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This invention relates to method and means for trans-
lating an electrical quantity such as a voltage into a digi-
tal indication, and more particularly to novel method and
means for adapting such a device to respond to a given
voltage of either positive or negative polarity irrespec-
tive of the polarity of a reference voltage with which
the given voltage is compared. The invention further re-
lates to compensation of such a device for errors due to
transfer time of mechanical relays employed in neces-
sary switching operations within the device.

Conversion devices are known in the prior art for
transiating electrical quantities into digital indications, as,
for example, such are described in Conventicn Record
of the I. R, E., 1953 National Convention, part 7, pages
7-12, “An analog-to-digital converter with an improved
linear-sweep generator,” by D. W, Slaughter. Such prior
art devices usvally compare a voltage to be measured
with a reference voltage by means of a time-sweep or
saw-tooth wave which starts at zero and either increases
or decreases as a function of time (ramp function)
through positive or negative values, not both, so that
the device is adapted to measure one polarity or unknown
voltage more particularly than the other polarity. In
the present invention, the ramp function or sweep char-
acteristic is adapted to cover a range between a material
positive value and a material negative value, and the se-
quence of operations is altered automatically according
to whether the voltage to be measured is positive or
negative. The reference voltage may be either positive
or negative and need not be replaced to accommodate a
change in the polarity of the voltage to be measured.
In other words, a sweep characteristic of given algebraic
sign of rate of voltage change as a function of time, 1. e.
either positive or negative rate of change is utilized for
measuring any voltage within the range of the device
whether the voltage to be measured is positive or nega-
tive.

If it is desired to measure very small voltages, it is
possible to encounter a situation wherein the finite trans-
fer time of the relay which transfers the comparator in-
put lead from ground to signal or vice versa may be
greater than the time interval required for the integrator
time-sweep to change from its initial value to the mag-
nitude of the small input signal. With conventional re-
lays this minimum time interval is of the order of ten
milliseconds, but may be less than one millisecond
through the use of very fast relays. Unless the system
is especially arranged it is apparent that an irreducible
minimum exists in the magnitude of voltage which can
bg measured, this minimum being dependent upon the
time constant of the integrator system and transfer time
of the relay or relays involved. If it is desired that the
system operate down to zero voltage, a small fraction
of the actuating voltage of the integrator (perhaps one-
tenth of one percent) can be added to the voltages to
be combined at the input of the-comparator. This addi-
tional input signal will then cause the comparator sys-
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fem to measure the composite input signal, which is
slightly higher in value than the actual voltage to be
measured, with a corresponding increase in the reading
of the output counter resulting from the increased length
of the interval between the two comparator pulses. If,
however, a count corresponding to the magnitude of the
corrective voltage added to the input to the comparator
is subtracted from the counter reading, the effect of the
small offset veltage is nuilified as far as the observer is
concerned. The correction in indicated count may be
achieved by pre-setting the counter at the start to a given
number of counts below zero, or, as in the preferred
embodiment herein disclosed, a fixed number of counts
may be discarded by manipulation of the counter system.
For example, a system employing an integrator ‘having a
run-down rate of 100 volts per second and counters op-
erating at a 100 kilocycle rate, will accumulate 100,000
counts in ‘measuring a 180 volt signal, each count repre-
senting one millivolt. If a ten millisecond interval is re-
quired to provide bounce-free relay transfer, an offset
voliage of 1000 millivolts is added and the first 1000
counts are rejected. A ten millivolt input signal will ap-
pear to the comparator to be 1.010 volts, with a resultant
count of 1010 pulses. Since the first 1000 counts are
autematically rejected, the actual indication is 000010,
correctly corresponding to the actual 10 millivolt signal.

It is therefore an object of the invention to increase
the versatility of digital voltmeters.

A more specific object is to enable the device to meas-
ure a voltage of either polarity without replacing the
source of reference voltage or changing to a reference
voltage of reversed polarity.

Another object is to enable the device to adjust itself
automatically to either polarity of voltage to be meas-
ured.

Another cbject is to extend the usefulness of a digital
voltmeter into a range of smaller voltages than could
otherwise be measured cn account of the transfer time of
a relay or relays.

Other objects of the invention will in part be obvious
and will in part appear hereinafter.

The invention accordingly comprises the features of
construction, combination of elements, and arrangement
of parts, which will be exemplified .in the construction
hereinafter set forth, and the scope of the invention
will be indicated in the claims:

For a fuller understanding of the nature and objects of
the invention reference should be had to the following
detailed description taken in connection with the accom-
panying drawings, in which:

Fig. 1 is a block schematic diagram of the relation-
ships between the various parts of a measuring system
embodying the invention;

Figs. 2 and 3 are graphs useful in explaining the op-
eration of the system of Fig. 1;

Figs. 47 are detailed circuit schematic diagrams of
portions of the system of Fig. 1; and

Fig. 8 is a diagram showing how Figs. 4=7 are to be
arranged to form a complete schematic diagram of the
system of Fig. 1. )

Fig. 1 is a block diagram which shows a source 169
of input potential or voltage to be measured, some times
referred to as the signal voltage, or signal. For purposes
of the invention, either the input potential from source
180 or ground potential from a ground potential source
or lead represented schematically at 162 may be selected
by a relay 103, otherwise designated the K2 relay, and
supplied to one of three input leads of a comparator 194,
Also for purposes of the invention, either an offset poten-
tial from’ a source 101 or ground potential from source
102 may be selected by a relay 195, otherwise designated
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the K3 relay, and supplied to a second input lead of the
comparator 184. To a third input lead of the com-
parator 184 is applied the output from a linear integrator
or sweep generator 166 which is in turn actuated by a
source 187 of reference potential and a source 188 of
starting potential selectively controlled by a relay 309
otherwise designated the Ki relay. The cutput from the
comparator ‘184 is applied to an on-off control switch
118 which in turn controls a counter gate or pulse gate
111, which is interposed between a clock pulse oscillator
112 and a set of pulse counters 113.

Automatic operation of the system is provided for by
means of a timer 114, a relay 115 otherwise designated
the K1’ relay, a switch 116 referred to as the polarity
switch, and a switch 117 referred to as an auxiliary
switch. The timer 3114, which includes a free-running
multivibrator MV—-1, controls the operation of the K1 and
K1’ relays and is in turn externally controlled by the
auxiliary relay 137. The relays 115, K1’, exercises con-
trols over the on-off conmtrol switch and the auxiliary
switch and in addition controls the starting and operating
conditions of the integrator 186. The polarity switch
116 is controlled by the output of the comparator 104
and controls in turn the operation of the K2 relay. The
auxiliary switch 117 is controlled by the comparator 164
and by the relay K1’. The auxiliary switch in turn exer-
cises a control upen the timer 114 and in addition has a
control loop through the pulse counters 113. Further
controls are exerted by the K1 relay upon the pulse
counters 113 and by the on-off switch 118 upon the X3
relay. The nature of these connections and controls
will be explained in detail hereinafter with reference to
the detailed circuitry shown in Figs. 2-5.

Since the basic system is known it is believed unnec-
essary to describe it more than in general terms. The
device functions by converting the input potential into a
time interval which is measured by a precision timing
device, the value of which interval may be displayed in
digital form in known manner. The display system is
simply the output of a sequential counter which counts
pulses from a constant frequency pulse source, thereby
converting the time interval (which itself has been con-
strained to be proportional to the input voltage) into a
digital display representing a number proportional to
the time interval.

The method of converting the direct current voltage to
a precise time interval involves the use of a feedback
electronic integrator and a comparator circuit. The inte-
grator 106 employs an extremely high gain direct current
amplifier similar to those employed in direct current elec-
tronic differential analyzers, with- electronic integration
performed by the use of capacitor feedback from output
to input by a technique widely known and employed in
the electronic computer art. If the gain of the amplifier
is sufficiently high and if the capacitor is properly chosen
with respect to dielectric polarization effect, the linearity
of the integrator can be maintained to an extremely high
value, particularly if the rate of change of output voltage
is restricted to a sufficiently low value to permit the use
of the high gain in the integrator amplifier without at-
tendant ioop stability preblems. The input to the inte-
grator amplifier consists of a reference voltage of fixed
magnitude supplied by the source 107. The initial con-
ditions determining the output voltage of the integrator
at the start of the measuring cycle may be established
by techniques well known in the art, using a suitable
starting potential from the source 168.

The comparator 164 employed sums up algebraically
the respective voltages impressed upon its input leads and
produces an output pulse at an instant when the resultant
magnitude of all its input voltages becomes zero. By
means of the action of the control system, two voltage
comparisons are made per measurentent cycle. With the
K2 relay in ore of its alternate positions, suitable to a
positive input potential, the first comparison produces an
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output pulse from the comparator at the instant when the
cutput of the-integrator passes through zero. This is
accomplished by comparing the integrator output with
ground voltage (zero), from 162. Immediately follow-
ing the time when the integrator voltage passes through
zero the output pulse from the comparator 04 opens
the puise gate 111 to let timing or clock pulses irom os-
cillator 132 pass into pulse counters 113 to be counted
The polarity switch 116 acts in response to the said out-
put pulse from the comparator 164 to operate the K2
relay to transfer the proper input lead of the comparator
from ground to the voltage to be measured. Later, the
comparator 184 generates a second output pulse when
the instantaneous value of the integrator output voltage
is equal to the sum of the offset voltage and the voltage
to be measured. Since the rate of change of cutput volt-
age of the integrator is dependent upon the time com-
stant of the integrator circuit and the magnitude of the
reference voliage, it is apparent that the time interval
between the two comparator pulses identified above is
equal to the time constant of the integrator multiplied
by the ratio of the input voltage to the reference volt-
age, taking into account the offset voltage, the effect
of which will be described in detail hereinafter. In con-
structing the specific embodiment shown, the counters
used were the Hewlett-Packard Type AC-4A. Since the
time constant of the integrator can be maintained to a
very high degree of accuracy, the integrator-comparator
system functions te convert, with very great accuracy,
the ratio of input voltage to reference voltage into a time
interval which is measured by the counter system. In the
device described the time constant of the integrator (and
accordingly the time interval required to measure a volt-
age equal in magnitude to the reference voltage) is of
the order of one second, although a considerable devia-
tion from this value in either direction is entirely reason-
able if suitable design precautions are taken.

Voltages of either algebraic sign may be measured by
the system disclosed herein by means of one of the
In the integrator
as usually designed, a positive reference veltage will give
rise to a negative-going output ramp function in the
integrator. The comparator as usually designed gives
an output pulse when the sum of the input voltages is
zero. Hence with a positive reference voltage a positive
voltage to be measured will combine with the negative-
geing ramp voltage to give a zero summation voltage
and produce an output pulse in the comparator. Simi-
larly, with a negative reference voltage, a negative volt-
age to be measured will give the zero summation volt-
age necessary to preduce an output pulse. In both
these cases it is assumed that the ramp function starts
at zero. It is not necessary however that the ramp
function start at zero. In accordance with the present
feature of the invention, the ramp function is constrained
to start at a value of voltage materially different from
zero and to run with values which first decrease toward
zero, then pass through zero and increase thereafter in
the opposite sense from that present at the start.

Fig. 2 is useful in explaining how the system of Fig. 1
operates in the case when the reference voltage and the
voltage to be measured are of the same algebraic sign
in the system as usually designed. In the figure, voltage
is plotted as a function of time. Saw-tcoth wave 238
represents the cyclically repeating ramp function of the
integrator, shown for the case of a negative-going ramp
function. The gate function 231 represents the sequence
of voltages impressed upon the comparator 184 by the
K2 relay for the case hereinbefore described wherein
the ground potential is applied to the comparator before
the voltage to be measured is applied thercto. The
vertical line 232 indicates the time of occurrence of the
first output pulse from the comparator, that is, the in-
stant when the ramp function passes through zero. The
vertical line 233 indicates the itime of occurrence of the
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second output pulse, at the instant when the sum. of
the voltage to be measured and the instantaneous value
of the ramp function becomes zero. The time interval
between the arrows 234 is the interval measured by the
pulse counters 113, The arrow 235 indicates the sign
of the voltage to be measured (positive with respect to
ground). The starting value of the ramp function is
shown as plus 50 volts, which gives the integrator a
suitable time interval in which to develop a strictly linear
ramp function before the first comparison is made. For
simplicity, the offset voltage is assumed to be Zero, or
else to be included in the magnitude of the voltage to
be measured. The gate function 231 at the time of the
first comparator output pulse makes an upward step
and this step may be regarded as being of opposite sense
to the time rate of change of the ramp function. This
is the sense that resulis in generating a second com-
parator outpui pulse. If a downward step is effected,
a second output pulse cannot occur.

Fig. 3 shows how the system of Fig. 1 operates in
the case when the reference voltage and the voltage to
be measured are of opposite algebraic sign in the system
as usually designed. Sawtooth wave 340 represents. the
cyclically repeating ramp function of the integrator, and
this wave is similar to wave 236 in Fig. 2, except that
here the ramp function is shown as starting at plus 150
volts. The gate function in this case however, shown
at 341, begins at a negative value equal in magnitude
to the voltage to be measured and steps up to zero. In
this case the K2 relay is operated to apply the ground
connection to the comparator after the voltage to be
measured instead of before. The gate function 341
therefore denotes that the sequence of operations is now
such that the signal voltage is applied to the comparator
before the ground potential is applied thereto which is
exactly the reverse of the sequence shown in Fig. 2.
The vertical line 342 indicates the time of the first out-
put pulse from the camparatoer, at the instant when sum
of the voltage to be measured and the instantaneous value
of the ramp function becomes zero. The vertical line
343 indicates the occurrence of the second output pulse,
at the instant when the ramp function passes through
zero. ‘The time interval between the arrows 344 is the
interval measured by the pulse counters 113. The arrow
335 indicates the sign of the voltage to be measured
(negative with respect to ground). The starting value
of the ramp function is set at plus 150 volts to give the
integrator a suvitable time interval in which to develop
linearity in the ramp function before the first compari-
son is made. For the embodiment illustarted the ramp
function was adjusted to accommodate a negative input
voltage up to 100 volts. Here again the gate function
of this case 341, at the time of the first comparator output
pulse makes an upward step, thereby making possible
a-second comparator output pulse.

Referring further to Figs. 1, 2 and 3, the self-cycling
timer 114, through the X1’ relay, brings about repetitive
action of the integrator 166 so that the output therefrom
is a recurrent ramp function as shown at 230 in Fig. 2
and at 340 in Fig. 3. The polarity switch 116 is con-
trolled by the comparator output to position the K2
relay so that after the first comparator output pulse it
will always apply ground or signal voltage initially to
the comparator 104 immediately after each fly-back
action of the integrator output even though before the
first comparator output pulse the K2 relay may happen
to be in the wrong position with reference to the polar-
ity of the input voltage as will be explained in detail
Dereinafter. Which voltage is applied first, whether
ground or signal, is thus determined by the positioning
of the K2 relay, which relay must be controlled, in the
system as usually designed, to apply ground before
signal. if the voltage to be measured is positive, and to
apply signal before ground if the voltage to be measured

10

20

25

30

60

70

75

6

is negative. Thus the polarity switch 116 functions to
control the K2 relay to determine the proper time order
in which the voltage to be measured and a reference
voltage, here ground reference zero voltage, are im-
pressed upon the comparator input. As noted in ref-
erence to the gate functions in Figs. 2 and 3, this proper
time order may be described as the one in which the
voltage step from the first impressed voltage to the
second is of opposite sense to the time rate of change
of the sweep characteristic.

it will be evident that by proper control of the K2
relay in response to the polarity of the input potential the
system of Fig. 1 may be put automatically into either
of the two operating conditions represented by Figs. 2
and 3, respectively. Hence, it is not necessary to change
the polarity of the reference potential at 107 when a
voltage of either polarity is to be measured.

According to a second principal feature of the inven-
tion, the increment of voltage added by the source 101
to the voltage to be measured may be selected so as to
equal or slightly exceed the total delay time introduced
into the system by the finite operating and releasing time
of the K2 and K3 relays or any other source of delay
which is sufficient to interfere with accurate measurement
of very small voltages. The voltage added by the source
161 is compensated in the final count registered by the
pulse counters 113 by suitable manipulation of the
counters under control of the auxiliary switch 117. For
example, if a delay time of 10 milliseconds is considered
sufficient for the X2 and K3 relays to operate, and if the
time rate of descent in the ramp function (integrator
run-down rate) is 100 volts per second, an offset voltage
of one volt will correspond to the desired 10 millisecond
delay. If the clock-pulse oscillator 112 supplies 100,000
pulses per second, then 1000 pulses cccur in 10 millisec-
onds and 1800 pulses correspond to one volt of run-down.
Therefore the pulse counters should be manipulated so
as to subtract 1000 from the final count in order that the
final count may indicate the correct value of the voltage
to be measured. This manipulation of the counters is
effected through the interaction between the auxiliary
switch- 117 and the counters 113.

Referring now to Figs. 4-7, the cperating cycle of the
system as a whole is controlled by the unsymmetrical
multivibrator MV-1, which is either astable or mono-
stable, depending on the voltage to which grid resistor R8
is returned. Potential supply sources 1000 and 1001 of
plus 300 volts and minus 300 volts, respectively, are pro-
vided for connection to various portions of the system as
indicated in the drawings. The negative side of the plus
300 volt source is grounded, as is also the positive side of
the minus 300 volt source. When the cycling mode switch
(Fig. 5) is set to the “automatic cycling” position, the
pyultivibrator is free-running, with both grids and the
cathode returned to minus 300 volts. When the switch
is set to the “manual cycling” position, the grid of V7-A
is returned to ground (the plate voltage) so that this half
of the tube conducts heavily and the other half is cut
off. The tube will remain in this condition until the
“manval read” switch is closed. This switch applies a
strong negative pulse through capacitor C14 to the grid
of V7-A, cutting this half of the tube off and causing
V7-B to conduct. This latter condition, which com-
prises the re-set part of a reading cycle, persists until C12,
charged negatively by the drop in plate voltage of V7-B
discharges through RS and R6 and allows V7-A to con-
duct again.

When the circuit is set for automatic cycling, the two
halves of the V7 tube, V7-A and V7-B, will alternate
conducting perieds in the usual mode of operation of a
free-running multivibrator. The ratio of conducting and
non-conducting periods for a given total time per reading
cycle is fixed by the ratio of the capacitances of C11 and
C12. The length of a reading cycle is determined by the
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setting of R, which governs the discharge time of C12
after V7-A starts to conduct. v

During a re-set period, when V7-A is cui off and its
plate is at substantially ground voltage, the grid of V6-B
‘is also at ground, and Vé6-B conducts, operating relays
K1 and K1’. Relay K, closing contacts 5 and 6, places
a 150,000 ohm resister R1 across the feedback capacitor
C1 of the run-down circuit of the integrator 186. Relay
K1, by interrupting the integrator input lead at contacts
1 and 2, makes the integraior input resistance 75,000
chms, comprising resistor R26. The integrater is now
readily seen to be a conventional negative feedback am-
plifier with a gain of two, determined as is well known
in negative feedback amplifier art, by the ratio of the
150,000 chm output resistance R1 to the 75,000 ohm
input resistance R29.  The integrator output potential is
now readily set in known manner to either plus 50 volts or
plus 150 volts by applying minus 25 volts or minus 75
volts, respectively, to R28. This is accomplished by the
connection of the input lead of the integrator through
contacts 2 and 3 of the K1 relay and contact 2 of the
K2 relay. If the system is in the condition suitable for
‘measuring a positive input voltage, the K2 relay is in
the released condition at this time so that contact 2 is at
minus 25 volts, applied therete through its contact 1 from
the voltage divider R§8, R69, R70, connected in turn to
the minus 300 volt supply. If, however, the system is in
the condition suitable for measuring a negative input
voltage, the relay K2 is in the operated condition at this
time so that the contact 2 is at minus 75 volts, applied

through contact 3 from another tap of the same voltage -

divider. It is necessary that the system be set up in such
a manner that the relay K2, if not operating in the cor-
rect sequence when the input potential is first applied at
the beginning of a measurement, will be made to fall
into the correct sequence so that the integrator will be sup-
plied with the correct starting voltage for the polarity
of voltage to be measured and so that the relay will
apply ground potential and input potential to the com-
parator input in the correct order, as will be more fully
described below.

When C11 in MV-1 has discharged sufficiently to cause
MV-1 to switch to its alternate state, which will be re-
ferred to as the “reading” state, V7-A becomes con-
ducting and- the grid of V6-B falls to about minus 80
volts, cutting off the plate current of V6-B and thereby
releasing relays K1 and X1’. R1 is removed from the
feedback circuit of the integrator by the resultant open-
ing of the contacts 5 and 6 of the X1’ relay, and the input
circuit of the integrator is completed through contacts
and 2 of the K1 relay, and resistors R18 and R19 tc a
source of reference voltage. . The latter source may be
selected by the internal-external reference switch (Fig.
4) from internal and external sources of reference volt-
age. The integrator output voltage thereupon begins its
run-down, at the rate of 100 volts per second, in the em-
bodiment shown, starting from plus 50 volts or from plus
150 volts as the case may be.

During the reset portion of the measuring cycle, the
counters for all digitai orders in the pulse counters 113
(counters C1, C2, C3, C4 and C3, Fig. 6) are brought to
zero indications by the opening of contacts 4 and 5 of
relay K1,  This relay opens the grid return lead of one
side of each of the multivibrators (not shown) in the
counters, forcing them into the correct state to give a zero
reading. Opening of contacts 1 and 2 of relay K1’ at this
time similarly opens the grid return lead of ome side of
each of the switching multivibrators MV-3 and MV-4,
permitting charging of capacitors C51 and C§6, respec-
tively. ‘This insures that the start of 2 reading cycle will
always find MV-3 in the correct position, with the clock
pulses gated off from entering the counters. The situation
with regard to MV—4 will be taken up in detail hereinafter.

The. starting condition for MV~2 will now be discussed.
In the case of this multivibrator there is no unique starting
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Reference to Figs. 2 and 3, particularly making
a comparison of the gating pulses 231 and 341, respec-
tively, shows that if, for any reason, the start of a cycle
finds MV—-2 and K2 in the wrong condition, anticipating,
5o to speak, the wrong polarity of input voitage, only one
comparison will occur during that cycle. For example,
first, if the system is anticipating a positive input voltage
and instead the input voltage is negative, after the first
comparison the comparator input will have just become
negative as at time mark 232 in Fig. 2. Switching of
MV-2 wiil then cause the comparator input voltage to drop
abruptly due to applying a negative signal, instead of
swinging position again, and since both the signal and the
ramp voltage are of like sign a second output pulse will not
occur during that measuring cycle. If, on the cother hand,
the system is anticipating a negative input vecltage and
instead the input voltage is positive, the first comparison
will ot occur until some time after the ramp function has
become negative, 1. e. not uniil some time later than the
time indicated by the time mark 343 in Fig. 3. Switching
of MV-2 will then leave the comparator input voltage
negative since relay K2 then pleces ground potential on
its contact 5 and again a second output puise wili not
cccur during that measuring cycle. In either case,
MV=2 and X2 are left in the state opposite to that at that
start of the cycle, which is exactly what is required to
correct the situation which is caused by the voltage to be
measured being opposite in polarity to what the system
happened to be in coadition to accommodate. In the
next reading cycle, MV—2 and K2 will be poised for the
true polarity confronting the circuit.

If the system were set for automatic cycling, the result
of a false start as hereinbefore described would leave the
counters without a stopping pulse, and thus they weuld
rua continuously after the first comparison until the end
of the reading cycle. If the sysiem were set for manual
cycling, the system would count continuously until a new
manual reading was made. Both of these conditions are
undesirable, and are corrected by supplying a pulse to a
second input circuit of MV—1, which pulse is arranged to
appear, most conveniently in the present embodiment 10
milliseconds after the start of the count, in the case of a2
polarity errcr.  This pulse forces the multivibrator MV-2
to return immediately to the re-set condition, from which
it proceeds to make a correcied reading. The origin of
this pulse is described hereinbelow.

Up to this point in the exposition it has been assumed
that the input potential, whether positive or negative, is
relatively large, e. g., greater than say half a volt in a
system designed to measure to a maximum of 100 volts.
Tt is now desirable to consider the effect upon the measure-
ment of relatively small voltages when the operating and
releasing time of the K2 and K3 relays is taken into ac-

count. Suppose first a case in which the relay delay is not
deletericus. Suppose that the input voltage were plus 50

volts and that the relay K2 operated instantaneously. The
voltage run-down as it appears at the comparator input is
50 volts per second, because the parallel addition of volt-
ages in the input circuit of the comparator results in a
halving of each of the voltages applied to the input circuit.
For a discussion of a parallel summing amplifier reference
may be made to U. 8. Patent 2,401,779, issued June 11,
1946, to XK. D. Swartzel, Jr. At the first comparison then,
the comparator input would step instantly from zero volts
to plus 25 volts, neglecting grid current at the input, which
would limit the rise. In actual practice there will be a
‘delay, the amount depending on the relay type, before the
input lead of the integrater is firmly transferred from
ground to the 59 volt signal, and during this time the
integrator run-down is continuing.  Suppose, for example,
that the delay is two milliseconds, the intsgrator output
voltage will have dropped to minus 200 millivolts at the
time of transfer, and the resulting comparator input volt-
age will then be one half of 50 volts minus one half of



2,824,285

9

200 millivolts, or plus 24.9060 volts; . In. the case-of-suffi-
cienily large voltages to be measured, there.is no.error.in
the final reading; it merely transpires that the comparator
input does not follow the correct ramp function for.two

nilliseconds after the first comparison. Thereafter, how-
ever, the comparator input does behave properly and
reaches ground potential at ths proper time.

Finite relay operating time becomes important when the
voltage to be measured is relatively. very small. Using
the two millisecond delay postulated above, if the input
veltage is plus 100 millivolis the comparator input will
not swing positive atthe time of transfer but will step up
only to minus 50 millivolts and a second comparison
cannot be made.

Toavoid this limitation on the accuracy of measurement
of 'relatively very small voitages an additional, or offset,
potential, one volt in the present embodiment, is:added to
the-input of the comparatoraleng with the integrator ramp
function and the actual input signal to be measured. This
addition -is made after the first .comparison, and it is
convenient to -make the addition automatically in every
measuring cycle regardless of the magnitude of the volt-
ageto be measured. Referring to Figs. 4-and 7, MV-3,
the multivibrater which gates the clock pulse on or off,
and which' corresponds to the on-off control switch 110
shown in block form in Fig. 1, also controls the operation
of relay K3, through triode - V16-B. At the start of a
cycle the plate of Vi4-B is about 80 volts negative, since
its-half of MV-3 is conducting, and triode V16-B is cut
off. Rélay X3 is therefore in released condition, apply-
ing.ground potential to the comparator input through con-
tacts-4-and 5 of the relay and R43; and effectively adding
zero volts to-the comparator input.  After the first com-
parison, when MV-3 is switched to the.condition for gat-
ing-the clock pulses into the counters; it also canses-triode
Vi18-B to:conduct, since the plate of V14-B swings to
ground:potential; and relay. X3 operates. This operation
removes-the ground from contact 5 of K3, and-causes the
one volt signal-at the tap of R72 to be added to the com-
parator input and:in turn causes the second comparison
to cccur 10 milliseconds later than it otherwise would, ir-
respective-of whether the input signal:to be measured is
positive or'negative.  Onevolt is used: for the offset volt-
age-because  this allows 10 milliseconds (the time equiv-
alent-cf one voltin the embodiment being described) for
relays K2 and X3 to operate, and because it is convenient
to- subtract one volt. autematically: by manipulating: the
counter circuits.

With this medification, as there are now three parallel
input’ voltages impressed upon the comparator input, the
runidown: rate”at” the comparator grid becomes 33.333
volty per’ second, but now, even if the input is grounded
at block 168, Fig. 1, corresponding to zero volts to be
mieasured, the system will still have time to make two
comparisons during the reading cycle. Again assuming
a two riillisecond delay in relay operation, and assuming
4 grounded-signal input, the comparatcr input at the time
of relay transfer will step to plus 267 millivolts, which
cause§ the comparator'ic pulse out again eight milliseconds
dfter the first relay transfer is completed.

At this time the count would stop with an indicated
voltage of 1.000, in the absence of additional circuitry.
Since counter C4 represents the units place in the voltage
readiiig, it is necessary tc intercept and discard the first
output pulse from counter C3 in order to eliminate the
effect of the one-volt addition. To do this'is one of the
furietions of the auxiliary switch 117 which includes the
araltivibrator MV-4.

MV-4 is always restored to its correct starting condi-
tion during the re-set period of a reading cycle, because
the grid return of V15-A is opened at contacts'1 and 2 of
rélay K1’. This opening, permitting C50 to charge nega-
tively with respect to ground, causes V15-A to conduct,
so that its plate is at minus 80 volts. The first output
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pulse from- the comparator-is:injected into the. grid: of
V18-A via- the diode. CR$. and -the plate-grid coupling
circuit of the multivibrator. This pulse cuts off V15-A, so
that its plate goes substantially to ground potential,
Diodes CR1% and CR11 driven by cathode followers
V22-A and V21-A, respectively, form a gate of the type
requiring the concurrence of two conditions for its opera-
tion. Such a gate is termed an “and” gate since it per-
forins a function described in the algebra of logic by the
term “and.” To distinguish this gate from a pentode
“and” gate V8 in Fig. S, the present gate is designated as
the diode “and” gate. The voltage at the junction of the
dicdes CR16 and CR11, at the input of counter C4, wiil
be close to the cathode voltage of whichever cathode fol-
lower is more positive than the other. For example, if
the cathode of V21-A is at ground, diode CRI11 will
conduct, because it is returned to minus 300 volts through
E98.  The low voltage drop across the diode CR11 keeps
the input to counier C4 only a volt or so negative. If
the cathode of V22-A is 80 volts negative, diode CR10
wiil not conduct, and the negative voltage will not be
seen at the junction of the diodes. If the cathode of
V21-A drops to minus 100 volts, the voltage at the junc-
tion willdrep to slightly less than minus 80 volts, where
it will be held by the presence of conduction through
CR18: Thus a negative voltage can be applied to counter
C4 only if both V21-A and V22-A are negative at their
respective cathodes.

When MV—4 is switched by the first comparator output
pulse of a reading cycle and the plate of V15-A goes to
ground, the grid of V21-A also returns to ground and its
cathode is a few volts positive. Ten milliseconds later
the one thousandth clock pulse after the start of the count
causes counter C3 to pulse out for the first time. This
being-a negative pulse and appearing at the cathode of
V22-A, cannot affect counter C4, because the input to
that counter is held positive by CR11. Therefore the
first- one-volt counter pulse does not register on the
counter. This pulse is, however, coupled into MV-4 by
€35 and CR7, causing MV-4 to return to its starting con-
dition, with the plate of V15-A at minus 80 volts, The
cathode of V21-A now drops to almost this voltage; with
a slight delay introduced by the time constant of R146
and C51. The delay makes the voltage drop at the
junction of the diodes slow enough so that counter C4 will
not register a count, in case the negative pulse at the grid
of V22-A has not decayed sufficiently: to restore the
cathode of V22-A to ground level. For succeeding out-
put pulses from counter C3 the input voltage to counter
C4 will be controlled by the voltage of the cathode of
V2Z-A, so that the pulses from counter C3 new will be
recorded in counter C4. ’

The switching of MV-4 by the first comparator output
pulse to set it in an apparently incorrect condition at the
start of the reading cycle and its return to starting condi-
tion by the first one-volt counter pulse as described in the
preceding paragraph is necessary because of another func-
tion of MV-4, namely to control the cutput lead from
the comparator so that succeeding pulses will not be
allowed to switch the multivibrator within ten milliseconds
after the first comparison pulse appears. The first situa-
tion in which this safe-gnard is pesded occurs when the
circuit is anticipating a positive voltage and is confronted
instead with a small negative voltage. The initial com-
parison is' made with ground on the input lead, and the
second with the input signal plus one volt. If the input
is, say, minus 600 millivolts, the comparator input will
jump to a small positive value and will then pass through
ground potential for a second comparison four millisec-
onds after the first, stopping the count at a false indica-
tion of plus 400 millivolts. The system would have no
means of correcting itself on subsequent readings. It is
necessary to force the count to continue for at ledst 10
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milliseconds, at which time the normal poiarity check,
described hereinafter, can be made successfully.

The second reason for gating off the comparator output
lead after the first comparator cutput pulse is that there
is a possibility of contact chatter in relay X2 at the time
the inpui lead is transferred, causing multiple excursions
through zero at the comparator input, and a series of false
cuiput pulses.

To guard against these possibilities, MV-4 controls the
comparator output lead through V16-A and CR6. When
the reading cycle starts, the grid and cathode of Vig-A
are both negative, and the first comparator pulse is not

affected by CR$. When MV-4 is switched, the grid of -

Vi6-A goes to grouad potential, after a delay caused by
the time constant of R138 and C4%, which insures that
all multivibrators have time to respond to the pulse, and
CR6 now clips any succeeding negative pulse. When
MV—4 is returned to its starting condition by the first
output pulse from counter C3, ten milliseconds later, the
grid of Vié-A again swings negative, and the com-
parator output lead is free to transmit the next pulse.
The temaining function of MV-4 is to assist in the
recogaition of the polarity of the unknown voltage. It
does this in conjunction with the pentode “and” gate V8§,
which checks the direct-current condition of the com-
parator output at the instant that MV—-4 is switched by the
output from counter C3. To understand this, suppose that
the circuit starts a cycle with MV-2 and K2 in the correct
state for the polarity of the input signal. Then ten milli-
seconds after the first comparison the comparator input
either must be positive, or, at worst, crossing through
zerc. This is true because the one-volt run-down of the
integrator during the first ten milliseconds cancels out the
one-volt offset signal added through relay X3, and the

transfer of the input lead through relay K2 makes the 3

signal added through this relay more positive after the
transfer than before. That is, the input voltage of the
comparator is made to pass from zero to a positive voltage,
or from a negative voltage to zero, as the case may be. If,
however, the circuit anticipated the wrong polarity, then
the transfer of the input lead at relay K2 will make
the signal added through this relay more negative after
the transfer, and the comparator input will be negative at
time ten milliseconds after the first comparison. Since
the voltage at the comparator input is constantly changing
it is not used directly in the polarity check. Instead, the
voltage at one of the plates of the third stage Vil of the
comparator is used, since this stage, by virtue of its plate-
grid feedback, can only be in either of two possible states.
The voliage at the plate is a sharply defined indication
of the polarity of the comparator input voltage. This
plate will be at about plus 200 volts if the input grid is
_positive, and it will be at plus 300 volts if the input grid is
negative. The voltage of this plate is direct-coupled to one
control grid, grid 7, of V8, through the cathode follower
Vi2-B. R69 and Ré1 translate the voltage swing so
that it centers arcund zero at the grid of Vi2-B, and there-
fore at grid 7 of the pentode V8. The other control grid,
grid 1 of V8, is normally biased negative by R14 and Ri5,
and is capacitor-coupled by C15 to the plate of Vi5-B of
MV—4. At the instant when MV-4 is switched by the
first output pulse from counter C3, i. e., ten milliseconds
after the first comparison, a positive pulse is applied
through C15 to grid 1 of V8. If the comparator input
is positive, indicating proper operation, this pulse will be
inhibited by a negative voltage on grid 7 of V8, because
the plate of Vil-A in the comparator will be in its low
voltage state. If the comparator input is megative, in-
dicating an input signal whose polarity is not the one
for which the system is prepared, grid 7 of V8 will be
positive, because the plate of VI1-A will be in its high
voltage stats. The positive pulse on grid 1 will then
cause the pentode to conduct. The drop in its plate voltage
is coupled through C13, as a negative pulse upon the grid
of V7-A in the timer 114, whereby multivibrator MV-1
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is immediately switched into its re-set condition, sum-
marily starting a new reading cycle. This negative pulse
is the pulse referred to hereinabove, at which point its
origin was not explained. Since M V-2 is not affected by
the re-set it remains in the state it was in after the first
comparison pulse in the interrupted cycle. It is now
prepared for the true polarity of the voltage to be
measured.

It was indicated hereinabove that the condition of relay
K2 during re-set is used to set the integrator to the
proper starting voltage. To do this, the voltage applied
to the integrator input during re-set is picked up at contact
2 of relay K2, which voltage is either minus 25 volts (with
positive input signals) or minus 75 volts (with negative in-
put signals). This same voltage is applied through con-
tacts 1 and 2 of relay K3 to two polarity lamps NE-2,
Plus and Minus. The Plus lamp is returned to a voltage
divider, comprising R77 and R79, and the Minus lamp is
returned at the junction of RS9 and R§2.. When K2 is
in the released condition the Plus lamp glows, and when
the relay is in the operated condition the Minus lamp
glows. These lamps provide the proper indication of
signal polarity at all times except during the count.
When the count is in progress the lead to both lamps
is open circuited by contacts 1 and 2 of relay K3 to avoid
momentary reversal of the polarity indication.

It will thus be seen that the objects set forth above,
among those made apparent from the preceding descrip-
tion, are efficiently attained, and since certain changes
may be made in the above construction without departing
from the scope of the invention, it is intended that all
matter contained in the above description or shown in
the accompanying drawing shall be interpreted as illus-
trative and not in a limiting sense.

1t is also to be understood that the following claims are
intended to cover all of the generic and specific features
of the invention herein described, and all statements
of the scope of the invention which, as a matter of lan-
guage, might be said to fall therebetween.

Having described my invention, what I claim as new and
desire to secure by Letters Patent is:

1. Direct voltage measuring apparatus comprising in
combination a linear integrator operable over a range of
output voltages extending between a material positive
value and a material negative value, said integrator hav-
ing a voltage sweep characteristic decreasing in output
voltage during the sweep time, a voltage comparator
responsive to the algebraic sum of any voltages simul-
taneously impressed thereon to generate an output pulse
whenever the said algebraic sum is zero, means to im-
press upon the input circuit of the voltage comparator

‘the output of the said integrator, cycling means for the

integrator, switching means for impressing upon the in-
put circuit of the voltage comparator a voltage to be
measured thereby generating a first output pulse in the
said comparator at the instant when the integrator voltage
becomes equal in magnitude to the voltage to be measured,
and switching means actuated by said first output pulse
for initiating a time measurement and removing the
voltage to be measured from the input circuit of the
voltage comparator and substituting a zero voltage con- -
nection to the input circuit of the comparator, thereby
generating a second output pulse in the said comparator
at the instant when the integrator passes through zero
value.

2. Direct voltage measuring apparatus comprising in
combination a linear integrator operable over a range of
voltages between a material positive value and a material
negative value, said integrator having a sweep character-
istic of given algebraic sign of change of voltage as a func-
tion of time, means to generate a gate function comprising
a voltage step equal to a given voltage to be measured
plus an offset voltage to compensate for finite stepping
time, a comparator responsive to the algebraic sum of any
two voltages impressed thereon to generate an output pulse
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whenéver the said algebraic sum is zero, means to impress
upon- the input circuit of the comparator simultaneously
the* output of ‘the-said integrator-and the sdid- gate func-
tion' voltage, whereby two output pulses are generated-in
succession by said comparator with a time interval there-
between proportional to the voltage difference represented
by said gate function, and timing means prearranged to
compensate for said offset voltage, whereby the apparatus
is‘made direct-reading with respect to the’ given voltage
to be measured.

3. Direct voltage measuring apparatus comprising in
combination a linear intégrator operable over-a range of
voltages between a material positive value and a material
negative value, said integrator having an output voltage
decreasing in ‘value as a function of time, a comparator
responsive to the-algebraic sum of ‘a plurality of voltages
impressed thereon to' generate an output pulse whenever
the said algebraic sum passes through zero, first switch-
ing means to impress upon the input of the comparator as
a first impressed voltage the cutput of said integrator and
simultaneously as ‘a second impressed voltage the voltage
to'be measured and-ground reference zero voltage in 2
particular time order; second switching means for con-
trolling ‘said first switching means to determine the time
order in” which' the voltage to be measured and the
ground Teference zero voltage are impressed so that there
is-an upward voltage step from the first to the second
whereby first and second output pulses are gemerated by
the comparator, and means actuated by the said first out-
put pulse for impressing upon the input of the comparator
a positive offset voltage, whereby the occurrence of the
second ‘output pulse is delayed for a predetermined time
interval to allow the said switching means to complete
their operation.

4. Direct voltage measuring apparatus comprising in
combination a linear integrator having a sweep character-
istic of given algebraic sign of rate of voltage change as
a function of time, a comparator responsive to the alge-
braic sum of a plurality of voltages impressed thereon to
generate an output pulse whenever the said algebraic sum
passes through a predetermined particular value, first
switching means to impress upon the input of the com-
parator as a first impressed voltage the output of said in-
tegrator and at the same time as a second impressed volt-
age the voltage to be measured and a reference voltage
in a particular time order, said first and second impressed
voltages being both within the voltage limits of the sweep
characteristic, second switching means for controlling
said first switching means to determine the time order in
which the voltage to be measured and the reference voli-
age are impressed so that the voltage step from the first
to the second is of opposite sense to the time rate of
change said sweep characteristic, whereby first and second
output pulses are generated by the comparator, and means
actuated by the said first output pulse for impressing upon
the input of the comparator an offset voltage of such polar-
ity as to delay the occurrence of the said second output
pulse, whereby a time interval is provided within which
the said switching means may complete their operation.

5. In a direct voltage measuring apparatus the combina-
tion of a linear infegrator having a sweep characteristic
covering a range of voltages between a material positive
value and a material negative value, a comparator respon-
sive to the algebraic sum of a plurality of voltages im-
pressed thereon to generate an output pulse whenever the
said algebraic sum passes through a predstermined par-
ticular value, means to impress the integrator output upon
the comparator input, means to restore the integrator to a
starting condition, switching means independent of said
restoring means to impress upon the input of the compara-
tor the voltage to be measured and a reference voltage in
a particular time order, means responsive to the polarity
of the voltage output of the integrator, said latter means
being in controlling relationship to said restoring means,
and means to actuate said polarity responsive means upon
the occurrence of the first comparator output pulse to re-
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store the apparatus with the exception of the said-in-
dependent switching means to the starting condition: in
response to one particular polarity of the integrator output
voltage as distinguished from the opposite polarity thereof,
said independent switching means thereby remaining in
the same condition before and after the said first compara-
tor output pulse for the said particular polarity of the in-
tegrator output vcltage, whereby the said independent
switching means is conditioned to impress the voltage to
be measured and the reference voltage upon the compara-
tor input in the correct time order appropriate to the true
polarity of the voltage to be measured.

6. In a direct voltage measuring apparatus the com-
bination of a linear integrator having a sweep character-
istic of given algebraic sign of rate of voltage change-as a
function of time, a comparator responsive to the alge-
braic sum of a plurality of voltages impressed thereon
to generate an output pulse whenever the said algebraic
sum passes through a predetermined particular value,
means producing an auxiliary pulse at a predetermined
time interval after the occurrence of a comparator output
pulse, a logical “and” gate circuit having two input ter-
minals, means producing a potential indicative of the
polarity of the voltage to be measured, circuit means sup-
plying said pelarity indicative potential to one input ter-
minal of said gate circuit, circuit means supplying said
auxiliary pulse to the other input terminal of said gate
circuit, said gate circuit being cperative only upon coin-
cidence of the auxiliary pulse and a potential indicative of
one particular polarity of the voltage to be measured as
distingnished from the opposite polarity, and means ac-
tuated by operation of said circuit to restore the appara-
tus to a starting condition, whereby a voltage measure-
ment is interrupted if the system is not prepared for the
particular signal voltage to be measured that is impressed
thereon,

7. In a direct voltage measuring apparatus, the com-
bination of a linear integrator having a sweep character-
istic of given algebraic sign of rate of voltage change as
a function of time, a comparatcr responsive to the alge-
braic sum of a plurality of voltages impressed thereon to
generate an output pulse whenever the said algebraic sum
passes through a predetermined particular value, means to
impress the cutput of the integrator upon said compara-
tor together with a voltage to be measured, a source of
clock pulses, means for counting said clock pulses, said
counting means being controiled by a comparator output
pulse to start a count, means to cancel a predetermined
initial number of counts, said last mentioned means com-
prising a logical “and” gate circuit having two input ter-
minals, said gate circuit being operative only upon coin-
cidence of poientials of like polarity upon its respective
input terminals to transmit a counting pulse, an auxiliary
switch actuated by said comparater output pulse to im-
press a voltage of given polarity upon one input terminal
of said gate circuit, means to impress upon the other input
terminal of the gate circuit a counting pulse of opposite
polarity to the voltage impressed by the said auxiliary
switch at the end cf said predetermined initial number of
counts, and delayed action means applying said counting
pulse additicnally to said auxiliary switch to cause the
latter to reverse the polarity of the voltage impressed there-
by upon the said gate circuit, whereby subsequent count-
ing pulses may be transmitted through said gate circuit.

8. In a direct voltage measuring apparatus, the com-
binaticn of a linear integrator having a sweep character-
istic of given algebraic sign of rate of voltage change as
a function of time, a comparator responsive to the alge-
braic sum of a plurality of voltages impressed thereon to
generate an output pulse whenever the said algebraic sum
Dasses through a predetermined particular value, means to
impress the output of the integrator upon said comparator
together with a voltage to be measured, a source of clock
pulses, means for connting said clock pulses, said counting
means being controlled by comparator output pulses to
start and stop a count, a pulse clipper for making com-
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parator output pulses ineffective to stop said counting
means, an auxiliary switch activated by a comparator out-
put pulse at the start of a count to connect said pulse
clipper to the output of the comparator, means generat-
ing an auxiliary pulse at a predetermined time interval
after the start of the count, and means actuated by said
auxiliary pulse to operate the auxiliary switch to discon-
nect the said pulse clipper, whereby comparator output
pulses occurring during said predetermined time interval
are ineffective to stop the count.

9. In a direct voltage measuring system, a frequency
stable pulse source, an electronic pulse counter, a linear
electronic integrator, cycling means operable to force
the output potential of said integrator to a predetermined
starting potential and then to connect a source of a first
reference potential to the input circuit of said integrator,
voltage comparator means having a first input cireunit con-
nected to the output circuit of said integrator and a second
input circuit, said comparator being operable to produce
an output pulse substantialiy upon cccurrence of equal
but opposite potentials being applied to its input circuits,
switch means cennecting said second input circuit to a
point at a second reference potential, gating means respon-
sive to said output pulse to connect said pulse source to
said counter and to connect said second input circuit to
a test potential input terminal, said gating means also be-
ing responsive to a second output pulse cccurring upon
equality in magnitude of said integrator output potential
and said test potential to disconnect said pulse source from
said counter, and means responsive to the polarity of said
test input potential for selecting the value of said pre-
determined first reference potential.

10. Direct voltage measuring apparatus comprising in
combination a linear integrator operable over a range
of output voltages extending between a material positive
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value and a material negative value, said integrator having
a voltage sweep characteristic decreasing its output volt-
age during the time sweep, a voltage comparator, means
to impress upon the input circuit of the comparator the
output of the said integrator, means to impress upon the
input circuit of the voltage comparator in succession the
voltage to be measured and a zero reference voltage, and
means to reverse the order in which said voltage to be
measured and said zero reference voltage are impressed
upon said comparator input circuit, whereby the voltage
to be measured may be of either polarity irrespective of
whether the integrator sweep characteristic is increasing
or decreasing.

11. Direct voltage measuring apparatus comprising in

- combination a linear integrator, cycling means operable

to force the output voltage of said integrator to a pre-
determined value and to connect a reference voltage to the
input circuit of said integrator, comparator means oper-
able to compare the output voltage of said integrator with
a second reference voltage and to produce an output pulse
upon equality of said voltages, gating means, switching
means responsive to said output pulse to switch said com-
parator reference input voltage from said second reference
voltage to the voltage to be measured and to close said
gating means, and further switching means responsive to
a second ouiput pulse from said comparator at equality of
sajd comparator input voltages to open said gating means.
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