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within a power distribution network, comprises a switch element (12) openable and closeable to selectively permit the flow of cur-
rent (I) to an item of equipment (14) being controlled in use by the digital output circuit (10). The digital output circuit (10) also in-
cludes a current acquisition circuit (24) to measure the current flowing through the switch element (12). In addition the digital output
circuit 10 includes a condition monitoring circuit (36) that is arranged in communication with the current acquisition circuit (24).
The condition monitoring circuit (34) is configured to record the measured current (I) flowing through the switch element (12) as
the switch element (12) closes and thereby establish a switch element closing signature.
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IMPROVEMENTS IN OR RELATING TO
DIGITAL OUTPUT CIRCUITS

This invention relates to a digital output circuit.

In power distribution networks the control of individual items of equipment, e.g. plant items
or other loads, is handled by respective digital outputs. Each such digital output typically
takes the form of a switch element which is openable and closeable to selectively permit
the flow of current, e.g. from a power supply, to the item of equipment in order that the
item of equipment may operate.

Each switch element may be a relay contact or a so-called high-speed high-break contact
that typically consists of a relay contact arranged in parallel with an electronic switching
element, such as a semiconductor switching element in the form of transistor.

According to an aspect of the invention there is provided a digital output circuit, for
controlling an item of equipment within a power distribution network, comprising:

a switch element openable and closeable to selectively permit the flow of current
to an item of equipment being controlled in use by the digital output circuit;

a current acquisition circuit to measure the current flowing through the switch
element; and

a condition monitoring circuit arranged in communication with the current
acquisition circuit, the condition monitoring circuit being configured to record the measured
current flowing through the switch element as the switch element closes and thereby
establish a switch element closing signature.

The inclusion of a condition monitoring circuit permits the performance and any
degradation of an equipment item being controlled by the digital output circuit to be
monitored. This allows predictive maintenance to be scheduled and/or incipient faults to
be detected before correct operation of the equipment item is adversely affected.

Moreover, such condition monitoring is provided without the need for costly external
monitoring apparatus that is difficult to integrate into the rest of an overall control system.

Preferably the switch element closing signature is indicative of particular performance traits
of the equipment item being controlled and thereby permits the identification of a problem
with the equipment item.
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The ability to identify a potential problem with the equipment item being controllied solely
from the switch element closing signature is extremely beneficial as it can allow for pre-
emptive maintenance or repair to be carried out.

Optionally the condition monitoring circuit is arranged in communication additionally with
a closing signature assessment unit configured to compare the switch element closing
signature with a known reference signature and to indicate based on the comparison when
there is a particular problem with the equipment item.

Such an arrangement provides for the timely, accurate, and repeatable identification of a
problem with the equipment item being controlled.

In a preferred embodiment of the invention the closing signature assessment unit is
configured to indicate that there is a particular problem with the equipment item when the
switch element closing signature deviates to a predetermined extent from the reference
sighature.

Having the closing signature assessment unit so configured provides the option of ignoring
minor deviations from the reference signature and so helps to reduce the likelihood of there
being erroneous indications of a problem with the equipment item.

In a further preferred embodiment of the invention the condition monitoring circuit includes
a buffer to record the measured current flowing through the switch element.

The inclusion of such a buffer provides a convenient and compact way of recording
measured current samples provided by the current acquisition circuit.

The buffer may be configured to transmit recorded measured current samples to the
closing signature assessment unit.

Such an arrangement permits an assessment of any degradation of the equipment item
being controlled by the digital output circuit to be made, and thereby helps to identify
possible problems with the equipment item such as increased contact resistance,
mechanical wear, contamination and/or electrical defects.
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A user or some automated system may then make a recommendation to, e.g. schedule
maintenance of the equipment item or take the equipment item out of service for
emergency repairs.

Preferably the buffer empties when the switch element opens.

Such a buffer allows for a re-arming of the condition monitoring circuit for the next occasion
when the switch element closes, so as to again provide the desired condition monitoring
of the equipment item at that time.

In a still further preferred embodiment of the invention the current acquisition circuit
includes a current sensor.

Such a current sensor is able accurately and reliably to measure the current flowing
through the switch element.

Optionally the current acquisition circuit additionally includes a conditioning module to filter
and amplify measured current provided by the current sensor.,

The conditioning module preferably includes an analogue to digital converter to convert
the measured current into individual measured current samples.

The inclusion of such features desirably provides measured current samples that are
suitable for downstream processing.

In another preferred embodiment of the invention the current acquisition circuit includes a
secondary protection circuit configured to initiate opening of the switch element when the
measured current flowing through the switch element exceeds a specified limit.

The inclusion of a secondary protection circuit within the current acquisition circuit provides
for instant protection of both the switch element and the equipment item being controlled
by the digital output circuit, i.e. by initiating opening the switch element, in the event of, e.g.
a short circuit fault.

Date Regue/Date Received 2022-06-30
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In accordance with another aspect of the present invention, there is provided a digital
output circuit, for controlling an item of equipment within a power distribution network,
comprising: a switch element configured to open and close thereby selectively
permitting the flow of current to an item of equipment being controlled in use by the
digital output circuit; a current acquisition circuit configured to measure the current
flowing through the switch element; and a condition monitoring circuit arranged in
communication with the current acquisition circuit, wherein the condition monitoring
circuit is configured to record the measured current flowing through the switch element
as the switch element closes and, thereby establishing a switch element closing
signature, wherein the condition monitoring circuit is arranged in communication
additionally with a closing signature assessment unit configured to compare the switch
element closing signature with a known reference signature and to indicate based on
the comparison when there is a particular problem with the equipment item.

BRIEF DESCRIPTION OF THE DRAWINGS

There now follows a brief description of embodiments of the present invention, by way
of non-limiting example, with reference to the accompanying appended drawing, in
which:

Figure 1 is a schematic view of a digital output circuit according to an embodiment of
the invention.

Date Recue/Date Received 2022-11-24
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A digital output circuit according to a first embodiment of the invention is designated
generally by reference numeral 10.

The digital output circuit 10 includes a switch element 12 which is openable and closeable
to selectively permit the flow of current | to an item of equipment 14, e.g. a load 16, which
is in-use connected with and controlled by the digital output circuit 10. The digital output
circuit 10 is also connected in use with a power supply 18 that supplies the aforementioned
current | for use by the equipment item 14.

In the embodiment shown the switch element 12 is a high-speed high-break contact 20
that is made up of a conventionai relay contact 22 which is arranged in parallel with a
semiconductor switching element in the form of an Insulated Gate Bipolar Transistor (IGBT)
23. Other forms of semiconductor switching element are also possible, such as a Field
Effect Transistor (FET), as well as other types of switching element such as an
electromechanical switch. ‘

The digital output circuit 10 also includes a current acquisition circuit 24 to measure the
current | flowing through the switch element 12.

The current acquisition circuit 24 includes a current sensor 26 which, in the embodiment
shown, takes the form of an impedance 28 connected in series with the switch element 12.
Other types of current sensor 26 are possible however including, for example, isolated
sensing arrangements such as a field-effect sensor, e.g. a hall-effect sensor, or a current
transformer. Any current sensor that can handie direct current (DC) and has a wide
frequency response so as to be able to measure rapid current transients would be suitable.

Meanwhile the aforementioned isolated, or remote, sensing arrangements need not
necessarily be integrated within the digital output circuit 10 but instead may provide a
measured current I to the digital output circuit 10.

In addition to the foregoing, the current acquisition circuit 24 also includes a conditioning
module 30 to filter and amplify the measured current I, provided by the current sensor 26.

More particularly, the conditioning module 30 includes an analogue to digital converter
(ADC) 32 to convert the measured current I into individual measured current samples |s.
The ADC 32 converts and scales the measured current |, and the resolution and sample
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rate of the ADC 32 is such that there is adequate resolution, both in terms of current and
time, in the resulting measured current samples |; that are utilised by further circuits within
the digital output circuit 10.

In this regard, the digital output circuit 10 shown further includes both an optional primary
protection circuit 34 and a condition monitoring circuit 36, each of which is arranged in
communication with the current acquisition circuit 24 and, more particularly, each of which
is arranged to receive respective measured current samples Is from the current acquisition
circuit 24.

The primary protection circuit 34 is configured to establish a current tripping characteristic
that is based on the measured current I, flowing through the switch element 12. The
primary protection circuit 34 is also configured to initiate opening of the switch element 12
when the current tripping characteristic exceeds a predetermined threshold.

More particularly, the primary protection circuit 34 is configured to establish a current-
squared time-based current tripping characteristic 1°T (although other, e.g. arbitrary,
tripping characteristics are also possible) and includes the following circuit elements to
achieve this: a first buffer 38 to, in use, retain individual measured current samples |s that
are provided by the current acquisition circuit 24; and an integrator 40 to sum the current
samples I, retained in the first buffer 38 and provide an average of the current samples Is.

In the embodiment shown, the first buffer 38 is a rotating buffer 42 which is arranged so
that when a new measured current sample |s is retained therein, the oldest measured
current sample s in the buffer 42 is overwritten.

In addition, each of the measured current samples |5 is squared. This can be done either
by the ADC 32 (as is the case in the embodiment shown) or by the rotating buffer 42. The
measured current samples |s are also obtained at a fixed rate, e.g. as determined by the
sampling rate of the ADC 32, so that the average generated by the integrator 40 has a
desirable current-squared time-based characteristic which in turn establishes a similarly
endowed current tripping characteristic I°T.

The integrator 40 reads the contents of the rotating buffer 42 each time a new measured
current sample Is is retained therein and thereafter sums the individual samples to give the
integral, i.e. average, over the whole stored sequence of samples. Moreover, because the
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first buffer 38 is a rotating buffer 42 the average generated by the integrator 40 is a rolling
average, such that current tripping characteristic I1°T similarly tracks a rolling average value.

Each of the length of the first buffer 38, i.e. the length of the rotating buffer 42, and the rate
at which the first buffer 38 retains individual measured current samples |s, is adjustable.
For example, the rate at which the first buffer 38 retains individual measured current
samples |s may be adjusted by altering the sampling rate of the ADC 32.

In the foregoing manner it is possible to manipulate the current tripping characteristic 1°T
according to the desired circuit-interruption characteristics of the primary protection circuit
34. For example, a fast sample rate and a short first buffer 38 will provide for fast protection,
i.e. faster initiation of opening of the switch element 12, while a slow sample rate and a
long first buffer 38 will provide slow protection, i.e. slower initiation of opening of the switch
element 12.

The length L of the first buffer 38 preferably is given by
L=Fs*ty
where
Fs is the sample rate, e.g. of the ADC 32; and
tr is the tripping time, i.e. the amount of time needed to fully open the switch

element 12, when it is carrying a nominal trip current Inom.

The primary protection circuit 34 also includes a threshold comparator 44 to compare the
current tripping characteristic I>T with the predetermined threshold.

The predetermined threshold T may be given by
T=L"* lhom?
where
L is the length of the first buffer 38; and

Inom? i$ the square of the aforementioned nominal trip current lhom.

In addition to the above, the primary protection circuit 34 is additionally configured to
initiate closing of the switch element 12, i.e. reset the digital output circuit 10 to its normal
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operating configuration, when the current tripping characteristic 1T falls below the
predetermined threshold.

In the meantime, the condition monitoring circuit 36 is configured to record the measured
current | flowing through the switch element 12 as the switch element closes and thereby
establish a switch element closing signature, i.e. a distinctive current characteristic
indicative of particular performance traits of the equipment item 14 being controlled by the
digital output circuit 10.

More particularly, the condition monitoring circuit 36 is arranged in communication with a
closing signature assessment unit 54, which may be a processor, such as a computer or
other microprocessor, and which is in any event configured to compare the switch element
closing signature with a known reference signature, and to indicate based on the
comparison, e.g. when the switch element closing signature deviates to a predetermined
extent from the reference signature, that there is a particular problem with the equipment
item 14,

The condition monitoring circuit 36 includes a buffer, in the form of a condition buffer 46,
to record the measured current In current flowing through the switch element 12. More
particularly, the condition buffer 46 is a fast buffer which records measured current
samples Is, i.e. as provided by the current acquisition circuit 24, during the first few
milliseconds of operation of the switch element 12 following an instruction for the switch
element 12 to close.

The condition buffer 46 is also configured to transmit recorded measured current samples
I to the closing signature assessment unit 54. Such transmission of the recorded
measured current samples may, for example, take place when the condition buffer 46 is
full.

In addition, the condition buffer 46 is also configured to empty when the switch element 12
is opened again, such that the condition buffer 46 is then able to again carry out the
aforementioned condition monitoring functionality.

As well as the foregoing features mentioned above, the current acquisition circuit 24 also
includes a secondary protection circuit (not shown) which is configured to initiate opening
of the switch element 12 when the measured current I, flowing through the switch element
12 exceeds a specified limit, e.g. such as might arise in the event of a short circuit fault.
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The digital output circuit 10 shown also includes a switch control module 48 which acts
upon command signals from each of the current acquisition circuit 24 and the primary
protection circuit 34 to open or close the switch element 12, as required.

The digital output circuit 10 also includes an interface module 50 which establishes
communication between the digital output circuit 10 and a higher level controller 52, such
as a protection relay controller or a bay control computer. The interface module 50 also
sends command signals, which it receives from the higher level controller 52, to the switch
control module 48 to control opening and closing of the switch element 12 during normal
operation of the digital output circuit 10. In some embodiments of the invention the higher
level controller 52 may incorporate the aforementioned closing signature assessment unit
54,

In use the digital output circuit 10 operates as follows.

During normal operation of the digital output circuit 10 the switch control module 48 causes
selective opening and closing of the switch element 12, i.e. the relay contact 22 and IGBT
23 therein, in response to command signals provided by the interface module 50 which, in
turn, receives these from the higher level controller 52. This selective opening and closing
of the switch element 12 controls the flow of current | from the current source 18 to the
equipment item 14, and thereby controls operation of the equipment item 14.

Meanwhile the current acquisition circuit 24, and more particularly the current sensor 26
therein, i.e. the series-connected impedance 28 therein, measures the flow of current |
through the switch element 12.

If the level of measured current I, exceeds a specified limit the current acquisition circuit
24 sends a command signal to the switch control module 48 to initiate opening of the switch
element 12. This protects both the switch element 12 and the equipment item 14 being
controlled from excess current flow that might otherwise arise and cause damage to one
or both of the switch element 12 and the equipment item 14.

The measured current I, provided by the current sensor 26 is passed to the conditioning
module 30 of the current acquisition circuit 24 where it is filtered and amplified, before
being sampled by the ADC 32 to create individual measured current samples Is. The ADC
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32 additionally squares the measured current samples Is ahead of sending them to the
primary protection circuit 34.

The primary protection circuit 34 establishes a rolling current tripping characteristic 12T
based on the measured current samples ls. The primary protection circuit 34 does so by
retaining respective measured current samples |s in the first buffer 38 and using the
integrator 40 to sum the individual samples to give the integral, i.e. average, over the whole
stored sequence of samples.

The threshold comparator 44 within the primary protection circuit 34 compares the rolling
current tripping characteristic I°T with the predetermined threshold and initiates opening of
the switch element 12, via a command signal sent to the switch control module 48, when
the current tripping characteristic 1°T exceeds the predetermined threshold (which is
indicative of a fault).

In the event that the fault is transient, the primary protection circuit 34 is able to initiate
closing of the switch element 12, via a further command signal sent to the switch control
module 48, once the rolling current tripping characteristic I°T falls back below the
predetermined threshold.

In this manner the primary protection circuit 34 and associated switch element 12 provide
a circuit-interruption functionality which is able to protect both the switch element 12, and
the equipment item 14 being controlled by the digital output circuit 10, from excess current
and the likely associated damage. Moreover such circuit-interruption functionality can be
cancelled, i.e. removed, in the event that the associated fault is of a transient nature.

In the meantime, the squared measured current samples Is generated by the ADC 32 are
sent also to the condition monitoring circuit 36.

The condition buffer 46 of the condition monitoring circuit 36 begins to record a sequence
of such squared measured current samples ls when a command signal initiating closure of
the switch element 12 is generated and thereby establishes a switch element closing

signature.

This closing signature is transmitted by the condition buffer 46 to the closing signature
assessment unit 54, which may or may not form a part of the higher level controlier 52. In
any event, the closing signature assessment unit 54 compares the closing signature with
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a reference signature and identifies a problem with the operation of the equipment item 14
being controlled by the digital output circuit 10 if the closing signature deviates to a
predetermined extent from the reference signature.

When the switch element 12 opens again, the condition buffer 46 empties.
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CLAIMS

1. A digital output circuit, for controlling an item of equipment within a power
distribution network, comprising:

a switch element configured to open and close thereby selectively permitting the
flow of current to an item of equipment being controlled in use by the digital output

circuit;

a current acquisition circuit configured to measure the current flowing through
the switch element; and

a condition monitoring circuit arranged in communication with the current
acquisition circuit, wherein the condition monitoring circuit is configured to record the
measured current flowing through the switch element as the switch element closes and,
thereby establishing a switch element closing signature, wherein the condition
monitoring circuit is arranged in communication additionally with a closing signature
assessment unit configured to compare the switch element closing signature with a
known reference signature and to indicate based on the comparison when there is a
particular problem with the equipment item.

2. The digital output circuit of claim 1, wherein the switch element closing
signature is configured to indicate particular performance traits of the equipment item
being controlled, thereby permitting the identification of a problem with the equipment
item.

3. The digital output circuit of claim 1, wherein the closing signature assessment
unit is configured to indicate that there is a particular problem with the equipment item
when the switch element closing signature deviates to a predetermined extent from the
reference signature.

4. The digital output of claim 3, wherein the condition monitoring circuit comprises
a buffer to record the measured current flowing through the switch element.

5. The digital output circuit of claim 4, wherein the buffer is configured to transmit
recorded measured current samples to the closing signature assessment unit.

Date Regue/Date Received 2022-06-30
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6. The digital output circuit of claim 4, wherein the buffer empties when the switch
element opens.

7. The digital output circuit of claim 1, wherein the current acquisition circuit
comprises a current sensor.

8. The digital output circuit of claim 7, wherein the current acquisition circuit further
comprises a conditioning module to filter and amplify measured current provided by the

current sensor.

9. The digital output circuit of claim 8, wherein the conditioning module comprises
an analogue to digital converter configured to convert the measured current into
individual measured current samples.

10. The digital output circuit of claim 1, wherein the current acquisition circuit
comprises a secondary protection circuit configured to initiate the opening of the switch
element when the measured current flowing through the switch element exceeds a
specified limit.

Date Regue/Date Received 2022-06-30
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