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(54) Titlee CURRENT SENSOR

(57) Abstract

An instrument (10) which can sense and measure a DC current in a conductor (12) consists of two adjacent rings (14) of magnetic
material arranged to surround the conductor (12). Each ring (14) carries an energising winding connected to an AC source (18) and arranged
so the rings (14) are magnetised is opposite directions. A sensing winding (20) is arranged to respond to the sum of the magnetic fluxes
in the two rings. Any DC current in the conductor (12) causes a voltage to be induced in the winding (20). This instrument (10) is not
affected by the earth’s magnetic field, and can measure currents less than 10 mA, so it is suitable for monitoring the current flowing in a
track circuit.
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Current Sensor

This invention relates to a non-contact method of,
and instrument for, sensing and measuring a current,
particularly but not exclusively a current which may be
less than 1 A.

The instrument may be used, for example, to measure
and monitor the current flowing in a track circuit. A
track circuit detects the presence of a train in a
section of track by applying a low DC voltage between the
rails, and detecting the change in the resistance between
the rails due to the presence of a train as the wheels
and axles provide electrical connection between the
rails. The DC electrical current which flows in the
track circuit when a train is present is typically less
than 1 A, and may be in the range 1 mA - 100 mA, and
measuring such currents in a non-contact fashion (and so
without modifying the track circuit) is difficult because
the magnetic field of such a small DC current is
significantly less than the earth's magnetic field.‘

According to the present invention there is provided
an instrument for sensing and measuring a current in a
conductor, the instrument comprising two rings of
magnetic material arranged to surround the conductor,
each ring carrying an energising winding, the energising
windings being arranged to carry an alternating current
and arranged to magnetise the rings with the same
magnetising force (H) but in opposite directions, and a
sensing winding connected to a current indicator, the
sensing winding being arranged to respond to the sum of
the magnetic fluxes in the two rings, wherein the
magnitude of the alternating current supplied to the
energising windings is sufficiently large to ensure that
the magnetic flux density (B) in each of the rings varies
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in a non-linear manner with the instantaneous value of
the alternating current, and that the frequency of the
alternating current supplied to the energising windings
is at least twice that of any alternating current to be

measured in the conductor.

The earth's magnetic field, considered over a small
region, is essentially a plane field inclined at the
angle of dip below the horizontal (e.g. 67° in southern
England), whereas the magnetic field due to the current
in the conductor is a circular field around the
conductor. Although the earth's magnetic field will be
distorted by the presence of the railway track and any
trains, this geometrical distinction can still be used to
distinguish between the two sources of magnetic field.
The two rings of magnetic material are therefore
desirably close enough together that the earth's magnetic
field is substantially the same for each ring. In the
preferred arrangement the rings are coaxial and next to
each other, separated only by the thickness of the

electrical windings and insulation.

The magnetic material forming the rings ensures that
the relationship between electric current and magnetic
flux density (B) is non-linear. The material desirably
has a high magnetic permeability, as this enhances the
sensitivity of the instrument. The benefits of high
permeability would be significantly reduced if there were
any air gaps in the magnetic circuit, so preferably each
ring is a continuous ring, and may be of laminated form
wound from a continuous tape. Alternatively each ring
may comprise part rings (e.g. two C-shaped half rings)
which can be assembled around the conductor; in this case
the mating faces of the part rings are desirably machined
smooth so when assembled there is no significant air gap.

Ideally the magnetic material would have an almost
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rectangular hysteresis (B/H) graph, which exhibits sudden
magnetic saturation and has a high magnetic remanence,

but practical materials can only approximate to this.

The instrument is capable of measuring DC currents,
and AC currents of low frequency (ideally up to half the
frequency of the alternating current source). It may be
used to detect currents flowing in an electric cable, in
which case the rings must be large enough for the cable
to pass through them, and might for example be of 20 mm
internal diameter. Alternatively it may be used to
detect the track circuit current flowing through an axle
of a train, in which case each ring must be large enough
to surround the axle, and be of say 200 mm internal

diameter.

The alternating emf connected to the energising
windings might be sinusoidal, or more preferably square
wave. The frequency is preferably sufficiently low that
each ring is driven from saturation in one direction to
saturation in the reverse direction in each cycle, and so
is usually less than 10 kHz, more preferably less than
1000 Hz, but preferably at least 100 Hz. Reaching
saturation has the advantage that the end points of the
magnetic cycle are well-defined. If the rings were
identical, and no current were flowing in the conductor,
then there would be no signal supplied to the current
indicator. Current flowing in the conductor will augment
the magnetic flux in one ring while decreasing the flux
in the other ring, and because of the non-linear
characteristics of the rings there will then be a signal
supplied to the current indicator. If the magnetic
material in the rings had an ideal rectangular hysteresis
curve one would expect a pulse output as one ring reaches
saturation slightly before the other. 1In practice the

output signals supplied to the current indicator are more
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complex, but nevertheless can be related to the current

in the conductor.

In a second aspect, the invention provides a method
of sensing and measuring a current in a conductor, using

such an instrument.

The invention will now be further and more
particularly described, by way of example only, and with
reference to the accompanying drawings in which:

Figure 1 shows a diagrammatic view of an instrument
for measuring the current in a conductor, partly showing

the instrument in perspective;

Figure 2 shows an electrical circuit diagram for the

instrument of figure 1;

Figures 3a and 3b show graphically the output
voltage signals, plotted against time, obtained with the
instrument of figure 1 at different values of current in

the conductor;

Figure 4 shows graphically the variation in output

signal with current for an instrument as in figure 1; and

Figure 5 shows graphically the variation in output
signal with current for an instrument as in Figure 1,

after integration of the voltage signal.

Referring to figures 1 and 2, an instrument 10 for
sensing and monitoring DC currents in a cable 12 of
external diameter 15 mm comprises two rings 14 each of
internal diameter 20 mm, through which the cable 12
passes. The rings 14 are substantially identical, and

each is wound from a 0.05 mm thick tape of mumetal, so it
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is of laminated form (mumetal is an alloy of approximate
composition Fe 18%, Ni 75%, Cu 5%, and Cr 2%). Onto each
ring 14 is wound a respective toroidal energising coil 16
(only one turn being shown in figure 1), of insulated
wire, the coils 16 being connected in series with each
other and connected to a source 18 of AC energising
current. The coils 16 are arranged so the magnetising
forces (H) in the rings 14 due to the energising current
are equal, but are in opposite directions. Although
shown spaced apart in the figures, the rings 14 are
placed next to each other, separated only by the windings
16. A sensing winding 20 is then overwound around both
rings 14 together (only one turn is shown in figure 1).
The magnetic flux enclosed by the winding 20 is
consequently the sum of the magnetic fluxes in the two
rings 14, and any changes in that sum will generate a
voltage in the winding 20. It will be appreciated that
this is equivalent to winding separate sensing coils 20
around each ring 14 and then connecting these coils in
series, as shown in the circuit diagram of figure 2. The
sensing winding 20 is connected to a current indicator
22.

In use of the instrument 10, the source 18 provides
a square wave alternating voltage to the energising coils
16, which in this case is at a frequency of 750 Hz. The
instrument is effectively an AC bridge network, and an
output signal from the sensing winding 20 only occurs if
there is a difference between the magnetic fluxes in the
two rings 14. This happens if there is a current in the
conductor 12, as this increases the flux in one ring 14
and decreases the flux in the other ring 14. Because of
the non-linear characteristics of the magnetic material,
the increase and the decrease will not be the same, and
so there will be a voltage induced in the sensing winding
20. This frequency of AC current is such that each ring
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14 is driven to saturation on each half cycle, using a
peak current of 100 mA. (AS excitation frequency is
increased, the time available for saturating the magnetic
material decreases, and therefore energy would have to be
introduced at a greater rate. For a given number of
turns in the energising windings 16, this may be achieved
by adjusting the drive current, but there is no benefit
in increasing the power consumption. Other
considerations involved in selecting this frequency are
that, in principle, one measurement of the current in the
conductor 12 may be made per cycle; for accuracy it is
preferable to average over a number of cycles. To enable
measurements of currents in the conductor 12 up to say 10
Hz, the excitation freguency must therefore be at least
20 Hz and is preferably at least 40 Hz. To avoid
potential interference from other electrical appliances
it is desirable to select a frequency which is a multiple

of mains frequency, i.e. 50 Hz in Europe.)

The voltage induced in the sensing winding 20 may be
detected in a variety of ways, and be related to the
current in the conductor 12. Referring now to figures 3a
and 3b, these show graphically the variation of the
induced voltage V with time t (through a cycle of the
square wave energising voltage), for different values of
electric current I in the conductor 12, as observed with
the instrument 10 described above. Figure 3a shows the
results obtained using positive values of current I, and
figure 3b shows the results obtained with negative values
of current I, being shown separately only for clarity.

It will be observed that the induced voltage V varies in
a complex fashion through each cycle, but that the graphs
obtained with different values of current can be clearly
distinguished; in figure 3a the differences are most
marked on the right hand side of the graph, whereas in
figure 3b the differences are most marked on the left
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hand side. The detailed shape of these graphs depends on
the shape of the hysteresis curve for the material of
the rings 14, and may also differ for rings of different

dimensions.

A modified current sensing instrument has been made,
differing from that described above in that the rings 14
of mumetal tape were wound onto plastic formers of
internal diameter 200 mm, this being large enough that an
axle can pass through the rings 14. The energising coils
16 and the sensor coils 20 were wound as described above.
The energising coils 16 were supplied with a 750 Hz
square wave, with a peak energising current of 100 mA.
The current indicator 22 in this case comprised a time
gate, a filter and an output amplifier connected to a
voltmeter. The time gate in this case was synchronized
with the energising signal, and arranged to select only
the voltage signal at a well defined point in the cycle;
the resulting signal was filtered to remove the 750 Hz
switching fregquency; and the resulting DC signal was
amplified (by x10) to obtain convenient readings on a
digital voltmeter. Referring now to figure 4, there are
shown graphically the readings on the digital voltmeter
for a range of different values of current flowing in a
conductor 12 passing through the rings 14. It will be
observed that in this particular case there is a
generally linear relationship between the output voltage

and the current over this range of currents.

An alternative and preferable way of determining the
current I from the measurements of induced voltage V
involves integrating the induced voltage V over parts of
the cycle, as this provides an output which is less
sensitive to any timing errors. The preferred approach
is to carry out this integration through the first and

third quarters of each cycle. This may be performed
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using analogue electronics in the current indicator 22 of
Figure 1, with a solid state switch to control the times
for which the voltage sighal is supplied to the
integrator, and a sample-and-hold circuit to output the
result of the integration at the end of each cycle. This
signal processing generates an output signal which, as
shown in Figure 5 to which reference is now made, varies
monotonically with the current I, and is linear over a

wide range of currents I.

Referring again to Figure 1, the instrument 10 can
be further improved by providing a feedback winding 30
driven by the output from the current indicator 22, the
magnetic field of the current in the feedback winding 30
opposing the field of the current in the cable 12. The
feedback winding 30 may have many turns, SO the feedback
current at balance may be many times less than the
current in the cable 12. The variation with time of the
flux in the rings 14 is thereby maintained near the zero-
current condition, which has the beneficial effect of
making operation of the instrument 10 substantially
independent of the magnetic circuit characteristics.
Furthermore the range of currents which can be measured
is increased, being limited only by the capability of
supplying a balancing current to the feedback winding 30.
The sensitivity of the instrument 10 with feedback is
dominated by the characteristics of the feedback, and is
therefore much less dependent on the magnetic
characteristics of the rings 14. With such a feedback
system, the current in the feedback winding 30 provides a

measure of the current in the cable 12.

Tt should be appreciated that, in principle,
feedback may be provided in this way in any instrument 10
in which the output voltage V (as shown in Figures 3a and
b) has first been processed to provide a single-value
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output signal corresponding to a particular value of
current I in the cable 12. The preferred instrument 10,
as described above, integrates the induced voltage over
the first and third quarters of each cycle, and also
includes the feedback winding 30. Incorporation of an
integrating mechanism with feedback in this way
essentially makes the instrument 10 self-zeroing. With a
square wave energising frequency of 750 Hz supplied to
the coils 16, the instrument 10 can measure both the DC
current in the cable 12, and any variations in that

current, up to a frequency of about 200 Hz.

It will also be appreciated that the voltage signals
may be analyzed in a variety of different ways in
addition to those described above, and in particular they
might instead be analyzed digitally.
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Claims

1. An instrument for sensing and measuring a current in
a conductor (12), the instrument (10) comprising two
rings (14) of magnetic material arranged to surround the
conductor (12), each ring (14) carrylng an energising
winding (16), the energising windings (16) being arranged
to carry an alternating current (18) and arranged to
magnetise the rings (14) with the same magnetising force
but in opposite directions, and a sensing winding (20)
connected to a current indicator (225 the sensing winding
(20) being arranged to respond to the sum of the magnetic
fluxes in the two rings (14), characterized in that the
magnitude of the alternating current supplied to the
energising windings (16) is sufficiently large to ensure
that the magnetic flux density in each of the rings (14)
varies in a non-linear manner with the instantaneous
value of the alternating current, and that the freguency
of the alternating current supplied to the energising
windings (16) is at least twice that of any alternating

current to be measured in the conductor (12).

2. An instrument as claimed in claim 1 wherein the
rings (14) are coaxial and next to each other, separated
only by the thickness of the electrical windings (16, 20)

and insulation.

3. An instrument as claimed in claim 1 or claim 2
wherein the source (18) of the alternating current
supplied to the energising windings (16) has a square

wave variation of emf with time.

4. An instrument as claimed in any one of the preceding
claims wherein the magnitude of the alternating current
supplied to the energising windings (16) is sufficiently

large that each ring (14) is driven from saturation in
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-11-

one direction to saturation in the reverse direction in

each cycle of the alternating current.

5. An instrument as claimed in any one of the preceding
claims wherein the alternating current supplied to the
energising windings (16) is of a frequency in the range
100 Hz to 1000 Hz.

6. An instrument as claimed in any one of the preceding
claims also including a feedback winding (30) and means
to generate a current in the feedback winding, arranged
so that the magnetic field due to the current in the
feedback winding (30) has the opposite effect to the
magnetic field of the current in the conductor (12), the
feedback current being such that the current indicator
(22) is maintained close to the state corresponding to
zero current in the conductor (12).

7. A method for sensing and measuring a current in a
conductor (12), the method comprising installing two
rings (14) of magnetic material around the conductor
(12), each ring (14) carrying an energising winding (16),
the energising windings being arranged to carry an
alternating current (18), and arranged to magnetise the
rings (14) with the same magnetising force but in
opposite directions, and a sensing winding (20) connected
to a current indicator (22), the sensing winding (20)
being arranged to respond to the sum of the magnetic
fluxes in the two rings (14), the method being
characterized in that the magnitude of the alternating
current supplied to the energising windings (16) is
sufficiently large to ensure that the magnetic flux
density in each of the rings (14) varies in a non-linear
manner with the instantaneous value of the alternating
current, and that the frequency of the alternating

current supplied to the energising windings (16) is at
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least twice that of any alternating current to be

measured in the conductor (12).

8. A method as claimed in claim 7 wherein the rings (14)
also include a feedback winding (30) connected to means
to generate a current in the feedback winding, and
arranged so that the magnetic field due to the current in
the feedback winding (30) has the opposite effect to the
magnetic field of the current in the conductor (12), and
the method includes maintaining the feedback current such
that the current indicator (22) is maintained close to
the state corresponding to zero current in the conductor
(12).

9. A method as claimed in claim 7 or claim 8 wherein
the current indicator (22) provides an output signal
corresponding to the values of the voltage induced in the
sensing windings (20) integrated over a predetermined
part of each successive cycle of the alternating current

supplied to the energising windings (16).

10. A method as claimed in claim 9 wherein the output
signal corresponds to the said values integrated over the

first and third quarters of each successive cycle.
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