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1

This invention relates to frequency sensitive
circuits, and its prime object is to provide a sim-
Ple, compact and inexpensive circuit for adding to
an amplitude modulated signal a component rep-
resentative of the rate of change of the modula-~
tion of the signal.

It is sometimes undesirable to introduce induc-

2

~ relative magnitude of the phase-displaced signals

tive elements into Irequency responsive circuits, ‘

particularly when signals of low frequency are
concerned, because inductors are bulky and ex-
pensive by comparison with other reactors and
because magnetic interaction may occur between
the inductors and other electrical elements.

It is, therefore, an object of the invention to
provide an improved frequency responsive circuit
containing resistive and capacitive elements only.

A circuit of the character described may have
many applications in the electrical arts. One
such application is in electrical control systems
of the type in which there is produced an alter-
nating signal representative of a condition to
be controlled by the system. To avoid hunting
due to inertia and the like, and thus to stabilize
the operation of the system, it is desirable to in-
troduce in the control signal a component repre-
sentative of the rate of change of its amplitude
or, in the case of a servo or follow-up system, of
the rate of change of position.

It is, therefore, an object of the invention to
provide an improved method of and means for
stabilizing an electrical control system.

An additional object is to provide an improved
anti-hunting arrangement in s system of the
character described.

A further object is to provide an improved
method of and means for introducing a velocity
component in the control signal of an electrical
control system.

According to the invention these objects are
achieved by providing two parallel paths for a
signal applied thereto. One of these paths con-
stitutes a T-network having resistive series
arms and a capacitive shunt arm, while the other
path constitutes another T-network having ca-
pacitive series arms and a resistive shunt arm.
The values of the elements of the series arms are
related to a particular frequency of the applied
signal, and the shunt arms are related in value
to the series arms in a manner hereinafter
described,

A permissible analysis is to regard one of the
two networks as advancing the phase of the ap-
plied signal while the other network retards the
phase of the signal applied thereto. The imped-
ances of the respective networks also vary the
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in each path. The combined output of the two
paths comprises two components which are, re-
spectively, in phase with the input and 90° out
of phase therewith. The in-phase component
remains substantially constant through a prede-
termined frequency range of the inpui, while the
output component in quadrature with the input
varies substantially linearly with the frequency
of the applied signal through that range. The
magnitude of the output varies with the mag-
nitude of the input signal and also with the rate
of change of magnitude of that signal. As will
be later explained, suitable choice of the ele-
ments of the shunt arms determines the ratio in
which these ingredients are present in the output.

The invention may be better understood from
the following description of two embodiments
thereof, when read in conjunction with the ac-
companying drawing in which:

Figure 1 is a diagram of an electrical control
system including a circuit according to the in-
vention,

Figure 2 is a circuit diagram of an alternative
embodiment of the invention, and

Figure 3 is a graph showing the frequency re-
sponse of the circuit of the invention.

Fig. 1 is a diagrammatic representation of a
control system of the type known as a “follow-
up” or “servo” system. The system includes an
input shaft (0 rotatable, as for example, by a
crank 12 or by any other appropriate means and
mechanically connected to the rotor winding 14
of a synchro or “Selsyn” element 16. - An output
shaft 18 driven by an electric motor 20 is con- ,
nected to a load 22 and also to the rotor winding
24 of another synchro element 26. The .stator

‘windings 28 and 30, respectively, of the two

synchro elements are connected together as
shown, and the synchro elements are connected
to a source of alternating voltage indicated at
32, which may, by way of example, be the com-
mercial supply having a frequency of 60 cycles
per second. :

When there is any difference between the an-
gular positions of the input and output shafts,
an alternating voltage is generated in the rotor
winding of the synchro element 6. The mag-
nitude of this voltage is proportional to the an-
gular displacement between the two shafts and
its instantanecus polarity depends upon which
of the shafts leads or lags the other. Disre~
garding temporarily the circuit 34, the alternat-
ing control signal is applied to an amplifier 36
which may include a power control circuit. The
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signal thus obtained controls the speed and di-
rection of rotation of the armature of the motor
20. The motor drives the output shaft into posi-
tional agreement with the input shaft by which
time the control signal has been reduced to zero
and the motor is de-energized.

Because of the inertia of the load 22 and other
rotating parts of the system, and for other rea-
sons, the shaft 18 and the load 22 may tend to

. yotate in either direction about the point of

agreement with the input shaft, although the
motor 20 has been deenergized. This effect is
known as “hunting” and reduces the stability
of the system. -

The basic frequency of the control signal is
that of the power supply. However, as the an-
gular disagreement between the two shafts varies,
the magnitude of the control signal varies also.
The control signal may be regarded as having a
carrier frequency determined by the A. C. power
supply and as being modulated by a signal repre-
sentative of the displacement between the input
and output shafts of the system.. A modulated
control signal of this type may be considered to
be composed of a carrier and sidebands. In a
common case, where the carrier frequency is 60
cycles per second, the control signal may have
components in the range of, say, 55 to 65 cycles
per second.

The magnitude of the control signal represents
the displacement in position between the input
and output of the system. The addition to the
control signal of a velocity component, that is
to say, of a component representative of the rate
of change of that displacement, makes the com-
bined signal anticipatory of such changes. It
therefore tends to reduce hunting and to im-
prove the stability of the system. It is, therefore,
desirable, to add to the control signal a compo-
nent representative of the rate of change of the
position between the input and output of the
servo system.

The circuit 34 is connected between the syn-
chro element {6 and the amplifier 36, and con-
sists of two T-networks connected in parallel
with each other. The circuit has an input ter-
minal 38, an output terminal 46, and a third
terminal 42 common to input and output. One
of the T-networks consists of two edqual resistors
48 and 46 connected in series between the in-
put and output terminals, and a capacitor 48
connected in shunt between the junction point
of the two series resistors and the common ter-
minal #2. The other T-network comprises two
equal capacitors 58 and 52 connected in series
between the input and output terminals, and a
resistor connected in shunt between the junc-
tion point of the two series capacitors and the
common terminal.

Each of the series resistors has a value of R
ohms and each of the series capacitors of C
farads. If we be taken as the radian frequency
of the carrier signal, that is, of the control sig-
nal when the displacement between the input and
output shafts is constant, then R and C are chosen
to satisfy the expression

=1
, “=RC
As before explained, one of the T-networks
advances the phase of the control signal and the
other retards it. If the shunt capacitor were
chosen of a value of 2C farads and the shunt
resistor of
2
2
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ohms, the phase shift attributable to each net-
work would be 90°, but in opposite directions in
each case. The respective outputs of each net-
work would then be in opposite phase, and maxi-
mum attenuation of the carrier signal would be
effected. The combined outbut of circuit 34
would then be representative of the rate of change
of the amplitude of the control signal, that is,
of the rate of change of the positional difference
between the shafts 10 and 18. It would contain
no component representative of that difference
itself.

The shunt capacitor 48, therefore, is given a
value of

2C
14-¢
farads and the resistor 64 a value of

EB(l+g
p)

ohms, where ¢ is equal to a positive number
greater than zero. This has the effect of vary-
ing the relative magnitude and phase of the out-
puts of the two T-networks. Within a given
range of frequencies of the input to circuit 34,
the component of its output which is in phase
with that input remains substantially constant,
while the component which is 90° out of phase
with the input varies linearly with frequency.
The combined output of the circuit contains a
component representative of the displacement
between the two shafts 10 and 18, and another
component representative of the rate of change
of that displacement.

The ratio of what may be described as the “dis-
placement” component to the “displacement
rate” component depends on the value of q. For
the range of frequencies met with in some prac-
tical types of servo systems, a value for g of the
order of .2 has been found satisfactory.

Without entering into a detailed mathematical
analysis of the operation of the circuit, the out-
put voltage e at any radian frequency » for unit
input voltage is defined by the expression

. 04+3g+9) , j4+2¢9)=
A T T

2y (4+3g+¢)?
P+ 14y

The approximate response of the circuit is il-
lustrated by the curve of Fig. 3. At the carrier
frequency, the output of circuif 34 is a minimum
but is still 2 finite value. When the carrier sig-
nal is modulated and the frequency of the input
varies about this point, the output increases and
its phase with respect to the input varies also.
When the output leads or lags the input by ap-
proximately 45°, the output is /2 times that at
the minimum. The ratio z» of the band width
between these two points to the carrier frequency
is a special case of x, and is then approximately
equalto q. :

The circuit of the invention has been found to
give a linear response to signals which vary in
frequency by 25 per cent from the frequency of
the carrier signal.

Since the value of g determines the propor-
tion of the displacement rate component in the
signal applied by circuit 34 to amplifier 36, it
may in some cases be desirable to vary the values
of the shunt capacitor 48 and resistor 54. In
that event, it may be desirable to employ the ar-
rangement illustrated in Fig. 2. A variable re-
sistor 56 is connected in series with the fixed re-
sistor 54 and a variable capacitor 58 is connected

w w
where z=—— -2
We w .

e—=
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in parallel with the fixed capacitor 48. The two
variable elements are ganged and so arranged
that by the operation of a single control the shunt
resistance is increased while the shunt capaci~
tance is decreased to a like extent.

By connecting two or more circuits of the in-
vention in series, it is possible to introduce into
the original siznals components representative
of the second and higher order derivatives of the
frequency of the control signals.

" Although the series resistors 44 and 46 and the
series capacitors 50 and 52 have been described
as equal to each other respectively, this limita-
tion is inserted only because it is then easier to
evaluate the response of the circuit. The char-
acteristics of the circuit do not change mate-
rially if the resistance of the two series arms in

10

15

one network, or the capacitance of the two series

arms in the other network, are not equal.
There has thus been described a circuit com-

20

prising two T-networks connected in parallel, one

network having series resistive branches and a
shunt capacitive branch, and the other network
having series capacitive branches and a shunt
resistive branch. The values of the elements in
the series branches are related to a given fre-.

quency of the signal to be applied to the circuit,

and the values of the elements in the shunt
branches are related to those in the series
branches to add to' the original signal a com-
ponent representative of the rate of change of
its amplitude. By connecting such a circuit in
the control signal path of an electrical control
system, hunting of the output of the system may
be reduced and a substantial improvement in
stability- secured. o ,

While the invention has been described with
particular reference to its application to the con-
trol system illustrated in Fig. 1, it will be ob-
served that it may be used in many other con-
nections wherever it'is desired (q) to add alge-
braically to a modulated alternating signal a
component representative of the rate of change
of its modulation, or (b) to add algebraically to
a signal representing a given condition (for ex-
ample, a given amount of light passing to a light-
sensitive element) a component representing the
rate of change of that condition, or (¢) to derive
from a signal, which varies in frequency through
a given range, a second signal having a substan-
tially constant component in phase with the orig-
inal signal and a component 90° out of phase with
the original signal, which varies linearly with the
frequency of the original signal.

We claim as our invention:

1. A frequency sensitive circuit comprising a
T-network having two substantially equal series-
connected resistors and a shunt capacitor, and
a second T-network connected in parallel with
the first and having two substantially equal series
connected capacitors and a shunt resistor, said
" shunt capacitor and resistor having respective
values of

2C
144

farads and b
.~ RU+g)
2

ochms, where C equals the capacitance in farads
of each of the series-connected capacitors, R
equals the resistance in ohms of each of the series-
connected resistors, and q equals a positive num-
ber greater than zero.
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2. A circuit according to claim'1, wherein ¢ is
of the order of .2. ‘

3. A frequency responsive network having an
input terminal, an output terminal and a common
input-output terminal, two substantially equal
resistors connected in series between the input
and output terminals, two substantially equal
capacitors connected in series with each other
and in parallel with said resistors between said
last-mentioned terminals, & capacitor having one
terminal connected to the junction point of said
series-connected resistors and the other terminal
connected to the common input-output terminal,
and a resistor having one terminal connected to
the junction point of said serles-connected
capacitors and the other terminal connected to
said common terminal, said last-mentioned
capacitor and resistor having respective values of

2C
_ 14¢
farads and '
R(1+4q)

3.

ohms, where C equals the capacitance in farads
of each of the series-connected capacitors, R
equals the resistance in ohms of each of the
series-connected resistors, and q equals a positive
number greater than zero. ;
4. A circuit for adding to a modulated carrier
signal a component representative of the rate
of change of modulation of said signal, said cir-
cuit comprising a T-network having two substan-
tially equal serially-connected resistors and a
shunt capacitor, a second T-network connected in
parallel with the first and having two substan-
tially equal serially-connected capacitors and a
shunt resistor, the value of said serially-connected
resistors and capacitors being related to the
carrier frequency of said signal by the expression

=1
@TRC
wherein we equals said carrier frequency in radians
per second, R equals the value of each of said
resistors in ohms and C equals the value of each
of said capacitors in farads, and said shunt
capacitor and resistor having values of ‘

2C
1+4q
farads and

R(1+q)
-2

ohms respectively, ¢ being any positive number
greater than zero.

5. A circuit for adding to a modulated carrier
signal a component representative of the rate of
change of modulation of said signal, said circuit
comprising 8 T-network having two substan-
tially equal serially-conneeted resistors and g
shunt capacitor, a second T-network connected
in parallel with the first and having two sub-
stantially equal serially-connected capacitors and
& shunt resistor, the value of said serially-con-
nected resistors and capacitors being related to
the frequency of the unmodulated carrier signal
by the expression

=1
“=RC

wherein «c is the frequency of the unmodulated
carrier signal in radians per second, R equals
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7 .
the value of each of said resistors in ohms and
© ¢ equals the value of each of saild capacitors in
farads, and said shunt capacitor and resistor hav-
ing values of v i

2C
1+¢

farads and
‘ E(+q)
2

ohms respectively, g being approximasately the
ratio of the band width of the modulated signal
to the frequency of the unmodulated carrier
signal.

6. In combination, a source of modulated car-
rier signals, a load and a circuit connected be-
tween said sources and said load, said circuit
comprising a T-network having two substan-
tially equal series-connected resistors and a
shunt capacitor, and a second T-network con-
nected in parallel with the first and having two
substentially equal series connected capacitors
and a shunt resistor, said shunt capacitor and
resistor having respective values of

2C
lig
-farads and

R(+4q)
2

ohms, where C equals the capacitance in farads
of each of the series-connected capacitors, R
equals the resistance in ohms of each of the serjes-
connected resistors, and g equals g positive num-
ber greater than zero. .

7. The combination, in an electrical control
system with means for producing alternating con-
trol signals representative of a condition to be
controlled by said system, of a frequency sensitive
circuit comprising a T-network having two sub-
stantially equal series-connected resistors and &
shunt capacitor, and g second T-network con-
nected in parallel with the first and having two
substantially equal series connected capacitors
- and a shunt resistor, said shunt capacitor and
~ resistor having respective values of

2C
ite-

)
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farads and

R(1+q)
2

ohms, where C equals the capacitance in farads
of each of the series-connected capacitors, R
equals the resistance in ohms of each of the
series-connected resistors, and q equals a positive
number greater than zero.

8. The combination, in an electrical control
system with means for producing alternating con-
trol signals representative of a condition to be
controlled by said system, of a frequency sensi-
tive circuit comprising a2 network of resistive and
capacitive elements only connected in series with
said confrol-signal-producing means, said net-
work and the values of the elements being chosen
to make said network the equivalent of two
T-networks in parallel, the first having two sub-
stantially equal serially-connected resistors and
a shunt capacitor, and said second T-network
having two substantially equal series-connected
capacitors and a shunt resistor, said shunt capac-
itor and resistor having respective values of

farads and

ohms, where C equsals the capacitance in farads
of each of the series-connected capacitors, R
equals the resistance in ohms of each of the
series-connected resistors, and g equals a ‘positive
number greater than zero.

: LESLIE E, MATSON, Jr.
ROBERT N. LESNICK.
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