of drift
will result from very slowly changing torques, and consequently extrap-
olation of short time runs to longer times is dangerous. For this reason,
drift testing is a time-consuming operation.
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4. Most gyroscopes will exhibit constant bias rates superimposed on
the random drift. The bias rate for a particular gyroscope will commonly
be different for each warmup. For this reason a random drift test run
must be continuous.

5. Random drift tests should be run with the gyroscope in various
orientations with respect to the gravity field.

6. Tarth rotation corrections must be made to drift data.

Presentation of Results. Gyroscope random drift tests results may
be presented in a number of ways. When results are to be presented on
only a single unit (or a representative sample of a design), the actual
data may be shown on a curve of drift angle vs time, or of instantaneous
drift rate vs time.

Because of the statistical nature of random drift data, it is usually
desirable to present a large quantity of data in an easily assimilated form.
These data may be the result of a large amount of testing of a single
gyroscope or of the testing of a number of samples. Figure 14 illustrates

Maximum drift
Mean dl'\ﬂ'.

Standard deviation

Drift angle

Elapsed time

Fi1c. 14. Possible presentation of gyro drift data.

one form of data presentation which meets this need. This is a plot of
the mean drift angle, the maximum drift angle, and the standard devia-
tion of the data as functions of elapsed time from the start of the run.
(Runs may be considered as starting at various arbitrary times within a
longer run, thus giving a large group of numbers for one actual run.)

When it is desired to investigate the response of a system to the effects
of gyroscope drift, it is very useful to have random drift data in the
form of its power spectral density.

The presentation of random drift data may be varied by the inclusion
or exclusion of the warmup period and by the inclusion or exclusion of a
correction for any bias rate. The intended usage of the gyroscope as
well as its characteristics will dictate the desirability of these variations.
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Tests on Effect of Operating Conditions on Drift

Purpose. Because of the very low torque levels which can cause sig-
nificant drift rates, almost all operating conditions may be considered as
possible causes of drift. It is possible to lump all drifts into one category
and to run drift tests under expected conditions of use; doing this will
give the total drift, including the effects of the expected variations of
conditions. It is highly desirable, however, to know the amount of con-
tribution of a change of a particular condition to the drift of the gyroscope.
With this information available an intelligent approach can be made to
the control (where practical) of operating conditions.

Procedure. With the same turntable required for random drift tests,
it is relatively easy to run tests in which the rate change is observed, as
various excitation voltages and frequencies are changed. Part of the
effect of a voltage or frequency change may be expected to be magnetic
and result in an immediate rate change; part may result from thermal
effects and may require a substantial period of observation.

The effects of ambicent pressure, ambient temperature, air blasts, and
nearby hot or cold surfaces may all be evaluated either by placing the
entire turntable in a suitable test chamber or by placing a small test
chamber on the turntable. The effects of thermal conditions should be
observed over substantial periods of time.

As a generality, the effects of acceleration are the most difficult to
determine, with the exception of those of a 1-g sustained acceleration.
Higher sustained accelerations can be developed in the laboratory only
by use of a centrifuge, and the rotational input of the centrifuge may be
expected to mask any drifts caused by the acceleration. Testing under
vibratory accelerations is also difficult because of the problem of measur-
ing small angular motions in the presence of the vibration. :

Tests. Despite the above difficulties there are a number of useful tests
which can be made.

1. Test runs may be made in which the gyroscope rotates slowly through
the gravity field while drift data are taken. This may be done by placing
the turntable axis parallel to the earth’s axis and allowing earth rotation
to cause the relative rotation.

2. Test runs may be made on a centrifuge with the gyroscope non-
rotating. In this case the gyroscope pickoff output is applied, through
a suitable amplifier, to the torque generator to keep the instrument in a
nulled condition. The torque generator current required is then taken
as a measure of the disturbing torque.

3. Gyroscope drift under conditions of vibration may be best deter-
mined by observing the rotation optically. This permits the gyroscope
under test to be vibrated while the measuring device remains steady;
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observations may have to be intermittent, even with such an arrangement.
Sufficient data should be collected on the effects of operating conditions
to allow reasonable separation of uncertainties caused by random drift.

Determination of Response to Inputs

Purpose. The ideal gyroscope should have only two kinds of response
to inputs. First, it should give an accurate and instantaneous indication
of angular motions about either one or two axes (depending on the num-
ber of degrees of freedom). Secondly, it should respond instantaneously
and accurately to precession command signals, again on either one or
two axes. Further, there should be no interaction among the various
axes. Gyroscope response measurements should be planned which demon-
strate how well the actual instrument approaches the ideal.

Tests. The following tests should be made to determine the response
of the gyroscope.

1. Tests should be made to determine over what range of angular
velocities (about the input axis or axes) the output is a good measure of
the input. If this range is very wide it may suffice to determine that the
instrument actually covers the user’s needs.

2. Tests should be made to determine whether the angular displacement
resolution is low enough. This test will apply only to displacement types
of gyroscopes and is particularly applicable to those having potentiometer
pick-offs.

3. Tests should be made in which the input to the torque generator is
accurately varied while the resultant precession rate is determined.

4. Tests should be made to determine what, if any, time delays are
present. These may best be made by applying sinusoidally varying inputs
(both angular and precession command) and observing the phase shift
and magnitude of the output. An alternative to such testing is the use
of the theoretical response equations of Table 2.

5. Tests should be made of cross-coupling effects. For instance, in a
rate-integrating gyroscope, rotation of the instrument about the spin
axis (after nulling the pickoff output) should result in no change in the
output; any axis misalignment will cause such an output. Rotation of
the rate-integrating gyroscope about its output axis should result in a
change in pickoff output proportional to the angular velocity about the
output axis. No change in output should occur which is proportional
to the angle through which the instrument is rotated.

Cross-coupling effects will be the result either of imperfect axis align-
ment or of the instrument dynamies. The first class must be determined
by test, while the second class may be determined either by test or by
application of the Table 2 equations.



28-40 DESIGN OF COMPONENTS

In testing to determine the response to inputs, care should be taken
to hold the operating conditions constant (to the degree found necessary
in the earlier testing), and sufficient data should be taken to allow separa-
tion of the random drift effects.
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Absorption interference, 24-08
Acceleration error, vertical gyroscope,
28-23
Acceleration measurements, see Accel-
erometers
Accelerometers, 20-18
elements, 20-19
environmental considerations, 20-19
natural frequency, 20-18
Acceptors, semiconductors, 26-06
Access time, storage, human component,
2-10
Accuracy, displacement measurement,
20-10
flowmeters, 20-20
measuring elements, 20-02
numerical control, 6-01, 6-23
A-c motors, 22-27
conveyers, 5-06
Actuators, 8-09, 22-01, 22-40
a-c motors, 22-27
accuracy vs. dynamic range and cost,
22-16
amplifier combinations, 6-25
clutches, 22-47
combinations, 22-02
component measurement, 22-16
cost, 22-16
~ d-c motors, 22-28
definition, 22-01
dynamic characteristics, 22-05
electric, 22-27
environment vs. cost and reliability,
22-17
errors, 22-22
feedback control loops, 22-03
figure of merit, 22-05

Actuators, fluid, 22-31
frequency response measurement,
22-15
friction, 22-04, 22-44
gain, 22-15
characteristic symmetry, 22-09
curves, 22-06, 22-08, 22-14
measurements, 22-14
gear trains, 22-19
hydraulic, 6-24, 6-25, 22-31
advantages and disadvantages, 22-31
axial piston motor, (table) 22-33
axial piston pump, 22-32
motor characteristics, 22-33
position control, 22-34
principles of operation, 22-32
pump controlled, 22-32
rams, 22-40
single piston, 22-40
single vane, 22-40
valve controlled, 22-35, 22-40
valves, 22-35
vane motors, (table) 22-33
inchworm, 22-54
inertia, 22-04
input impedance, 22-10, 22-26
loading effects, 22-22
magnetic clutch, 6-25
measurement, of component, 22-16
of frequency response, 22-15
of transient response, 22-15
measurement equipment, 22-13
mechanical, 22-46; see also Clutches
brakes, 22-47
cam piston motors, 22-54
clutches, 22-46
Graham drive, 22-53
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Actuators, mechanical, inchworm, 22-54
rotary solenoids, 22-46
Servotran, 22-53
special, 22-53
step servo motors, 22-55
nonlinearities, 22-07, 22-22
numerical control, 6-05
piston, with integral positioners and
boosters, 7-57
single, 22-40, 22-45
pneumatic, 7-47, 7-52, 22-41; see also
Actuators, valve
advantages and disadvantages,
22-42
applications, 22-43
bellows, 22-46
boosters, 7-57
Bourdon tube, 22-45
cam piston, 22-54
characteristics, 22-44
gear, 22-45
piston, 22-45
with integral positioners and
boosters, 7-57
piston operated with integral posi-
tioners, 7-55
spring and diaphragm valve, 7-52
with booster, 7-53
with positioner, 7-54
transfer function, 7-53
types, 22-45
vane, 22-45
power, 22-04, 22-18
pump controlled, 22-32
rams, 22-40
reliability, 22-17
requirements, 22-04
rotating amplifiers, 22-02
saturation of input elements, 22-25
selection, 22-17, 22-22
single piston, 22-40, 22-45
single vane, 22-40, 22-45
size, 22-16
special, 22-04, 22-53
specifications, 22-04
speed of response vs. power, size, cost,
22-17, 22-19
speed-torque curve, 22-06, 22-10, 22-14
standard, 22-04

Actuators, time constants, 22-05, 22-25
time delay, 22-24
torque, 22-04, 22-19
gain, 22-05
ratio to inertia, 22-05
squared ratio to inertia, 22-05
transfer functions, 8-12, 8-13
transient response measurement, 22-15
travel, 22-05
valve, 7-52
boosters, 7-53
electrohydraulic, 7-73
electropneumatic, 7-72
positioner-operated spring and dia-
phragm with booster, 7-54
spring and diaphragm, 7-52
with booster, 7-53
with positioner, 7-54
transfer function, 7-53
valve controlled, 22-35, 22-40
vane, single, 22-40, 22-45
weight, 22-16
Adaptive control, 13-26, 13-28
Adders, amplifier-resistor, 23-04
electrical, 23-02, (table) 23-03
mechanical, 23-04, 23-05
resistance addition, 23-02
transformer addition, 23-02
Adiabatic capacitance, 7-19
Adjustment, controller actions, 10-20,
10-27; see also Controller settings
Aikman method, controller settings,
10-22
Air gage sensing, human components,
3-18
Air supply impedance, 7-17
Air turbine drive, gyroscope, 28-15
Airborne Instruments Laboratory, 22-54
Aircraft, automatic pilot, 28-27
stability augmentation, 28-33
Aircraft Industries Association (AIA),
6-18
Alpha cutoff frequency, transistors,
26-37
Alternator modulator, 21-13
Amplidyne, 21-47, 22-02, 22-30
Amplifier-actuator combinations, 6-25,
6-26
Amplifiers, 22-01; see also Actuators
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Amplifiers, a-¢ servo motors, 6-23
bandpass, 27-50
chopper stabilization, 27-58
class A, 27-35
class B, 27-36
computing, 21-04, 21-05
control, 21-01
amplification, 21-23
applications, 21-04
bandwidth, 21-04
characteristics, 21-02, (table) 21-03,
21-26
computer, 21-04, 21-05
cost, 21-03
d-c, 21-05, 21-10
definitions, 21-01
demodulators, 21-02, 21-13, (table)
21-14
dielectric, 21-03, 21-32
electromechanical, 21-02, 21-03,
21-05, 21-41; see also Electro-
mechanical amplifiers
electronic, 21-03, 21-05, 21-23; see
also Amplifiers, magnetic; Am-
plifiers, transistors
environmental factors, 21-05
feedback, 21-12
frequency response, 21-04
gain, 21-02, 21-23
gain stability, 21-04
hydraulie, 21-02, 21-05, 21-47
input impedance, 21-03
instrument, 21-04
ion flow, 21-03, 21-32
linearity, 21-03, 21-04
magnetic, 21-03, 21-35; see also Am-
plifiers, magnetic
maintenance, 21-04
modulators, 21-01, (table) 21-13; see
also Modulators
plasma, 21-32
pneumatie, 21-03, 21-05, 21-47
power supplies, 21-39
reliability, 21-04, 21-25, 21-28
response, 21-03, 21-43
rotary, 21-02, 21-03, 21-06, 21-45; see
also Amplifiers, rotary
semiconductor, 21-03, 21-05, 21-26;
see also Amplifiers, semiconductor

3

Amplifiers, control, serviceability, 21-04

temperature stability, 21-06, 21-28
terminology, 21-01
types, 21-02
wiring techniques, 21-08
d-c, 21-05, 21-10
biasing, 21-10
drift, 21-13
noise level, 21-13
stabilization, 21-10
transistors, 27-57
design, 1-23
dielectrie, 21-03, 21-32
diodes, 26-26
reactance, 26-27
semiconductor, 26-26
tunnel, 26-26
electromechanical, 21-02, 21-03, 21-05,
21-41
characteristics, 21-44
linearizing performance, 21-44
nonlinearities, 21-43
response, 21-43
types, 21-41
electronic, construction techniques,
21-07
design, 21-24
gain, 21-02, 21-23
hum pickup, 21-24
materials, 21-07
mechanical, 21-07
noise, 21-13
pentodes, 21-24
potting, 21-08
power supplies, 21-39
printed circuits, 21-09
reliability, 21-25
temperature specifications, 21-06
triodes, 21-24 N
vacuum tubes, 21-23
wiring techniques, 21-08
environmental factors, 21-05
fluid, 21-02, 21-03, 21-05
gain, 21-02, 21-23
gain control, 27-55
high-frequency, 27-42
hydraulic, 6-24, 6-25, 21-03, 21-47
integrating, 27-61
ion flow, 21-03, 21-32
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Amplifiers, low-frequency, 27-23

low-noise stages, 27-39
magnetic, 6-25, 21-03, 21-35, 25-01

advantages, 21-38, 25-01
applications, 25-02
bias, 25-32
circuits, 21-36, 25-28
control, 25-24
design, 25-27
full-wave, 25-29
half-wave, 25-10, 25-32
Ramey logic, 25-36
single ended, 25-28
single saturable reactor, 25-11
three-phase, 25-36
components, 25-12
construction, 21-35
cores, 25-13
construction, 25-16, 25-17, 25-19
material, 25-13, 25-14, (table)
25-15, 25-16, 25-17
size, 25-21
design, 25-19
load circuit, 25-21, 25-26
sample problem, 25-26
differential permeability, 25-14
disadvantages, 21-38
feedback, 25-11
ferrites, 25-16
figure of merit, 21-38, 25-11
firing angle, 25-05
full-wave, self-saturating, 25-09
Geyer bridge circuit, 25-34
hybrid, 21-38
hysteresis loop width, 25-14
load circuit, 25-21, 25-26
magnetic materials, characteristics,
(table) 25-15
NOL bridge circuit, 25-32
normal excitation, 25-05
nuclear reactor control, 16-24
polarity reversal, 25-29
power, control of, 25-03
preamplifying stage, 25-26
Ramey circuits, 25-08, 25-19
rectifiers, 25-18, 25-19
resetting, 25-07
response time, 25-10
saturable reactor, 21-35, 25-02

Amplifiers, magnetic, saturation flux
density, 25-14
squareness ratio, 25-14
stability, 21-38
three-phase circuitry, 25-36
time constant, 25-10
transfer functions, 25-10
volt-second concept, 25-05
winding configurations, 21-36
operational, 27-58
parametric, 26-27
plasma, 21-32
pneumatic, 21-03, 21-47
electrical equivalent, 21-48
power, 27-33, 27-35
proportional, 6-24
pulse, transfer function, 27-72
transient responses, 27-72
transistors, 27-71
reactance, 26-27
relay, 6-23, 7-59
rotary, 6-24, 21-02, 21-03, 21-06, 21-45,
22-02
amplidyne, 21-47
applications, 21-45
characteristics, 21-45
configurations, 21-46
figure of merit, 21-46
metadyne, 21-46
semiconductor, 21-03, 21-26
advantages, 21-27
characteristics, 21-26
circuit calculations, 21-28
disadvantages, 21-27
input eircuits, 21-31
noise, 21-32
power consumption, 21-27
principles, 21-26
reliability, 21-27
temperature stability, 21-28
servo, 6-23 )
small signal, 27-30
switches, 27-72
transistors, 27-23
video, transistors, 24-47
wide-band, transistors, 27-47
Amplitude modulation, 27-68
classification, 15-50
demodulation, 15-15, 15-55, 15-59, 15-60
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Amplitude modulation, detection, 15-49
direct transmission, 15-14, 15-22
double sideband, 15-50
emitted carrier, 15-50
interference characteristics, 15-68
signal suppression, 15-51
single sideband, 15-50, 15-55
suppressed carrier, 15-50, 15-55, 15-56
waveforms, 15-57

Amplitude ratio, 9-12

Analog computers, process control, 13-03,

13-18
Analog multiplier, transistors, 26-55
Analog-to-digital converters, 6-15, 6-16,
6-20, 6-21
numerical control, 6-01, 6-03, 6-05
optical gratings, 6-22
rotary, 6-22
Analytical instruments, process control,
10-34
And transistor circuits, 27-87, 27-88
Angular aberration, 24-22
Annin Company, 7-55
Antenna stabilization, 28-34
APT-2, 6-30
Arbitrary function tests, 9-10
Area, process control response, 10-17,
10-18

Area regulation, electric power systems,
17-13, 17-29, 17-49

Area requirement, electric power sys-
tems, 17-37

Audition, channel capacity, 2-08
information rate, 2-08
time resolution, 2-09

Automatic component testing, 4-11

Automatic control, see also Process con~-

trol
computers, 13-01
inspection, 4-02
nuclear reactor, 16-21, 16-23
power industry, 17-01

Automatic inspection, 3-22, 3-27
automatic adjustment, 3-22, 3-23
automatic rejection, 3-23
control system design, 4-05
displays, 4-10
electrical component, 4-11
fault statistics, 4-02

Automatic inspection, fault types, 4-02
- feedback control, 4-03
human limitations, 4-01
mechanical, 4-02
programmed testing, 4-11
purpose, 4-01
recording systems, 4-10
sensing elements, 4-03
sensing instruments, 4-03
time scale, 4-09
Automatic machines, 3-01; see also
Automatic control; Automatic
inspection
air gage sensing, 3-18
assembly, 3-03
batch process, 3-01
Bemis bag packer, 3-24
boring, 3-14
casting, 3-15
classification, by types, 3-03
of operations, 3-03
continuous transfer, 3-08
continuous vs. batch processes, 3-03
control, mechanical adjustments, 3-17
conveyers, 3-01; see also Conveyors
down time, 3-13
drilling, 3-14
examples, 3-24
failure detection, 3-21
feeding devices, 3-04
flexible programming, 3-17
forming, 3-14
foundry, 3-27
gear cutting, 3-14, 3-26
grinding, 3-14
hydraulic sensing, 3-18
inspection, 3-22, 3-27; see also Auto-
matic inspection
intermittent cycle transfer, 3-07
lathes, 3-13
malfunction detection, 3-20
materials handling conveyers, 5-01,
5-02; see also Conveyors
milling, 3-14
molding, 3-15
numerical control, 3-19, 6-01; see also
Numerical control
orientation, 3-04
overriding controls, 3-19
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Automatic machines, positioning, 3-04
process types, 3-01
programming, 3-15, 3-16
quality control, 3-27
separation, 3-04
single operation transfer, 3-08
stamping, 3-14
storage devices, 3-11
transfer mechanisms, 3-07
transfer to operation, 3-05
transporting mechanisms, 3-04
Automatic Programmed Tools (APT),
6-30
Automatic system, 3-03
Automation, 3-02
amplifier requirements, 21-04
conveyors, 5-27
machines, 3-02
Autopilot, 1-14, 1-15
Autronic controller, 7-69

Backlash, 6-26, 6-27
Baldwin, 7-62
Ball-bearing suspension, gyroscope, 28-17
Ball-float transmitters, 7-38
Bandwidth, displacement measurement,
20-09
exchanging power, 15-10, 15-21, 15-38
filters, 15-45
hydraulic systems, 6-25, 6-26
magnetic amplifier-servo motor, 6-25,
6-26
message, 15-65
pressure measurement, 20-14, 20-15
pulse, 15-78
ratio, 15-11
rotary amplifier-d-c motor, 6-26
Base, common, 27-02, 27-06
resistance transistors, 27-43
Batch process, 3-01, 3-03
optimization, 13-22
vs. continuous processes, 3-03
Batch sample analysis, 24-17, 24-39
Beckman instruments, 14-11
Beer-Lambert law, 24-02
Bergen-Ragazzini method, 12-04
Bias control, 17-35, 17-36, 17-42
Bias ratio, 17-55

Bias regulators, electric power systems,
17-37
Bias stabilization, transistor circuits,
27-18
Binary code, 6-17
Binary-coded decimal, 15-24
Binary counting, 27-93
Binary digit, 15-07
Binary PCM, 15-17, 15-22
Bit, 15-07
Bleakney, 24-21
Block diagram, control systems, 1-10,
1-11
dynamie, 1-14, 1-15
from flow diagrams, 8-06
nuclear reactor control, 16-22
Bode diagram, controller transfer func-
tions, 8-09
nuclear reactor control, 16-08, 16-10,
16-14, 16-15, 16-19, 16-20
Boiler-turbine-generator units, 17-67
Bolometer, 24-07
Boolean algebra, 1-07
Boosters, pneumatic actuators, 7-57
relay, 7-27
valve actuator, 7-52
Boring machines, 3-14
Brakes, 22-47
Buffer, numerical control, 6-05, 6-07
Butterfly filter, 15-45
Butterfly valve, see Valves

Calculus of variations, 13-07
Cam piston motors, 22-54
Capacitance, adiabatie, 7-19, 7-20
Capillary tubes, 24-40
Carrier, 15-50
Carrier-to-noise power ratio, 15-31, 15-37,
15-40, 15-54, 15-63
Carriers; 26-02
extrinsic, 26-05
n type, 26-05
P type, 26-06
intrinsie, 26-04
lifetime, 26-14
majority, 26-06
minority, semiconductors, 26-09
p type, 26-06
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Cascade control, 10-28
pseudo, 10-31
true, 10-29
Casting machine, 3-15
Centrifugal governor, speed measure-
ment, 20-18
Channel capacity, ear, 2-08
human component, 2-03
machines, 2-03
vision, 2-06
Channel overloading, 2-11
Characteristics, electric power system,
17-19, 17-35
Chemical industries, 7-01
Chemical process control, 10-01; see also
Computer control; Data process-
ing; Sampled-data control
computers, 13-01
data processing, 14-01
sampled-data system, 12-01
Chemical processes, analysis procedure,
814
block diagrams, 8-06
control valves, 8-09
controllability, 8-05
controllers, 8-08
degrees of freedom, 8-04
design, 8-01, 8-05
efficiency, 8-04
feedback lag, 8-19
final control elements, 8-09
flow diagram construction, 8-05
- instriment location, 8-18
load changes, 8-15
nonlinearities, 11-01, 11-06
classification, 11-12
operating conditions, 8-08
operational factors, 8-02
optimum stable control, 8-15
quality control, 8-02
selection of mode of control, 8-17
terminology, 8-01, 9-02
test methods, 9-01
transfer functions, 8-07, 8-13
transmission dynamics, 8-18
valves, 8-09, 8-12
variables, 8-02
Ch(l)pper' demodulators circuits, 21-14,
21-16

Chopper modulators, typical circuits,
21-13, 21-14, 21-15
Chopper stabilization, transistor am-
plifiers, 27-58
Chromatography, 24-26; see also Gas
chromatography analyzers
Circuits, clamping, 27-77
Darlington, 27-101
transistor amplifiers, 27-39
direct-coupled switching, 27-90
dynamic, 27-94
electron tube, comparison with tran-
sistor circuits, 27-04
equivalent, 27-11, 27-23
logical switching, 27-87
pneumatic, pulsation dampers, 7-61
transistors, 27-01
performance, 27-26
Clamp, diode, 27-77
Clarridge method, controller settings,
10-22 :
Classes I, II, III control, electric power
systems, 17-16, 17-84
Clipping, transistor amplifiers, 27-35
Closed loop control, human, 2-11
numerical, 6-23
Clutches, 22-47
advantages and disadvantages, 22-47
characteristics, 22-48
eddy current, 22-48, 22-52
electrostatic, 22-54
friction, distribution, 22-50
materials, 22-50
hysteresis, 22-48, 22-51
magnetie, 6-25
magnetic fluid, 22-50
magnetic powered, 22-51
power dissipation, 22-49
slippage, 22-49
Codes, binary, 6-17
binary coded decimal, 15-24
constant, ratio, 15-27
contouring, 6-16, 6-18
control, 6-07
cyclic binary decimal, 15-24
designed to compensate for apparatus
limitations, 15-24
digital transmission, 15-24
error correcting, 15-25
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Codes, error detecting, 15-25
Flexowriter, 6-14
Gray, 6-15, 15-24
Hamming, 15-26
Hollerith, 6-14
interpolation, 6-09
Moore, 15-27
numerical, 6-13, 6-14
numerical control, 6-01, 6-05, 6-07
parity check, single error detection,
15-26
power efficiency, 15-27
punched cards, 6-14
reflected binary, 15-24
Remington Rand, 6-14
selection, 6-14
Teletype, 6-15
transducer, 6-09
Collector, capacitance, 27-24
common, 27-03
Colorimeter oxygen analyzers, 24-31
Colorimeter sulfur analyzer, 24-35
Command control, 17-107
Comparators, 6-20
Compensation, nonlinearities, 11-26
pneumatic transmission system, 7-28
transmission line lag, 7-33
Compensator cell, 24-08
Components, confidence factors, (table)
19-16
control system, 18-02, 18-03
dead space, 18-06
digital control computers, 14-15
drift, 18-07
electric, 4-11, 7-61
electronie, 7-61
environmental factors, (table) 18-03
expected failure rates, (table) 19-14
failures, 19-02, 19-03; see also Relia-
bility, components
confidence factors, (table) 19-16
law, random, 19-02
maintenance, 19-03
mean time between, 19-03
rate curve, 19-02
rates, expected, (table) 19-14
human, see Human components
input range, 18-06
limiting, 18-07

Components, magnetic amplifiers, 25-12,

25-19
maintenance, 18-04, 18-05, 19-03
nonlinearity, 18-07
output range, 18-06

-parametric computer, 26-27

performance factors, 18-05, 18-06
range, 18-06
recorders, 7-71
redundancy, 19-06
parallel, 19-08, 19-09, 19-11
standby, 19-11, 19-12
reliability, 19-01, 19-03; see also Re-
liability, components
selection, basic principles, 18-01, 18-02
measuring elements, 20-01
objectives, 18-01
reliability, 19-01, 19-02
sensors, 20-03
testing, automatic, 4-11
transfer function, 18-06, 18-07
transmitters, 7-61
valve actuators, 7-72

Composition analyzers, 13-03
Compressibility, 22-31, 22-42
Computer control, 14-01

adaptive, 13-26, 13-28
analog, 13-03, 13-18
applications, 13-17
benefits, 14-02
calculus of variations, 13-07
data logging, 13-03
decoupling, 13-04
design problems, 14-17
digital, 13-04, 13-18
dynamic models, 14-15
dynamic processes, 13-07, 13-25
dynamic programming, 13-09
economy power dispatch, see Economy
power dispatch '
economic power distribution, 13-19
equipment, characteristics, 14-13,
(table) 14-15
future, 14-17
instruction codes, 14-16
reliability, 14-14
storage, 14-16
Lagrangian multipliers, 13-06, 13-19
load dispatchers office, 17-104
mathematical model, 13-05
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Computer control, model adaptation,
13-26
model methods, 13-16, 13-22
models, 14-18
objectives, 14-19
on-line, 13-20
operating guides, 13-17
optimization, 13-04, 13-16
analytical methods, 13-06
criteria, 13-04
direct, 13-10
penalty factors, 17-80
pilot plants, 13-28
planning for, 14-17
predetermined program control, 13-21
process expenses, 14-19
profit equation, 14-19
repetitive, 13-22
self-checking, 13-26
steady state models, 14-18
system boundaries, 14-21
Computers, analog, process control,
13-03, 13-18
control, see Computer control
digital, process control, 13-04, 13-18
economy dispatch, 17-81, 17-102
special purpose analog, 12-08
Computing, numerical control, 6-07
Computing amplifier, 21-01, 21-05
Computing control, see Computer con-
trol
Computing elements, adders, 23-01, 23-02
controllers, 23-02
differentiation, (table) 23-06
differentiators, 23-05
dividers, 23-05, (table) 23-07
function generators, 23-10, 23-11
integrators, 23-05, (table) 23-06
multiplier, 23-05, (table) 23-07
Conductivity, 24-35
n type, 26-06
p type, 26-06
Confidence factors, components, (table)
19-16
Constraint equations, 13-05, 13-06
Contact choppers, 21-13, 21-14
Continuous analyzers, process control,
10-34
Continuous control, 23-13, 24-40

Continuous process control, 23-13, 24-40
Continuous process monitoring, 24-40
Continuous process optimization, 13-20,
13-25
Continuous processing, advantages, 3-02
Continuous processes, 8-01; see also
Chemical processes
Continuous processing, disadvantages,
3-02
material feeding devices, 3-04
programming, 3-15, 3-16, 3-17
transfers, 3-08
vs. batch processes, 3-03
Continuous ultraviolet analyzer, 24-13
Contouring, numerical control, 6-01, 6-03
Control, see also Control systems
electric power systems, 17-01, 17-103
human component, see Human com-
ponents
nuclear reactors, see Nuclear reactor
control
optimum stable, 8-15
proportional, 8-17
Bode diagram, 8-09
transfer function, 8-08
proportional derivative, 8-17
Bode diagram, 8-11
transfer function, 8-08
proportional integral, 8-17
Bode diagram, 8-10
transfer function, 8-08
proportional integral derivative, 8-17
Bode diagram, 8-11
transfer function, 8-08
quality, chemical processes, 8-02
Control equipment, nonlinearities, 11-09
Control functions, continuous, 7-05
discontinuous, 7-09
Control logie, 6-19, 6-20
transfer machine, 1-06, 1-07
Control loop, with human component,
2-02
Control panels, 7-79; see also Nuclear
reactor control
Control room, 7-79
Control stations, pneumatic, 7-46
Control systems, see also Process control
alternate formulations, 1-17, 1-18
amplifiers, see Amplifiers, control
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Control systems, amplifiers, numerical,

6-23, 6-25
applications, 1-01, 1-02, (table) 1-02
automatic inspection, 4-03
design, 4-05
automatic machines, 3-02; see also
Automatic machines
autopilot, 1-14, 1-15
benefits, 1-01, 1-02
block diagram, 1-10, 1-11
" dynamie, 1-14, 1-15.
chemical, 8-01
components, 18-02, 18-03
continuous control, 1-09
conveyors, 5-02, 5-03
data representation, 1-13
definition, 1-01
design, 1-03, 8-01
decisions, (table) 1-11, 1-13
detailed unit, 1-21, 1-23
digital computer, 1-13
educational requirements, (table)
1-03
final, 1-24, 1-25
formulation of the problem, 1-03,
1-06
human factors, 2-13
-operations research, 1-04, 1-05
practical problems, 1-21, 1-23
setting limits, 1-05, 1-06
system simplifications, 1-11
dynamic analysis, 1-14
importance, 1-18
techniques, 1-16
economics, 1-11, 1-14
electric, 7-17
electric power, 17-01
electronic, 7-17
errors, criteria, 1-18, 1-19
errors assignment, 1-20
examples, 1-06, 1-07
fire control, 1-20
grounding, 1-21
gyroscopes, 28-01
human component, 2-01; see also
- Human components
hydraulic, 7-18
input-output devices, 1-13
instrumentation, 7-02
limitations, 7-02

INDEX

Control systems, logic, 1-07
multivariable, 10-35
nuclear reactor, 16-01, 16-04
numerical, 6-01, 6-23, 6-25
optimizing, 1-20
packaging problems, 1-25

pneumatic, 7-10; see also Pneumatic

control systems
process control, 1-09, 1-10
design, 1-13
dynamics, 1-18
programmed, 1-07, 1-09
pseudo-cascade, 10-31
sequencing, 1-06, 1-08
simulation, 1-16, 1-17
specifications, 1-21
tests, 1-24
transfer machine, 1-06, 1-07
trends, 7-02
unit functions, (table) 1-10
unit tests, 1-24
Control valves, actuators, 7-52
formulas, 8-12
nonlinearities, 11-09, 11-16, 11-26
pneumatic, 7-47
trim characteristics, 7-49
Controllability, 8-05
Controlled variables, 8-03
Controller actions, 10-06, 10-17
Controller adjustments, nonlinearities,
11-16, 11-26
Controller settings, 10-27
adjustment, 10-20
frequency response, 10-25
literature, 10-27
method, Clarridge, 10-22
Nichols, 10-21
Offereins, 10-21
Pessen, 10-22
Rutherford, Aikman, and Ream,
10-22, 10-25
Ziegler, 10-21
practice, 10-20
stability limit, 10-21
transient response, 10-23
Controllers, board mounted, 7-10
comparison of various modes, 8-17
electric, 7-68
electronic, 7-68
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Controllers, electronic, frequency re-
sponse, 7-71
proportional circuit, 7-69
rate circuit, 7-70
reset circuit, 7-70
transfer functions, 7-69
field mounted, 7-12
input, 7-12
mechanisms, 7-08
off-on, 7-09
nonlinearities, 11-11
Opcon, 13-15
pneumatie, 7-39; see also Pneumatic
controllers
proportional band, 7-05
proportional control, 7-05
pure three-term, 10-06
Quarie, 13-12
rate action, 7-06
derivative time, 7-07
frequency response, 7-06
transfer function, 7-08
reset action, 7-06
selection of mode, 8-17
self-actuated, 7-75, 7-76
terminology, 8-02
throttling range, 7-05
time constant, 7-05
transfer functions, 7-08, 8-08, 10-05
Bode diagrams, 8-09
Converters, analog-to-digital, see Ana-
log-to-digital converters
Conveyors, 5-01
a-¢c motor systems, 5-06, 5-23
adjustable speed requirements, 5-05
applications, 5-01, 5-23
automation, 5-27
belt, 5-23, 5-24
centralized systems, 5-15
chains, 5-03
control, 5-02, 5-03, 5-08, 5-20
balancing, by feedback, 5-08 -
by force, 5-06
circuits, 5-14
design, 5-02
electrical, 5-06, 5-08
d-c motor systems, 5-20
decentralized systems, 5-15
drives, 5-07

Conveyors, indexing, 5-27
live roller, 5-23, 5-24
loading, 5-04
master timer, 5-21, 5-22
materials handling, 5-01
automatic machines, 5-01, 5-02
control, standards, 5-10
motor drives, 5-07, 5-08
multiple drive, 5-05
overload protection, 5-03
production speed control, 5-21, 5-22
selective dispatching, 5-23
slack chain control, 5-04
speed, 5-06
gynchronized systems, 5-17, 5-18
takeups, 5-08
trolley, 5-24, 5-25
types, 5-23, 5-24
wiper circuits, 5-12
Cores, magnetic, construction,
25-17, 25-19
cut, 25-17
material, 25-19
size selection, 25-21
- stacked, 25-17
toroids, 25-16
magnetic amplifier, 25-13, 25-14
Coriolis acceleration, 28-24
Correlation discriminators, 15-38
Coulomb friction, 11-13, 11-26
Counter-tachometer, speed measure-
ment, 20-18
Counters, 27-90
Crossed magnetic and electrostatic mass
spectrometer, 24-22
Crystal oscillator, 27-65
Cutoff frequency, 27-42
Cutting thrust, numerical control, 6-28
Cyeclic binary decimal code, 15-24
Cycloidal focusing mass spectrometer,
24-20, 24-23
Cyclotron, 24-24
resonance frequency, 24-24

25-16,

Damping, gyrocompass, 28-32
ratio, level transmitters, 7-37
Schuler pendulum, 28-30

Darlington circuits, 27-101

Data acquisition systems, 14-01
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Data loggers, 14-01, 14-10
characteristics, (table) 14-11
equipment, 14-08

Data logging, 13-03

Data processing, see also Computer con-

trol; Data loggers; Monitors
computer control equipment, 14-13
functions, 14-03
inputs, 14-05
installation, 14-07
machines, 2-03
man, 2-03
monitoring, 14-02
numerical control, 6-29, 6-30
objectives, 14-03
outputs, 14-07
programming, 14-06, 14-13
systems, 14-04

Data recording, 14-01

Data sensing, 2-03

Data transmission, 2-03, 15-01; see also

Transmission systems

Daystrom, 14-14, 14-15

D-c amplifiers, 21-05, 21-10
biasing, 21-10
drift, 21-13
noise level, 21-13

* stabilization, 21-10

D-c coupling, transistor amplifiers,

27-31

Dead space components, 18-06

Dead zone, 11-13, 18-06, 22-07
actuators, 22-22

Decisions, man, 2-01

Decoupling, 13-04

Deflection oxygen analyzer, 24-31

Degree of freedom, gyroscope, 28-05
process control, 8-04

Demodulation, amplitude modulation,

15-50, 15-55
double sideband, 15-55, 15-58
frequency modulation, 15-27, 15-31
multiplying functions, 15-59
nonsynchronous, 15-52
output amplitude spectrum, 15-61
single sideband, 15-59
synchronous, 15-58, 15-59

Demodulators, 21-02, 21-13, (table) 21-14
choppers, 21-14

Demodulators, circuits, 21-15, 21-1
diode, 21-22 :
electronic, 21-14
input impedance, 21-14
phase sensitive, 21-14, 21-20
usable levels, 21-14

Depletion layer, transistors, 26-55

Derivative action, 10-07
limitations, 10-11

Design, chemical processes, 8-01
computer control, 14-17
electronic amplifiers, 21-24
procedure, 8-05

Detection, a-m, 15-49

Detectors, 26-67
amplitude, 27-69
regenerative, 27-70
transistor, 27-61

Deviation, maximum, 10-17, 10-18
ratio, 10-04
sinusoidal, reduction, 10-04
standard, 1-19, 1-20

Dielectric amplifiers, 21-03, 21-32

Dielectric constant, 24-45

Differential pressure methods, flow-

meters, 20-19, 20-20

Differential pressure transmitters, 7-34

Differential process refractometer, 24-16

Differential refractometer, 24-16, 24-17

Differentiators, 23-05

Diffusion, 26-09

Diffusion impedance, transistors, 27-43

Digital codes, 15-24

Digital control computers, characteris-

tics, (table) 14-15
process control, 13-04, 13-18
Digital data loggers, 14-10; see also
Data loggers
Diode modulators, 21-17;
Semiconductors

Diodes, amplification, 26-26
applications, 26-23
avalanche, 26-24
bonded, 26-22
breakdown voltage, 26-24
characteristics, 26-16
detection, 26-25
function generators, 26-23
grown junction rectifiers, 26-18

see also
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Diodes, grown junction rectifiers, vs. thin
wafer, 26-22
high-frequency effects, 26-24
high-temperature derating, 26-23
p-i-n rectifier, 26-19
p-n-ohmic, 26-20
recovery time, 26-25
switching, 26-27
terminology, 26-59
thin wafer, 26-19
vs. grown junction, 26-22
tunnel, 26-27
types, 26-19, 26-22, 26-24
voltage reference, 26-24
Zener, 26-23
Dipulse transmission, 15-83
Direct-coupled switching circuits, 27-90
Direct methods optimizing control, 13-10
Discontinuous control, off-on controller,
7-09
Discontinuous control functions, 7-09
Discriminators, correlation, 15-38
dual resonant circuits, 15-30
phase lock, 15-38
Dispatching systems, selective, 5-23,
5-26
Displacement measurements, 20-05,
(table) 20-06
accuracy, 20-10
angular, 20-05
bandwidth, 20-09
basic principles, 20-05
capacitance, 20-07
differential transformer, 20-08, 20-09
digital, 20-07
drift, 20-09
elements, 20-11, 20-12
environmental considerations, 20-10
hysteresis, 20-09
input force, 20-07, 20-08
linear, 20-05
linearity, 20-06
magnetic, 20-07
magnetic field effects, 20-11
magnetostrictive, 20-06, 20-07
mechanical coupling, 20-07
output level, 20-09
phase shift variation, 20-08
piezoelectric, 20-06, 20-07

Displacement measurements, potentiom-
eter, 20-09
power supply regulation, 20-10
ranges, 20-07
resistive, 20-08
resolution, 20-06
strain gage, 20-08
temperature effects, 20-10, 20-11
transfer characteristics, 20-08
Displays, 2-05
automatic inspection, 4-10
Dispersive analysis, 24-09
Dispersive analyzers, 24-03, 24-11; see
also Infrared analyzers, disper-
swve type; Ultraviolet analyzers,
disperstve type
Dispersive infrared analyzers, 24-03,
24-11
Dispersive optical analyzers, 24-02
Dispersive ultraviolet analyzers, 24-11
Distillation column control, 10-15
Distillation nonlinearity, 11-07
Distortion, transistor amplifiers, 27-35
Disturbance, response feedback, 10-40
arbitrary point, 10-18
controlled variables, 10-17
manipulated variable, 10-17
Dividers, 23-05
Donors, semiconductors, 26-05
Doppler shift, speed measurement, 20-17
Double sideband transmission, 15-22,
15-50, 15-55
demodulator, 15-58
interference characteristics, 15-68
system errors, 15-62, 15-64
Drag viscosimeter, 24-40
Draper and Li optimization method,
13-12
Drift, components, 18-07
correction, gyroscope, 28-34
displacement measurement, 20-09
electrons, 26-09
error, vertical gyroscope, 28-23
gyroscope, 28-02
effect of operating conditions, 28-38
holes, 26-09
Drift tube mass spectrometer, 24-26
Drilling machines, 3-14
DSB, see Double sideband transmission
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Dynalog receiver,.7-68
Dynamic behavior, processes, 10-06
Dynamic characteristics, actuators, 22-04
Dynamic circuits, 27-94
Dynamic programming, 13-09
Dynamic range, 15-11

pulse transmission, 15-85
Dynamies, computer control models,

14-18
process, 12-04
process control, 1-18

Earth’s radius pendulum, 28-30
Eccles-Jordan multivibrator, 27-78
Economic power distribution, 13-19
Economics, control systems, 1-11, 1-14
Economy dispatch, see Economy power
- dispatch
Economy power dispatch, 17-13, 17-64
area assist actions, 17-111
area control loop, 17-93
area daily generation curve, 17-83
area output feedback, 17-96
area output relationship, 17-82
area requirement feed-forward, 17-97
computation, 17-81, 17-102
class IT control, flexible programming,
17-85
class III control, fixed programming,
17-93
coordination equation, 17-78
efficiencies, 17-66
factors, 17-65
generation costs, 17-66
heat rates, 17-67
hydroelectric plants, 17-81
incremental costs, 17-69, 17-80
incremental efficiency, 17-68
incremental heat rates, 17-68
loading schedules, 17-88, (table) 17-89
loading to equal: incremental costs,
17-69, 17-81
objectives, 17-64
optimizing area performance, 17-81
output reference, 17-84
penalty factors, 17-80
power sources, 17-81
savings, 17-64
source efficiencies, 17-66

Economy power dispatch, transmission
losses, 17-71
incremental, 17-74, (tables) 17-76
variables, 17-65
Eddy current clutches, 22-48, 22-52
Efficiencies, electric power systems, 17-66
EIA, 6-18
Electric actuators, 22-27
Electric and electronic transmitters, see
Transmitters, electric and elec-
tronic
Electric components, 4-11, 7-61
Electric control systems, 7-17
Electric controllers, 7-68
Electric power dispatching, 13-19
Electric power systems, 17-01
area assist actions, 17-111
area regulation, 17-13, 17-16, 17-21,
17-29; see also Regulation, area
area-wide concept, 17-02
bias control, 17-35, 17-36, 17-42
bias effects, 17-63
bias regulation, 17-35, 17-37, 17-43
bias settings, 17-50
class I, I, ITI, 17-16, 17-84
combining unit bias and area assist,
17-120
command control, 17-106
computations, 17-84, 17-103; see also
Computer control
control, 17-15, 17-84
combinations, 17-111
equipment, 17-103
execution, 17-103
mandatory, 17-106
permissive, 17-106
coordinating source control with gov-
ernor responses, 17-118
criteria for area regulation, 17-49
dispatcher’s office, 17-104
economy dispatch, 17-13, 17-64; see
also Economy power dispatch
efficiencies, 17-66
equipment, 17-103
error correction, 17-48
errors, 17-46
frequency change, 17-56
frequency control, 17-37
frequency correction, 17-25



INDEX 15

Electric power systems, generation, 17-18;
see also Generation, electric power
systems

generation costs, 17-66

generation governing, 17-17; see also
Generation, electric power systems

generator loadings, 17-27

governing, 17-17; see also Governing,
electric power systems

Electric power systems, governing char-
acteristics, 17-23, 17-24, 17-52

interconnected, 17-01, 17-03
advantages, 17-03
generation, 17-03, (table) 17-11
growth, 17-03
representation, 17-04
responsibilities of interconnections,
17-07
systems and areas, 17-03
load governing, 17-21; see also Gowv-
erning, electric power systems
multiple area interconnected, 17-04,
17-12, 17-32, 17-46
natural governing responses, 17-51
optimizing area performance, 17-81
penalty factor, 17-80
protective features, 17-124
regulation, 17-13, 17-24, 17-50; see also
Regulation
and bias settings, 17-50
representation, 17-04
scheduling, 17-31, 17-103
single area interconnected, 17-04
supplementary regulation, 17-24
system governing, 17-17
terminology, 17-02
tie line control, 17-35, 17-57
time errors, 17-48
transmission losses, 17-71

Electrical noise, 24-07

Electrolytic oxygen analyzer, 24-29, 24-33

Electromechanical amplifiers, 21-02,
21-03, 21-05, 21-41

characteristics, 21-44
linearizing performance, 21-44
nonlinearities, 21-43
response, 21-43
types, 21-41

Electron mobility, 26-09

Electronic amplifiers, see Amplifiers,
magnetic; Amplifiers, semicon-
ductor; Amplifiers, transistors

Electronic components, 7-61

Electronic control systems, 7-17

Electronic controllers, see Controllers,
electronic

Electronic Industries Association (EIA),
6-18

Electronic modulators, 21-13, 21-17

Electrostatic clutches, 22-54

Elements, two-part, 27-06

Emitter, common, 27-03, 27-08; see also
Transistor circuits

Enclosures, electrical controls, 5-10

Engineering, control system design, 1-03

Environmental factors, 1-25

component selection, 18-03
measuring elements, 20-03

Equivalent circuits, transistor, 27-11,
27-23

Errors, assignment, 1-20

-control system, 1-18, 1-19
criteria, 1-18, 1-19
electric power systems, 17-46, 17-48
flowmeters, 20-20
gyroscope, 28-22, 28-23
measuring elements, 20-02, (table)
20-03, 20-04
signal, 7-04
stable platform, 28-14
standard deviation, 1-19, 1-20
transmission systems, 15-42, 15-49,
15-62, 15-64, 15-79
amplitude modulation, 15-49
correcting codes, 15-25
detecting codes, 15-25
double sideband, 15-64
frequency modulation, 15-42
information, 15-09
mean square, 15-65
suppressed carrier, 15-64
vertical gyroscope, 28-23
Euler-Lagrange equation, 13-08-
Evershed and Vignoles, 7-72

Falling piston viscosimeter, 24-41
Faraday’s law, 7-67, 24-37
Faults, 4-02
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Federal Aviation Agency (FAA), 1-10
Feedback, Kendall pneumatic transmit-
ters, 7-28
local loops, 11-25
magnetic amplifiers, 25-11
nuclear reactor control, 16-09, 16-20
poisoning, 16-17, 16-18
temperature coefficient, 16-12, 16-13
transducers, 6-13
transistor amplifiers, 27-32
Feedback control, actuators, 22-03
electric power, 17-103
sampled data, 12-01
terminology, 9-02
Feedback lag, chemical process, 8-19
Feed-forward, compensation, 13-03
Feed-forward control, 10-27
Feeding devices, 3-04, 3-05
Fermi level, 26-12
Field-mounted controller, 7-12
Fieldistor, 26-55
Figure of merit, actuators, 22-05
high-frequency, transistor amplifiers,
27-55
magnetic amplifiers, 21-38, 25-11
rotary amplifiers, 21-46
Filamentary transistors, 26-53
Filters, bandwidth specifications, 15-48
Butterworth, 15-45
characteristics, 15-45
low-frequency active, 27-39, 27-41
output, 15-62
sluggishness index, 15-45
Final control element, 8-09, 8-12, 8-13;
see also Actuators
Fire control, 28-33
Fire control systems, 1-20
Fischer and Porter Company, 7-39, 14-07,
14-12
Fisher, 7-76
Fission, process, 16-03
produet poisoning, 16-04
Flapper valves, 22-38
Flatplate valves, 22-37
Flexowriter, 6-17
code, 6-14
Flip-flops, base return, 27-83
dynamic, 27-97
emitter coupled, 27-80

Flip-flops, high-efficiency, 27-79
parametric, 26-27
switching rate, 27-83
switching time, 27-83
transistor, 26-54, 27-78
Flow, control, 10-07, 10-10
diagrams, chemical processes, 8-02
construction, 8-05
formulas, control valve, 7-47
gas, 7-48
laminar, 7-21
liquid, 7-47, 7-48
measurement, 7-39; see also Flow-
meters; Flow, transmitters
nonlinearities, 11-02
ratio control, 10-32
regulators, large flows, 7-78
self-actuated, 7-76
small flows, 7-77
transducers, see Flowmeters
transmitters, 7-39
electric and electronic, 7-67
rotameter, 7-39
turbine flowmeter, 7-67
turbulent, 7-49
Flowcon, 14-14
Flowmeters, 24-43, (table) 20-19
accuracy, 20-20
acoustic, 20-23
angular momentum, 20-22
boundary layer, 20-22
differential pressure methods, 20-19,
20-20
drag disk, 20-21
electromagnetic, 7-67, 20-22
error sources, 20-20
gyroscopic, 20-22
mass, 20-19, 20-22
nozzles, 20-21
orifice plates, 20-20
positive displacement, 20-21
rate-density product, 20-22, 20-23
transducers, 20-19, 20-23
turbine, 7-67, 20-21, 20-23
variable area, 20-21
venturi, 20-21, 20-23
Fluid actuators, 22-31
Fluid amplifiers, 21-02, 21-03, 21-05
F-m, see Frequency modulation
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Focal isolation method, 24-14
Force balance transmitters, 7-34
Force measurement, 20-12, 20-16
ranges, 20-16
Forcing control, 17-106
Forming machines, 3-14
Foxboro Company, 7-68
Free gyroscope, see Gyroscopes, free
Frequency control, flat, 17-37
Frequency correction, 17-25, 17-32
Frequency deviation ratio, 15-35, 15-37,
15-42, 15-44
Frequency modulation, 15-16, 15-22,
27-69
demodulation, 15-27, 15-37
detection and discrimination, 15-29,
15-30, 15-31, 15-38
limiting, 15-31
narrow band, 15-31
phase lock discriminator, 15-38
threshold phenomena, 15-30, 15-38,
15-39
transient errors, 15-42
wide band, 15-35
Frequency offset, electric power systems,
17-48
Frequency response, 10-07
actuator measurements, 22-15
amplifiers, 21-04
controller settings, 10-25
pneumatic transmission line, 7-24
reset action, 7-06
tests, 9-02, 9-11
valve control, 11-18
Friction, numerical control, 6-27
valves, 11-13, 11-26
viscous, 11-13
Friction clutches, 22-50
Function generators, 22-13, 23-10, 23-12
arbitrary functions, 23-13, (table)’
23-14
cams, 23-15
diodes, 26-23
biased, 23-13, 23-15
linkages, 23-15
nonlinearities, 11-26
potentiometers, 23-13
sine-cosine, (table) 23-12
variable coupling transformers, 23-13

Functional multiplier-divider, 23-09,
23-10
Furnace control, 10-11, 10-29

Gain, actuators, 22-05, 22-14
amplifier, 21-02, 21-23
process, 11-06
variable static, 11-16
Gas analysis, 24-06, 24-07
Gas analyzers, 24-43; see also Gas chro-
matography analyzers; Infrared
analyzers; Spectal analyzers; Ul-
traviolet analyzers
Gas chromatography analyzers, 24-26,
24-27, 24-28
Gas flow formula, 7-48
Gases, control valves, 8-12, 8-13
Gaussian distribution, 15-05, 15-06
Gaussian filter, 15-34
Gaussian noise, 15-05, 15-06, 15-31
Gaussian pulse, 15-76
GE-312, 14-15
Gear cutting machines, 3-14, 3-26
Gear ratios, 22-20
Gear trains, actuators, 22-19
Gears, backlash, 6-26, 6-27
Geiger-Mueller counter, 20-26
General Electrie, 14-15
General Precision Equipment Corpora-
tion, 14-15
Generation, electric power systems, 17-08
control problem, 17-08
integrated problem, 17-09
multiple area interconnections, 17-12
multiple source problem, 17-08
objectives, 17-08, (table) 17-11
regulation, 17-13
single area systems, 17-12
solution steps, 17-10, (table) 17-11
summary, 17-15
system classification, 17-15
Watt’s problem, 17-08
Generation governing, natural character-
istie, 17-19
Germanium, electron mobility, 26-09
properties, 26-03
semiconductors, 26-03
Governing, electric power systems, 17-17
characteristic, bias regulation, 17-35
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Governing, -characteristic, determination,
17-23
natural, 17-19
shifting, 17-24
speed-output characteristic, 17-18
combined generation and load, 17-21
generation, 17-21
graphical representation, 17-22
load, 17-21
positive load characteristic, 17-23,
17-26
reallocating loadings, 17-27
speed governor, 17-17
steady state speed regulation, 17-18
zero load characteristic, 17-22, 17-25
Governing ratio, 17-55
Graham drive, 22-53
Graphic control panels, 7-79
Graphical analysis, step function re-
sponse, 9-05
Gray code, 6-15, 15-24
Grinding machines, 3-14
Grounding systems, 1-21
Grown junction rectifiers, 26-18
Gyrocompass, 28-32
Gyroscopes, 28-01
-ambient conditions, 28-35
applications, 28-22, 28-33, 28-34
basic, 28-01
control system components, 28-01
design, characteristics, 28-15
miscellaneous factors, 28-21
pickoffs, 28-19
suspensions, 28-17
torque generators, 28-20
directional, 28-25
auxiliary reference, 28-26
north indication, 28-26
drift, 28-02
correction, 28-34
effect of operating conditions, 28-38
testing, 28-36
dynamic characteristics, 28-02
equations, 28-03
transfer functions, 28-04
error, rotation-of-vertical, 28-22
free, 28-05
dynamics, 28-06
nutation frequency, 28-06

Gyroscopes, free, suspension, 28-07

transfer function, 28-04
Gyrotron, characteristics, 28-12
isoelastic construction, 28-21
nutation, 28-07

frequency, 28-06
orientation, 28-34
pickoffs, 28-19, 28-20
precession, 28-02
rate, 28-07

integrating, 28-09

dynamics, 28-10

performance limitations, 28-08
' torque generator, 28-09

transfer function, 28-07
response to inputs, 28-39
gingle degree of freedom, 28-07
spin drives, 28-15

air turbine, 28-15

electric motor, 28-16, 28-17

oil turbine, 28-15

spring motor, 28-15
stable performance, 28-12
suspension, 28-17

ball-bearing, 28-17

flexural, 28-18

flotation, 28-19

fluid bearing, 28-18
temperature, ambient, 28-21
testing, 28-35

categories, 28-35

drift, operating conditions, 28-38

results, 28-37
electrical noise, 28-35
equipment, 28-36
performance, 28-35
procedure, 28-36
random drift, 28-36
response, 28-39

time stability, 28-21

torque generators, 28-09, 28-20, 28-21

torque summing, 28-10
transfer function, (table) 28-04
two degrees of freedom, 28-05
types, 28-05
units, 28-03
vertical, 28-22
acceleration error, 28-23
averaging, 28-22
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Gyroscopes, vertical, Coriolis accelera~

tion, 28-24
drift error, 28-23
error, acceleration, 28-23
drift, 28-23
rotation, 28-22
variations, 28-24
vibration, 28-34
vibratory, 28-12
warmup, 28-34
Gyrotron, 28-12

h parameters, 27-06, 27-08
Hall effect, 26-55
Hamming codes, 15-26
Hearing, see Audition
High-frequency effects, diodes, 26-24
transistors, 26-36
High-frequency power gain, 27-55
High-frequency transistor design, 26-39
Hill climbing methods, 13-10
Holes, diffusion, 26-09
drift, 26-09
injection, 26-14
mobility, 26-09
Hollerith code, 6-14, 6-17
Honeywell 290, 14-15
Human components, 2-01
access time, storage, 2-10
amplifier, 2-12
audition, 2-08
bandpass, 2-11
channel capacity, 2-03
channel overloading, 2-11
closed loop control, 2-11
control loop, 2-02
control operation, 2-10
data sources, 2-14
design problems, 2-04
displays, 2-05
environment link, 2-05
gain, 2-12
human factors design, 2-13
information inputs, 2-05
inputs, 2-05
kinesthetic senses, 2-09
lead time constant, 2-12
machine link, 2-05
motor output capacity, 2-11

Human components, motor tasks, 2-11
neuromuscular lag, 2-12
olfactory sense, 2-09
output capacity, 2-11
reaction time delay, 2-12
reliability, 2-03
reprogramming, 2-01
skin senses, 2-10
storage capacity, 2-10
system lag time, 2-12
taste sense, 2-10
transfer functions, 2-11
vision, 2-06
Human factors specialists, 2-14
Human inspection, limitations, 4-01
Human operations, 2-01
Hydraulic actuators, see Actuators, hy-
draulic
Hydraulic amplifiers, see Amplifiers, hy-
draulic
Hydraulic control systems, see Control
systems, hydraulic
Hydraulic motors, 22-32
Hydraulie preamplifier, 22-34
Hydroelectric power plants, 17-81
Hysteresis, 11-13, 22-09
differential, magnetic clutch actuator,
6-25
displacement measurement, 20-09
loop width, magnetic amplifier, 25-14
motor, gyroscope drives, 28-16
pressure measurement, 2-15
Hysteresis clutches, 22-48, 22-51

IBM 704, 6-30

Impulse characteristic, transmission sys-
tems, 15-71, 15-72, 15-73, 15-74,
15-78

Impulse function, response analysis test-
ing, 9-09, 9-10

Inchworm, 22-54

Incremental control, 6-19

Incremental costs, electric power, 17-68

Index of refraction, 24-26

Industrial control systems, electrical
power, 17-01

Industrial process control, computers,
13-02

Inequality constraints, 13-06
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Inertance, pneumatic, 7-20
Inertia, numerical control, 6-27
Inertial navigation, 28-31
Information, 2-10
bit, 15-07
capacity for pulse transmission, 15-87
error rate, 15-09
Gaussian noise, 15-06
origin, 15-04
Shannon-Hartley law, 15-07
Shannon’s sampling theorem, 15-07
signal-to-noise ratio, 15-05
effective, 15-08
sources, 15-04
Information inputs, human component,
2-05
Information rates, audition, 2-08
human components, 2-11
piano playing, 2-11
reading, 2-11
speaking, 2-11
typing, 2-11
vision, 2-06
Information storage capacity,
components, 2-10
Information Systems, Inc., 14-15
Information transmission, 15-01; see also
Transmission systems
Infrared analyzers, dispersive type, 24-03
dispersive analysis, 24-09
explosion proofing, 24-05
gases, 24-06
infrared spectrophotometer, 24-03
liquids, 24-06
Littrow mirror, 24-04, 24-06
sensitization, 24-06
split beam analyzer, 24-06
stability, 24-05
nondispersive type, 24-06
applications, 24-08, 24-10
to process streams, 24-08
continuous process type, 24-06
dispersive analysis, 24-09
electrical noise, 24-07
gas analysis, 24-07
interference of absorption, 24-08
limitations, 24-10, 24-11
liquid analysis, 24-06
liquid phase applications, 24-10

human

Infrared analyzers, nondispersive type,
major component detection, 24-10
negative filtering types, 24-07
nonselective detectors, 24-07
operational mode, 24-07
optical cleanliness, 24-07
optical materials, 24-09
overlap of absorption, 24-08
positive filtering types, 24-08
process streams, 24-08
selective detectors, 24-06, 24-08
selective emission, 24-06
selective filters, 24-06, 24-07
sensitization, 24-07, 24-08, 24-09
stability, 24-07
of filters, 24-10
threshold of detection, 24-07, 24-10
trace quantity detection, 24-10
Infrared filter stability, 24-10
Infrared optical analyzers, 24-03; see
also: Infrared analyzers, dispersive
type; Infrared analyzers, nondis-
perstve type
Infrared spectrophotometer, 24-03
Inhibit gate, 27-97
Injection, semiconductors, 26-14
Input, step disturbances, 10-18
Input-output measuring element, 20-01,
(table) 20-03
Inputs, human component, 2-05
Inspection, 4-02, 4-03; see also Auto-
matic inspection
Installation, data systems, 14-07
measuring elements, (table) 20-03
Instrument location, 8-18
Instrument Society of America (ISA),

7-16

Instrumentation systems, 7-01; see also
Controllers; Pneumatic control
systems

actuators, 7-47

chemical industries, 7-01

continuous control functions, 7-05
control functions, 7-03

control panels, 7-79

control valves, 7-47

controller mechanisms, 7-08
discontinuous control functions, 7-09
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Instrumentation systems, electric and
electronic components, 7-61
electric control, 7-17
electronic components, 7-61
electronic control, 7-17
electronic controllers, 7-68
electronic recorders, 7-71
electronic valve actuators, 7-72
engineering, 7-03
hydraulic, 7-18
limitations, 7-01
petroleum industries, 7-01
pneumatic components, 7-18
pneumatic control, 7-10
pneumatic controllers, 7-39
pneumatic devices, 7-57
pneumatic recorders, 7-45
pneumatic transmission systems, 7-21
pneumatic transmitter design, 7-27
process control, 7-01, 7-02
proportional control, 7-05
rate action, 7-06
regulator, 7-03
reset action, 7-05
self-actuated controller, 7-75
servomechanism, 7-03
trends, 7-01
Instruments, composition analyzers,
13-03
nonlinearities, 11-02
sensing, 4-03, 4-04
Integral action, 10-07
Integral control, 8-17
Bode diagram, 8-10
transfer function, 8-08
Integrating amplifiers, 27-61
Integrators, 23-05
Interconnected power systems, 17-01,
17-03; see also Electric power
systems
Interference characteristics, 15-68
Intermittent cycle transfer, 3-07
International Business Machines (IBM),
6-17
Interpolation, numerical control, 6-02,
6-09, 6-20, 6-21, 6-30
Intrinsic carriers, 26-04
Intrinsic number, 26-03
Intrinsic resistivity, 26-03

Inverter, transistor, 27-88

Ion flow amplifiers, 21-03, 21-32

Ion resonance mass spectrometer, 24-23
Tonization, pressure measurement, 20-12
Iron foundry, 3-27

ISI-609, 14-15

Isothermal capacitance, 7-12

Jet pipe valves, 22-38
Joint Industry Conference (JIC), 5-10
Junction photodiode, 26-57
Junction temperature, transistors, 27-33
Junctions, p-n, 26-10
high-temperature characteristics,
26-15

Kalman-Bertram method, 12-05
Kalman-Koepcke method, 12-06
Kates, 7-78

Kendall Corporation, 7-58
Kinesthetic senses, 2-09
Kybernetes, 14-12

Laboratory dispersive analyzers, 24-11
Lagrangian multipliers, 13-06, 13-09,
13-19
Laminar flow, 7-21
Laplace transform, 1-14
Lathes, automatic machines, 3-13
Leeds and Northrup, 7-71, 14-10
Leslie Company, 7-75
Letter symbols, transistors, 27-11
Level transmitters, 7-35
ball-float, 7-38
capacitance bridge, 7-65
resonant, frequencies, 7-38
Libratral-500, 14-15
Limit switches, 5-11
Limiter, 15-31
Limiting components, 18-07
Linear decelerator mass spectrometer,
24-26 i
Linear ultraviolet absorbance, 24-11
Linear ultraviolet transmittance, 24-11
Liquid analysis, 24-06
Liquid flow formula, 7-47
Liquid level, measurement, (table) 20-23
nonlinearities, 11-08
Liquid level control, 10-30
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Littrow mirror, 24-04, 24-06

Load changes, chemical processes, 8-15

Load dispatcher, 17-107

Load effects, actuators, 22-22

Load governing, 17-21

Load variables, 8-03

Logic, numerical control, 6-19
transfer machines, 1-06, 1-07

Logical switching circuits, 27-87

Luft, K. F., 24-08

Mach number, 22-43
Machine tolerances, numerical control,
6-22, 6-23
Machines, see also Automatic machines
advantages, 2-03
and human components, 2-01
channel capacity, 2-03
data processing, 2-03
data sensing, 2-03
data transmission, 2-04
disadvantages, 2-03
economic properties, 2-04
link to humans, 2-05
numerical control, 6-01
programming, 3-15
reliability, 2-03
rough bore, 1-07
Magnetic amplifiers, see Amplifiers,
magnetic
Magnetic analyzers, 24-19
Magnetic clutches, 22-50
Magnetic convection current, 24-29,
24-30
Magnetic materials, characteristics,
(table) 25-15
ferrites, 25-16
nickel-iron, 25-16
silicon-iron, 25-14
Magnetic separation, 24-18, 24-19
Magnetic tape, 6-19, 6-20
bandwidth, 6-20
crosstalk, 6-20
dropouts, 6-20
numerical control, 6-11
problems, 6-19
reliability, 6-19, 6-20
stability, 6-20
Maintenance, components, 18-04, 19-03

Maintenance, data systems, 14-08
measuring elements, 20-03, 20-04
Majority carriers, 26-06
Man; advantages, 2-03
data processing, 2-03
data sensing, 2-03
data transmission, 2-04
decisions, 2-01
disadvantages, 2-03
economic properties, 2-04
Mandatory control, 17-107
Manipulated variables, 8-03
Man-machine relationship, numerical
control, 6-03
Manning, Maxwell, and Moore, 7-18,
7-71
Manual-automatic switching, 7-46
Manual override, 7-46
Mason, Neilan, 7-54
Mass spectrometer analyzers, 24-17
advantages, 24-17
angular aberration, 24-22
applications, 24-18
batch sample analysis, 24-17
crossed magnetic and electrostatic
analyzer, 24-22
cycloidal focusing type, 24-20, 24-23
cyclotron, 24-24
resonance frequency, 24-24
drift tube type, 24-26
essential processes, 24-17
ion resonance mass spectrometer, 24-23
“linear decelerator” type, 24-26
magnetic analyzers, 24-19
magnetic separation, 24-18, 24-19
multicomponent streams, 24-18
Neir type, 24-19
nonmagnetic radio-frequency type,
24-26
Omegatron, 24-23
180° sector type, 24-20
160° sector type, 24-20
process monitoring, 24-19
process stream, attached to, 24-17
resolution, 24-19, 24-20
. sathple-to-background ratio, 24-24
separation of charged particles, 24-18
set point determination, 24-17
60° magnetic sector type, 24-19
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Mass spectrometer analyzers, 360° sector,
24-21
time-of-flight separation, 24-18, 24-26
uranium gaseous diffusion, 24-19°
Massachusetts Institute of  Technology,
instrumentation- laboratory, 28-10
Mathematical models, 13-05
computer control, 14-18
Mathematics, control system design, 1-03
Mean square error, 15-05
Measurements, 20-02
actuators, 22-12
displacement, 20-05, 20-07, -20-08,
(table) 20-06
equipment, 22-13
path in numerical control, 6-21
pH, nonlinearities, 11-05, 11-07
pressure, see Pressure measurement
temperature, 7-63; see also T'empera-
ture measurement
Measuring elements, 20-01, 20-02, 20-04,
(table) 20-03
accelerometers, 20-18
accuracy, 20-02
barometric pressure error, 20-05
characteristics, 20-02
direct-to-electric, 20-02
displacement, 20-05; see also Dis-
placement measurements
dynamic, 20-02
electric, displacement, 20-07
environmental factors, (table) 20-03
errors, 20-02, 20-04
excitation, 20-03
flowmeters, 20-19; see also Flowmeters
force, 20-13
input-output, 20-03
installation, 20-03
magnetic fields error, 20-05
maintenance, 20-03
nonoperational factors, (table) 20-04
nuclear radiation, 20-25, 20-26
operational factors, (table) 20-03
pressure, 20-12; see also Pressure meas-
urement
reproducibility, 20-02
speed, 20-17; see also Speed measure-
ment
static, 20-02

Measuring elements, supply voltage,
20-04, 20-05
temperature, 20-04, 20-24; see also
Temperature measurement
transfer characteristics, 20-03
vibration error, 20-05
Measuring instruments, see also Measur~
ing elements
nonlinearities, 11-02
Mechanical actuators, see Actuators,
mechanical
Mechanical adders, 23-04, 23-05
Mechanical assemblies, 1-23
Mechanical elements, numerical control,
6-26
Mechanical multiplier-dividers, 23-16
Memory readout, 6-05, 6-07
Message bandwidth, 15-11, 15-14, 15-65
Message dynamic range, 15-11, 15-12
Metadyne, 21-46
Microsen recorder, 7-62
Military specifications, 1-25
Milling machines, 3-74
Minneapolis-Honeywell, 7-71, 14-15
Mixers, 26-67
transistor, 27-61
Model adaptation, 13-26
Model methods, optimizing control,
13-16
Models, development, 14-18
Modulation, amplitude, 27-68
frequency, 27-69
transmission systems, 15-13
amplitude, 15-14
frequency, 15-16
methods, (table) 15-15, 15-20
pulse, 15-18
pulse code, 15-17
signal-to-noise ratios, 15-22
Modulators, 21-01, (table) 21-13, 27-67
alternator, 21-13
choppers, 21-13, 21-14
classification, 21-14
diode, 21-17
electronic, 21-13, 21-17
input impedance, 21-13
magnetic, 21-13, 21-19
phase, 21-14
semiconductor, 21-13, 21-17
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Modulators, suppressed carrier, 21-14
transistor, 27-61
triode, 21-19
variable capacitance, 21-17
variable inductance, 21-17
zero stability, 21-13
Molding machines, 3-15
Molecular spectroscopy, 24-02
Monitors, 14-02, 14-08
benefits, 14-02
equipment, 14-08
functions, 14-03
recording, 14-08
scanning, 14-09
Moore code, 15-27
Moore Products Company, 7-38, 7-58,
7-77
Motor output capacity, 2-11
Motor tasks, 2-11
Motors, 1-23
a-c, 5-06, 22-27
control, 22-27
two-phase, 22-27
application, 22-28, 22-29
construction, 22-27, 22-29
conveyors, 5-06
d-c, 5-07
control, 22-28
gyroscope, 28-16
drag cup, 22-27
eddy current clutch, 5-08
efficiency, 22-28
hydraulic, 22-32
hysteresis, gyroscope, 28-16
piston, axial, 22-33
cam, 22-54
squirrel cage, 22-27
gyroscope, 28-16
step servo, 22-55
transfer functions, 22-27, 22-29
vane, 22-33
Multicomponent streams, 24-18
Multiple loop controls, 10-01
Multiplier-divider, functional, 23-05,
23-08, 23-10
mechanical, 23-10
servo, 23-08
square law, 23-09
time division, 23-08, 23-09

INDEX

Multipliers, 23-05
electric, 23-05
square law, 23-09
Multivariable control, stability, 10-36
Multivibrator, bistable, 27-78
monostable, 27-86

Narrow band, f-m, 15-31
Naval Ordnance Laboratory, 25-32
Navigation, inertial, 28-31
Negative filtering infrared analyzers,
24-07
Neir mass spectrometer, 24-19
Neuromuscular lag, 2-12
Neutron thermopile, 20-26
Neutrons, 16-03, 16-04
Nichols methods, controller settings,
10-21
Noise, 10-03, 10-11
gyroscope, electrical, 28-35
limitations due to process, 9-12, 9-13
rectification, 15-51
semiconductor amplifiers, 21-32
signal-to-noise ratio, see Signal-to-
notse ratio
vision, 2-06, 2-07
Noise figure, transistors, 27-39
Nondispersive analyzers, 24-06, 24-13;
see also Infrared analyzers; Ultra-
violet analyzers
Nondispersive optical analyzers, 24-02;
see also Optical analyzers
Noninteraction, 13-04
Nonlinear stabilization, transistor cir-
cuits, 27-22
Nonlinearities, actuators, 22-07
input impedance, 22-10
output, 22-07
cascade control, 10-30
classification, 11-12
compensation, 11-26
components, 18-07
control equipment, 11-09, 11-11
controllers, adjustments, 11-16
on-off, 11-11
Coulomb friction, 11-13, 11-26
dead zone, 11-13, 22-07, 22-22
deliberate, 11-27
distillation, 11-07
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Nonlinearities, dynamie, 11-14, 11-18
effects, 11-15
electromechanical amplifiers, 21-43
examples, 11-16, 11-26
feedback loops, 11-25
flow measurements, 11-02
function generators, 11-27
gain, 11-06, 11-16
hysteresis, 11-13, 22-09
liquid level, 11-08
measuring instruments, 11-02
mixing, 11-19
pH measurement, 11-05, 11-07
pneumatic transmission lines, 11-11.
process control systems, 10-30, 11-01
processes, 11-06, 11-18
saturation, 11-14, 22-07, 22-25
sources, 11-01
speed measurement, 11-05
speed-torque curve, 22-10
static, 11-12
stiction, 11-10, 11-13, 11-26
storage, 11-18
temperature measurements, 11-03
transmission lines, 11-11
treatment, 11-15
valves, 11-09, 11-16
variable dynamic characteristics, 11-18
variable static gain, 11-16
Nonlinearity, effects, 1-23
nuclear reactor control, 16-23, 16-26,
16-27
Nonmagnetic radio-frequency mass spec-
trometer, 24-26
Nonminimum phase response, 10-15
Nonselective infrared detectors, 24-07
North indication, gyroscope, 28-26,
28-32
n type carriers, extrinsic, 26-05
n type conductivity, 26-06
Nuclear radiation, 7-65
measurement, 20-25, 20-26
Nuclear reactor control, 16-01
actuators, 16-24
analysis procedure, 16-26, 16-27
automatic, 16-21
automatic control loop, 16-24, 16-25
block diagram, 16-22

Nuclear reactor control, Bode diagram,
16-08, 16-10, 16-14, 16-15, 16-19, 16-20
circulating fuel, 16-12
comparator, 16-23, 16-24
controller, 16-21, 16-22
definitions, 16-03, 16-04
design example, 16-24, 16-25
error signal amplifier, 16-24
functions, 16-05
loop, 16-21, 16-25, 16-26
magnetic amplifier, 16-24
modes, 16-21, 16-22
multiple-path temperature coefficient
feedback, 16-16, 16-17
nonlinearity, 16-23, 16-26, 16-27
Nyquist criterion, 16-13, 16-14
phase compensation, 16-27, 16-28
phase margin, 16-28
poisoning feedback, 16-17, 16-19
power level, 16-06, 16-21
power operation, 16-06
regulator rods, 16-04
safety rods, 16-04
shim rods, 16-04
shutdown, 16-06, 16-07
stability, 16-13, 16-14, 16-27
stability plot, 16-27
startup, 16-05, 16-06
temperature coefficient, 16-04, 16-07
feedback, simple, 16-09, 16-10
two-path, 16-12, 16-13
transfer function, 16-07, 16-10, 16-12,
16-19
Nuclear reactors, description, 16-01, 16-02
fast, 16-03
intermediate, 16-03
thermal, 16-03
Numerical codes, 6-13, 6-14
Numerical control, accuracies, 6-01, 6-23
actuator, magnetic clutch, 6-25
amplifier-actuator combinations, 6-25
amplifiers, hydraulie, 6-24
proportional, 6-24
relay, 6-23
rotary, 6-24
servo, 6-23
analog-to-digital converters, 6-15, 6-16
backlash, 6-26
bandwidth, 6-25
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Numerical control, binary codes, 6-14
buffer, 6-05
characteristics, 6-03
closed loop, 6-23
codes, 6-13, 6-14, 6-15
comparators, 6-20
computing, 6-07
contouring, 6-01, 6-16, 6-17
cutting thrust, 6-28
data processing, 6-29 -
director, 6-11
friction, 6-27
hydraulic amplifiers, 6-24
incremental feedback transducers, 6-13
inertia, 6-27
information requirements, 6-12
interpolators, 6-20, 6-21, 6-30
logic, 6-19
machine tolerances, 6-22
magnetic clutch actuator, 6-25
magnetic tape, 6-19
man-machine relationship, 6-03
mechanical elements, 6-26
of machines, see Path control, numer-
ical; Position conlrol, numerical
optical gratings, 6-22
path, (table) 6-04, 6-07
actuator, (table) 6-04
analog-digital converters, (table)
6-04
codes, (table) 6-08, 6-09
comparator, (table) 6-04
computing, 6-07, 6-10
control loop, 6-07
cycle, 6-07
data flow, 6-10
director, 6-11
information requirements, 6-12
interpolation, (table) 6-04, (table)
6-08, 6-09
measurement, 6-22
program manuscript, 6-07
storage, 6-07, (table) 6-08, 6-09, 6-10
system resolution, (table) 6-04
transducer, (table) 6-04
vs. positioning, 6-11
planning sheet, 6-20
position, 6-01, 6-05, 6-28
accuracy, (table) 6-02

Numerical control, position, code, (table)
6-02
code selection, 6-14
feed rate, (table) 6-02
information requirements, 6-12
programming, 6-05
storage, (table) 6-02
transducers, (table) 6-02
. vs. path, 6-11
programming, path, 6-29
position, 6-28
punched cards, 6-19
punched tapes, (table) 6-08, 6-09, 6-19
relay amplifiers, 6-23
reliability, 6-26
rotary converters, 6-22
servo amplifiers, 6-23
servo system, 6-23, 6-26
stability, 6-26
standards, 6-18
stiction, 6-27
storage, (table) 6-02, (table) 6-08, 6-09,
6-19
tool planning, 6-29
transducers, 6-21
Nutation, 28-07
frequency, 28-06

Off-on controllers, 7-09

Offereins method, controller settings,
10-22

Ohmart Corporation, 7-65

Oldenbourg and Sartorius diagrams, 9-06

* Oldenbourg and Sartorius method, 9-05

Olfactory sense, 2-09

- Omegatron, 24-23

On-line, computer control, 13-20

Opcon, 14-14

Opcon controller, 13-15

Operating conditions, chemical proc-
esses, 8-08

Operating guides, 13-17

Operational amplifiers, 27-58

Operations research, control system de-
sign, 1-04, 1-05

Optical analyzers, 24-02; see also Infra-
red analyzers; Process refractom-
eters; Ultraviolet analyzers

applications, 24-02, 24-10, 24-17



INDEX .27

Optical analyzers, dispersive type, 24-02
infrared, 24-03
molecular spectroscopy, 24-02
nondispersive type, 24-02
process refractometers, 24-14
refractive index, 24-14
refractometer, 24-02, 24-16
ultraviolet, 24-11
Optical cleanliness, 24-07
Optical gratings, 6-22
Optical materials, 24-09
Optimization, analytic methods, 13-06
calculus of variations, 13-07
computer control, 13-16
continuous processes with significant
dynamics, 13-25
criteria, 13-04
direct methods, 13-10
Draper and Li method, 13-12
dynamic processes, 13-07
dynamic programming, 13-09
electric power systems, 17-81
multiple frequency perturbations,
13-15
multiple manipulated inputs, 13-14
Opcon controller, 13-15
Quarie controller, 13-12
single manipulated variable, 13-11
sinusoidal perturbation method, 13-12
steepest descent, 13-15
without perturbation, 13-14
Optimizing, 1-20
Optimizing control, 10-40
Optimizing electric power systems, 17-81
OR, transistor circuits, 27-87
Orifice meter, 7-39
Orifice plates, flowmeters, 20-20, 20-21
Oscillator, blocking, 27-85
Clapp, 27-64
Colpitts, 27-62
"crystal, transistor, 27-65
DCTL, 27-90
Hartley, transistor, 27-62
multivibrator design, 27-67
nonsinusoidal, 27-65
phase shift, transistor, 27-62
sinusoidal, 27-65
transistors, 27-61
Output, measuring elements, 20-03

Output, step disturbance, 10-17
Overlap of absorption, 24-08
Overriding controls, 3-19
Oxidation and reduction oxygen anal-
yzer, 24-29, 24-31
Oxygen analyzers, 24-29
colorimeter type, 24-31
deflection type, 24-31
electrolytic type, 24-29, 24-33
magnetic convection currents, 24-29,
24-30
oxidation and reduction type, 24-29,
24-31
paramagnetic properties, 24-29
sensitivity, 24-30
thermal convection current, 24-30

Packaging, control systems, 1-25
Paramagnetic properties of oxygen, 24-29
Parametric computer components, 26-27
Parametron, 26-27
Parity check, 15-26
Parity checker, odd, 27-90
Path control, numerical, 6-01, 6-03, 6-07,
6-09
PCM, 15-17
Penalty factor, economic power dispatch,
17-80
Pendulum, earth’s radius, 28-30
84-minute, 28-30
Schuler, 28-28
damping, 28-30
practical considerations, 28-31
vehicle acceleration, 28-30
Perceptual capacity, 2-06
Permissive control, 17-106
Pessen method, controller settings, 10-22
Petroleum industry, 7-01, 7-10
Petroleums, 24-46
pH measurement, nonlinearities, 11-05,
11-07
Phase deviation, 15-80
Phase lock discriminators, 15-38
Phase modulators, 21-14
Phase shift, 9-12
Photoconductive materials, 26-57
Photodiodes, 26-57
Photoelectric devices, 26-56, (table)
26-57



28

Phototransistor, 26-57
Photovoltaic cells, 26-57, 26-58
Pickoffs, gyroscope, 28-19
Pilot, automatic, 28-27
design variations, 28-28
Pilot plant, computer control, 13-28
Pilot valve design, 7-28
Plasma amplifiers, 21-32
Plastics, molding, 3-15
Plummet viscosimeter, 24-40
p type conductivity, 26-06
p type extrinsic carriers, 26-06
p-n-ohmic rectifiers, 26-26
p-n-t-p transistors, 26-39, 26-52
p-n-p transistors, 26-32
p-n-p-n transistors, 26-55
Pneumatic actuators, see Actuators,
pneumatic
Pneumatic amplifiers, see Amplifiers,
preumatic
Pneumatic capacitance, 7-19

Pneumatic circuits, pulsation dampers,

7-61

Pneumatic components, 7-18; see also

Preumatic relays
active transmission elements, 7-27
actuators, 7-47
bellows, 7-20
capacitance, 7-19
circuit, 7-18
control stations, 7-46
control valves, 7-47
controllers, 7-39
pulsation dampers, 7-61
recorders, 7-45
relays, 7-57
transfer functions, 7-20
transmission, 7-18
transmission lines, 7-21
transmitters, 7-27
valve flow formulas, 7-47

Pneumatic control systems, 7-10

actuators, 7-47
air supply impedance, 7-17
board-mounted controller, 7-10
branched loads, 7-15
controller input, 7-12
field-mounted controller, 7-12
impedance air supply, 7-17

Pneumatic control systems, impedance

of transmission line termination,
7-16
manual-automatic switching, 7-46
signal level, 7-16
system performance, 7-15
transmission line diameter, 7-14
transmission line length, 7-15
transmission restrictions, 7-17
transmitter input, 7-10
valve input, 7-12
valve stem position, 7-12

Pneumatic controllers, 7-39

complete, 7-45

gain circuit, 7-43

rate circuit, 7-41
reset circuit, 7-44
transfer function, 7-41

Pneumatic relays, amplifying, 7-59

computing, 7-60

limiting, 7-61

pneumatic boosters, 7-57
relays, reducing, 7-59

selector, 7-61

snap acting, 7-60 :

Pneumatic transmission lines, active ele-

ments, 7-27
air supply, 7-17
booster relay, 7-27
characteristic impedance, 7-24
compensation, 7-33
diameter, 7-14
distributed treatment, 7-23
driving point impedance, 7-24
frequency response, 7-24
high-impedance termination, 7-23
impedance, 7-23
low-impedance termination, 7-21
nonlinearities, 11-11
optimum, 7-24
output-pressure-input flow ratio, 7-24
parameters, 7-23
passive, 7-26
pressure-flow ratio, 7-24
propagation factor, 7-24
restrictions, 7-17
series impedance, 7-23
short lines, 7-21
shunt admittance, 7-23
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Pneumatic transmission lines, simplified
theory, 7-21
transfer functions, 7-19
Pneumatic transmission systems, active
elements, 7-27
capacitance, 7-19
flow plus-minus, 7-21
improvement of response, 7-28
inertance, 7-20
laminar flow, 7-21
passive, 7-21
resistance, 7-21
transfer functions, 7-19
transmitter design, 7-27
tubing capacitance, 7-20
valve, 7-28
Pneumatic transmitters, ball-float, trans-
fer function, 7-38
commercial, 7-31
compensation, 7-33
damping ratio, 7-37
design, 7-27
differential pressure, 7-34
elements, 7-27
feedback, 7-28
flow, 7-39
force balance, 7-34
schematic diagram, 7-31
level, displacement type, 7-35
liquid level, 7-35
ball-float, 7-35, 7-38
nonforce balance, 7-31
pressure, 7-34
temperature, 7-35
transfer functions, 7-32
Pneumatic valves, 7-28; see also Valves
Point contact transistors, 26-54
Poiseuille’s law, 24-40
Poisoning, fission product, 16-04
Poisson’s law, 26-14
Poppet valves, 22-38
Position control, numerical, 6-01, 6-02,
6-05, 6-28
Positioners, integral for piston-operated
valves, 7-55
operated spring-and-diaphragm valve
with booster, 7-54
pneumatic actuators, 7-57
valve actuator, 7-53

Positioners, valve actuator, with booster,
7-54
Positioning mechanisms, 3-04
Positive filtering infrared analyzers,
24-08
Potentiometer pickoff, gyroscope, 28-20
Potentiometric sulfur titrimeter, 24-35,
24-36
Potter Aeronautical Company, 7-67
Potting, 21-08
Power actuators, 22-04, 22-18
Power amplifiers, 27-33, 27-55
Power-bandwidth exchange, 15-10, 15-12,
15-21, 15-38
Power converters, transistors, 27-103
Power distribution, 13-19
Power efficiency, redundant codes, 15-27
Power industry, 17-01
Power level, nuclear reactor control,
16-06, 16-21, 16-22
Power ratio, 15-11, 15-20
Power supply, 21-39, 27-97
displacement measurement, 20-10
pressure measurement, 20-15, 20-16
regulated, 27-97
requirements, 1-23
Preamplifier, hydraulic, 22-34
Precession, gyroscope, 28-02
Pressure control, 10-10
Pressure measurement, 20-12, 20-14
acceleration effects, 20-15
bandwidth, 20-14, 20-15
deformation, 20-12
elements, 20-11, 20-12
environmental considerations, 20-15,
20-16
gas, 20-12
hysteresis, 20-15
input characteristics, 20-13, 20-14
ionization, 20-12
liquid, 20-12
overload factors, 20-13, 20-14
power supply requirements, 20-15, 20-16
pressure transducers, 20-12
ranges, 20-12
temperature effects, 20-15, 20-16
thermal conductivity, 20-12
transfer characteristics, 20-14, 20-15
Pressure regulators, self-actuated, 7-76
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Pressure transducers, 20-12; see also
Pressure measurement
Process control, 7-02; see also Instru-
mentation systems A
adaptive, 13-26, 13-28
amplifier requirements, 21-04
analog computers, 13-03
analysis procedure, 8-14
analytical instruments, 10-34
block diagrams, 8-06
cascade, 10-28
chemical, 10-01
chemical industry, 10-01
closed. loop, 7-03
computers, 13-01, 14-13
characteristics, (table) 14-15
controller actions adjustment, 10-20
controller transfer function, 10-05
conventional, 13-02
degrees of freedom, 8-04
derivative action, 10-07
limitations, 10-11
deviation ratio, 10-04
disturbances, 10-17
dynamic behavior, 10-06
two-variable system, 10-38
dynamics, 1-18
electrical power, 17-01
feed-forward, 10-27
frequency response, 10-07, 10-10, 10-13
funections, 7-04
heating furnace, 10-11
integral action, 10-07
low-frequencies behavior, 10-13
maximum deviation, 10-17, 10-18
multivariable, 10-35
nonlinearities, 11-01; see also Non-
linearities
objectives, 14-18
one fast control loop, 10-39
one predominant time constant, 10-10
proportional action, 10-07
pseudo-cascade control, 10-31
response, to constant rate disturbances,
10-20
to step disturbances, 10-17
sampled data systems, see Sampled
data control
single and multiple loop, 10-01

Process control, single loop, 10-03
sinusoidal deviations, reduction, 10-04
stable control, 8-15
subsidence ratio, 10-17
symmetrical two-variable system,

10-38 ‘
systems engineering, 7-03
terminology, 9-02
test methods, 9-01
choice, 9-02
total area of response, 10-17, 10-18
transfer functions, 8-13
approximations, 10-12
with parallel paths, 10-14
two predominant time constants, 10-11
two-variable system, 10-38
unit functions, (table) 1-10
unstable, 10-14
without predominant time constant,
10-07

Process controllability, 8-05

Process demand, 8-03

Process dynamics, sampled data control,
. 12-04

Process gain, nonlinearity, 11-06

Process monitoring, 24-19

Process refractometers, 24-14
differential type, 24-16
refinery control, 24-17
sensitivity, 24-16
standard refractometer, 24-16

Process stream, 24-01, 24-08, 24-17

Process tests, arbitrary functions, 9-10
controller tuning, 9-02
frequency response, 9-11
impulse funections, 9-09
methods, 9-01
statistical, 9-13
step function, 9-02

Processes, batch, 3-01, 3-03
chemical, 8-01
continuous, 3-01, 3-03
nonlinearities, 11-06

classification, 11-12
storage devices, 3-11
two time constants, 9-06
types, 3-01
with integration, 9-07
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Programmed testing, electrical compo-
nent, 4-11
Programming, economy power dispatch,
17-85, 17-93
numerical control, 6-05, 6-29
Proportional action, 10-07
Proportional amplifiers, 6-24
Proportional band, 7-05.
Proportional circuit, electronic con-
troller, 7-69
Proportional control, 7-05; see also
Control, proportional
Pulsation dampers, 7-61
Pulse amplifiers, transfer function, 27-72
transistor, 27-71
Pulse code modulation, 15-17
Pulse modulation, 15-18, 15-20, 15-22
Pulse transmission, 15-69
amplitude tolerances, 15-85
band edge phase deviations, 15-83
bandwidth, 15-71, 15-72, 15-73, 15-74,
15-75, 15-77, 15-78
characteristic distortion, 15-70
characteristics, 15-78
dipulse, 15-83
distortion, 15-79, 15-87
dynamic range, 15-85
gradual cutoff frequency -characteris-
tic, 15-71
impulse characteristic, 15-71, 15-72,
15-73, 15-74
information capacity, 15-87
intersymbol interference, 15-81, 15-83
limitations, 15-87
linear phase characteristic, 15-71, 15-73
low-frequency cutoff, 15-81
low-pass system, 15-71, 15-72, 15-74
nonideal, 15-79
performance specifications, 15-78
phase tolerances, 15-85
practical considerations, 15-74
Shannon-Hartley law, 15-70
sharp cutoff, 15-71
sinusoidal phase deviation, 15-80
spectra, 15-77
symmetrical bandpass, 15-73
symmetrical systems, 15-85
system characteristics, 15-70
waveforms, 15-76

Pulse transmission, zero wander, 15-82
Pulse waveforms, 15-76
Pump-controlled actuators, 22-32
Punched cards, 6-19, 6-28
codes, 6-14
Punched tape, numerical control, 6-05,
6-19, 6-28

Quadrature component, 15-56, 15-58,
15-64, 15-65, 15-73

Quality control, 3-27, 8-02

Quarie controller, 13-12, 14-14

Queueing theory, 1-04, 1-05

Radar antenna stabilization, 28-34
Radiation, nuclear, 7-65, 20-25, 20-26
Radiation pyrometers, temperature
measurement, 20-25
Ramey circuits, 25-08, 25-19
Rams, actuators, 22-40
Random failure law, 19-02
Range, components, 18-06
Rate, action, 7-06
gyroscope, 28-07
integrating, 28-09
RC coupling, transistor, amplifiers, 27-31
Reaction time delay, 2-12
Reactivity, 16-03
Reactor, control of chemical, 10-14
control of nuclear, see Nuclear reactor
control .
saturable, 21-35, 25-02
Ream method, controller settings, 10-22,
10-25 :
Recorders, electronic, 7-71
pneumatic, 7-45
Sanborn strip chart, 22-13-
Recording systems, automatic inspec-
tion, 4-10
Rectifiers, 25-18, 26-18; see also Diodes
germanium, 25-19
grown junction, 26-18
p-n-ohmic, 26-20
selénium, 25-18
silicon, 25-19 .
Redundancy, components, 19-06, 19-08,
19-11 :
Refinery control, 24-17
Reflected binary code, 15-24
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Refractive index, 24-14, 24-26
Refractometer, 24-02, 24-14, 24-16
Regenerative detectors, transistors, 27-70
Regulating ratio, 17-55
Regulation, electric power systems,
17-13; see also Governing
area, 17-13, 17-14, 17-29
bias control, 17-35, 17-37, 17-42
circle diagram, 17-43
constant frequency, 17-45
correction period, 17-48
criteria, 17-49
errors, 17-46, 17-48
frequency control, 17-37
frequency offset, 17-48
graphical representation, 17-37
interchanges, 17-29, 17-35
multiple area system responses,
17-32
nature of signals, 17-42
parallel operation of area reg-
ulator, 17-36
regulator curves, 17-44
requirements, 17-37
scheduling, 17-31
system-wide use of bias regulators,
17-43
tie lines, 17-29, 17-35
time error correction, 17-48
two area systems, 17-45, 17-46
area assist, 17-14
bias control, 17-35
bias settings, 17-50
analysis, 17-50
criteria for defining responses,
17-53
frequency change equation, 17-56
frequency criterion, 17-54
functions, 17-50
generation change equation, 17-58
generation criteria, 17-54
imposed bias responses, examples,
17-61, (table) 17-63
imposed regulation responses,
17-52
natural governing responses, 17-51
summary of effects, 17-63
tie line change equation, 17-57
tie line criterion, 17-54

Regulation, electric power systems, bias
settings, variable affecting bias
response, 17-55

economy dispatch, 17-13
economy interchange, 17-14
frequency correction, 17-25
generator loadings, 17-26
governing, 17-13
load frequency control, 17-14
multiple area system responses, 17-32
net area interchange, 17-29, (table)
17-31
tie line bias control, 17-35
schedule shift with frequency, 17-32
scheduling, 17-31
shifting the governing characteristic,
17-24
supplementary, 17-24
system governing, 17-13
tie line interchanges, 17-29
Regulators, 7-03
self-actuated flow, 7-77
self-actuated pressure, 7-76
series type transistor, 27-100
shunt type transistor, 27-98
Regulux, 22-02, 22-30
Relay, amplifiers, 6-23
booster, 7-27
computing, 7-60
reducing, 7-59
Reliability, 19-01, 19-03
actuators, 22-17
amplifier-actuator combinations, 6-26
amplifiers, 21-04, 21-25, 21-28
clutches, 22-48
components, 19-02, 19-03
computations, 19-06
confidence factors, (table) 19-16
equations, 19-03
failure laws, 19-02, 19-03, 19-05
theorem of compound probability,
19-05
failure rates, (table) 19-10, 19-11,
19-14, 19-16
prediction, 19-12, 19-13
redundant systems, (table) 19-04
series failure law, 19-03, 19-05
simple systems, (table) 19-04
total, 19-05
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Reliability, computer control systems,
14-14
human components, 2-03
hydraulic systems, 6-26
machines, 2-03
Remington Rand, 6-17
code, 6-14
Repetitive computer control, 13-22
Reproducibility, measuring elements,
20-02
Reprogramming, 2-01
Reset, action, 7-05
transfer function, 7-08
automatic time constant, 7-05
circuit, electronic controller, 7-70
Resetting, magnetic amplifiers, 25-07
Resistance, pneumatie, 7-21
strain gage, 20-08
thermometer, temperature measure-
ment, 20-25
Resolution, displacement measurement,
20-28
Resonant frequencies, level transmitters,
7-38
Response time, magnetic amplifiers,
25-10
Reynolds number, 22-43
Rise time, transistor switches, 27-75
Robertshaw-Fulton Controls Company,
7-65
Rotameter, 7-39
Rotary amplifiers, 624; see also Ampli-
fiers, rotary
Rotary converters, 6-22
Rotary solenoids, 22-46
Rotating amplifiers, 22-02
Rototrol, 22-02, 22-30
Rutherford method, controller settings,
10-22
RW-300, 14-15

Saccadic motion, vision, 2-06
Sampled data control, 12-01
application considerations, 12-03
Bergen-Ragazzini method, 12-04
computer as a sampling controller,
12-08
design procedures, 12-04

Sampled data control, disturbances, 12-04
examples, 12-07
flexibility, 12-03
future systems, 12-09
Kalman-Bertram method, 12-05
Kalman-Koepcke method, 12-06
linear, 12-02
process dynamics, 12-04
process response, 12-05
realizability, 12-03
sampling controller, 12-01
steady state accuracy, 12-04
time scale, 12-02
transportation logs, 12-03
unit step input, 12-05
z-transform, 12-02
Sampled data systems, see Sampled data
control
Sampling controller, 12-01
Sanborn strip chart recorder, 22-13
Saturable reactor, 21-35, 25-02
Saturation, 11-14, 22-07, 22-25
Saturation flux density, 25-14
Schuler pendulum, 28-28
Scientific Apparatus Manufactures Asso-
ciation (SAMA), 7-16
Screws, backlash, 6-26
Secondary measurements, 24-01
Selective infrared detectors, 24-06, 24-08
Selective infrared emission, 24-06
Selective infrared filters, 24-06, 24-07
Selenium rectifiers, 25-18
Self-checking, computing control, 13-26
Semiconductor amplifiers, see Amplifiers,
semiconductors
Semiconductor devices, symbols, 27-11
Semiconductor modulator, 21-13, 21-17
Semiconductors, see also Diodes; Tran-
sistors
acceptors, 26-06
basic properties, 26-02
carrier lifetime, 26-14
charge neutrality, 26-08
conductor band, 26-08
crystal structure, 26-04
current, carrier, 26-02
densities, 26-02
equations, 26-10
gain, 26-41
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Semiconductors, definitions, 26-58
depletion layer capacitance, 26-14
devices, 26-01
dielectrie constant, 26-03
diffusion, 26-09
diode, 26-16, 26-26
dipole layer, 26-12, 26-13
donors, 26-05
energy gap, 26-03, 26-08
energy levels, 26-06
extrinsic carriers; 26-05
Fermi level, 26-12
forbidden band, 26-08
free electrons, 26-02
germanium, 26-03
high-temperature characteristics, 26-15
hole-electron pairs, 26-09, 26-57
injection, 26-14 -
intrinsic carriers, 26-04
inverse bias, 26-13
inverse current; 26-15
lattice bonds, 26-08
minority carriers, 26-09
mobility, of electrons, 26-09

of holes, 26-09
n type, 26-05
p type, 26-06
p-n junctions, 26-10
photoelectric devices, 26-56
Poisson’s law, 26-14
principles of operation, 26-02
properties, (table) 26-03
quantum efficiency, 26-58
recombination, 26-13
silicon, 26-03
silicon carbide, 26-03
terminology, 26-58
transistors, 26-30°
valence band, 26-08

Sensors, 20-11, 20-04; see also Measuring

elements

Separation of charged particles, 24-18

-Sequence control, 1-06, 1-08

Series failure law, 19-03, 19-05

Service, amplifier-actuator combinations,

6-26'

Servo amplifier, 6-23

Servo error, stable platform, 28-14

Servo loop, mechanical elements, 6-26

Servo multipliers, 23-08
Servomechanisms, 6-23, 7-03
design, 7-02
nuclear reactor control, 16-07
Servos, digital, input controlled, 3-19
template actuated, 3-18
Servoscope, 22-13
Servotran, 22-53
Set point, 24-17; see also Controller
settings
Shannon-Hartley law, 15-07, 15-10, 15-70,
15-87
Shannon’s sampling theorem, 15-07
Shift registers, 27-93
Ship roll stabilization, 28-33
Signal-to-noise ratio, 15-05, 15-10
curve, 15-54, 15-63
effect on bandwidth, 15-13
effective, 15-08, (table) 15-22
narrow band f-m, 15-33
rectification, 15-51
universal input-output curve, 15-54,
15-63 ‘
vision, 2-07, 2-08
wide band f-m, 15-37
Silicon, electron mobility, 26-09
properties, (table) 26-03
semiconductors; 26-03
Siliconn carbide, 26-15
properties, (table) 26-03
semiconductors, 26-03
Silicon junctions, inverse current, 26-15
Silicon rectifiers, 25-19
Simulation, 1-16, 1-17
Sine-cosine junction generators, 23-12
Sine wave pressure, 7-21
Single loop control, 10-01
block diagram, 10-03
Single piston actuators, 22-40, 22-45
Single sideband transmission, 15-21,
15-22, 15-50, 15-55, 15-50
Single vane actuators, 22-40, 22-45
Sinusoidal perturbation, 13-12, 13-15
Skin sénses, 2-10
Slope-intercept method, 9-07
Sluggishness index, 15-45
Small signal parameters, transistors,
27-05
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Solartrgn, 22-13
Snell’s law, 24-15
Spacistor tetrode, 26-55
Special analyzers, 24-28; see also Ozygen
analyzers; Sulfur analyzers
one compound in gas streams, 24-28
oxygen analyzers, 24-29
single component, 24-28
sulfur analyzers, 24-29, 24-35
Spectra noise-power distribution, 15-32
Spectrophotometers, 24-11
infrared, 24-03
Speed governor, 17-17
Speed measurement, 20-17
centrifugal governor, 20-18
counter-tachometer, 20-18
Doppler shift, 20-17
gyros, 20-17
nonlinearities, 11-05
tachometers, 20-17
Split beam infrared analyzers, 24-06
Spool valves, 22-35
Square law multipliers, 23-09
Squareness ratio, magnetic amplifiers,
25-14
Squirrel cage motor, 22-27
gyroscope drives, 28-16
SSB, see Single sideband transmission
Standard deviation, 15-05
Stability, amplifier-actuator combina-
tions, 6-26
criterion, 8-14
d-c amplifiers, 21-06, 21-10
factor, 27-19
limit, controller settings, 10-21
magnetic amplifiers, 21-38
nuclear reactor control, 16-13, 16-14,
16-27, 16-29
transistor circuits, 27-18
Stable platform, 28-12
servo error conversion, 28-14
signal sources, 28-13
Stamping machines, 3-14
Standard refractometer, 24-16
Standards, 5-10
Static measurement, 20-02
Static nonlinearities, 11-12
Statistical tests, 9-02
methods, 9-13

Steady state, computer control models,
14-18 :
Steady state accuracy, sampled-data
control, 12-04
Steepest descent, method of, 13-15
Step function response, graphical meth-
ods, 9-05 :
mathematic analysis, 9-08
Step function tests, 9-02
equipment, 9-04
instrumentation, 9-04
Oldenbourg and Sartorius method,
9-05 :
slope intercept methdd, 9-07
Step response, 9-03; see also Step func-
lion tests
process control systems, 10-17
Step servo motors, 22-55
Stiction, 11-13, 11-26
numerical control, 6-27, 6-28
valves, 11-10
Storage, digital contro} computers, 14-15,
14-16 '
numerical control, 6-01, 6-05, 6-07,
6-09, 6-11, 6-12; 6-18
Storage devices, 3-11
Strain gage, 20-08
Subsidence ratio, 10-17
Sulfur analyzers, 24-35
applications, 24-35, 24-39
bateh sample analysis, 24-39
colorimeter type, 24-35
conductivity, 24-35
limitations of, 24-39
potentiometric sulfur titrimeter, 24-35,
24-36
sensitivity, 24-37
sulfate ion sulfur analyzer, 24-38
Suppressed carrier modulation, errors,
15-64 ’
interference characteristics, 15-68
Suppressed carrier modulators, 21-14
Suspensions, gyroscope, 28-07, 28-17
Swartwout, 7-18 '
Switching, transistors, 27-72
fall time, 27-76
rise time, 27-75
storage time, 27-76
Switching circuits, and, 27-87, 27-90
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Switching circuits, counters, 27-90
direct-coupled, 27-90
dynamie, 27-94
inhibit, 27-97
inverter, 27-88
logical, 27-87
monostable multivibrator, 27-86
or, 27-90, 28-87
shift registers, 27-93
transient response, 27-72
transistors, 27-71
Switching time, 27-83
Symbols, data transmission, 15-01
electrical parameters, 27-13
electrical quantities, transistors, 27-13
process control, 10-01
semiconductor devices, 27-11
transistor circuits, 27-11
Synchronous f-m detection, 15-38
Synchros, 5-17, 5-20
Systems, control, see Conérol systems
Systems analysis, 8-14
Systems design, 13-16; see also Control
systems, design
chemical processes, 8-01, 8-05; see also
Chemical processes
Systems engineering, process control,
7-02

T type equivalent circuit, transistors,
27-23
Tachometers, 20-17
Taste sense, 2-10
Taylor, 7-29, 7-39, 7-61
Teletype code, 6-15
comparison of power efliciency, 15-28
Temperature, self-actuated controllers,
7-75
transmitters, 7-35, 7-65
bulb dynamics, transfer function,
7-35
Temperature coefficient, feedback, mul-
tiple, 16-16, 16-17
nuclear reactor control, 16-09, 16-10
nuclear reactor control, 16-04
Temperature control, 10-11, 10-14, 10-29
Temperature effect, transistor circuits,
27-15, 27-17 )

Temperature measurement, (table) 20-24
bulb thermometers, 20-24
noise thermometers, 20-24
nonlinearities, 11-03
pyrometers, 20-24
radiation pyrometers, 20-25
resistance thermometers, 20-24, 20-25
Terminology, amplifiers, 21-01
chemical process design, 8-01
continuous processes, 8-01
flow diagrams, 8-02
power industry, 17-02
process control, 9-02
transmission systems, 15-01
Tetrodes, transistors, 27-04
Thermal conductivity, 24-27, 27-43
Thermal conductivity analyzers, 24-43,
24-44
Thermal convection current, 24-30
Thermocouples, 20-24
temperature measurement, 20-24
Thermo-Electric Company, 14-09
Thermopile, 24-07
Thompson Ramo Wooldridge, 14-15
Three-phase circuitry, magnetic ampli-
fiers, 25-36
Threshold effects, 15-38
Threshold of detection, 24-07, 24-10
Throttling range, 7-05
Tie line, bias control, 17-36
Tie line interchanges, 17-29, 17-35
Time constants, actuators, 22-05, 22-25
automatic reset, 7-05
derivative, 7-07
magnetic amplifiers, 25-10
one predominant, 10-10
two predominant, 10-11
without predominant, 10-07
Time division multiplier-dividers, 23-08,
23-09
Time-of-flight mass spectrometer, 24-18,
24-26
Time scale, sampled data control, 12-03
Torque, actuator, 22-19
gain, actuator, 22-05
summing gyroscope, 28-10
units, 28-03
Trace quantity detection, 24-10
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Transducers, 20-02, 20-05; see also Meas-
uring elements
analog-to-digital, 6-13, 6-15, 6-16, 6-21
characteristics, 20-02, 20-04
digital, 6-15, 6-16, 6-21
displacement-to-electric, 20-07
incremental feedback, 6-13
noncontact, 6-13
numerical control, 6-01, 6-02
Transfer characteristics, displacement
measurement, 20-08
measuring elements, 20-03
pressure measurement, 20-14, 20-15
Transfer functions, actuators, 8-12, 22-11
valve, 7-53
autopilot, 1-14, 1-15
ball-float transmitters, 7-38
capacitance, 7-19
chemical processes, 8-07
components, 18-06, 18-07
controllers, 8-08, 10-05
electronie, 7-69
d-¢ motors, 22-29
dual, valve pilot, 7-30
dynamic, 18-07
feedback lags, 8-19
final control elements, 8-12, 8-13
force balance transmitters, 7-34
gas bulb dynamies, 7-35
gyroscopes, (table) 28-04
human components, 2-11
level transmitter resonance, 7-37
load changes, 8-16
low-frequency behavior, 10-13
magnetic amplifiers, 25-10
motors, d-c, 22-29
nuclear reactor, 16-07, 16-08, 16-12
parallel paths, process, 10-14
pneumatic component, 7-45
pneumatic controller, gain circuit, 7-43
pneumatic inertance, 7-20
pneumatic transmission lines, 7-24
pneumatic transmitters, 7-32
poisoning, 16-19
process, 8-13
involving storage, 11-20
proportional eircuit, electronic con-
troller, 7-69
pulse amplifiers, 27-72

Transfer functions, rate action controller,
7-06
rate circuit, 7-41, 7-70
reset action controller, 7-05
reset circuit, 7-44, 7-70
single capacitance process, 8-14
static, 18-07
transmitter load, 7-32
two capacitance process, 8-14
unstable process, 10-14
valves, three-way pilot, 7-29
vision, 2-07
visual displacement control, 2-12
Transfer machine, control logic, 1-06,
1-07
Transfer mechanisms, 3-07
Transformer coupling, transistors, 27-32
Transient response, actuator measure-
ments, 22-15
controller setting, 10-23
large signal, 27-73
process control systems, 10-17
pulse amplifiers, 27-72
switches, 27-72
Transistor amplifiers, automatic zero
set, 27-60
bandpass, 27-50
chopper stabilization, 27-58
circuit performance in terms of h
parameters, 27-26
class A, 27-35
class B, 27-36
common base stage, 27-30
common collector configuration, 27-30
common emitter configuration, 27-30
coupling networks for tuner, 27-54
cutoff frequency, 27-42
Darlington, 27-39
d-c, 27-57
coupling, 27-31
equivalent, 27-23
feedback, 27-32
figure of merit, high-frequency, 27-55
filters, 27-39, 27-41
gain control, 27-55
h parameters, (table) 27-26
performance, 27-23
high-frequency, 27-42
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Transistor amplifiers, high-frequency ap-
proximate h parameters, 27-48
high-frequency power gains, 27-55
integrating, 27-61
low-frequency, 27-23, (table) 27-27
low-noise stages 27-39
operational, 27-58
parasitic elements, 27-47
performance, 27-26, (table) 27-27
power, design procedures, 27-35
maximum ratings, 27-33
pulse, 27-71 ©
RC coupling, 27-31
regenerative, 27-84
representation, 27-23
small signal, 27-30
stability, 27-53
summing, 27-60
T type, 27-23, (table) 27-25
equivalent circuit, 27-23
transformer coupling, 27-32
transwnt responses, 27-73
tuned, ‘coupling networks, 27-54
video, 27-47
wide band, 27-47
Transistor: circuits, 27-01
admittance parameters, 27-08
amplifiers, 27-57; see also Transistor
amplifiers
and, 27-87, 27-88, 27-90
bias polarltles 27-01
bias stabxhzatlon 27-18
approximate formulas, (tables)
27.21, 27-22
linear, 27-19 .
'bistable, 27-78
blocking oscillator, 27-85
characteristics, 27-01
clamping, 27-77
common'base, 27-02
h parameters 27-06
common collector, 27-03
h parameters, 27-08
common ‘emitter, 27-03
h parameters, 27-08
comparison with electron tube cir-
cuits, 27-04
configurations, 27-01
counters, 27-90

INDEX

Transistor circuits, Darlington, 27-101

d-c amplifiers, 27-57
direct-coupled switching, 27-90
driving point functions, 27-72
dynamxc 27-94
dynamic flip-flop, 27-97
Eccles-Jordan, 27-78
effect of temperature, 27-18
equivalent, 27-11
flip-flop, 27-78
base return, 27-78
clamped base return, 27-83
dynamie, 27-97
emitter coupled, 27-80
high efficiency, 27-79
switching time, 27-83
fuel gage, 21-33
general equivalent, 27-11
h parameters, 27-06
interrelationships, (table) 27-09,
27-10 -~
high-freduergcy amplifiers, 27-42
impedance” parameters, 27-11
inverter, 27-88
low-frequency active filters, 27-39,
27-41
monostable, 27-84
monostable multivibrator design, 27-86
nonlinear stabilization, 27-22
open-circuit, parameters, 27-11
operating point, 27-15
or, 27-87, 27-88, 27-90
oscillator blocking, 27-85
parameters, h, 27-06
parity checker, 27-90
power amplifiers, 27-33
power converters, 27-103
power supplies, 27-97
pulse, 27-72
regulator, 27-98, 27-100
shift registers, 27-93
short-circuit parameters, 27-08, 27-11
small-signal a-¢ parameters, 27-05
small-signal parameters, interrelations,
27-07, 27-08
stability analysis, 27-18
switches, 27-72
switching, 27-71
applications, 27-87



INDEX 39

Transistor circuits, switching, direct Transistors, high-frequency, circuit de-

coupled, 27-90
logical, 27-87
monostable, 27-84
switching time, 27-83
symbols, 27-01, 27-11
alphabetical list, 27-14
T type equivalent, 27-11
temperature effects, 27-15
tetrodes, 27-04
transfer function, 27-72
transistor parameters, 27-15
two-port elements, representation,
27-06 :
y parameters, 27-08, 27-11
z parameters, 27-11
Transistors, see also Semiconductors
action, 26-30
alpha, 26-35
alpha cutoff frequency, 26-37

sign, 26-39

effects, 26-36

vs. high-power, 26-53
high-power, 26-41, 26-52

vs. high-frequency, 26-53
high-voltage, 26-41
injection efficiency, 26-33
injection of electrons, 26-33
intermediate frequency, 26-52
intermediate power, 26-52
internal thermal resistance, 26-42
low-frequency, 26-49
low-power, 26-49
materials, 26-49
mesa, 26-43
miscellaneous, 26-53
mixers, 27-61, 27-67
modulation, 27-68, 27-69
modulators, 27-61

amplifiers, 21-26; see also Semicon-
ductor amplifiers
analog multiplier, 26-55
bar geometry, 26-43 :
characteristics, 26-30.
charge storage, 26-39
collector conductance, 26-35
commerecial types, 26-49
current transfer ratio, 26-35
cutoff current, 26-34
maximum voltage, 26-41
definitions, 26-58 .
depletion layer,” 26-55
design equations, 21-28
detection amplitude, 27-69
detectors, 27-61, 27-67
regenerative, 27-70
diffused base, 26-52
diffusion capacitance, 26-40
drift, 26-52
electron "diffusion, 26-34
electron injection, 26-33
external thermal resistance, 26-42
field effect, 26-53
fieldistor, 26-55
filamentary, 26-53

n-p-n, 26-32

one-junction, 26-53

operation, 26-32

oscillators, sée Oscillator, transistors

p-n-i-p, 26-39, 26-52

p-n-p, 26-32

p-n-p-n, 26-55

point contact, 26-54

power gain, 26-37

power rating, 26-49

spacistor tetrode, 26-55

structures, 26-43

switching, 26-40

temperature effects, 26-36

terminology, 26-58

thermal design for high power, 26-42

transport efficiency, 26-34

two-port element, 27-05

types, 26-43

unijunction, 26-54

unipolar, 26-53

wafer geometry, 26-49
Transmission, 1-23

dynamics, 8-18

pneumatic, 7-14; see also Pneumatic

transmission lines; Pneumatic

frequency response, 26-38 transmission systems
high-current, 26-41 Transmission frequency characteristic,
high-frequency, 26-39, 26-52 15-70
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Transmission lags, 8-18
Transmission lines, nonlinearities, 11-11
Transmission losses, 17-71
Transmission systems, 15-01, 15-09
amplitude modulation, 15-49, 15-55;
see also Amplitude modulation
bandwidth, 15-17, 15-20
ratio, 15-11
carrier, 15-09, 15-55
codes, 15-24; see also Codes
demodulation, 15-27, 15-49
digital codes, 15-24; see also Codes
direct, 15-09, 15-14, 15-17
double sideband, 15-22, 15-50, 15-55
errors, 15-42, 15-49, 15-62, 15-64, 15-87
filter characteristics, 15-44
frequency modulation, 15-16, 15-22,
15-27
demodulation and system errors,
15-27
transient errors, 15-42
impulse response, 15-71, 15-72, 15-73,
15-74
information, 15-04; see also Informa-
tion
limiter, 15-31
message dynamic range, 15-11
modulation methods, 15-13
narrow band f-m, 15-31
normalization, 15-14
phase lock discriminator, 15-38
power-bandwidth exchange, 15-10,
15-21, 15-38
power efficiency of redundant codes,
15-27
power ratio, 15-11, 15-20
pulse, 15-69
ideal, 15-71ff
nonideal, 15-79
pulse code modulation, 15-17
pulse modulation, 15-18
signal sideband, 15-21, 15-22, 15-50,
15-55, 15-59
signal-to-noise ratio, 15-05, 15-08, 15-22,
15-32, 15-33, 15-35, 15-37, 15-39,
15-52, 15-54, 15-55, 15-63
specifications, 15-09
symbols, 15-01
synchronous demodulators, 15-59

Transmission systems, synchronous f-m
detection, 15-38
terminology, 15-01
threshold, f-m, 15-30, 15-37, 15-39
power level, 15-16, 15-22
wide band f-m, 15-35
variable speed, 5-23
Transmitter level, displacement type,
7-35
Transmitters, electric and electronic, dif~
ferential pressure, 7-61
electromagnetic flowmeter, 7-67
flow, 7-67
liquid level, 7-65
capacitance bridge, 7-65
nuclear radiation, 7-65
pressure, 7-61
temperature, 7-65
input, 7-14
liquid level, 7-35
pressure, 7-34
differential, 7-34
temperature, 7-35
terminology, 8-02
Transportation logs, 12-03
Transporting mechanisms, 3-04
Tri-Act controller, 7-39
Tunnel diodes, 26-27
Turbine flowmeters, 7-67
Two-phase a-¢ motors, 22-27
Two-time-constant system, 9-06
Two-variable system, 10-38

Ultrasonic viscosimeter, 24-42
Ultraviolet analyzers, 24-11; see also
Optical analyzers
dispersive type, 24-11
nondispersive type, 24-13
applications, 24-14, 24-17
continuous process control, 23-13
continuous ultraviolet analyzers,
24-13
differential refractometer, 24-16,
24-17
explosion proof, 24-13
ultraviolet absorbance, 24-14
Unijunction transistor, 26-54
Unipolar transistors, 26-53
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Unit design, 1-21, 1-23
Univae, 6-17
Uranium gaseous diffusion, 24-19

Valves, actuator, 22-40; see also Actua-
tors, valve
bleed type, 7-28
butterfly, 7-52
characteristics, 11-09
closed center, 22-36
compensation for nonlinearities, 11-27
control, 8-09
nonlinearities, 11-09, 11-16, 11-26
design, 7-28
body, 7-51
double-seated, 7-51
dual pilot, 7-30
electrohydraulic actuators, 7-72
electropneumatic actuators, 7-72
flapper, 22-38
flat plate, 22-37
flow, 22-40
formulas, 7-47
fluid, gyroscope pickoffs, 28-19
four-way, 22-36
gas, 8-12
hydraulic, 22-35
input, 7-12
jet pipe, 22-38
liquid, 8-12
nonbleed type, 7-28
nonlinearities, 11-09, 11-27
open center, 22-37
positioners, 11-26
piston operated with integral posi-
tioner, 7-55
poppet, 22-38
positions, 11-26
pressure, 22-40
quick opening, 7-51
single seated, 7-51
solenoid, 22-35
spool, 22-35

Valves, spring-and-diaphragm, capaci-
tance, 7-20
with booster, 7-54
with positioner, 7-54
stem position, 7-12
stiction, 11-10
three-way, 22-35
pilot, 7-29
transfer function, 7-32
trim, 7-49
unbalanced stem forces, 11-10
vapor, 8-12
Vapor chromatography, 24-27; see also
Gas chromatography analyzers
Vapor pressure analyzers, 24-46
Vapor pressure control, 10-34
Velocity instruments, 20-17, 20-18; sce
also Speed measurement
Verification, numerical control, 6-05
Vertical gyroscope, 28-22
Vibration, effects on gyroscope, 28-34
Viscosimeters, 24-40, 24-41, 24-42
Vision, 2-06
averaging, 2-07
filter action, 2-06
limitations, 2-06
perceptual capacity, 2-06
saccadic motion, 2-06
signal-to-noise ratio, 2-07, 2-08
transfer functions, 2-07
Voltage-controlled oscillators, 15-40
Voltage reference diodes, 26-24

Ward-Leonard systems, 22-02, 22-30
Watt, James, 17-08

Waveforms, pulse, 15-76
Westinghouse, 14-14

Wiper circuits, 5-12

Wiring techniques, 21-08, 21-09

Zero wander, 15-82
Ziegler method, controller sittings, 10-21
z-transform, 12-02






