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1

My invention relates to an improved control
device having adjustable sensitivity, together
with a circuit for use therein. )

In control or follow-up mechanism it is desir-
able to provide low-friction means having great
sensitivity to small relative motions and yet ad-
justable with respect to sensitivity so that vary-
ing degrees of inertia, dead band, friction, and
other effects in the associated follow-up or con-
trol system and varying requirements as to hunt-
ing may be taken into account by convenient ad-
justments after the system is built.

In accordance with the present invention an
improved light operated sensing element is pro-
vided. This element includes adjustable mech-
anism which, in one condition of adjustment,
gives a high degree of sensitivity limited only_by
the physical facts that the opague vane that in-
terrupts the light beam has depth, the light
undergoes some unavoidable dispersion, and the
lens system can never produce a perfect focal
point. As the adjustable element is moved away
from this critical position, the sensitivity de-
creases in accord with the deparfure from criti-
cal.

Further in accordance with the present inven-
tion a magnetic amplifier control circuit is pro-
vided for use with the sénsing mechanism. This
control is responsive to the direction and amount
of the departure of the control current from a
reference value and is characterized by an ability
to accommodate itself to slow variations in the
control current and may be designed to accom-
modate control currents of widely varying mag-
nitudes. The confrol circuit is further charac-
terized by ability to operate effectively with only
a single response element (such as a photocell)
on the sensing mechanism.

It is therefore a general object of the present
invention to provide an improved sensing mech-
anism imposing small load on the controlling de-
vice and having an adjustable sensitivity up to
a very high value. ’

Another object of the present invention is _to
provide an improved sensing mechanism suit-
able for use with a follow-up type system.

A further object of the present invention is to
provide ah improved control circuit responsive
to deviations of & control current from g refer-
ence value. .

Yet another object of the present invention is
to provide an improved control circuit responsive
to the direction and magnitude of the deviations
of a control current from a reference value and
using magnetic amplifiers.
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The novel features which I believe to be char-
acteristic of my invention are set forth with par~
ticularity in the appended claims. My invention
itself, however, both as to its organization and
method of operation, together with further ob-

Jects and advantages thereof, may best be un-

derstood by reference to the following descrip-
tion taken in connection with the accompany-
ing drawing, in which:

Figure 1 is a schematic diagram illustrating a
follow-up mechanism incorporating the features
of the present invention;

Figure 2 is a view in perspective of the sensing
mechanism of the present invention; angd,

Figure 3 is a schematic diagram of the con-
trol circuit of the present invention as applied to
a different type sensing unit and adapted to drive
a two phase alternating current motor.

Referring now to Pigure 1, there is shown a
follow-up control mechanism operative to pro-
duce an indication on the scale S in accord with
the temperature differential between the junc-
tions 10 and 12 of the thermocouple T. Briefly,
this mechanism includes g sensing element, in-
dicated generally at E, which is driven by the
control mechanism C in response to movements
of the opaque vane 14 which itself moves in re-
sponse to the current flow in D’Arsenval move-
ment 16 associated with the temperature differ-
ential between thermocouples 0 and 12,

The control mechanism C derives energy from
an A.-C. voltage source 18 connected to the pri-
This trans-
former has a pair of like secondaries, 20b and
20c, which feed the relay windings 22¢ and 24a
of the relays 22 and 24, respectively. The wind-
ings 22a and 24a have a common return circuit
to the windings 20b ang 20c through the recti-
fier 26¢,

The relays 22 and 24, when energized, close
their respective contacts 225 and 24b to cause
current flow through the respective field wind-
ings 26a and 26b of the D.-C. series motor 26,
this current being derived from the battery 28. .

When relay 22 is energized the motor 26 is
driven in one direction and when relay 24 is en-
ergized, motor 26 is driven in the opposite di-
rection.

The sensing device, indicated generally at E,
includes a rotatable carriage 30 upon which is
mounted a point source lamp 32 and s photo-
electric cell 33, The lamp 32 may be any one
of many types well known in the art, a small
size, high intensity tungsten filament type lamp
being particularly suitable for this burpose. The
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3
photo-electric cell likewise may be any one of
many well known types, the selenium or “barrier
layer” cell being especially suitable.

A pair of lenses 36 and 38 are mounted on
the carriage 30 to direct the portion of the total
light emanating through a preset solid angle
area from lamp 32 on the cell 34. These lenses
define & fockl point 40 which is substantially in
the line of travel of the vane I4. At this point
the rays of light that eventually reach the
photo cell 34 converge at a single point. As
pointed out hereafter, the position of this focal
point is adjustable relative to the line of travel
of vane {4 to adjust the sensitivity of the sensing
mechanism.

A mirror 33 is mounted behind the lamp 32 to
direct illumination therefrom in the forward di-
rection to lens 36.

The motor 26 is mechanically connected to
rotate the carriage 30 in accord with its own ro-
tations. This drive mechanism, shown diagram-
matically in Figure 1, may, for example, include
a gear train connecting these elements and hav-
ing a motion step down so that the available
torque of motor 26 is stepped up for application
to the carriage. Chain, belt, or other drive may
be employed.

‘When the relay 22 is energized and motor 26
rotated in one direction, the carriage 30 rotates
in a corresponding direction. When relay 24 is
energized, motor 28 rotates oppositely and the
carriage 30 rotates in the reverse direction.

The relays 22 and 24 are separately energized
in response to the quantity of light incident on
photocell 34 by the circuits including magnetic
amplifiers 42 and 44. These magnetic amplifiers
or saturable reactors each comprise a rectangu-
lar magnetic core with a pair of windows defin-
ing three legs. Each has a controlled winding
(42a and 44a, respectively) wound on the out-
side legs, the two parts of each winding being
wound in cumulative sense. The center or con-
trol leg of each magnetic amplifier carries a
pair of windings, one winding of each pair (420
and 44 of amplifiers 42 and 44, respectively) is
a biasing winding to carry relatively constant
biasing current. The other winding of each pair
(42¢ and 44c of amplifiers 42 and 44, respective-~
ly) is a control winding and carries the control
current from the photocell 34.

The biasing windings 42b and 44b are con-
nected in & series circuit to the D.-C. output
terminals of the bridge rectifier 46, the A.-C. in-
put terminals of this rectifier being connected to
the tertiary winding 20d of the transformer 20.

The control windings #42¢ and #4c are simi-
larly connected in a series circuit with the
photocell 34. However, this circuit is poled so
that in magnetic amplifier 42 the magnetomotive
force of the winding #42¢ reinforces that of wind-
ing 42b while the magnetomotive force of the
winding 44c opposes that of the winding #4d

" when current flows in one direction in the cir-

cuit. For opposite current flow, the M. M. F. of
winding 42c¢ opposes that of winding 42b and the
M. M. F. of winding 44c reinforces that of the

winding 44b.
Operation

Operation of the system of Figure 1 is as fol-
lows. When the temperature differential be-
tween thermocouples {0 and {2 changes from
an initial condition where relays 22 and 24 are
not picked up and vane {4 interrupts part of
the light rays, the current flow in the D’Arsenval
movement [§ accordingly changes. This current
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flow in the coil 16z gives rise to a change In
torque (since the magnetic field between poles
18b does not change) and causes the movement
to rotate until the restoring torque of spring
{6c again equals the torque due to current flow.
As the movement rotates, the vane {4 (attached
to the rotor by the arm 15) swings into or out
of the path of the light from lamp 32 and there-
by increases or decreases the illumination of the
photocell 34.

As the illumination of photocell 34 changes,
the output voltage thereof varies and the current
flow through the control windings 42C and 4dc
is altered. This current flow change causes re-
lays 22a or 24a to be more or less energized in
accord with the direction of departure from the
neutral or predetermined initial value. How-
ever, the relay that is more energized does not
pick up until this departure from the neutral
current reaches a predetermined quantity deter-
mined by the friction and lost motion inherent
in the relay units.

When the energized relay picks up the motor
26 is driven in the corresponding direction and
the carriage 30 executes rotation in unison there-
with. The direction of rotation imparted to the
carriage (due to the orientation of field windings
26a and 26b, the arrangement of the drive be-
tween motor 26 and the carriage 30, and to the
orientation of control windings 42¢ and 44c) is
such as to drive the carriage in direction to re-
store the predetermined reference light value on
the photocell 34, thereby rotating the carriage
in amount{ corresponding to the initial move-
ment of the opaque vane (4. The amount of the
vane movement (and hence the temperature
change) can then be read from the position of
the pointer 35 on the scale S.

Sensitivity adjustment

The foregoing mechanism, as a follow-up or
closed cycle control, inherently deviates slightly
from true response as the departure from ref-
erence or neutral condition increases. The
amount of this departure is determined by the
quantity of movement imparted to the carriage
38 for a given movement of the vane i4. How-
ever, inherent time delays, lost motion, and other
unavoidable attributes of a physical system place
an upper limit on the allowable sensitivity, since
they cause undesirable hunting and perhaps even
self-excited oscillations.

The sensing mechanism of the present inven-
tion, shown in detail in Figure 2, is particularly
effective in that it can be adjusted to achieve a
wide range of sensitivities to accommodate the
unit to a great range of operating conditions.
This is accomplished by the movable mount, in-

-dicated generally at 48, which provides conven-

ient manual adjustment of the position of the
lens 38 along the axis between light 32 and pho-
tocell 34. When the lens is shifted to position
vane 14 exactly at the focal point 46 (as shown
In Figure 2), the change in illumination of the
Photocell 34 with a small vane movement is very
great and is limited only by the physical facts
that the vane {4 has some thickness, the focal
point defined by the lenses cannot be perfect,
and dispersion is inherent in the optical system.
When the lens 38 is shifted to move the focal
point 40 away from the path of travel of vane
4, as shown in Figure 1, the amount of light
change upon vane movement is reduced, since
the cone of light has substantial cross-sectional
area In the path of vane travel. The sensitivity
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of the sensing element is accordingly reduced in
accord with the amount of the departure of the
focal point from the path of vane travel.

The lens adjusting mechanism 48 comprises a
U-shaped support 48¢ mounted on carriage 30
and carrying a horizontal screw thread shaft 480,
this shaft being rotatably supported by bearings
on support 48a. The lens 38 is mounted on a
rider 48c which threadedly receives the shaft 48b
and has a depending pin 48d extending through
the elongated slot 48e on the support 48a. As the
handle 48f is rotated to rotate shaft 48b, the
rider 48C shifts in response to the screw thread
engagement and shifts the lens 38. : The rider
48¢ is held against rotation by the pin 484.

The carriage 30, Figures 1 and 2, is supported
for rotation about the axis of the fixed vertical
shaft 31. As seen in Figure 1, a fixed bushing 38
is mounted on the bottom of this shaft and de-
fines an annular bearing surface upon which rests
the bushing 31 (formed unitarily with carriage
30), thus supporting the carriage for rotation
about the shaft 37.

The electrical elements on the carriage 30 are
energized through Iloose flexible leads (not
shown) which permit free rotation of the car-
riage over the length of the fixed scale S.

A.-C. motor follow-up

Figure 3 shows the circuit of the present inven-
tion as applied to an A.-C. motor driven follow~
up system. In this device the sensing mechanism
shown in Lang and Cross application S. N.
786,678, now Patent Number 2,576,611, entitled
“Measuring Apparatus” and assigned to the same
assignee as the present invention, is used.
Briefly, this apparatus includes a split inductor
100 mounted on a movable carriage driven by
the two-phase induction motor 102. A vane or
flag 14 (which may, for example, be 3 D’Arsonval
movement responsive to the temperature differ-
ence between a pair of thermocouples) is of metal
and moves relative to this coil, thus altering the
impedance thereof.

The motion of the vane 14 and the incident im-
pedance change of the inductor 100 detunes the
tuned plate-tuned grid type oscillator defined
by the election tube 104 and thereby alters the
magnitude of oscillations of the oscillator and
the value of the unidirectional space current
flow in the tube 104. This unidirectional space
current flow is in the form of pulses of low fre-
quency (i. e. 60 cycles), since the cathode-anode
space path voltage of tube 104 is obtained from
the synchronized A.-C, voltage sources 106 and
108.

The quantity of the unidirectional space cur-
rent flow in the tube 104 varies the voltage drop
across the resistance 105 and thereby controls
the cathode-control electrode voltage of the elec-
tron tube 1i2. The electron tube {12 conducts
unidirectional space current in low frequency
pulses each of magnitude determined by the de-
tuning of the oscillator defined by the tube 104
and hence by the position of vane 4 relative
to the inductor 100. The resultant voltage pulses
appear across terminals a—b.

The control circuit of Figure 3 embodies a
pair of magnetic amplifiers (42 and 144 of con-

~ struction like reactors 42 and 44, Figure 1. The

centrol windings 142¢ and 144c of these reactors
are connected in series across terminals ¢ and b
and thus carry current of magnitude determined
by the position of vane i4.
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The tontrolled windings 142d and 143a of the
magnetic amplifiers 142 and 144 are connected
in series circuit with the winding 120b—120c of
transformer 120 and the winding 122a—122b of
the transformer {22. A connection including
rectifier 126 extends between the common ter-
minal of windings 122a and (22b and the com-
mon terminal of windings 120b and 120c.

The primary winding 120a of the transformer
120 is energized from alternating voltage source
118 which is synchronized with the sources 106,
108, and 110 to produce a current wave through
each of windings 142a¢ and {44a synchronized in
phase and frequency with the control current in
windings 142¢ and {44c. The bias windings (42b
and (440 are energized from the bridge rectifier
148 which is fed from the secondary winding f20e.

The secondary winding 1224 of the transformer
122 is connected to one phase winding 102a of the
two-phase induction motor (02. The other phase
winding 102b is connected to the additional
winding 120d of the transformer 120 through
the phasing capacitor {2fta. 'This capacitor is
of such value that current flow through the wind-
ing 102b is substantially 90 degrees out of phase
with the source 18 and the current flow in wind-
ing 102a. .

In the device of Figure 3, the voltage induced
in winding 122d (and the current flow in the
winding 102a) depends on the relative imped-
ances of the windings {42a¢ and 144 because the
magnetcimotive forces of the windings 122¢ and
122b are in opposition.

The series circuit formed by the control! wind-
ings {44c and 142c¢ is so poled that current flow
therethrough produces magnetomotive force op-
posing that of one bias winding (142b or 144b)
and reinforces that of the other bias winding.
As described above in connection with Figure 1,
this causes the impedance of onhe of windings
142a and {44« to increase relative to the imped-
ance of the other, thereby causing the magneto-
motive force of one of windings 22a and {22b
to overpower that of the other and produce a
corresponding voltage in winding 122d. More-
over, when the current flow in winding 122¢ ex~
ceeds that of winding 122b, the current flow is.
180° out of phase with the current produced in
winding 102q¢ when the opposite condition exists..
The direction of rotation of motor 102 accord-
ingly varies in accord with which of the wind-
ings 122¢ and 122D creates the predominant mag-
netomotive force.

The capacitors 12{ serve to tune the windings
122a and 122b to convert the half wave current
flow otherwise created by the rectifier 126 to a
current which has a more nearly sinusoidal wave
form,

The windings (42¢ and {44c, 122a and (22b,
and i02a and 102, and the drive between motor
162 and the inductor 180 are so arranged that
when the vane (4 moves into the inductor 100
the corresponding movement imparted to the in-
ductor is in direction to pull the inductor away
from the vane. Consequently, the inductor 108
follows the motion of the vane and the amount
of vane movement may be indicated by a suitable
fixed scale hetween the inductor and the support
mechanism (not shown).

The vane (4 may be mounted on any control

- device whose movement is desired to be recorded.

76

The D’Arsenval galvanometer movement shown
in Figure 1 is only one of many devices that may
be used for this purpose. Others include pres-
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sure responsive bellows, a Bourdon tube, and so
forth.

Moreover, in any of the follow-up systems
shown and described herein, anticipation may be
used to improve stability of operation without
reducing the sensitivity.

It will be apparent that while the transformer
windings 20b and 20c, Figure 1, and 120b and
128c¢, Pigure 3, derive energy from the same source
of alternating E. M. F., these windings in fact
as separate sources of alternating E. M. F. syn-
chronized in phase and frequency.

Each of the magnetic amplifiers or saturable
reactors 42, 44, 142, and 144 acts to produce a
net inductance (or inductive impedance) in the
controlled winding (i. e. 42a) determined by the
net M. M. F. of the control and bias windings
(. e. 42¢ and 42D, respectively). When this net
M. M. F. increases, the resultant flux in the mid-
dle leg of the magnetic amplifier returns by way
of the outer legs and thereby saturates these legs.
The resultant saturation reduces the inductance
of the controlled winding. The controlled wind-
ing does not cause induced voltage in the con-
trolling or bias windings, since the central leg
of each core extends between points of like mag-
netic potential with respect to the magnetizing
effects of the controlled windings.

While I have shown a specific mechanism in-
cluding a shiftable lens to alter the position of
the focal point 40 relative to the path of travel
of vane I4, it will be understood that other ar-
rangements will work, Specifically, the means
may be provided to shift the carriage as a unit
and thereby alter the position of the focal point
relative to the path of vane travel.

While I have shown and described specific
embodiments of the present invention, it will of
course be understood that I do not wish to be
limited thereto and that many modifications and
alternative constructions may be made without
departing from the true spirit and scope of the
invention. I therefore intend by the appended
claims to cover all such modifications and al-
ternative constructions falling within the true
spirit and scope thereof.

What I claim as new and desire to secure by
Letters Patent of the United States is:

1. In a follow-up system operative to follow
the movements of an opaque vane along & pre-
determined path and having an adjustable sensi-
tivity, the improvement comprising a movable
carriage, a light source and a photo sensitive de-
vice on the carriage, means on the carriage op-
erable to direct light from the source to the de-
vice, the means directing the light to a focal
point substantially in the path of movement of
the vane, said means including elements adjust-
ably positioned on the carriage and operative to
shift the position of the focal point to provide
controlled sensitivity to vane motion, and mech-
anism responsive to the output of the photo sen-
sitive device operative to move the carriage in the
direction of vane movement.

2. In a follow-up system operative to follow
the movements of an opaque vane along a prede-
termined path and having adjustable sensitvity,
the improvement comprising a movable carriage,
a light source and photosensitive device on the
carriage, lens elements on the carriage operable
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to direct light from the source to the device, the
lens elements directing the light to a focal point
substantially in the path of movement of the
vane, at least one lens element being adjustably
positioned on the carriage to vary the location
of the focal point in relation to the path of vane
movement to control the sensitivity to vane mo-
tion.

3. A follow-up mechanism responsive to the
movements of an opaque vane along a predeter-
mined path comprising a movable carriage, a
light source and light sensitive device on the car-
riage, means on the carriage directing light from
the source to a focal point substantially in the
path of movement of the vane and operable to
direct light from the source to the device, & pair
of magnetic amplifiers each having a bias wind-
ing, a control winding and a controlled winding,
a pair of synchronized sources of alternating
E. M. F.,, means having a pair of energizing cir-
cuits and operative when one circuit is energized
to move the carriage in one direction and when
the other circuit is energized to move the car-
riage in the opposite direction, means defining a
pair of circuits each including one source, one of
the controlled windings and one energizing cir-
cuit, means defining a circuit through the bias
windings, and means defining a circuit from the
light sensitive device through the control wind-
ings, the last eircuit being poled to cause one con-
trol winding to oppose the M. M. F. of its asso-
ciated bias winding and the other control wind-
ing to reinforce the M. M. F. of its associated
bias winding.

4. In a follow-up system operative to follow the
movements of an opaque vane along a predeter-
mined path and having an adjustable sensitivity,
the improvement comprising & movable carriage,
a light source and a photo sensitive device on the
carriage, means on the carriage operable to direct
light from the source to the device, the means
directing the light to a focal point substantially
in the path of movement of the vane, elements
operable to adjust the position of the focal point
relative to the path of travel of the vane to pro-
vide controlled sensitivity to vane motion, and
mechanism responsive to the output of the photo
sensitive device operative to move the carriage in
the direction of vane movement.

PAUL T. SEMM.
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