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5 Claims. 

This invention relates to an improved System 
of apparatus for tracking a target, particularly 
useful in determining the direction in which a 
torpedo shall be released from an airplane or 
sulface craft to strike an enemy vessel. 
An object of the invention is thus to provide an 

improved torpedo director. 
The System of the invention includes means 

whereby the speed and course of the target may 
be accurately determined in the tracking opera 
tion, and another object of the invention is to 
provide means for such determination. 

If the target is at rest on the earth's Surface, 
the tracking operation in determining the ap 
parent motion of the target, actually determines 
the ground speed and course of the observer. 
These quantities are accurately determinable 
whatever the angle between the observer's course 
and the line of sight to the target observed. 

It is therefore another object of the invention 
to provide means for determining the direction 
and rate of movement of an observer by reference 
to a fixed target unrestricted in its direction from 
the observer. 
The ground course differs from the plane head 

ing by the angle of drift, and the invention en 
ables this angle to be found without the operator's 
having to compute the resultant of plane and 
wind vectors. - . . . 
The tracking operator is assumed to be pro 

vided with known apparatus for continuously 
measuring his own airspeed and heading and to 
know the wind speed and direction. In the pres 
ent invention these known and measured quan 
tities are combined with an estimate of target : 
speed and course in a computing system which 
continuously computes the range and bearing of 
the target relative to the observer. The observ 
ing apparatus with which the system of this in 
Vention cooperates affords continuous measure 
ment of the actual target range and bearing, and 
in the tracking operation the computed quantities 
are brought to agreement with those actually 
observed. This is done by an adjustment involv 
ing progressive correction of the estimated speed 
and course of the target. In Such an adjustment 
the observer nakes simultaneous changes in com 
puted range and rate of change thereof, or in 
computed bearing and rate of change of bearing, 
until the computed value agrees with that ob 
served. When the tracking of the target is 
satisfactory, the initially unknown target vector 
is accurately determined and target speed and 
course may be read on dials. 
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There are known apparatus arrangements for 
making such changes, for example, manually add 
ing to a range shaft through a differential gear 
a correcting angular displacement and simul 
taneously altering the speed of a motor driving 
the shaft; these two manipulations may be said 
to correct, the first, a position error, the Second, 
a rate error. In the apparatus of the present in 
vention, these corrections are automatically per 
formed; the observer moves a tracking key in the 
direction appropriate to correct computed range 
or bearing, and electrical circuits including Servo 
motors automatically revise the estimates of 
target speed and course, thereby making correc 
tions in position and rate of whichever computed 
quantity is involved. 
The ratio of any simultaneous position and rate 

correction, say of the computed range, may be 
written as 

AR 
AR 

where AR is the correction in rate and AR is the 
correction in position; a similar expression applies 
to the correction of the computed bearing. In a 
manual system, where position and rate are cor 
rected separately, this ratio is dependent upon 
the operator's judgment. At the start of com 
puting when rate errors are likely to be great, a 
relatively larger rate correction should accom 
pany a position correction, than at a later stage . 
in tracking when there has been brought about al. 
closer correspondence of observed and computed 
quantities. That is to say, Kshould progressively 
decrease as tracking continues and from analysis 
there may be found the optimum variation of K 
with time in order that the correct target quan 
tities shall most rapidly be reached. The auto 
matic correcting circuit of the present invention 
includes means for insuring substantially the 
optimum time variation of K. 
Three vectors are involved in the relative nove 

ment of target and attacking airplane, namely, 
wind speed and direction, airspeed and heading 
of the plane, and target Speed and course. Obvi 
ously, if two of these vectors are known, the third 
may be estimated and its correct value found in 
the course of tracking the target. Another ob 
ject of the invention is therefore to provide in a 
tracking system means for automatically correct 
ing the estimate of an unknown vector involved 
in the relative movement of target and observer. 
The invention will be understood from the foll 

Ks 

5 lowing description of its use as an aircraft torpedo 
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director, read with reference to the accompany 
ing drawings in which: 

Fig. 1 is a diagram showing in horizontal pro 
jection the geometry of the attack as seen from 
above; 

Fig. 2 is a schematic of a known type of elec 
trical locating and ranging system utilized by the 
apparatus of the invention; 

Fig. 3 is an illustrative showing of the system. 
of inter-related potentiometers whereby are ob 
tained the various functions of the angular dif 
ferences annong the directions indicated in Fig. 1 
including a showing of the means whereby the 
airplane heading is set into the potentiometer 
System; 

Fig. 4 is a circuit diagrain showing the use of 
the functions derived from the potentiometer sys 
tem of Fig. 3 to obtain the components in the 

5 

10 

line of sight, and transverse thereto of the rela 
tive speed of target and attacking airplane; 

Fig. 5 is a circuit diagram showing the use of 
the functions derived by the system of Fig. 3 to 
solve the problem of the attack; 

Fig. 6 is a circuit diagram showing the motor 
Speed control used with the 3 and 6 motors of : 
Fig. 3; 

Figs. 7A and 7B are circuit diagrams of cer 
tain amplifiers used in the circuits of Figs. 5 
and 6; 

Figs. 8A and 8B are, respectively, a circuit dia 
gram showing means for deriving a particular 
control voltage and a graph of the tine variation 
of this voltage; 
- Figs. 9A through 9E show the representation, 
as resistances selected by handset potentioneter 
brushes, of the constant quantities involved in 
the tracking and steering computations; 

Fig. 10 is a schematic diagram of a target range 
Servo System; 

Fig. 11 is a Scheinatic diagram of a target bear 
ing servo System; . . ' 

Fig. 12 is a Schematic diagram of a target 
course servo system; 

Fig. 13 is a schematic diagram of a target speed 
servo system; and 

Fig. 14 is a Schematic diagrain of the tracking 
control circuit of the invention. 
In all cases, like elements are indicated by like 

numerals or letters. 
Throughout there will be understood, but not 

shown, the conventional means for energizing 
the Systein and for supplying cathode heating 
and other power to the various vacuum tubes. 

It will be assumed that the attacking airplane 
is equipped with known means for the measure 
ment of corrected altitude and airspeed and for 
the representation of these quantities by elec 
trical voltages, and that, the airplane flies level 
and at constant Speed. If the altitude of flight 
is small compared with the target distance, slant 
range and speed are not sensibly different from 
their horizontal components. The level flight 
assumed makes unnecessary a coordinate trans 
formation to convert angles read with reference 
to a plane undergoing roll and pitch to the corre 
Spondent angles relative to a Stable COOrdinate 
System. Provision may be inade for Such con 
version, but is not in itself a part of the inven 
tion or needed to describe it. For the Sane rea 
son there is also omitted a showing of means for 
controlling the tilt of the radar antenna, which 
will be regarded as turning only in the horizontal 
plane. 
The airplane is assumed to be provided with 
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4. 
directional and vertical gyros and gyro compaSS. 
Instruments of this type are described, for ex 
ample, by H. M. Witherow and A, Hansen, Jr., 
in "Electrically driven gyroscopes for aircraft,' 
Transactions of the American Institute of Elec 
trical Engineers, vol. 63, page 204, April, 1944. 

It is convenient to describe, first the geometry 
of the problem dealt with by the invention; then, 
briefly, the functions of a typical radar System 
by Which target range and bearing may be ob 
Served; and finally the computing system which 
the invention provides. 

Geometry of the attack 
Referring to Fig. 1, a target ship is at point T 

on the Water Surface at the moment an airplane 
above the point P releases a torpedo to meet the 
target at some point, such as P2, on the latter's 
course. It is assumed that the heading of the 
plane at the moment of release is appropriate to 
send a torpedo of velocity (=Pc) in water to 
ward the target of velocity VB=Ta. The plane 
airspeed S-Pm combines with the wind velocity 
V-Pg to cause the plane to track the direction 
PP1 with respect to the water, which is also the 
direction of the torpedo's motion in falling from 
the plane to strike the Water at P1. Here it is 
rapidly decelerated from the initial plane Speed 
With respect to Water to its own water Speed , 
and thereafter travels with the latter speed along 
the water course PP2 parallel to the plane head 
ing in air. Collision with the target ship occurs 
at P2. 

If there were no wind, or if it were possible to 
drop the torpedo to strike the Water instantly at 
P with velocity and thereafter pursue the 
course PCn, collision would occur at P2'. From 
the figure it is obvious that for this to happen the 
component ca of torpedo velocity at right angles 
to the line of sight PT must be equal the like 
component at of the target velocity. In the fig 
lure, the torpedo Water speed is assumed greater 
than the target speed V6, corresponding to the 
usual case. To choose the plane heading cor 
rectly for release at a point vertically above Pre 
quires a knowledge of Wind Speed and direction 
together with a correct estimate of the target's 
own motion, as well as a measurement of the 
plane's airspeed. While airspeed may be con 
tinuously measured and wind may be known in 
advance, the speed and course of the target ship 
must be determined before the plane reaches the 
point at Which it is desired to drop the torpedo. 
This determination is made possible by the 
tracking operation. 

It is clear from general consideration of the 
figure that, provided the torpedo can overtake 
the target, the point P may be anywhere at all; 
it is necessary only to choose the release heading. 
Consider axes ac and y established by the usual 

directional gyroscope, the positive directions of 
these axes being. Shown in Fig. 1. Relative to the 
ac axis, Which is that of the gyroscope and may 
conveniently be chosen north, positive angles are 
nea,Suired counter-clockwise as seen from above 
a.S follows: 
5=angle from gyro axis to line of sight 
a=angle from gyro axis to wind course 
f3-angle from gyro axis to target course 
A=angle from gyro axis to plane heading 

Difference angles 8-a, 6-6 and 6-X are also 
to be measured; only the angle 6-6 being desig 
nated on the diagram of Fig. 1. These differ 

the customary navigational instruments, such as ence angles give the directions of wind Course, 
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of target course and of plane heading, respec 
tively, with reference to the line of sight PT. 
With the convention that angles are counted 
positive counterclockwise in Fig. , these differ 
ence ages, as well as others used in the inven 
tion and later referred to, are all negative. 
The invention makes use of a tracking system 

by Eneans of which the range. R=PT and the 
bearing angle 8 of the target, together with their 
rates of change, R and 6, are continuously meas 
tured. In Fig. 1, the motion of the attacking 
plane has a component toward the target in the 
line of sight and a component to the right of the 
target perpendicular to this line. R is thus de 
creasing at a rate equal te -R. From the dia 
gran, this rate is seen to be equal numerically 
to Pin-Ph.--Tb, the respective components in the 
line of sight of the speeds S, V and V. The 
angle, 8 is increasing as the plane moves to the 
right of the line of sight, and the product R8 is 
numerically the tangential rate of this motion; R6 
is obviously given by mn-i-gh-ab, components 
normal to the line of sight of Speeds S, V and Ws, 
respectively. Recalling the definitions of the an 
gles -a, 8-8 and 8-A of which 8-6 is shown 
in Fig. 1, we see that in this figure 

sin (3-X) is positive 
sin (8-a) is positive 
sin (8-3) is positive 
cos (8-X) is positive 
cos (8-a) is negative 
cos (8-B) is negative 

The components of S and V transverse to the 
life of sight PT move P to the right; the like 
component of Wa similarly moves T. Counting 
positive these components, we find the Speed of 
P relative to T, transverse and to the right of the 
line PT is made up of a 

mn-S sin (6-N.) 
gh-W sin (6- a) 
-ab=-Ve sin (5-6). 

Similarly, counting positive the components to 
ward T of S and V and that toward P of Wa, the 
speed of approach of P toward T along the line 
of sight PT is made up of 

Pns-Scos (8-A) 
-PhsW cos (8- a) 
Tb--We cos (8-3) 

So that, formally, 

-R=S cos (3-A) +V cos 
(3-a)-V cos (6-6) (1) 

and m 

Ri-S sin (5-x) --V sin 
(5-a)-V sin (6-8) (2) 

These are the components of the plane motion 
toward and to the right of the target. 
In the simple case of no wind and instant de 

celeration, the steering condition relating target 
and torpedo motions is ab=cci, that is, 

V sin (5-6) =v sin (3-A) (3) 
In the practical case, allowance must be made 

O 
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for the time of fall ti, during which the torpedo 
reaches the water with a velocity compounded 
of the plane's airspeed and the wind velocity; 
the time of deceleration td, during which the 
torpedo changes speed from the compound We 
locity just mentioned to its final velocity in 
Water ), and the time spent at this last VeloC 
ity in traveling to meet the target at P2. The 
cross-wind velocity is understood to be too rape 
idly annulled in the Water to require considera 
tion, so that the deflection at P1 is aSSned 
sharply made. 
There may be defined also, for later reference, 

the "striking angle' as that between the plane's 
heading and the target course, equal to 180 de 
grees-(6-X); the “angle of lead’ as that be 
tWeen the line of sight and the plane's heading, 
equal to 360 degrees-(6-A); and the “angle on 
bow” of the target ship, equal to (8-3)-180 de 
grees. In Fig. 1, these are, respectively, the an 
gles PP2'P2: TPP2'; and PTP2. These angles are 
indicated by pointers on the “navigation dial 
later described. 

It will be assumed that the attacking plane is 
equipped with a directional gyro whereby the ac 
axis is established and with means for continu 
ously measuring the plane's airspeed. The time 
of torpedo fall from planeto water is known from 
ballistic tables, the torpedo's speed in water is 
known and the wind shall have been previously 
determined as to speed and direction toward 
which it blows. To find X defining the proper 
heading for release, the target motion is required. 
The torpedo falls in time t from the plane 

to the Water, With a horizontal speed com 
pounded of the plane airspeed and the wind ve 
locity: call this resultant of, of which the com. 
ponents are vic=S.--V, vig=S+V. 
From the origin of coordinates at P, the tor 

pedo then reaches P1, where 

(4) 
(5) 

ac1 = (Sat--Va) if 
F (Sy-l.Vy) ir 

During deceleration in time td, the torpedo 
Speed falls from if to v and changes direction to 
pursue a Water path parallel to the plane head 
ing at release. Considering the change in direc. 
tion abruptly made at P1 and the final speed 
reached at P1’, we find the ac and gy components 
of the path.interval PP1’ to be: 

tacos ((( S.--V) cos^+(S+V) sin N+"). 
(6) 

and 

tasin ( (S.+V.)cos x +(S,+V,) sin N+.) 
. (7) 

From P' to collision at P2, at time t after re 
lease, the torpedo travel in water is 

Along a y cos A (t-ta-ti) 
Along gy: a) sin X (t-td-ti) 

; (8): 
(9) 

The coordinates of Pa are therefore (sin. A neg 
ative, coS Apositive): 

a=(S,--V) tr-i-ta cos (CS.--V.) cos A+ (S,--V,)sin N+ v)+ cos A(t-ta-t)(10) 

y= (S.--V) if -- tasin X(5 (S.+V.) cos A--(S-I-V) sin A+)+ sin x(t-ta-t) (11)   
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The target ship moves in time t from T to P2. 
The COOrdinates of T are: 

acTER COS 6 
and 

g/T-R sin 6 
If the speed of the target ship is We, its ac and gy 

components are, respectively, Wacos 3 and W sin 3, 
both of which are negative in Fig. 1. 
Therefore, the coordinates of P2 are 

ac2-R coS8--V Cosg.t (12) 
and 

y2-R sin 8--Ve sin (3 ... it (13) 
Since S-S cos A and Sy-S sin X, while Val-V 
cosa and Wy-cV sin a, Equations 10 and 11 may 
be rewritten and combined with Equations 12 and 
13 to eliminate it. On Simplifying, there is ob 
tained the steering equation: 

O 

5 

20 

8 
in which it is suitably transformed to enter video 
amplifier 26. Duplexing unit 5 is of known 
character and admits to receiver 25 only the low 
energy returned pulses, excluding from this path 
the outgoing high energy pulses from transmitter 
36. The transformed echo emerges from ampli 
fier 26 as a positive voltage pulse over conductor 
49 to intensity grid 27 of oscilloscope 3 and pro 
duces brightening of the cathode ray trace to 
show as Spot 2. 
Simultaneously with emission of a radar pulse 

from antenna, 0, the voltage pulses from gener 
ator 35 are supplied to range sweep generator 37, 
there producing a rising Sweep voltage, applied 
through vertical deflection circuit 38 to vertical 
deflecting plates 40 of oscilloscope 3. There 
results an upward Sweep of the cathode ray trace, 
starting with each recurrence of a radar emission, 
form the bottom of screen 23, a position to which 
it is biased (by means not shown) in the absence 

RV sin (6-6) - Rw sin (-x)+(S-)(t +) V, sin (B-)+ 
V(t+h) Vasin (6-a)+V vti sin (a-A)+ 

In practice, the last term is neglected, since it is 
usually small and negligible in comparison with 
the others. 
Of the quantities in Equation 14, R. and 8 and 

their time rates of change are observed; if, td and 
are known; S is measured continuously; and 

W and A are determined in advance, while We and 
B are assumed and progressively corrected in 
tracking the target prior to release. By Such 
tracking correct values of V and 3 are obtained, 
after which at any time a value of A may be set 
up to Satisfy Equation 14. It will be noted that 
there is no unique release point; for any value 
of R, there is a value of A which Will insure a 
torpedo hit at some point P2 provided the torpedo 
can travel in water faster than the target, which 
is normally the case. Even if the target is faster, 
there is still an infinity of proper release points 
which will result in hits. 

Target observing system. 

Fig. 2 schematically shows a radar system of 
known type which may be installed in the plane 
and used in tracking the target. Inasmuch as 
such a system is not itself a part of the present 
invention, the apparatus of Fig. 2 will be described 
only functionally. - 
Antenna, 10, at the focus of reflector if, is highly 

directive and emits recurrent pulses of radio fre 
quency energy, each of which is in part returned 
when intercepted by the target. 
echo pulse appears as Spot f2 
oscilloscope 3. 
Trigger pulse generator 35 produces recurrent 

sharp voltage pulses which are supplied to radio 
transmitter 36, wherein they give rise to radio 
frequency pulses fed through duplexing unit 5 
over a coaxial cable or wave guide 6 to antenna, 
O. Cable 6 includes a rotary joint permitting 

horizontal rotation of the antenna. Such rota 
tion is effected through gears 9, 20, gear 9 being 
carried as shown on shaft 2 f of azimuth motor 
30, while gear 20 is is mounted on the part of 
cable 6 above joint fl. Under the aSSumed cir 
cumstances of operation, vertical rotation of 
antenna, O is not required. 

Each echo returned from the target is focussed 
by reflector on antenna O and thence passes 

on Screen 23 of 
The returned 
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of a vertical sweep voltage. Video amplifier 26 is 
designed to blank the cathode ray trace during 
its return and during its upward movement ex 
cept when grid 27 receives a brightening voltage 
pulse due to a returned echo or to an azimuth 
Or a range indication from amplifier 26. The 
vertical position of spot 2 thus corresponds to 
the target range R. The duration of each sweep 
voltage is made longer than the time of echo 
return from the most distant target it is desired 
to observe, and the recurrence interval of the 
radar emission from antenna O is somewhat 
longer Still. 

Wia, conductor 50 a varying voltage, decreasing 
uniformly with time, is introduced from a range 
circuit later described. Once in each recurrence 
the Sweep voltage reaches equality with the volt 
age on conductor 50, and this equality comes pro 
gressively earlier in successive sweeps. At each 
moment of equality, a sharp voltage pulse passes 
over conductor 5 to amplifier 26 which there 
upon via conductor 49 furnishes an indicating 
brightening impulse to grid 27. By adjustment 
of the Voltage on conductor 50 and of its rate of 
decrease, the indicating pulse is made to occur 
continuously in time coincidence with the re 
turned echo. The rate of decrease of the voltage 
on conductor 50 is thus proportional to the rela 
tive velocity in the line of sight of plane and 
target. . . 
Azimuth motor 30 is controlled, through sector. 

scan circuit 55, by the output voltage of antenna 
azimuth amplifier 56 to cause antenna. O to sweep' 
repetitively over a limited sector the center of 
which is determined by the input voltage over 
conductor 57 to amplifier 56. 

Brush 58, turning with and insulated from an 
extension of shaft 2, sweeps over linear poten 
tiometer 59 fixed in the airplane concentrically 
with shaft 2. The voltage selected by brush 58 
is thus representative of the facing, relative to 
the plane's fore and aft axis, of antenna O, and 
is via conductor 60 supplied as another input 
voltage to amplifier 56 of opposite sign to the 
Voltage over conductor 57. If normally the center 
of the Sector SWept by antenna O is to be direct 
ly forward of the plane, the Voltage on conductor 
57 is adjusted to cancel the voltage from brush 

... sin (oy - (3-2X) = 0 (14) 

through duplexing unit 5 to radio receiver 25, 7 58 in the position corresponding to this antenna 
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facing. Sector scan circuit 55 drives motor 30 
through a sector of which the limits are fixed by 
a prescribed voltage difference, of either sign, 
between the voltage on conductor 60 and that 
on conductor 57. The choice of the latter Voltage 
thus determines the center of the sector Swept 
by the antenna. Output voltages from amplifier 
56, via conductors 6, 62 and 63, are supplied 
respectively to circuit 55, to azimuth index gen 
erator 65 and to azimuth Sweep generator 66. 
Conductor 6, as described, activates circuit 55. 
Conductor 62 supplies, at the moment of equality 
of voltages on conductor 5 and 69, a sharp Volt 
age pulse to azimuth index generator 65; this 
pulse passes to video amplifier 26 and thence as 
a trace brightening voltage to grid 27. 
Conductor 63 supplies to azimuth SWeep gen 

erator 66 a voltage varying With the net input 
voltage to amplifier 56. Generator 66 provides a 
horizontal sweep voltage to horizontal deflecting 
plates 4f of oscilloscope i3 which causes the cath 
ode ray trace to sweep repetitively, back and 
forth across Screen 23 in accordance With the 
repetitive sector sweep of antenna, i. 
The brightening voltage pulse, occurring at the 

center of the antenna Sector, lasts for the dura 
tion of an upward sweep of the cathode ray trace, 
which accordingly appears as a vertical bright 
line AL centered horizontally on screen 23. The 
brightenings due to pulses corresponding to equal- : 
ities of voltage on conductor 50 and rising sweep 
voltage in generator 37 fuse into a horizontal 
range line RL on the oscilloscope screen. Both 
actual and computed target range are continual 
ly diminishing under the conditions illustrated 
in Fig. 1, wherefore the target echo spot and the 
range line RL are continually approaching the 
botton of the Screen. The object of the track 
ing procedure later described is to maintain the 
echo Spot at the intersection of lines AT and Ru. 
Line AL is horizontally centered on the screen 
Whatever may be the angular position, With re 
spect to the plane's fore and aft axis, of the 
center of the antenna Sector. 
As a result, if the voltages on conductors 50 and 

57 have been chosen to make range line RL and 
azimuth line AI both intersect target echo spot 
f2, that spot appears at the intersection of these 
lines on Screen 23 and Will follow that interSec 
tion provided the Voltages on conductors 50 and 
57 are continuously varied to represent respec 
tively range and bearing of the target. Woltage 
for conductor 5 is obtained from a potentiometer 
brush on a range shaft; Voltage for conductor 5, 
from alike brush on an azimuth shaft. 

Sector scan circuit 55 may be such as is dis 
closed and claimed in the copending application 
of A. R. Kolding, “Directive Antenna, Control 
System,' Serial No. 546,828, filed July 27, 1944 
and assigned to the same assignee as the present 
invention. Amplifier 56 may be of the type de 
Scribed below in connection with Fig. 7A. 

Potentiometer system. 

Referring now to Fig. 3, directional gyro 4 of 
known type defines a constant horizontal direc 
tion which may be chosen north and South, as 
indicated, in preliminary adjustment. At any de 
sired moment, gyro 4 may be clutched (by con 
ventional means, not shown) to control shaft 5 
attached to which is rotor coil 6 of a "telegon' 
transmitter . Coil 6 is Supplied With alternating 
current of suitable frequency through trans 
former 8 from source 9, derived by conventional 
means from the customary power supply with 
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which the airplane is provided. Stator coils f; 
of transmitter are connected in Standard Iran 
ner to stator coils 5 of "telegon' receiver T', 
provided with rotor coil 6'. Unless rotor coil 6' 
stands electrically at right angles to coil 6, an 
alternating voltage is generated in coil 6 of the 
frequency of source 9 and of amplitude dependent 
upon the electrical position of coil 6 relative to 
coil 6. By conductors 8, coil S is connected to 
the input of directional rectifier 22 wherein the 
alternating current foWing in coil 6' is rectified 
and supplied to direct current amplifier 24 which 
may be of any known design. 

Rectifier 22 comprises a vacuum tube to the 
input circuit of which coils 6' supply an alternat 
ing voltage of the frequency of Source 9 but of 
amplitude dependent upon the positions of shafts 
5, 32 and 39. Anode voltage for this tube is also 
derived from Source 9 but is of fixed amplitude 
and phase. The latter is either the same as or 
opposite to that of the input voltage, depending 
upon the shaft positions. The output of rectifier 
22 is therefore a pulsating direct current of am 
plitude and polarity dependent upon the space 
relationships of coils 6, 4, it' and 6'. The rec 
tifier circuit is not shown in detail, being on 
adaptation readily made of the invention dis 
closed in United States Patent, 1,620,204, March 
8, 1927, to R. A. Heising. 
Conductors 28 Supply the output Voltage of am 

plifier 24 to the winding of polar relay 52 having 
an armature 52 normally biased to a central posi 
tion but movable therefron in a direction de 
pendent. On the sense of current flow in the relay 
Winding. The deflection of armature 52 controls 
the phase in which alternating current from a 
suitable source 53, which may be the same as 
Source 9, is Supplied to one phase winding of two 
phase motor 29, the other phase winding of which 
is Supplied from Source 53 through 90-degree 
phase shifting network 54. When the output 
Voltage of amplifier 24 is other than Zero, arma 
ture 52' is operated in a direction fixed by the 
polarity of that voltage and motor 29 corre 
Spondingly drives Shaft 3. 

Motors 8 and 9 in Fig. 3, and other notors 
ShoWn in circuits later described, are like motor 
-29 and are controlled in the same fashion by 
their respective control amplifiers. In the figures 
Which follow, the control amplifier is for the sake 
of compactness shown directly connected to the 
motor it controls, but in each case the complete 
circuit is like that just described between reca 
tifier 22 and motor 29. In Fig. 3, control am 
plifier 24, Supplied from rectifier 22 with a unidi 
rectional voltage varying with A in amplitude and 
polarity, controls through relay 52 and armature 
52 the application of Source 53 to drive A motor 
29. For 6 motor 8 and 3 motor 9, conductors 
82 and 92 are understood to represent duplicates 
of the elements shown between amplifier 24, and 
A notor 29. In Figs. 10, 11 and 12, the conductor 
pairs 82, 82 and 92 represent like elements be 
tween amplifiers 80R, 808 and 180g and motors 
26, 8 and 91, respectively; in Figs. 13 and 14 
designating numerals for such conductor pairs 
are omitted. Condenser 79 is referred to in describing Fig. 6; 
For simplicity, Fig. 3 omits the showing of the 

motor control circuit of Fig.6 between shaft 3i 
and the input terminals of amplifier 24 (follow 
ing the output terminals of unidirectional voltage 
Source 22). The omitted elements are described 
in connection with Fig. 6. . . . . . . 

-Coils 4 are fixedly mounted in the airplane 
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and hence turn with change of heading relatively 
to coil 6, while coils 4 and 6’ may be located 
at any convenient point. As later mentioned, 
the Orientation of coils 4' is under the opera 
tor's control. 
Shaft 3 of motor 29 has an upward exten 

sion 32 by which coil 6" may be rotated relatively 
to stator coils 4 of receiver 7. The connection 
of conductors 28 to the Winding of relay 52 is SO 
made that the rotation of Shaft 3 and there 
with of coil 6, is in such a direction as to drive 
that coil to the no-voltage position relative to 
coil 6 and so to shaft 5. In this position, a pointer 
42 carried on the extremity of shaft 3 reads on 
dial 43, the compass direction defined by the hori 
Zontal axis of directional gyro 4. 

If the axis of gyro 4 is north and South, pointer 
42 is by preliminary adjustment set to 0 on dial 
A3 and continues there unless the tracking ob 
server intervenes to make the reading on dial 43 
indicate the airplane's heading X, defined in the 
description of Fig. 1 to be the angle, counter 
clockwise from above, between the gyro axis and 
the airplane heading. Learning from the air 
plane pilot the plane's heading, the observer in 
tervenes through manual operation of shaft 33 
through gears 34 to turn shaft 39 by which is po 
sitioned stator coil 4. Motor 29 therewith 
turns, and continues to turn until the tracking 
operator's intervention ceases when pointer 42 
reads on dial 43 the angle A. This setting of shaft 
3 is made When the tracking Operation con 
nences. Thereafter shaft, 39 is undisturbed and 
rotation of shaft 5 relative to the airplane on 
change in airplane heading is automatically foll 
lowed by rotation of shaft 3, the angular posi 
tion of which thus continuously represents the 
angle A. 
On shaft 3 are mounted gears 44, 45 and 46. 

Gears 44 and 45 engage respectively gears 44' and 
45, each of which carries a circular potenti 
Ometer card having a sinusoidal winding, desig 
nated respectively as X1 and X2. Each of these po 
tentiometers is supplied With voltage from a di 
rect current Source, shown as battery 47 shunted 
by potentiometers 48, 48, each having a grounded 
mid-point, the mid-point of battery 47 being 
grounded. Source 47 is connected to potenti 
Ometers A1 and X2 at the ends of the diameters 
thereof joining the points of minimum resistance 
per turn, while at the ends of the diameters at 
right angles to these points the potentiometer 
Windings are grounded. 

Preliminary adjustment of the engagement of 
gears 44 and 44' and gears 45 and 45 is so made 
that the diameters of battery connection to po 
tentiometers X and N2 are parallel, and conven 
iently parallel also to pointer 42 when that 
pointer reads 0 on dial 43. Thereafter rotation 
of shaft 3 to follow the angle A causes the cards 
of potentiometers N1 and X2 themselves to foll 
IoW this angle. It is to be understood that bat 
tery and ground Connections to these potenti 
Ometers, and to others presently to be identified 
in Fig. 3, are made through suitable slip rings. 
Gear 46 transmits the X motion of shaft 3 as 

Will be later described. 
As shaft 3 turns, potentiometers X1 and X2 

turn therewith and a brush may be positioned 
On either X1 or A2 to derive a Voltage which is a 
trigonometric function of the angular difference 
in the positions of the brush and of the battery 
diameter of the potentiometer card. By “battery 
diameter' is meant that diameter of the card 
acroSS which is impressed the voltage from source 
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47. For both brush and battery diameter, the 
Zero position is that electrically parallel to the 
axis of directional gyro 4, 
For example, it is desired to derive from po 

tentiometer X1 a Voltage proportional to sin 
(a-A), a quantity used in the steering computa 
tion, Equation 14. Shaft 67, manually controlled 
by knob 68, shows on dial 69 the angle a, de 
fined in describing Fig. 1 as the direction towards 
Which the wind blows, counterclockwise from the 
north. Through gears 7 by hand adjustment 
of knob 68, shaft 6 positions to the angle a on 
the potentiometer A1 brush OO, from which via 
Conductor there is obtained a voltage pro 
portional to sin (a-A). It is understood that 
brush it, and other brushes later to be men 
tioned, are insulated from their respective posi 
tioning shafts. The angle (a-A) is described 
from the right-hand ground to the lower battery 
connection in Fig. 3. In addition to gear T0, shaft 
61 carries gears 80 and 90 whereby brushes 0, 
20 and 30 are also positioned to the angles 

a, a-90° and a-180°, respectively. 
Motors 8 and 9, each similar to motor 29, 

are driven by electrical currents supplied over 
conductors 82 and 92 to rotate shafts 83 and 93, 
respectively, to angular positions representative 
of the target bearing 8 and the target course 
f3, respectively. The position and speed control 
of motors 8 and 9 will be fully described later; 
ShaftS 83 and 93 will for the present be assumed 
positioned, as Will also shaft 3, according to a 
particular set of values of angles 6, B and X, re 
Spectively, the control of shaft 3 having been 
described above. 
Shaft 83 carries gears 7, 2, 3, 4 and 75, and 

pointer 5 reading the angle 6 on dial 77. Gears 
to 4 respectively engage gears if' to 74 to 

position Sinusoidal potentiometers 81, 82 and 83 
and linear potentiometer 64. These poten 
tionetters are Supplied with voltage from a direct 
Current Source Such as battery 8 in the same 
fashion as potentiometers Xi and A2 are supplied 
from source 4; these voltage sources may be 
derived by Suitable means (not shown) from the 
airplane power supply and of course may be 
consolidated into a single source. 

In the Same manner shaft 93 positions potenti. 
Ometer 61 through gears 84-84' and potenti 
Ometer g3 through gears 85-85' carrying also 
pointer 86 to read the angle 6 on dial 87. Shaft 
93 ends at gear 88. Potentiometers (81 and B2 are 
both sinusoidal potentiometers, supplied from 
Source 78. Gears 75 and 88 serve to transmit the 
8 and 6 shaft positions, as does gear 46 to trans 
mit the A shaft position. 
In the Same way as explained in connection 

With potentiometers A1 and A2, the 8 and B po 
tentiometers are So positioned by their control 
ling shafts that their respective battery di. 
ameters make with an arbitrary reference line 
the angles 6 and B, respectively. The reference 
line for all A, 6 and 3 potentiometers is conveni 
ently the same. Shaft 6, set by hand through 
knob 68 to the angle a, positions brushes G and 
20 on potentiometer 61 and brush (3) on poten 
tioneter f31. Wia, conductors and 8 there 
are available voltages proportional to sin (6-a) 
and cos (8-c.) from brushes ) and 20, re 
Spectively, while via conductor 3i may be taken 
a voltage proportional to sin (6-a). - 
The difference angles (a-X), (6-a), and 

(6-a) are obtained by the hand setting of shaft, 
67 to position brushes 90, 0, 20 and 30 ap 
propriately with respect to the reference line in 
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dependently of the settings of A, 8 and 3 poten 
tionenters. These potentiometers are set. by 
their respective motor drive shafts to make with 
the reference line the respectively appropriate 
angles. The difference angles (6-A), (6-X) and 
(8-6) are obtained by positioning appropriate 
brushes. 
The A motion is transmitted from shaft 3i 

through gear 46 and cooperating gears 46' to 
shaft 3', which through gears as shown posi 
tions brushes. 04, f 05, 08 and 12. The 6 mo 
tion is transmitted from shaft 83 through gear 
75 and cooperating gears 75 to shaft 83 which 
as shown. carries gears to position brushes 
'fla-i-IT inclusive. In like manner, shaft 93 
transmits the B motion to shaft 93, through in 
termediate shaft f8 carrying gears 9 and 25 
which engage respectively gear 88 on shaft 93 
and gear 26 on shaft 93'. 
The table below sets forth the angular settings 

of the various brushes in the several potentiom 
eters consistently with the geometry of Fig. 1, 
assumed to represent one solution of the attack: 

Potentiometer Brush Angle Voltage 

100 g sin (a-A) 
102 B sin (3-N) 
10 : a sin (6-al) 

120 a-90° cos (6-a) 
04 M sin (6-X) 
105 X--90° cos (8-A) 
108 X-180° -sin (6-X) 
12 A -(5-A) 

130 a.-180° sin (3- a) 
14 S-180° sin (8-3) 

g 15 5--90° cos (8-3) 
--- - - - - - - - - - - - - - - - - - - - - 116 is -sin (6-g); 

7,890 -cos. (6-8) 

y Conductor 2 has a branch (2: f', used in the 
circuit of Fig. 14. 
In the cases of the A. and 6 potentiometers, the 

angle, is counted as the brush position-the-po 
tentiometer position; for the 8 potentiometer, it 
is more convenient so to show these that the 
angle considered is that of potentiometer-brush. 
For potentiometer 84, the gearing from shaft 
3 is arranged to provide an angular reduction 
of 2 to 1, in order that a single circular poten 
tiometer with linear winding shall suffice to rep 
resent the entire range of the angle-8-X. 

It is to be understood that the arrangement 
shown in Fig. 3 is illustrative only. Many other 
configurations may be: designed for providing the 
same interrelations of potentionetters and 
brushes to make available the desired voltages. 
The trigonometric functions listed in the table 

above are combined to form, some the right 
hand-members of tracking Equations 1 and 2, 
some the left-hand members of steering Equa 
tion 14 omitting the last-term thereof. It will 
be observed that in the case of each potentiom 
eter of Fig. 3 the voltage. Source is shunted by a 
resistance voltage dividing circuit like 48 across 
battery 47, with grounded mid-point and taps 
supplying proper equal positive and negative po 
tentials to the potentiometer. All potentiom 
eters of Fig. 3, except. 81 and 82 have their battery 
diameters connected to fixed taps in such cir 
cuits which are directly in shunt with the volt-. 
age source. Potentiometers 81 and 82 are con 
nected at the ends of their battery diameter to 
adjustable taps, on the shunt resistors, each tap 
is adjusted to have a potential with respect to 
ground which is proportional to a quantity 
which is determined by the flight conditions as 
sumed: for 81, this quantity is the wind-speed V; 
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4. 
for 32, the plane airspeed S. It is convenient to 
designate these four taps by specific numeras, 
f32 and 33 for --V and -W respectively on 31, 
34 and :35 for --S and -S respectively on 82. 
ASSuming that the range and azimuth shaft 

positions correspond, at some instant in the at 
itack, to correct tracking of the target, We find 
in Fig. 4. the circuit arrangement which is cone 
cerned in tracking Equations 1 and 2; in Fig. 5, 
that concerned in steering Equation 14. 

Referring now to Fig. 4, handset potentiometer 
taps 32 and 33 (as shown in Fig. 9-A):apply. 
between ground and the ends of the battery:dies 
ameter of potentiometer 81 fractions --Vand-a-V. 
of the voltage of source 78. Accordingly, con 
ductors and 48 derive voltages proportional 
to V sin (8-ia, and V cos (8-a) respectively. 
Taps 34 and 35 (as in Fig. 9-B). impression 
potentiometer 82 at the ends of its battery dis 
ameter the fractional voltages. --S and.--S, res 
spectively. Conductor i06.provides voltage Sisin 
(8-i-A); conductor 0, voltage. S cos (8-X). 
The fractionations of the sine and cosine volt 

ages from potentiometers B2 are made by brushes 
traversing potentiometers wound upon flat cards 
Which are then formed around circular supports 
For Convenience, in Figs. As and 5 these: circular 
cards are represented as fat, s 
‘Of the four voltages, obtainable from poten 

tioneter. 52 no use is made in Equations.12 and 
14 of that via conductor 22, cos (5-8); This 
brush is therefore connected to ground through 
resistor 2 to balance the impedance facing the 
four brushes. 
Conductor 2, sin (8-3), is grounded:through 

potentiometer R2 on which tap 28 selects a frace 
tional voltage with respect to ground propor 
tional to target range. This is further fractions 
ated by tap f 29 on potentiometer We, propor 
tionally to the target speed, and conductor f38 
Supplies the voltage RV sin (8-b) as one input 
to amplifier f60 of Fig. 5. The negative cos(3-5) 
and sin (8-6) voltages from conductors f24 and 
23, respectively are each fractionated (by taps 
36 and 37 on potentiometers Wea and W3) 
proportionally to target speed. Taps 28, 29, 
36 and 37 are, as later explained, automatia 

cally set by the tracking circuit of the inven 
tion. There are thus provided by conductors 39 
and f4 voltages respectively proportional to 
-Vicos (8-p) and -We sin, (6-6). 

In Series with suitable input...resistors, voltages 
V cos (6-a), S COs (8-X) and -We cos (5-B) 
are supplied to Summing amplifier 40 of which 
the output voltage is accordingly proportional 
to -R, the component in the line of sight of the 
relative plane-to-target speed: Equation 1. 

In the same manner, voltages V sin (3-a), 
S. sin (8-X) and -V. sin (8-p) are summed by. 
amplifier 50 of which the output voltage rep 
resents the transverse component of plane-to 
target Speed: Equation 2. 

Woltmeters, not shown, may be: connected 
across the outputs of amplifiers 40 and 50, and 
calibrated to read the corresponding speed com 
ponents.R and R5. 
The wind velocity V is assumed constant and 

known beforehand. Plane airspeed is contin 
ously measured and may by known apparatus 
be corrected for atmospheric conditions. The 
airspeed so corrected is S. 

Fig. 5 is a schematic diagram of the circuit 
supplying to amplifier 60 the input, voltages 
which are summed according to steering. Equa 
tion 14. ASSunning flight at constant altitude:and 
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airspeed, the only quantity in Equation 14 which 
may be controlled in the attack is the plane head 
ing N. For any point in the airplane's flight there 
is a value of A appropriate for launching the 
torpedo and when this is the heading, Equation 
14 is Satisfied as Soon as the tracking opera 
tion Correct Values have been found for target 
course and Speed. The output circuit of ampli 
fier 60 includes meter f which reads Zero 
When W and 3 are correctly estimated and A 
is the correct heading. Meter 6 may be so 
Connected as to read positively or negatively ac 
Cording aS X is too great or too small. Such a 
reading is an indication to the observer that the 
existing heading must be changed until meter 
6 reads zero. 
. The potentiometers of Fig. 3, concerned in the 

steering circuit, are repeated in Fig. 5. They 
include potentiometer 62 used also in the circuit 
of Fig. 4. For convenience, voltage sources 47 
and 78 are consolidated in Fig. 5 as battery 78’, 
connected directly across the battery diameters 
of potentiometers 51, 32, 83, A1 and A2, with the 
mid-point grounded so as to provide an equal 
positive and negative voltage with respect to 
ground. In the circuit of Fig. 5 only one volt 
age is required from each of these potenti 
Ometers. These voltages are variously frac 
tionated by potentiometer brushes, of which 
Some are handset while others are continuously 
adjusted in the tracking operation. 
From potentiometer 31, the voltage sin (6-a) 

On conductor 3 is successively fractionated by 
tap 42 on potentiometer V3 and by tap 43 on 
potentiometer Wes to derive a voltage V V sin 
(B-a). Taps 42 and A3 are set by hand and 
by tracking, respectively. Equation 14 includes 
the term 

VV8 sin (b-a)(t +, 
The fraction WV sin (3-a) ti is derived by tap 
44 from potentiometer ti3, while tap 45 on po 

tentiometer 
. td 

4. 
derives the fraction 

YV sin (3-c.) 
In these fractions ti is the time of torpedo fall, 
obtained from empirical tables for the known 
height of the plane. The fraction 

ld 
4 

is one-fourth the deceleration time of the tor 
pedo in water, from the plane speed (resultant of 
V and S) to the torpedo's terminal water Velocity 
a; it is likewise obtained from tables. Each of 
taps 44. and 45 is handset to a fixed setting. 
Thus, the two voltage fractions last enumer 

ated are provided on conductors fif, and 52, re 
Spectively and through input resistors form tWO 
input voltages to grid a of amplifier 60. To the 
same grid is similarly Supplied the voltage RV 
sin (8-6) via conductor f38 from potentiom 
eter 32. 
The voltage -sin (6-X) on conductor. 9 is 

successively fractionated by handset tap 46 on 
potentiometer 1, proportionally to the terminal 
velocity of the torpedo, and proportionally to 
target range by tap A (continuously. Set in 
tracking) on potentiometer R1, providing on con 
ductor 53 the voltage --R) sin (3-A) which is 
another input to grid a of amplifier 60. 
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Two more input voltages to grid a are re 

quired. These are the voltage Vott sin (a-A) 
On conductor 54 and 

SV-(--) sin (6-X) 
On conductor 2. The first voltage is obtained 
from Successive fractionations of the voltage sin 
(a-X) on conductor O, which fractionations 
are respectively proportional to V (potentiometer 
W4, tap 62), to (potentiometer 22, tap 63) and 
to ti (potentiometer til, tap 64). All of taps 
62, 63 and 64 are set by hand to fixed settings. 
The Second voltage is one of a pair obtained by 
fractionating the voltage sin (6-A) of conductor 
03, first proportionally to Va (potentiometer V4, 

tap 65), then simultaneously proportionally to 

5. tap 166) 
and to ti (potentiometer tie, tap f 67). The frac 
tional voltages thus simultaneously derived are 
Summed by amplifier 70, similar to amplifiers 
40 and 50. The output of amplifier 70 com 

prises the parallel connection of potentiometers 
S3 and 23 on which respectively handset tap f T 
provides on conductor 72 the voltage 

SV(tri-) sin (8–x) 
and tap 13 provides on conductor 74 the volt 
age 

; (potentiometer 

Va(tri-) sin (S-X) 
The voltage on conductor 72 joins the voltages 
on conductors 38, 5E, 52, 53 and 54 (each 
through an input resistor) on grid a of amplifier 
60. The Voltage on conductor 74 is taken 

through an input resistor to grid b of amplifier 
60. The output voltage of this amplifier is, 
numerically, the Sun of the voltages on grid a 
less the Voltage on grid b, and thus electrically 
represents the left-hand member of Equation 14, 
Omitting the last term thereof. 

It will be recalled in describing Figs, 3, 4 and 5 
a Solution of the attack problem was assumed at 
hand. The quantities assumed, which in actual 
practice must be obtained in tracking, are the 
target range R and speed We, together with the 
angles 8 and g (target bearing and course, re 
Spectively). Independently of the tracking op 
eration are known (or observed) the quantities 
V, S, a. and X and the torpedo ballistic quantities 
tr, td and 2). Settings of a and A have been ex 
plained in describing Fig. 3. Later, for complete 
ness, reference will be made to Figs. 9-A to 9-E, 
inclusive, wherein are illustrated the hand set 
tings which may be made before target tracking 
is actually begun. Amplifiers 40, 50, fB O and 

0 are all of well-known design described in 
Connection. With FigS. 7-A and 7-B. 

t will be understood that the circuits of Figs. 4 
and 5 show one of numerous possible arrange 
inents for the Solution of Equations 1, 2 and 14. 
Other arrangements than that here described 
Will be readily contrived by those skilled in the 
art. 

Motor speed control 
Each of the motors 29, 8 and 9 is a servo 

motor, as are other motors later to be enumer 
ated. Their Servo character will be apparent 
from the description of Fig. 6. Battery 75 is 
Shunted by potentiometer 76 from which a 
desired fraction of the battery voltage is selected 
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by tap . Across the selected portion of poten 
tiometer 6 are connected resistor 78 and con 
denser 9 in Series. The Voltage acroSS con 
denser 3 is applied to the input circuit of 
amplifier 80 (a direct current amplifier of con 
ventional design) by conductors 68 and 69, the 
former being grounded as shown. 
circuit of amplifier 80 supplies current to con 
trol motor M. With the polarity of battery 5 
shown in Fig. 6, condenser 9 is charged posi 
tively on its upper plate and notor M turns the 
shaft 8 in a sense dependent on the polarity 
of output terminals 82 of amplifier 89, say in 
the sense of the arrow. The variable fractional 
voltage from battery 5, across condenser 9, 
symbolically represents the varying unidirec 
tional voltage of rectifier 22, Fig. 3. Such a vary 
ing voltage may be supplemented by an arbitrary 
direct-current voltage, as in Figs. 10 to 14, inclu 
sive, for initial positioning of the corresponding 
notor Shaft. 
Shaft 8 carries with Suitable insulation an 

arm bearing condenser 83 and resistance 84 in 
series. As shaft 8 rotates, contact points 
represented by the arrows terminating the arm 
turn in a circle on which at the ends of tWO 
mutually perpendicular diameters are contact 
terminals , 2, 3 and 3. The arrows make con 
tact alternately with terminals and 3' and with 
terminals 2 and 3. Terminals 3 and 3' are both 
grounded, terminal 2 is connected to the junction 
of resistor 78 and condenser ; 9, while terminal 

is connected to tap 85 on potentiometer 85 
which shunts battery 8. It will be noted that 
batteries 5 and 8 are grounded at their nega 
tive and positive terminals respectively, where 
fore condenser 83 in the position shown is SO 
charged that when its contact point reachester 
nina 2, a charge is delivered to condenser 9 
Opposite in sign to the charge thereon received 
from battery T5. 
The capacity of condenser 83 is chosen Small 

compared to that of condenser 9. The ampli 
fier 80 is designed to be capable of driving motor 
M and its load at the highest required Speed when 
its input voltage, which appears across condenser 

3, is a negligible fraction of the input voltage 
on tap 85 or f. Resistance 3 is chosen to 
have a value high enough so that the current 
owing through it into condenser 9 Will be 

equal to the average current discharged into con 
denser 9 fron condenser 83 at the highest 
Speed and highest voltage position of tap 85. 
The polarities of the two Voltage Sources and the 
direction of rotation of the notor i? are so ar 
ranged that these two currents delivered to Con 
denser 9 tend to cancel out. Under these con 
ditions notor i? will be driven at a Speed and 
in a direction which will make the output cur 
rent from contact 2 just equal and opposite to 
that passing through resistance 3 and the 
potential of contact 2 will never depart sensibly 
from ground potential Which insures that the dis 
charge of condenser 83 Will be sensibly complete. 
It will be obvious from the figure that twice in 
each rotation of shaft 8 a small charge is trans 
ferred from battery 8 by condenser 83 to 
neutralize the charge or condenser . It is 
clear that the final rotational speed of shaft 8. 
is attained. When the charging current from bat 
tery 5 into condenser 79 is exactly cancelled 
by the discharging current provided by the repet 
itive discharges of condenser 83. The ticine con 
stant of condenser 83 and resistor 84 is made 
small enough to permit substantially complete 
charging and discharging of condenser 83 as it 

he output 
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passes the respectively appropriate contact ter 
minals at the highest Speed expected from 
notor MI. 
For a given voltage from tap 85, the Speed of 

shaft 8 is directly proportional to the voltage 
from tap and inversely proportional to the 
voltage from tap 85, for the reason that the 
charging and discharging currents flowing into 
condenser 79 are respectively proportional to 
the voltage from tap 77 and to the product of 
shaft speed by the voltage from tap 85. The 
driving voltage amplified by amplifier 8 is then 
just enough to overcome friction losses in the 
load (not shown) of Shaft 8 and the pulsating 
current provided by the rotation of the arm bear 
ing condenser 83 and resistor 84 is the reverse 
feedback opposing the current flowing into con 
denser 9 from battery 5. 
Each of motors 29, 8 and 9 is geared down 

as shown in Fig. 3 in such ratio that a high rota 
tional speed of the motor Shaft may produce a 
conveniently low angular velocity for the poten 
tionetter cards and for the brushes thereon 
sweeping. Other motors drive through similar 
gearing shafts to represent the quantities R. and 
We, shown in later figures, and are similarly con 
trolled in speed. 
The circuit of Fig. 6 is not itself a part of the 

present invention, being disclosed and claimed in 
United States Patent 2,455,247, November 30, 1948 
to R. H. Griest, 

Amplifiers 
In Figs. 7-A and 7-B are illustrated the gen 

eral types of circuits used in summing amplifiers 
68, 5 and 80 (Fig. 7-A) and in differencing 

amplifier 6 (Fig. 7-B). These are well-known 
circuits not themselves a part of the present 
invention. 

Fig. 7-A is a Schematic diagram of the fundar 
mental two-stage direct current amplifier used 
in numerous places in the System of the invention. 
In the first stage tube 88, suitably a 6SU'7GTY, 
is a double triode with common cathode 89. The 
first section of tube 88 comprises cathode 89, 
grid a, and anode 90, the second section con 
prises cathode 89, grid b and anode 9. From 
a source of constant Voltage, not shown, anode 
9 is Supplied with a positive potential of 100 

volts, and 200 volts positive potential is supplied 
through resistor 92 to anode 9. Cathode 89 
is connected through resistor 93 to a negative 
potential of 200 volts. Tube 95 of the second 
stage may be a double triode Or, as ShoWn in Fig. 
7-A, a pentode such as the 6AG7. Of such a pen 
tode, cathode 96 is connected directly to Sup 
pressor grid 9 and to -100 volts. Screen grid 
98 is supplied with 200 volts positive while anode 

20 is supplied through resistor 22 from --360 
volts. Control grid 22 is connected through re 
sistor 203 to anode 9 of tube 88 and through 
resistor 23 shunted by condenser 204 to --200 
Wolts. Hetween anode 29 and ground is taken 
the output voltage eo resulting from the Voltage 
ea or eb, or both, on grids d or b, or both, of tube 
38. With no Voltages on grids d and b, the same 
anode current flows in both Sections of tube 88 
Since the Voltage drop across resistor 92 results 
in a potential of about 100 volts at anode 3, 
nearly the same as at anode 9. The combined 
anode currents, each about 0.2 milliampere, flow 
through the common cathode resistor 93 pro 
ducing therea CrOSS a, Voltage drop of about 200 
Wolts fixing cathode 89 at nearly ground po 
tential. In use, grids a and b are each held at 
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ground potential so that cathode 89 aSSumes a 
low positive biasing potential. 
In the second stage, cathode 96 has a poten 

tial 100 volts positive and slightly higher than 
that of anode 9 to which grid 202 is connected 
through resistor 203. Grid 202 is thus appropri 
ately biased negative with respect to cathode 96. 
With the circuit shown tube 95 passes current 
such that the voltage at anode 20 remains, with 
no voltage on grids a and b, about 200 volts posi 
tive to ground, a voltage considered reference 
level for the amplifier of Fig. 7-A. 
Considering the first section of tube 88 as a 

cathode follower, it is seen that a voltage applied 
to grid a appears at cathode 89 with the same 
sign and nearly the same value. With no volt 
age on grid b the grid-cathode Voltage on the 
Second section of tube 88 will change in accord 
ance with the potential of cathode 89 and this 
change will be amplified to appear as a Voltage 
at anode 9 of the same sign as the Voltage ap 
plied to grid a. On the other hand, with no 
voltage on grid a but with a change in potential 
of grid b, the amplified voltage change at anode 
9 will be of opposite sign to the change on grid 

b. Thus, for equal voltages of the same sign ap 
plied to grids d and b simultaneously, no Voltage 
change takes place at anode 9. Tube 88 thus 
enables a signal voltage on grid b to be Sub 
tracted from a signal Voltage on grid d. It may 
be shown that a given signal on grid b is ampli 
fied slightly more than an equal signal on grid 
a and this effect is compensated by adjustment 
of the input networks through which signals are 
applied to the two grids. 
shown that the gain of the Second Section is Sub 
stantially independent of the signal Voltages and 
that the potential of cathode 89 is stable. Cath 
ode heating power, not shown, is conventional. 
With the amplifier circuit of Fig. 7-A, the Volt 

age change at anode 200, eo, is proportional to 
ea-eb. If further amplification is required, a 
third stage is connected to the output circuit of 
tube 95. The electrical circuit of the invention 
utilizes in various places the amplifier of Fig. 7-A 
either with or without a third Stage. In later 
description, grids a and b are referred to as inputs 
'a' and “b,' respectively. 
In Fig. 7-B the two-stage amplifier just de 

scribed is symbolized by triangle 205 in which 
the connections to grids d and b and to anode 
200 are indicated. Negative feedback resistor 
206 is connected between grid a, and the point 
of ground potential in a Woltage dividing resist 
ance circuit connected between anode 200 and 
-200 volts. A pair of Signal Voltages e1 and e2 
are connected through individual resistors 2 
and 2 ?, respectively to grid a. Signal voltages 
e3 and e4 are similarly connected through resis 
tors 22 and 23 to grid b. As is well known to 
the art, a large amplification factor for amplifier 
205 with a large negative feedback through the 
high resistance of resistor 206 results in reduc 
ing to a very small value the input impedance of 
amplifier 205. As above stated amplifier 205 may 
be of two or three stages as required. . 
The low input impedance brings it about that 

currents in the input circuit of amplifier 205 are 
substantially determined only by the resistances 
of resistors 29 to 23, for given input signal volt 
ages. If these resistances are equal, the input 
current between grid a, and ground is propor 
tional to ei-leg, that between grid b and ground 
to e3--e4. 
across this low and stable input impedance are 

it may be further 
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The input voltages to amplifier 205 
75 

20 
thus likewise proportional to e1--e2 and to e3--es, 
respectively, and the amplified output voltage eo 
is proportional to (e1--e2) - (es--e4). Obviously, 
the resistances of resistors 20 to 23 may be so 
chosen as to fractionate as desired one or more 
of the input voltages. The factor of proportion 
ality between output voltage and input voltage 
is given by 

R206 
90. R210 etc. 

Ratio of position and rate corrections 
It has been previously mentioned that in mak 

ing a position correction in either computed 
range or computed bearing of the target there 
should be made at the same time a correction in 
the computed rate of change of range or of bear 
ing: AR=K1AR, A6=K2A6, numerically in each 
case. When computed range is increasingly too 
Small, R must be increased and -R diminished; 
tha, is, When the range is increased, its rate of 
decrease must be made less. On the other hand, 
if the computed bearing is increasingly too small, 
counted counterclockwise in Fig. 1, it must be 
increased While at the same time its rate of in 
Crease is made greater. The quantities in Equa 
tions 1 and 2 which may be varied to bring about 
Such corrections are We and 6, the target speed 
and course, respectively, initially hand adjusted 
to approximate values. 

Motors 8 and 9, of which the shaft positions 
indicate respectively 8 and B, together with motors 
later mentioned for driving the shafts to indicate 
R, and Wa, are individually controlled in speed by 
apparatuS Such as is illustrated in Fig. 6, suitable 
Voltage Sources taking the places of batteries 75 
and 87. It will be convenient to refer to coin 
denser 83 of Fig. 6 as a “commutating con 
denser' and to designate as a “commutator' the 
terminals , 2, 3 and 3' and condenser 83 in 
Series with resistance 84 sweeping over these 
terminals. Where in later figures amplifiers such 
as 80 appear, they are conveniently designated 
80R, 89B, etc. 
For the R shaft motor, the control voltage ap 

plied across the terminals f and 3 of the R com 
mutator is constant and chosen of appropriate 
value, while for the 8 shaft notor the corre 
Sponding voltage varies directly with R. As pre 
viously explained, the tracking operation includes 
the progressive correction of assumed values of 
We and B, and for the commutators on the motor 
shafts indicating these quantities there is pro 
vided a control voltage automatically increasing 
with time in a specific fashion. A suitable con 
Stant fraction of this increasing voltage is ap 
plied to the We commutator, while the fraction 
applied to the B commutator varies directly with 
We. 
In connection with Fig. 6 it was pointed out 

that the Speed of the shaft of motor M is inversely 
proportional to the voltage from battery 87 ap 
plied across terminals and 3. The 8 shaft motor 
is primarily driven by a voltage proportional to 
R8, Equation 2, So that With a control voltage 
proportional to R, the 8 shaft rotates at a speed 
proportional to 3. Likewise the speed of the B 
shaft, if that shaft is in motion, is inversely pro 
portional to the product of the increasing control 
voltage multiplied by We; the latter factor is 
introduced for a reason later to be stated. 

It has been concluded from an analysis not 
necessary here to reproduce that the most ap 
propriate time variation of the factor K is the 
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reciprocal of the voltage-time curve of Fig. 8-B. 
A voltage so varying, applied to terminals and 
3 of the commutators controlling the motions of 
the B and Wg shafts, provides for those shafts 
speeds inversely proportional to the value of the 
varying voltage at the moment of its application. 
The Ordinates of the curve of Fig. 8-B are thus 
appropriately labeled 1/K volts and the time re 
quired for the 1/K voltage to reach the final value 
is chosen to be 90 seconds, more or less. This is 
an interval related to the presumptive initial 
errors in target speed and rate of change of bear 
ing, taking into consideration the resolving power 
(in range and bearing) of the radar System: and 
the ultimate tracking errors considered allow 
able. The analysis.referred to above showed that 
a constant. value of K required tracking, correc 
tions: over a much longer time to attain Satis 
factory following of the target. 
The circuit shown in Fig. 8-A provides the re 

quired voltage according to the curve of Fig. 8-B. 
In Fig. 8-A, 200 volts positive to ground is ap 

plied over the voltage divider consisting of re 
sistors 22 and 222, whereby about 130 volts is 
supplied, through resistors. 223 and 224 in series, 
to grid 225 of vacuum triode 226. Of tube 226, 
anode 22 is connected to 360 volts positive, while 
cathode 228 is grounded through potentiometers 
229 and 230 in parallel. Between ground and the 
junction of resistors. 223 and 224 are connected 
resistor 23, and condenser 232 in series; these 
may be shorted by closing Switch 233. The oper 
ation of the circuit is as follows: 
With switch 233 closed, tube. 226 is slightly coin 

ducting and a small voltage appears between 
cathode and ground. A suitable constant frac 
tion of this voltage is taken from potentionnetter 
229 to control the Wis commutator, while a frac 
tion proportional to We controls the B commuta 
tor. The B shaft is shown in Fig. 3, while the We 
shaft with which potentiometer 230 is associated 
will be described in connection with Fig. 13. 
When tracking corrections are to be started, 
switch 233 is opened; 
charges, increasing progressively the conduct 
ance of tube. 226, and therewith the voltage at 
cathode 228 in accordance with the curve of Fig. 
8-B. Whenever a correction in target speed or 
rate of change of bearing is made, Such a rate 
correction is related to the simultaneous posi 
tion correction by the factor K1 or K2, as the 
case may be, and the value of K is proportional 
to the reciprocal of the Voltage at that instant 
at cathode 228. Appropriate. Values of the eler 
ments of the circuit of Fig. 8-A are shown in 
the figure. 
The quantities of W, S, ), tr. and td are indi 

vidually set by hand and read on dials as illus 
trated in Figs. 9-A to 9-E, inclusive. Each figure 
shows a hand-operated knob for the setting of 
a shaft whereby brushes are positioned on poten 
tionetters to which are applied various voltages, 
derived from the Sources shown in FigS. 3, 4 and 
5, namely, battery 8 giving Suitably 400 volts 
with the mid-point at ground potential, and the 
various trigonometric fractions of this voltage. 
In each of Figs. 9-A to 9-E, the voltage supplies 
to the potentiometers concerned are identified by 
reference numerals shown in Figs. 3, 4 and 5; 
likewise identified are the potentiometer brushes. 
Each handset shaft is set to show on a dial the 

quantity W, S, v, tir or td as the case may be and 
the brushes turning with each shaft provide cor 
responding fractions of these Woltages. For ex 
ample, in Fig. 9-A knob 94 sets shaft. 95, in an 

condenser 232 slowly 

5 

() 

20 

2 5 

40 

50 

5 5 

60 

75. 

22 
angular position to read on dial 96the wind ve 
locity W. Brushes on potentiometers W1, W2, W3 
and V4 select respectively W fractions of the volt 
tages --200, -200 and the voltages sin (6- a) 
and sin (a-A) for the circuit of Fig. 5. 
A like description may be given of the other 

handset shafts. Only W and S of Figs. 9-A and 
9-B are involved in the circuits of both Figs. 4. 
and 5; , ti and id are involved only in the circuit 
of Fig. 5. It will be noted that shaft 9 turns 
the brush of potentiometer td through one-half 
this reading, there being interposed 2:1 step-up 
gears 99 and 99' between 

td. td 
4. and 2 

and between the latter and dial 98, respectively. 
Target ector corrections 

It was earlier stated that 

AR 
K= 

for the ratio of simultaneous position and range 
rate corrections, with a similar expression for 
the correction of the computed bearing. K need 
not be the Sane in each case, and We may Write 

AR Aö 
Ki=zi K= 

numerically in each case. It is apparent from 
inspection of Fig. 1 that if the computed range is 
continuously too great, the computed speed in 
the line of sight is too small, wherefore a nega 
tive AR, is properly accompanied by a positive 
AR, so that in Equation 1 the lefthand meme 
ber shall become - (R.--AR). On the other 
hand, if the computed 8 is continuously too small 
(target echo Spot showing left of the central 
vertical line on the oscilloscope screen) the com 
puted 6 is too small, and a positive A8 must ac 
company a positive A8. That is to say K1 is nega 
tive and K2 positive. 

Differentiating Equations 1 and 2 in R, 6, 
We and 6, keeping constant W, S, a, 6 and X, we 
obtain the relation between AR or A8 on the 
One hand to the corrections in target course and 
speed, A3 or AWe, respectively, which the operator 
must effect in bringing the target echo spot 
back to the intersection of lines AL and R.L. 
There result Equations 15 and 16: 

We Ag-K1 sin (8-3) AR.--RA2 cos (8-6) Aa 
(5) 

AWe=K1 cos (8-3) AR-RK2 sin (8-3) A8 
(16) 

Equations 15 and 16 state the target correc 
tion as two velocity components: We A3, at right 
angles to the assumed target course, which cor 
rects (3; AVs, along the assumed course, which 
corrects W. 
When SWitch 233, Fig. 8-A, is opened, a value 

of K is established which varies with time in a 
Way exempt from manual control. At any in 
Stant after opening switch 233, the operator 
makes tracking corrections with the K corre 
Sponding to that instant. 

Computation of speed components 
Fig. 10 shows diagrammatically the apparatus 

for computing target range. Motor 24 drives 
range. Shaft 242 through gears 243 and 244 and 
is controlled in speed by a commutator such as 
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is shown controlling motor M in Fig. 6. Am 
plifier 40 of Fig. 4 provides the computed range 
rate -R and takes the place of battery 75, po 
tentiometer 76 and tap 7 of Fig. 6. In Fig. 10, 
the elements repeated from Fig. 6 are designated 
by the same numerals as in the latter figure. 
Battery 87 here provides a scale factor and 
computed range R is read on dial 245. Manual 
intervention to control the speed and angular 
position of shaft 242 is possible by operating 
SWitch 246 to connect to condenser 9 the de 
Sired polarity from a correcting voltage source 
here symbolized by battery 247. 
Shaft 242 carries, with suitable insulation, four 

brushes traversing potentiometers R1, R2, R3 and 
R4, respectively. From these brushes conductors 
f53, f28, 249 and 50 furnish R, fractions of the 
voltages connected across their respective po 
tentiometers. Each of these potentiometers is 
a circular card with linear winding. Potention 
eter R1 is shown also in Fig. 5. Across it is sup 
plied via conductor 09 (Fig. 3) and tap 46 
(Fig. 5), the voltage - sin (6-A). Conductor 
i53 then supplies the R fraction of this voltage 
to amplifier 60 of Fig. 5. 

Potentiometer R2, shown also in Fig. 5, is sup 
plied via conductor 2 (Fig. 3) with the voltage 
sin (8-6), and its brush (tap 28 of Fig. 5) 
supplies to potentiometer W.1 the voltage R sin 
(6-6) as another input to amplifier 60. 
Battery 248, of convenient voltage, is con 

lected across potentionetter R3 from which con 
ductor 249 provides a range voltage to control 
the Speed of notor 8 of Fig. 3; this voltage is 
connected across terminals and 3 of the 'com 
mutator' controlling motor 8, as shown later 
in Fig. 11. 

Potentiometer R4, across which is connected 
battery 250 similar to battery 248, provides from 
its brush a range voltage on conductor 50 which 
is utilized in the target observing system of Fig. 2. 

Fig. 11 is a diagram of the control circuit of 
motor 8, Fig. 3, which is similar in principle to 
the circuit controlling motor 24 of Fig. 10. 
Amplifier 50 of Fig. 4, the inputs to which have 
already been described, provides an output volt 
age representative of the transverse component 
R8 of the plane speed relative to the target. 
Here the places of battery 87 and potentiometer 
86 of Fig. 6 are taken by battery 248 and po 

tentiometer R3 of Fig. 10. Conductor 249 applies 
to terminal f of the 8 “commutator' a voltage 
proportional to computed target range so that as 
before explained the angular speed of shaft 83 
is proportional to R6 divided by R, that is, to 8 
itself. The potentiometers and brushes associ 
ated With shaft 83 have been described in con 
nection with Fig. 3. In Fig. 11 there are shown 
battery 25 and Switch 252 whereby manual con 
nection is possible of the initial angular position 
and Speed of shaft 83. As in Fig. 10, the ele 
ments of the “commutator' are designated by 
the same numerals, wherever appropriate, as in 
Fig. 6. 
The cooperation of the motion of shaft 242, 
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Fig. 10, with the range observing portion of Fig. . 
2 is understood when it is recalled that the volt 
age from conductor 50, Fig. 10 is decreasing at a 
controlled rate and is supplied to range sweep 
generator 37 of Fig. 2. Here the voltage on con 
ductor 50 is equalled, once in each interval be 
tween the radar emissions, by the sweep voltage 
which rises uniformly with time recurrently 
starting from a minimum value at each instant 

70 

s 

24 
of pulse emission. The voltage impulse - which 
occurs at this moment of equality brightens, as 
earlier described, the cathode ray trace and such 
brightening appears as horizontal line RL on 
Screen 23, Fig. 2. In the back and forth hori 
zontal sweep of antenna, to the individual bright 
enings are distributed across the screen and fuse 
Visually into line RL. 
The Vertical position on Screen 23 of line RL, 

depends on the interval between radar pulse 
emission and the occurrence of the brightening 
pulse and this occurrence may be made to co 
incide With the reception of the target echo. By 
manual control through switch 24.6, Fig. 10, the 
Operator adds to or Subtracts from the angular 
position of shaft 242 to bring echo spot f2 initial 
ly to be intersected by line RL. Thereafter, the 
angular Speed of shaft 242 may be too great or 
too Small to cause the voltage on conductor 50 
to decrease in exact proportion to target range, 
and line RL fails properly to follow the echo 
spot in vertical position. 

Battery 87 and tap 85 in Fig. 10 symbolize 
the means for deriving a rate correcting voltage 
as later described in connection with Fig. 14. 
Such correction voltage may be chosen to adjust 
the angular Speed of shaft 242 to preserve the 
intersection of spot 2 by line RL. 

Similarly, from brush f 2 on potentiometer 84 
of Fig. 3 conductor 57 supplies the voltage 
-(6-X) as one input to antenna azimuth ampli 
fier 56, Fig. 2. This voltage there opposes the 
input from conductor 60, the voltage on which 
represents the antenna facing and equality of 
these voltages at the center of the antenna sec 
tor corresponds to this center's being directed to 
Ward the target. The initial position and the 
Subsequent rate of shaft 83 are controlled as are 
those of shaft 242. When this control is satis 
factory, azimuth line AL intersects continuously 
echo spot 2. 
Where computed position only in range and 

bearing is to be corrected, only the R and 3 
shafts, 242 and 83, respectively, need to be ad 
justed. Where rate corrections only are re 
quired, adjustments are made of B shaft 93 and 
of the We shaft presently to be described. 

It will be recalled that a shaft 67 in Fig. 3 is 
initially set in accordance with the known wind 
direction, and that X shaft 3 is controlled from 
the gyro. 

Fig. 12 is a diagram of the circuit controlling 
motor 9 of Fig. 3, driving shaft 93 to an angular 
position representing the target course referred 
to the gyro axis. In this case, the controls for 
correcting the initial assumed value of 3 are con 
tributed by two voltage sources, symbolized by 
batteries 253 and 254 with switches 255 and 256, 
respectively. These voltage sources are con 
cerned respectively with azimuth and range cor 
rections such as indicated in Equations 15 and 16. 
Another difference from the circuit of Fig. 11 is 
that the control source 248 of Fig. 11 is replaced 
in Fig. 12 by a suitable fraction of the voltage 

K 

at cathode 228 of tube 226, specifically the voltage 
l 
K 

from a tap on potentiometer 230, of Fig. 8-A. 
Potentiometers and brushes associated with shaft 
93 are shown in Fig. 3 and are described in con 
nection therewith 

V 
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Referring now to Fig. 13, the initially assumed 
target velocity is set by operating keys 260, 26 to 
control the motion of We motor 262. Woltage 
sources representing azimuth and range, either of 
which may be positively or negatively corrected, 
are understood to be selectively applied by ma 
nipulating key 260 or key 26. Shaft 263 of mo 
tor 262 drives through suitable gearing shaft 263 
on which are carried with proper insulation six 
brushes traversing individually the linear poten 
tiometers Wei to W6. Each brush provides a tar 
get speed fraction of the Voltage across the COrre 
sponding potentiometer and these voltages are 
enumerated in the table below: 

O 

26 
get course and Speed are to be determined and 
read on dials 87, Fig. 3, and 287, Fig. 13, the 
plaine heading may be Whatever is convenient. 

Moreover, if the target is stationary, the ap 
paratus of the invention determines a relative 
Speed and Course. The Speed so deterrained is 
then the actual ground speed of the plane, and 
the measured course reversed is the ground 
course foWin. This ground course may be come 
pared with the heading A to determine the an 
gle of drift; the reading on dial 8 compared 
with that on dial 3, Fig. 3. 
For all purposes there are required the initial 

aSSumptions of target quantities and their pro 

Wia Wotage To Potenti- w-w YE On Conductor "E" Voltage Output distor Supplied to Figure 

R. sin (5-3). 28 Vel RVs sin (6-8) 138 or amp. 160 5 
--sin (6-6)--- 123 Vs: -Vis sin (8-3) 4. R6 amp. 150 4. 
-cos (6-6)--- 24 VBs - Viscos (8-6) 39 I amp. 140 4. 
sin (3-A)----- 103 Ve: SVs sin (8-X) : 165 tra pots. . 5 
Ysin (3-c.).-- 142 Vis VVs sin (3-a) 143 it? pots. 5 

1 (Cathode 228, Terminal ') ( Fig. 8-A Vasive 230( comm.) 
Shaft 26 terminates in a pointer which indi 

cates target speed on dial 287. 
The angular speed of shaft 264 is regulated to 

be proportional to K by the connection to a fixed 
tap on potentiometer 229, shown in Fig. 8-A as 
one of two potentiometers connecting cathode 228 
to ground. Potentiometer Wes of Fig. 13 is the 
other potentiometer So identified in Fig. 8-A on 
Which a brush. With conductor 23 is indicated as 
Supplying terminal of the 5 commutator shown 
in Fig. 12. 
The Wis commutator of Fig. 13, is like those pre 

viously described in connection with Figs. 6, 10, 
11 and 12. In Fig. 13 it is therefore sufficient to 
identify by numerals only the commutator ter 
minals, 2, 3 and 3. 

Both We and 8, being Constant for a unifornly 
moving target, are initially assumed in operating 
control keys 260, 26 for We, keys 255, 256 for 6. 
It will be understood that the voltage sources ap 
plied by these keys are only symbolically indi 
cated in Figs. 12 and 13; the actual circuit for 
Setting and later correcting the assumed target 
Speed and course is shown in Fig. 14. 
Shafts 93, Fig. 12, and 263, Fig. 13 are in mo 

tion only when the tracking Gperator imposes the 
aSSumption, or the corrections thereof, concern 
ing the target. When tracking is satisfactory, 
neither of these shafts further moves. It is ob 
vious, however, that a change in target motion 
can be accommodated, whether gradual or 
abrupt. 

It will be apparent from the description of Figs. 
4, 5 and i0 to 13, inclusive, that the components 
of the plane Speed relative to the target are rep 
resented at the outputs of amplifiers 40 and 50, 
Solving Equations 1 and 2, respectively, in Fig. 4 
while meter 6 in Fig. 5 reads other than Zero if 
the plane heading \ is not that conforming to 
Equation 14. Whatever A is, Equations 1 and 2 
reciprocally determine target range R. and tar 
get bearing 8, provided We and B are correctly 
given, and this correctness is shown by the tar 
get echo spot continuing at the intersection of 
lines AL and R.L. We note that X must satisfy 
Equation 4 only if the target is to be struck by 
a torpedo dropped from the plane. If only tar 
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gressive correction in accordance with Equations 
15 and 16. Means for such adjustments are now 
to be described. 

Referring now to Fig. 14, motors 25, 9?, 262 
and 8 are controlled in speed by the output 
Voltages of armplifiers 40, 826, 8GW and 5), 
respectively, as shown in Figs. 10, 12, 13 and 11. 
Each motor shaft terminates at one end in a 

Corin Inutating condenser and at the other end 
in gearing driving brushes over its associated 
potentiometers. Such gearing is not shown in 
Fig. 14. Motors 24 and 8 are concerned in 
Setting target range and bearing to make lines 
A1 and R.I., initially intersect the target echo 
Spot, While notors 262 and 9 set target speed 
and COIrSe. 

Under control of Summing amplifier 40, motor 
28 drives shaft 242 to an R position. Motor 
8 drives shaft 83 to a 6 position under control 
of Summing amplifier (56. A commutator such 
as that shown in Fig. 6 cooperates in the speed 
control of each of these shafts. As previously 
explained, battery 87 provides the scale factor 
of the expression of range, while battery 248 
and the brush on potentiometer R3 make the 
angular Speed of Shaft 83 proportional to Rö/R. 

iMotor 9?, controlled by the voltage output of 
a.inplifier 866, receives from that amplifier a 
Voltage representing Weag and the cooperating 
Corn: Inuitator effectively divides this Voltage by 
We/K as described in connection with Figs. 12 and 
13. 
Motor 262 is controlled by the output voltage 

of amplifier 8SVs and the cooperating commu 
Eator causes the Speed of shaft 264 to be propor 
tional to this output voltage multiplied by K. 
For convenience, K1 Will be considered equal to 
K2. 
Both motors S. and 262 may be initially en 

ergized by positive or negative voltages from 
Source 268 or 269, respectively, to set the assumed 
target quantities. 
Tracking key 2i is operable either left or 

right (arrow 28) to close Simultaneously upper 
or lower contacts, respectively, of switches 27, 
22 and 273. Key 270 is also operable forward 

75 or back (arrow 290) to close Simultaneously up 
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per or lower contacts, respectively, of Switches 
274, 275 and 276. The operations in the direc 
tions of arrows 280 and 290 are independent and 
are not simultaneously made. 

Potentiometer 62 and battery 78 of Fig. 3 are 
repeated in Fig. 14. The four brushes on po 
tentiometer 62 stand at radii defining the angle 
(6-6) as indicated in the figure, and the Con 
ductors individually connected to these brushes 
provide fractions of the voltage of battery 78 
as follows: 21, sin (6-6); 22, cos (8-6); 23, 
-sin (6-6); 24, -cos (8-3). Such are the 
fractional voltages involved in Equations 15 and 
16 for tracking correction of B and We. 

Battery 28, with grounded mid-point, sup 
plies positioning voltage for motors 24 and 8. 
Resistors 282 and 283, each grounded at its mid 
point, enable Suitably great fractions of the 
Source voltage to be used, depending on the po 
sition of key 308; moving key 300 upward con 
nects conductors 286 and 287, as Well as Con 
ductors 284 and 285, to the respective maximum 
positive and negative voltages of Source 28, 
While downward closing of this key connects the 
conductors named to Smaller fractions of the 
Source Voltage. 
Conductors 288 and 28 Supply a range cor 

recting voltage, of sign dependent on the posi 
tion of Switch 26, while conductors 284 and 285 
Supply a bearing correction Voltage of Sign de 
pendent on the position of Switch 23. The 
latter correcting voltage is further subdivisible 
by operating key 30, upward to use the maxi 
mum bearing Correction. Voltage, downward to 
use a fraction thereof. This is understood to be 
desirable When We recalli that a correction re 
quired in computed range is independent of the 
range itself, while a given bearing correction 
requires the less correction voltage at the greater 
range. Accordingly, key 3 C is operated down 
for target ranges exceeding 15,000 feet, up for 
lesser ranges. The positive and negative volt 
ages selected by switch 3 are supplied by Con 
ductors 288 and 239 to the lower and upper con 
tacts, respectively, of Switch 273. Similarly con 
nected to the contacts of Switch 276 are the con 
ductors 286 and 287. 

For the situation illustrated in Fig. 1, the tar 
get range is decreasing While its bearing to the 
left of the approaching plane is increasing. AC 
cordingly, amplifiers 40 and 50 furnish output 
voltages driving, respectively, shaft 242 to de 
creasing values of R and shaft 83 to increasing 
values of 8. The polarities of these Voltages on 
the motors they control are understood to be 
So adjusted that a positive correcting voltage at 
the input of amplifier 80R, increases the com 
puted range and such a voltage to amplifier 
f806 increases the computed bearing. 
Correcting voltages from Switches 26 and 273 

are applicable to the respective amplifiers when 
switches 320 are closed. In that case a range 
correcting voltage is applied to amplifier 86R, 
When key 270 is operated along arrow 290, upward 
to decrease, downward to increase, the computed 
range, or a bearing correcting Voltage is applied 
to amplifier 806 when key 270 is operated along 
arrow 280, left to decrease, right to increase, the 
computed bearing. The magnitude of the cor 
rections in range or azimuth is dependent on the 
closing of switch 300, upward for rapid correc 
tion, downward for correction after normal 
tracking is established. As explained, Switch 30 
is operated to make a Smaller bearing correction 
at long range. 

28 
The procedure at the beginning of target ob 

Servation is as follows: 
Having set in the known or directly observed 

quantities as described in connection with FigS. 
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9-A through 9-E and by trial having found the 
target echo spot somewhere on the oscilloscope 
screen, estimated target course (3 and speed We 
are set by operation of keys 268 and 269'. Then 
with switch 30 operated upward, switch 30 
downward and switches 320 closed, the observer 
finds range line RL and azimuth line AI at right 
angles On the Screen and each moving-relatively 
to the target echo Spot unless it happens that all 
estimates are correct. If the spot is below the 
range line, the computed range is too great and 
key 270 is moved upward to decrease it. 

If the Spot is to the right of the azimuth line, 
the computed bearing is too great and key 270 is 
operated left. Each operation applies through 
Switches 320 a negative correcting voltage to the 
appropriate motor, the upper contact of Switch 
276, or of switch 273, being made. 
By such operations of key 270, the echo spot is 

brought to the interSection of the reference lines 
on the oscilloscope screen. From this intersec 
tion the spot will wander unless the time rates of 
change of R and 8 are correct, and these rates 
are from Equations 1 and 2 seen to be correctible 
by readjusting the aSSumed 3 and W. After the 
spot has first been located, as just described, if 
it is observed to wander the operator must bring 
it back by simultaneous rate and position correc 
tions, the rate corrections in accordance with 
Equations 15 and 16. To make the rate correc 
tions, SWitches 330 must also be closed. 
The corrections in position, AR for range, A5 

for bearing, are proportional to the length of time 
the operator holds key 270 operated along arrow 
290 for range or arrow 280 for bearing, switches 
320 being closed. SWitches 330 being closed, as 
well, switches 27 and 272 apply when key 270 is 
operated left or right rate correcting voltages to 
amplifiers 1896 and 80We, driving shafts 93 and 
264, respectively, to new positions corresponding 
to amended 3 and We, at the same time that the 
computed bearing 6 is corrected. When key 20 
is operated forward or back, Switches 320 and 330 
being closed, computed range R is corrected and 
at the same time switches 274 and 275 apply rate 
Correcting Voltages to amplifiers 803 and 80W, 
likewise amending the assumed g and We, respec 
tively. - - 

Referring to Equations 15 and 16, we see that 
the correction in range, AR by forward or back 
Operation of key 20, carries with it corrections in 
B and Vs corresponding to the first terms of the 
right-hand members of these equations, while 
corrections corresponding to the Second terms ac 
COmpany bearing Correction A8 by the operation 
of key zio left or right. In each operation of 
key 210, Velocity correction proportional to posi 
tion correctlon in range (or in bearing) is made 
in the aSSumed target motion. 
One of the corrections, VeAg, is a velocity at 

right angles to the assumed target course; it is 
divided by Ws by the voltage on tap 230, from po 
tentiometer We6 So that a speed change is imparted 
to shaft 93, which alters its angular position by an 
amount A6 proportional to this speed change mull 
tiplied by the time of operation of key 270. That 
is, Afs is proportional to AR (or to A8), the latter 
being proportional to the voltage applied from 

5 Switch 276 (or Switch 273) times the time of oper 
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ation of key 270. The factor of proportionality 
isK sin (6-6) for the range correction, 

RK cos (8-6) 
for the bearing correction, K1 and K2 being here 
regarded as equal. The other velocity correction 
AV is related in like fashion to AR or to A8 in ac 
cordance with Equation. 16. 
Potentiometer 32, with its associated brushes 

driven by 8 shaft 83 through gearing including 
shaft 83, Fig. 3, is shown again in Fig. 14. These 
brushes are here shown in an illustrative position 
at the indicated angle (6-f3). From battery 18 
sine and cosine fractional voltages, positive and 
negative, are taken by conductors 21, 22, 23 
and 24 to the appropriate contacts of switches 
27 , 272,274 and 275. 
Voltages connected to the upper switch contacts 

made by operating key 270 are thus as follows: 

Switch Woltage 

--AR 
-sin (8-3) 
--cos (6-8) 
-cos (6-8) 
--sin (8-6) 

AS 

276------------------------------------------------- 
275------------------------------------------------- 
274-------------------------------- 
271 
272-------------------------------- 
272-------------------------------- 

To the lower contacts are connected, respectively, 
similar voltages of opposite. Sign. 
The second terms of the right-hand members of 

Equations 15 and i8 include the factor R as Well as 
the sine or cosine of (6-6). This factor is al 
lowed for by introducing potentiometers 30 and 
302 to ground from the blades of switches 2 and 
272, respectively. A rough allowance is enough, 
and is made by ganging switches 363 and 30. With 
switch 30, thereby selecting at target ranges 
greater than 15,000 feet the entire voltages at the 
corresponding switches 2 and 22 and Small 
fractions thereof at closer range. 

It will be understood that the diagram of Fig. 
14 is illustrative only of means for making range 
and rate corrections, or bearing and rate correc 
tions. 

After the target spot is first centered, switch 300 
is operated downward, with Switches 30, 303 and 
304 in the position appropriate to the existing 
target range. Switches 335 are closed. There 
after, if position corrections only are thought 
needed, switches 330 are opened. In rate cor 
rections only, switches 320 are opened. All of 
Switches 32 and 33 are normally closed in track 
ing the target. r 
To correct the vertical downward Wandering Of 

the echo spot on the oscilloscope screen, key 270 
is operated upward. This corrects a computed 
range too great and a too small computed relative 
speed in the line of sight, without correction of 
spothorizontal position. Correction voltages now 
are applied only to amplifiers 8R, 806 and 
8OV by conductors 3, 32 and 33, respectively. 
The corrections so made are the following: 

sEh Correction i Effect in Fig. 1 

276-------- --AR decreases computed 
E"target t 275-------- Af. - K. rotates target course to 

v. - . Sin (5-6)AR wardine of sight. 
AV8= -K cos (6-6)AR increases target speed (cos 

(5-3) is negative). 

Here, AR is proportional to the time key 270 is up. 
Reference to Fig. 1 shows that the correction 
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amends the assumed target vector by increasing 
its length and rotating it toward the line of sight, 
leaving its transverse component unchanged. 
To correct horizontal Wandering of the Spot 

to the right, key 20 is operated left. This cor 
rects a computed target bearing too great and 
a too large computed relative target Speed at 
right angles to the line of sight, without correct 
ing the spot's vertical position. Now, correction 
voltages are applied via conductors 32, 313 and 
34, and the corrections are as follows: 

Fron Switch Correction Effect in Fig. 1 

278-------- - As decreases computed bear 
Ing. 

272-------- AVs = RR sin (5-6)A5 increases target Speed. 
271-------- VgA3 RK turns target course from 

5-icos (8-8).As line of sight (cos (6-3) is negative). 

Reference to Fig. 1 will show that this left.Ward 
operation of key 27 reduces the computed bear 
ing which left the echo spot to the right of the 
azimuth line and at the same time amends the 
target assumptions by increasing the target vec 
tor in length and rotating it away from the line 
of sight, thereby increasing its velocity compon 
ent toward the right without altering the Con 
ponent in the line of sight. AR, and A8 are pro 
portional to the respective times of operation of 
key 20. 
Each of the above operations of key 2 results 

in an increase in the assumed target speed. The 
first operation (upward) rotates the target vector 
toward the line of Sight, While the Second Opera 
tion (left) rotates this vector away from that 
line. The latter rotation predominates because, 
for the situation of Fig. , too great a transverse 
relative speed of plane to the right of the line 
of Sight calls for Such a net transverse correc 
tion. The first operation affects only the Ver 
tical, the Second Operation. Only the horizontal 
position of the echo Spot. 
The angle (8-6) indicated in Fig. 14 is actually 

some 180 degrees less than the angle so indicated 
in Fig. 1, a deviation introduced for the sake of 
clarity in the showing and description of Fig. 14. 
The electrical connections to potentiometer 32 
and the brushes thereon are So dra Wn that the 
operation of key 2 shall correctly apply Wolt 
age polarities to the notors consistently With 
the effects required in accordance with Egulations 
15 and 16. As explained, the R factor in these 
equations need be only roughly allowed for by 
Switches 393, 34. 
The operator continues the corrections of 

target course and Speed until the target echo 
spot is seen steadily bisected by both lines A. 
and R.L. This Inay be expected after, at nost, 
Some two minutes of tracking, When the target 
Velocity read on dial 28, Fig. 13, and the target 
course read on dial 8, Fig. 3, Will be established 
accurately enough for the purpose of torpedo 
attack, say to Within one to two feet per second 
in target vector velocity. 
The accuracy of tracking is not impaired by 

Variation in plane heading X if turns are proper 
ly banked. During tracking corrections, meter 
6, Fig. 5, varies with varying summation of the 
terms in the left-hand member of Equation 14, 
and it is the pilot's function so to guide the plane 
that meter 6 shall read Zero at the instant of 
release. At any point in the plane's course with 
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in a maximum range of 10,000 feet after a satis 
factory tracking run has been made and meter 
6f reads Zero, the torpedo may be dropped to 

strike the target. 
It will be recognized that Equations i and 2 

expreSS, as two rectangular components, the 
plane velocity with respect to the target. This 
Velocity is the resultant of three vectors which 
are the Velocities of the plane with respect to 
the air, of the air with respect to earth and of 
the target With respect to earth. In the case de 
Scribed, it is the third of these vectors which is 
computed in the tracking operation and the cor 
rectness of the computation is tested by observing 
the adherence of the target echo spot to the 
intersection of the reference lines on the oscillo 
Scope Screen. Obviously, any one of the three 
VectorS may be determined if the other two are 
known, and Such a determination is within the 
Scope of the invention. 
What is claimed is: 
1. A System of apparatus for tracking an ob 

ject moving relatively to an observer comprising 
electrical means for continuously indicating to 
the observer the relative position of the object 
in range and bearing, electromechanical means 
for continuously computing a relative position 
including means for computing range and bear 
ing and rates of change thereof, means for con 
tinuously exhibiting the computed position on 
the indicating means for comparison with the 
indicated position, means for correcting the com 
puted range and bearing to effect identity of the 
Computed With the indicated position and means 
for progressively correcting the computed rates 
of change of range and bearing to maintain the 
identity, the last-named means including means 
for simultaneously correcting the computed range 
and its rate of change, means for simultaneously 
correcting the computed bearing and its rate of 
change and means for automatically varying 
with time the ratios of the corrections in rates 
to the corrections respectively simultaneous 
thereWith. 

2. A system of apparatus for tracking an ob 
ject moving relatively to an observer comprising 
electrical means for continuously indicating to 
the observer the relative position of the object 
in range and bearing, electromechanical means 
for continuously computing a relative position : 
including means for computing range and bear 
ing and rates of change thereof, means for con 
tinuously exhibiting the computed position. On 
the indicating means for comparison. With the 
indicated position, means for correcting the com 
puted range and bearing to effect identity of the 
computed with the indicated position and means 
for progressively correcting the computed rates 
of change of range and bearing to maintain the 
identity, the last-named means including means 
for simultaneously correcting the computed range 
and its rate of change, means for simultaneously 
correcting the computed bearing and its rate of 
change and means for automatically causing to 
diminish with time the ratios of the corrections 
in rates to the corrections respectively Simulta 
neous thereWith. 

3. In a tracking System including means for 
continuously indicating in range and bearing the 
position of a moving object relative to an ob 
server and electromechanical means for con 
tinuously computing a provisional position of 
the object in range, and bearing from the ob 
server, said computed range and bearing varying 
with time each at a provisional rate, means for 
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correcting the provisional rates comprising means 
for exhibiting on the indicating means the pro 
Visional position for comparison with the in 
dicated position, means for controlling the 
electromechanical means to correct the com 
puted range and bearing to agree with the in 
dicated range and bearing respectively thereby 
effecting agreement of the provisional with the 
indicated position and means for progressively 
correcting each of the provisional rates simul 
taneously with the correction of the correspond 
ing computed quantity to maintain the agree 
ment, the last-named means including electrical 
circuit means for causing the ratio of each rate 
correction to the simultaneously made quantity 
correction to decrease progressively with time. 

4. For a torpedo attack on a moving target 
in Water from an airplane flying at known air 
Speed S and heading A at known altitude in a 
wind of known velocity W and direction a, a 
System of apparatus for determining the heading 
appropriate to launch the torpedo of known 
ballistics, said ballistics including the time of 
fall tit from the known altitude, the terminal 
water velocity of the torpedo and the time td. 
of deceleration of the torpedo in water to the 
velocity , comprising means for continuously 
indicating the heading of the airplane, electrical 
means for continuously indicating the relative 
position of the target in range R. relative to the 
airplane and in bearing 8 relative to north, elec 
tromechanical means for Computing a relative 
position of the target in like range and bearing 
including means for indicating an assumed target 
motion in water of speed V and course 3 rela 
tive to north and means for combining the as 
Sunned motion with the known wind, With the 
airspeed and indicated heading to derive com 
puted rates of change of target range and 
bearing, means for exhibiting on the electrical 
indicating means the computed target position 
for comparison with the indicated target po 
sition, means for progressively correcting the 
assumed target motion in Speed and in Course 
to effect and maintain coincidence of the coin 
puted and indicated positions, a Source of volt 
age, potentiometric means controlled by the 
computing means for deriving from the source 
voltages respectively proportional to RV sin 
(6-6), -R) sin (6-X) 

(S-)(t+1)Vasin (8–x), V(tr-t')V, sin (8-o) 
and Viti sin (a-X), means for Summing said 
voltages and means for indicating the Sum there 
of, which sum becomes Zero when the heading 
A is appropriate. 

5. For an observer in motion with known 
components of speed and direction relative to 
a fixed reference System, means for determining 
the independent motion of an observed object 
relative to the reference System comprising elec 
trical means for continuously indicating the po 
sition of the object relative to the observer, 
electromechanical means for Combining func 
tions of the known components of the observer's 
motion with functions of assumed like corn 
ponents of the object's independent motion to 
compute continuously a provisional position of 
the object relative to the observer, means for 
exhibiting on the indicating means the pro 
visional position for comparison with the in 
dicated position, means for correcting the as 
Sumed components to effect and maintain 
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agreement of the provisional and the indicated 
position and means for indicating the corrected 
aSSumed componentS. 
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