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(57) A precision measuring instrument,
e.g. for low d.c. potentials has a low
noise amplifier (4) and an A/D convertor

(5) arranged to provide a digital output
which is stored by a microcomputer (6},

REFERENCE

a stable reference potential source (1)
and an inductive voltage divider (3)
having one or more output taps
corresponding to one or more
accurately predetermined fractions of
the reference potential, the
microcomputer (1) controlling switches
and being programmed to effect an
automatic calibration and
measurement cycle which includes
momentary connection of the reference
potential to the inductive voltage
divider (3) to provide at the taps voltage
pulses which are predetermined

oM

sub-multiples of the reference potential INPUT
and which are applied to the amplifier
{4) to provide calibration values which
are stored in the microcomputer (6),
and which further includes the
momentary connection of a potential to
be measured to the amplifier (4} to
provide a measurement value in the
microcomputer (6) from which an
output reading can be computed by
reference to the calibration values.
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The drawing(s) originally filed was (were) informal and the print here reproduced is taken from a later filed formal copy.
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SPECIFICATION
Method and apparatus for voltage measurement

This invention relates to the measurement of volt-
ages.

The object of the invention is to provide a high
precision system for measuring voltages. In partic-
ular, but without being so limited, the invention
seeks to provide a system capable of measuring
low d.c. potentials in the microvolt range with an
accuracy of 1 part per 10 million or better, so that
with for example an input voltage of 100 uV, the
resolution approaches 10 picovolts.

Although voltmeters with an accuracy of 1 part
per million can be constructed using modern ana-
logue to digital conversion techniques coupled
with automatic calibration, the components used in
such instruments limit the accuracy obtainable in
practice, so that, even using modern digital filter-
ing techniques, the best resolution obtainable with
reliability is of the order of a few tens of nanovolts.
Thermal drift of the calibrated zero of the measur-
ing equipment, and hence of the reference against
which the measurement is made, also give rise to
probiems in measuring very low voltage levels.

The problems referred to above are exacerbated
when both high accuracy and high resolution are
required in a low level d.c. voltmeter.

The present invention avoids the problems asso-
ciated with existing low level d.c. voltmeters by
utilising a measurement and calibration technique
which requires only short term stability of the criti-
cal components in the measuring circuit, that is to
say, high stability over, for example, a period of
the order of a few hundreds of milliseconds.

According to the present invention in one aspect
there is provided a method of measuring voltages
in which a measuring system is calibrated by ap-
plying to an input thereof a calibration voltage de-
rived from a voltage divider coupled to a reference
voltage source. By dividing the reference voltage
down to a lower calibration voltage and using this
to calibrate the measuring system, the effect of in-
accuracies in the measuring system, due, say, to
temperature variation and ageing can be largely
overcome. The accuracy of the method is mainly
dependent on the accuracy of the reference source
and the voltage divider. Preferably, the divider is
an inductive divider and the reference source is
pulsed so that, for example, a single reference
voltage pulse is applied to the divider, which may
be an auto-transformer, to provide an accurate
stepped down voltage pulse which is applied to
the input of the measuring system. In a preferred
form the measuring system is able to produce and
store a calibration value which can be used in the
measurement of an unknown input voltage applied
to the said input. With a short time interval sepa-
rating the respective applications of the unknown
voltage and the calibration voltage to the measur-
ing system, only very short term variations in the
measuring system can affect the accuracy of the
reading, which means in practice that the main
components determining the accuracy of the
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method are the source of the reference voltage
pulse and the inductive divider,

The measuring system preferably comprises a
low noise amplifier coupled to an analogue to digi-
tal converter to provide a digital output. A suitable
ultra low level voltage amplifier is described in the
Applicants’ British Patent Application No. 2 118
391A. The digitised output is preferably stored in a
microcomputer which also stores one or more cali-
brated values.

In the preferred method the microcomputer con-
trols an automatic switching sequence which in-
cludes momentary connection of the reference
potential to the inductive voltage divider to effect
an automatic calibration before effecting a momen-
tary connection of the potential to be measured to
the amplifier.

The invention also provides, in another aspect,
precision voltage measuring apparatus including
calibration means having a reference voltage gen-
erator coupled to a voltage divider, and a measur-
ing system having an input connectible to a tap of
the voltage divider to receive a calibration voltage
from the latter. Preferably, the divider is an induc-
tive divider, and the reference voltage generator
comprises a d.c. reference potential source and a
first switching device operable to couple the refer-
ence source momentarily to the voltage divider to
pulsed calibration voltage. The apparatus also pref-
erably includes a second switching device for con-
necting the said input of the measuring system
alternatively to the voltage divider tap or to a
measuring input.

The measuring system advantageously has the
low noise amplifier, analogue to digital converter,
and microcomputer referred to above, the micro-
computer controlling the switching devices and
being programmed to effect an automatic calibra-
tion and measurement cycle which includes mo-
mentary connection of the reference potential to
the inductive voltage divider to provide at the said
tap or one of several taps a voltage pulse which is
a predetermined fraction of the reference potential
and which is applied to the amplifier to provide a
calibration value which is stored in the microcom-
puter, and which further includes a momentary
connection of a potential to be measured to the
calibrated amplifier.

The invention will now be described, by way of
example only, with reference to the accompanying
purely diagrammatic drawings, in which:

Figure 1 is a block schematic diagram of a preci-
sion measuring system for low level d.c. potentials,
according to one embodiment of the invention,
and

Figure 2 is a graphical representation of a typical
calibration of the measuring system associated
with the apparatus shown in Figure 1.

The measuring apparatus illustrated in Figure 1
includes a stable reference potential source 1,
which may, for example, be a bank of certified ze-
ner diodes contained in a reference oven of a pre-
determined temperature, or a certified standard
cell contained within or connected externally to the
instrument. The reference source 1 is connected
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through a reference amplifier to a calibration
switch S3A. The reference amplifier 2 has a very
high input impedance, a low input offset current, a
low output impedance and a gain of unity.

The calibration switch S3A, which is normally
open, is connected to an inductive voltage divider
3 which consists of an accurately wound induct-
ance provided at predetermined turn intervals with
a series of taps each of which is associated with a
normally open selectively operable calibration
switch. The divider is linear in the sense that the
output voltage from each tap is a linear function of
the input voltage. For such taps associated calibra-
tion switches $3B, S3C, S3D, and S3E are provided
as shown in the illustrated example. The induct-
ance of the divider 3 is sufficiently high not to sig-
nificantly load the output of the reference
amplifier, but also sufficiently low that the resist-
ances of the connections to the taps are not signifi-
cant.

The output taps of the inductive voltage divider 3
are connected through the respective calibration
switches S3B-S3E to one input A of a very low
noise input amplifier 4, the other input B of which
is normally earthed. The input amplifier 4 has a
high input impedance, a low offset current, and
low drift.

Two further calibration switches are associated
with the input amplifier 4: a calibration switch S1
is connected in series with a resistor across the
two inputs A, B of the amplifier 4, and a second
calibration switch S2 is connected directly across
the two inputs A and B, the two switches S1, S2,
like the calibration switches S3, being normally
open.

Two input terminals C, D for the potential to be
measured are connected to the inputs A, B, respec-
tively of the input amplifier 4, a normally open
switch S4 being interposed between the input ter-
minal C and the amplifier input A.

The output of the amplifier 4 is connected
through a high-resolution analogue to digital con-
verter 5 with short term stability to a central micro-
computer 6. The microcomputer 6 is connected to
an output and readout stage 7.

The central microcomputer 6, as well as storing
the outputs of the amplifier 4, also controls the op-
eration of the switches S1-S4 in a programmed se-
quence of calibration and measurement.

A full calibration cycle of the measuring system
is effected automatically at infrequent intervals, for
example every 20 seconds. The automatic switch-
ing sequence for calibration and measurement is
as follows:-

{i) switch S1 is closed and the computer 6 then au-
tomatically adjusts the input current zero of the
amplifier 4, following which swich S1 is automati-
cally reopened;

(i) switch S2 is closed, effectively short circuiting
the two inputs A and B of the amplifier 4, the com-
puter 6 automatically adjusts the input voltage zero
of the amplifier 4, following which switch S2 is re-
opened;

(iii) the switches S3 are closed selectively, that is,
switch S3A and one of the switches S3B-S3E are
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closed momentarily, for example for a period of a
few hundreds of milliseconds. The effect of the
brief closure of the switch S3A is to apply a volt-
age pulse to the inductive voltage divider 3 from
the reference source 1, this voltage pulse being
subdivided accurately into predetermined submul-
tiples at each of the taps of the voltage divider 3
and, according to which of the switches S3B-S3E is
closed, the submultiple reference voltage, for ex-
ample 30% or 60% of the applied source voltage, is
applied as a pulse to the input A of the input am-
plifier 4, switches S1, S2 and S4 being open. The
resultant reading at the output 7 of the instrument
is stored against the submuitiple reference voltage
and a further calibration is then effected with the
other switches S3B-S3E closed in turn, to establish
a sequence of calibration values, stored in the
computer 6, giving accurate correlations between
the readings at the output 7 and the voltages at the
amplifier input A. The actual calibration curve pro-
duced by the sequence of calibration measure-
ments may be as shown in Figure 2, where the
straight line indicates the ideal relationship be-
tween the readout at the output 7, represented on
the ordinate, and the input voltage of the amplifier
4, represented on the abscissa. For each calibration
measurement a correction is computed between
this ideal straight line calibration and the actual
calibration curve, represented by X in Figure 2.
After the calibration sequence the switches S3 will
remain open, and the microcomputer 6 will have
stored a sequence of calibration readings corre-
sponding, in effect, to the calibration curve X
shown in Figure 2.

(iv) switch S4 is finally closed momentarily and the
applied voltage to be measured is then compared
in the computer 6 with the stored calibration, pro-
ducing a readout at the output 7 which will be an
accurate measurement of the applied input volt-
age, to a high degree of resolution. The gain of the
amplifier 4, and digital filtering of the applied input
voltage, will be adjusted as required.

In a typical instrument constructed to operate in
accordance with the invention as described, the to-
tal scale length of the instrument would comprise
at least 64 digits, or two million, and the lowest
range of measurement would correspond to an in-
put d.c. potential of 200 microvolts full scale.

In addition to the automatic full calibration and
linearisation of the instrument as described above
at infrequent intervals, a single calibration would
be effected, by closure of the switch S3A and one
of the tap switches S3B-S3E, before each reading,
for example corresponding to a full scale reading.

The extremely high accuracy and resolution of
the system as described derives from the fact that
measurement is made against a very stable refer-
ence voltage which is subdivided using a high pre-
cision inductive voltage divider, and this
subdivided reference voltage is utilised for a very
short period of time, e.e. 1 microsecond to 1 sec-
ond, during which it is for all practical purposes in-
variant. Moreover, the inductive voltage divider
can be made with a voltage accuracy which is very
accurate.
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While the invention is primarily intended for the
measuring of low voltages, it can be used for high
precision measurement of higher voltages of the
order of 10 to 1000 volts.

CLANVIS

1. A method of measuring low voltages, in
which a measuring system is calibrated by apply-
ing to an input thereof a calibration voltage de-
rived from a voltage divider coupled to a reference
voltage source.

2. A method according to claim 1, wherein the
divider is an inductive divider and the reference
source is pulsed.

3. A method according to claim 2, wherein a
d.c. reference voltage is applied momentarily to an
auto-transformer to produce a calibration voltage
pulse having a voltage level which is a predeter-
mined fraction of the reference voltage, and
wherein the calibration pulse is applied to the in-
put of the measuring system which produces and
stores a calibration value, following which the volt-
age to be measured is applied to the said input to
provide a measurement value which is then proc-
essed to provide an output reading dependent on
the calibration value.

4. A method according to claim 3, in which the
calibration voltage and the voltage to be measured
are converted to digital form in the measuring sys-
tem.

5. A method according to claim 4, wherein the
measuring system includes an input amplifier , an
analogue to digital converter, and a microcomputer
and wherein, under the control of the microcompu-
ter, the calibration voltage is applied to the input
amplifier for a first predetermined time interval,
the resulting digital output is stored as a calibra-
tion value, the voltage to be measured is applied
to the input amplifier for a second predetermined
time interval, the resulting digital measurement
output is stored as a measurement value, and
wherein a reading corresponding to the measure-
ment value is computed in the microcomputer by
reference to the calibration value.

8. A method according to claim 5, wherein the
inductive divider has a plurality of taps, and the
microcomputer causes a plurality of calibration
voltages from different respective taps to be ap-
plied to the input amplifier to provide a plurality of
stored calibration values.

7. A precision measuring instrument for meas-
uring low voltages, wherein the instrument in-
cludes calibration means having a reference
voltage generator coupled to a voltage divider, and
a measuring system having an input connectible to
a tap of the voltage divider to receive a calibration
voltage from the latter.

8. An instrument according to claim 7, wherein
the reference voltage generator comprises a d.c.
reference source and a first switching device oper-
able to couple the reference source momentarily to
the voltage divider, wherein the divider is an in-
ductive divider, and wherein the instrument in-
cludes a second switching device for connecting
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the input of the measuring system alternatively to
the voltage divider tap or to a measuring input.

9. An instrument according to claim 8, wherein
the measuring system comprises an amplifier cou-
pled to an analogue to digital converter which is,
in turn, coupled to a microcomputer, the micro-
computer being programmed to operate the first
and second switching devices, to store a calibra-
tion value corresponding to the calibration voltage,
and to compute an output reading from a meas-
urement value derived from a voltage applied to
the measuring input by reference to the calibration
value.

10. An instrument according to claim 9,
wherein the voltage divider has a plurality of taps,
each of which is connectible to the input of the
measuring system, and wherein the microcompu-
ter is programmed fo connect each tap succes-
sively to the measuring system input to provide a
plurality of calibration values over a predetermined
voltage range.

11. A voltage measurement method in which a
measuring system is calibrated by applying to an
input thereof a calibration voltage derived from a
transformer fed with a pulsed reference voltage.

12. Voltage measuring apparatus including cali-
bration means having a reference voltage genera-
tor coupled to a voltage divider, and a measuring
system having an input connectible to a tap of the
voltage divider to receive a calibration voltage
from the latter.

13. A method of measuring low voltages sub-
stantially as herein described with reference to the
drawings.

14. A voltage measuring instrument con-
structed and arranged substantially as herein de-
scribed and shown in the drawings.
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