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ABSTRACT

This report describes tests and presents results on a comparison of seven Accuracy Class 1 50 Hz
current sensors at the 500 A level for use in Smart Grid trial projects, and to support on-going
activities in Low Carbon Network Fund projects.

The measurement parameters tested are: accuracy, linearity, positional and rotational sensitivity, end
of conductor effects, overload, effect of adjacent conductors, distorted waveforms, amplitude

frequency response and temperature performance.

A summary Table is given, performance ranking the sensors for each parameter tested.
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1 INTRODUCTON

Substation fuseboards or LV boards etc. are normally equipped with one three phase set of current
transformers (CTs) on the incoming transformer connection to measure overall substation loading, but
the accuracy class of these CTs ( normally 5% at rated current but significantly worse at lower levels)
is insufficient to meet present needs in conducting “smart grid” trials.

These trials require 1% extended accuracy class measurement of 3 phase LV substation loading which
could be achieved by use of Accuracy Class 0.5S CTs. However, it is necessary to shut down the
substation to fit these CTs and a “clamp-on” or other non-invasive solution is thus required. Such
sensors are specified such that they can fit into available space within fuseboards etc., and where
applicable on accessible cable core length.

WPD and UK Power Networks agreed with Ofgem to undertake a small scale, short duration Tier 1
project under Ofgem’s Low Carbon Networks Fund (LCNF) trialling use and evaluating viability of
non-invasive current sensor technologies for the measurement of LV currents on up to 15 to 20
distribution substations. As part of this study the accuracy performance of candidate sensors was
assessed under laboratory conditions examining a range of measurement parameters that affect the
accuracy of the sensors.

This report describes the details of these accuracy tests as performed by the National Physical
Laboratory and presents results on a comparison of seven Class 1 50 Hz current sensors submitted by
manufacturers to the Tier 1 trial.

2 TEST INFORMATION

Seven sensors were submitted by manufacturers to this comparison trial. These sensors are labelled in
this report A through to G. The identity of each sensor is known only to the manufacturer of the sensor
and the parties involved in the testing.

Where applicable, the current readings from each unit were taken using customer supplied control
software. For each Sensor, results are listed in the following Tables are marked Sensor A, B, C etc.
corresponding to each manufacturer’s supplied measurement system.

Measurements were performed during May to December 2012.

The mains circuit and voltage inputs of each unit (where appropriate) were energised at 230V, 50 Hz
for approximately 24 hours prior to commencement of measurements.

A sub-station cabinet was supplied and modified to allow tests to be performed in a similar
environment to a substation. See section 4.1.2 for information. For all tests except end effects, fault
current and frequency response, L1 of each of the units was phase locked to the incoming 230 V,

50 Hz voltage signal.

Tests were performed against standard current transformers / current shunts with amplitude accuracies
of better than + 0.01 % of reading.

The reported uncertainties in the Tables are based upon a standard uncertainty multiplied by a
coverage factor of k =2, which provides a level of confidence of approximately 95%. The quoted
uncertainties apply only to the measured values and do not carry any implication as to the long-term
stability of the Measurement System under test. Uncertainty calculations for all tests take into account
repeatability and resolution of each sensor tested.
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The comparison applies only to the measurements points used. For example a sensor that appears to
best perform over the tested temperature range given in this report, will not necessarily best perform
over a wider temperature range.

The comparison does not account for the influence of one parameter on another. For example the
rotational errors for any given sensor may be different in the presence of stray fields.

The measurements were performed on a single sensor and associated electronics as supplied by the
given sensor manufacturer. It should be noted that these “type tests” are not necessarily a
representation of all the sensors of that type. Furthermore, errors reported in the following Tables
should not be used as correction factors for sensors of any given type. The measurements do not carry
any implication as to the long term stability of the sensor / measurement system.

Unless otherwise stated all measurements were performed at an ambient temperature of 20 + 1°C.
3 SENSOR INFORMATION
Unless otherwise stated only current channel 1 on each sensor system was tested.

Table A below gives the following information on the operation of the seven sensors that were
measured:

Resolution — Despite resolution being greater than = 0.001 A for some sensors, values below this level
became insignificant when relative to the calculated overall measurement uncertainties and the results

are therefore limited to 0.001 A resolution.

Rated Current — It was assumed that all sensors had a rating of at least 500 A, 50 Hz and could
measure a minimum applied current of 5 A, 50 Hz.

Aperture Size — An approximate size of the largest tubular bus bar that could be accommodated.
Flexible or Solid Sensor — Whether the sensor is of either a solid or flexible type.
Ease of connect / reconnect — A rating of 1 (easy) to 5 (difficult) was given to each style of sensor.

Easy meaning a relatively short period of time required to connect / reconnect whilst difficult meant
that additional tools e.g. a flat bladed screwdriver required to connect / reconnect.

Table A - Characteristics of Sensors
Sensor Resolution Rated Appr0x1ma'te Flexible or | Ease of connect
ID Current | Aperture Size| . ..
Solid Sensor| /reconnect
(A) A) (cm)

A +0.001 600 3 Solid 5
B +0.001 |Not Marked 50 Solid 1
C +0.1 [Not Marked 140 Flexible 1
D +0.01 |Not Marked 90 Flexible 1
E +0.001 600 3.5 Solid 2
F + 1 600 50 Solid 5
G +0.01 600 2.5 Solid 2
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4 MEASUREMENTS

4.1. ACCURACY AND LINEARITY MEASUREMENTS

4.1.1. Purpose of Measurements

The sensors are specified to have an accuracy class of 1 %. This test examines the accuracy at the
notational full range current of 500 A. Linearity is often important when using sensors such that they
can be used at fractions of their full range current. These tests also examine the performance at a
number of lower currents from 1 % of full range (5 A), upwards. The short-term stability of the
sensors is also assessed.

4.1.2. Measurement Method

Tests were carried out in a typical sub-station cabinet

that was modified to allow the installation of two solid
Y copper bars of 1 inch in diameter connected to the
internal bus bar mounts as shown in Figure 1. The
distance between the two Tufnel plates at either end
was 17 inches long and the centres of the bars being 12
cm apart. This setup allows the sensors to be measured
in a similar environment to that of a working substation.

AL
)

Only the left-hand bar was energised, the right-hand bar
providing mechanical support.

Each of the sensors were individually (one at a time)
placed on the left hand bar, positioned midway up the
vertical conductor.

The labels in Figure 1 indicate the following:
(A) — Tufnel Plates

(B) — Solid Copper Bars
(C) — Supply Input Cable

Figure 1 - Measurement Setup for Accuracy
and Linearity Measurements

Each sensor was positioned on the conductor and rotated horizontally in approximately 90° steps, the
current reading being recorded at each position with the conductor being centralised in the aperture.
From these four positions, an “average” current reading was calculated. The sensor was then
positioned on the conductor such that this “average” output reading was observed. The sensor was
then not moved for the duration of the accuracy and linearity measurements.

For these tests, a dual channel waveform synthesizer was used to provide AC sinusoidal waveforms
for current and voltage channels with a fixed and adjustable phase relationship. One synthesizer
channel was used to supply a power amplifier / 1 kA supply transformer combination to provide
current levels up to 500 A. The other synthesizer channel was used to supply a voltage amplifier to
provide a voltage level of 230 V to the voltage channel of each system.

The test was performed on each sensor at 1%, 5%, 10%, 20%, 30%, 50%, 75% and 100% of 500 A.
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Each sensor was measured over several days and the results presented in the following Tables are an
average of these results. The standard deviations of these averages are an indication of the short-term
variation/stability of the sensors. The uncertainties given in Table 1 include this standard deviation
component, or so-called Type-A uncertainty.

4.1.3. Measurement Results

Table 1 - Accuracy and Linearity Tests
Nominal Applied Current Reading
Current Sensor A|Sensor B|Sensor C|Sensor D|Sensor E|Sensor F|Sensor G
@A) (A) A) (A) @A) A) @A) @A)
5 B BT
25 24.531 | 24.984 24.7 24.63 | 24.970 24 24.88
50 49.469 | 49.953 49.1 49.05 | 49.939 49 49.76
100 99.594 | 99.889 97.8 98.05 | 99.796 99 99.52
150 149.791 | 149.821 | 146.8 147.03 | 149.687 149 149.29
250 250.483 | 249.712 | 244.8 | 244.72 | 249.489| 249 248.93
375 377.352 | 374.675| 367.0 | 366.87 | 374.213 373 373.47
500 504.436 | 499.756 | 489.6 | 488.24 | 498.893| 498 498.67
Nominal Applied Uncertainty in Current Reading
Current Sensor A|Sensor B|Sensor C|Sensor D|Sensor E|Sensor F|Sensor G
@A) (A) A) (A) @A) A) A) A)
5 B o> o0 [o0006] <2 | +oos
25 +0.021 | £0.015| +£0.2 +0.03 | £0.009 +2 +0.01
50 +0.043 | £0.029| +£0.2 +0.06 | £0.018 +2 +0.03
100 +0.086 | £0.059 ] +£0.2 +0.11 | £0.036 +2 +0.05
150 +0.129 | £0.088 | +0.2 +0.17 | £0.055 +2 +0.08
250 +0214 | £0.147] +£0.3 +0.28 | £0.091 +2 +0.13
375 +0.322 | £0220] £0.3 +0.41 | £0.137 +2 +0.19
500 +0.429 | £0.294 1 £0.5 +0.55 | £0.182 +2 +0.25

A black cell indicates no measurement performed at that current level. Due to the limited aperture size,
the measurements on Sensor G were not performed on the vertical conductor but on the supply input
cable.

The results in Table 1 above indicate the performance of each sensor across the working current range.
These results are given in amps. It can be seen that the sensors do not read exactly the nominal
applied current. The difference between the actual reading and nominal applied is defined as the
“Accuracy Error”. In an ideal situation this would be zero. Accuracy errors as a percentage of
nominal applied current are given in Table 1a.

For further information on sensor performance, the data has been analysed and plotted on graphs
together with a linear fit. Table 1b displays the departure from the linear fit both in percentage and in
amps. The linear fit was obtained using the “Data Analysis Regression” facility in Microsoft EXCEL.
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Table 1a - Error, % of Nominal Applied Current

Applied Current, A

Nominal Applied Current Reading
Current Sensor A|Sensor B|Sensor C|Sensor D| Sensor E | Sensor F | Sensor G
(A) (%) (%) (%) (%) (%) (%) (%)
5 2.251 -2.26 -0.020 -19 -1.89
25 -1.877 | -0.062 -1.2 -1.47 -0.118 -4 -0.50
50 -1.063 | -0.094 -1.9 -1.90 -0.122 -2 -0.47
100 -0.406 | -0.111 2.2 -1.95 -0.204 -1 -0.48
150 -0.139 | -0.120 2.1 -1.98 -0.209 -1 -0.47
250 0.193 -0.115 2.1 -2.11 -0.204 -1 -0.43
375 0.627 -0.087 2.1 -2.17 -0.210 0 -0.41
500 0.887 -0.049 -2.1 -2.35 -0.221 0 -0.27
Nominal Applied Uncertainty in Current Reading
Current Sensor A|Sensor B|Sensor C|Sensor D| Sensor E| Sensor F | Sensor G
(A) (%) (%) (%) (%) (%) (%) (%)
5 +1.042 +041 | £0.118 | £232 | £1.70
25 +0.086 | £0.059 | =*0.5 +0.11 | £0.036 | *+4.7 +0.05
50 +0.086 | £0.059| +0.3 +0.11 | £0.036 | +24 +0.05
100 +0.086 | £0.059 | =+0.2 +0.11 | £0.036 | +1.2 +0.05
150 +0.086 | £0.059 =+0.1 +0.11 | £0.036 | +0.8 +0.05
250 +0.08 | £0.059| =+0.1 +0.11 | £0.036 | *0.5 +0.05
375 +0.086 | £0.059 | =+0.1 +0.11 | £0.036 | +04 +0.05
500 +0.086 | £0.059 =+0.1 +0.11 | £0.036 | +0.3 +0.05
Linearity Tests, Sensor A
1.500
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Error from nominal, %
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The results in Table 1b below indicate the departure from the linear fit for each sensor both in
percentage of nominal applied current and in amps.

Table 1b - Departure from Linearity Fit
Nominal Applied Current Reading
Current Sensor A Sensor B Sensor C Sensor D Sensor E Sensor F Sensor G
A) (N HGYE RCOR RGYE ECON NGEYE BCON HGYE RCOR RGYE RCON HGEYE BCON NG
25 -0.720]-0.177] 0.040 ] 0.010| 0.6 0.1 | 0.28 | 0.07 10.033]0.008|] -2 0 0.01 | 0.00
50 -0.030]-0.015] 0.006 ] 0.003| -0.1 | -0.1 | -0.12] -0.06 | 0.033] 0.017] © 0 0.03 ] 0.01
100 0.378 1 0.377]-0.014| -0.014] -0.3 | -0.3 | -0.11 | -0.10|-0.039]-0.039] 1 1 0.00 | 0.00
150 0.398 1 0.596 | -0.025] -0.038] -0.2 | -0.3 | -0.07 | -0.10|-0.035]-0.053] 1 1 -0.02 ] -0.03
250 0.2351 0.588|-0.027]-0.067] -0.1 | -0.2 | -0.07 | -0.16 |-0.013]-0.031| 1 1 -0.01 ] -0.03
375 0.049 ] 0.186 | -0.005| -0.020] 0.0 0.0 | 0.05] 0.19 | 0.005] 0.018|] © 0 |]-0.05]-0.17
500 -0.310] -1.565] 0.025] 0.126| 0.2 0.8 1 0.03] 0.17 | 0.016] 0.080| -1 -3 0.04 ] 0.22

4.1.4. Commentary on Results

Table 1a shows that Sensors B, E and G maintained an accuracy of better than 1 % of reading down to
5 % of full scale. Sensor E gave the best performance with accuracy of around 0.2 % down to 1 % of
range.

In the case of linearity measurements from 5 % of full range, all sensors except for Sensor F were
within 1 % of reading. Sensors G and B have linearity errors less than the ability to measure, as
indicated by the uncertainties in Table 1. Only Sensor E maintains its linearity at less than 1 % error to
at least 1% of full current.

4.2. ROTATIONAL MEASUREMENTS

Non-invasive sensors work by coupling of the electric and/or magnetic field associated with the
current being measured. The strength of this coupling and therefore the reading of the sensor will
depend on the position of the sensor with respect to the current carrying conductor.

To facilitate sensor installation without interrupting the power in the substations, sensors are
manufactured with a split to enable them to be opened up to be put around a conductor then closed for
use. On a sensor that can be split or opened the region of the join or split is often particularly sensitive
to relative position.

Other factors sush as sensor aperture size and the position of the exit of the output cable from the
sensor an affect the results of non-invasive sensors.

These tests assess the sensitivity of the sensor to rotation in the horizontal plane; measurements were
made on each sensor in different positions around the busbar.

4.2.1. Measurement Method

These tests were performed in the substation cabinet as described in Section 4.1.2, Accuracy and
Linearity measurements.
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Rotational Measurements were performed at 250 A and each sensor in turn was placed on the left hand
vertical copper bus bar (see Figure 1) and rotated horizontally in approximately 90° steps, the current
reading being recorded at each position with the conductor being centralised in the aperture.

The same supply settings were used as for the accuracy and linearity measurements.

4.2.2. Measurement Results

The results in Table 2 below indicate the maximum spread in current reading when rotating the sensor
in the horizontal plane in 90° steps.

Table 2 - Rotational Measurements Around Vertical Bus Bar
Nominal Applied Current Reading Uncertainty in Average
Current Sensor ID | Maximum Spreadl Average Current Reading
A) (A) (A)
A 0.102 250.807 +0.078
B 0.075 249.989 +0.195
C 0.9 244 4 +0.2
250 D 4.76 248.52 +0.25
E 0.181 249.637 +0.039
F 1 248 +2
G 0.49 249.38 +0.13

The maximum spread in Table 2 is the difference between the lowest and highest readings taken from
the sensor whilst being rotated around the bus bar.

4.2.3. Commentary on Results

All sensors with exception of Sensor D showed rotational sensitivity less than 1% of reading. Sensors
A,C,D,E and G showed what could be described as “sensitivity to rotation” giving maximum spreads
greater than a multiple of their measurement uncertainties. By contrast, Sensors B showed no
significant rotational effect. Any rotational effects on the results of Sensor F were masked by its low
resolution.

4.3. POSITIONAL SENSITIVITY MEASUREMENTS

4.3.1. Purpose of Measurements

These tests will determine the sensitivity of the sensor of having the current carrying conductor off-
centre in the sensor aperture. This situation will often occur in practice as a sensor will often be fitted
such that gravity pulls it to a resting place on one side of a vertical conductor.

4.3.2. Measurement Method

Rotational measurements described in Section 4.2 were made with the current carrying conductor
centralised in the sensor aperture. Depending on the shape of the sensor and clearance from the
busbar, in these tests, the current carrying conductor was positioned off-centre, firstly next to the
sensor split and then opposite the sensor split.
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Positional Sensitivity Tests were performed at 250 A and each sensor in-turn was placed on the left
hand vertical copper bus bar (see Figure 1) and then where possible the sensor was moved laterally in
the horizontal plane such that the copper bus bar was next to the split and then furthest from the split.

The same supply settings were used as for the accuracy and linearity measurements.

4.3.3. Measurement Results

The results in Table 3 below indicate the maximum difference between the current readings with the
copper bus bar being next to the sensor “split” and then furthest from the sensor “split”.

Table 3 - Positional Measurements Around Vertical Bus Bar
Nominal Applied Current Reading Uncertainty in Average
Current Sensor ID| Maximum Difference | Average Current Reading
@A) (A) (A)
A
B 0.338 249.714 +0.195
C 2.9 244.9 +0.2
250 D 0.96 242.24 +0.25
E 0.039 249.475 +0.039
F 1 249 +2
¢ .

A black cell indicates no measurement performed due to the aperture size of the transducer, as the bus
bar filled the aperture this test was not possible as there was no horizontal movement.

4.3.4. Commentary on Results

All sensors with exception of Sensor C showed positional sensitivity less than 1 % of reading. Sensors
C, D and B showed what could be described as “sensitivity to position” giving maximum spreads
greater than a multiple of their measurement uncertainties. By contrast, Sensors E showed no
significant rotational effect. Any rotational effects on the results of Sensor F were masked by its low
resolution.

The observed differences seem to be related to aperture size, the smallest having the lowest positional
error. For example, the largest difference in current reading was obsevered from Sensor C which had
the biggest overall aperture.



NPL Report TQE 8

4.4. CONDUCTOR END EFFECTS.

4.4.1. Purpose of Measurements

Non-invasive sensors can be sensitive to end-of-conductor effects which occur because of the distorted
field around this part of the conductor as it changes direction. For example a sensor near a right angle
bend in a conductor will couple field on two axes, on the aperture plain and adjacent to it. These tests
will assess the sensitivity of these sensors to these end-effect errors.

4.4.2. Measurement Method

In order to assess the ‘end effect’ the sensor was moved to each end of the conductor to the point
where the conductor bends away marked P1 and P2 in Figure 2 below.

A cable was positioned between the output plates of
the high current source as shown in Figure 2.
Measurements were performed at both ends of the
cable (P1 — left hand side and P2 — right hand side)
and in the middle at 500 A.

Performing the measurements in the substation
cabinet setup used in previous tests would have been
preferred, but it was not possible to securely mount
each of the sensors at the various positions keeping
the sensors horizontal. Furthermore the aperture of
sensor G was not large enough to accept the vertical
conductor as used in the cabinet.

Measurements of conductor end effects were
performed using a standard current comparator
driven from the mains supply. The phase

Figure 2 - End Effect Setup relationship between the voltage and current was
approximately 40°.

11
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4.4.3.

Measurement Results

The results in Table 4 indicate the recorded current levels when each sensor was positioned along the
cable. The maximum spread in Table 4 shows the variation in current readings at the three positions.

Table 4 - Bus Bar End Effects

Nominal Applied Current Reading Uncertainty in Current
Current Sensor ID| P1 | Middle | P2 | Maximum Spread Reading
A) (A) A)
A 503.686] 503.667] 502.663 1.023 +0.165
B 499.0531499.946]499.376 0.893 + 0.869
C 491.1 | 490.4 | 492.2 1.9 +0.3
500 D 497.64 | 497.67 | 496.44 1.23 +0.19
E 498.691]498.685]499.025 0.340 +0.181
F 497 497 497 0 +2
G 498.91 | 499.74 | 498.30 1.44 +0.74

4.4.4. Commentary on Results

All sensors with exception of the resolution limited Sensor F showed some spread, although the
relatively low spread in Sensor B results is comparable with the measurement uncertainty and
therefore can be deemed to have no significant end-effect. Other sensors show spreads of various

multiples of the measurement uncertainty however all are less than 1 % of reading.

4.5. OVER RATED CURRENT TESTS

4.5.1.

Purpose of Measurements

The sensor could be subjected to a short duration overload current when installed in a substation. The
purpose of this test is to confirm that the sensor system still operates after being subjected to a higher
current level and to assess the performance when it is returned to normal full scale current.

4.5.2. Measurement Method
Measurements of overload current were performed using the same setup as described in Section 4.4.2.
A current of 500 A was applied both before and after each sensor was subjected to the “overload

current” to confirm that the sensor system still operated as expected.

The overload current level was 2kA for all sensors except for Sensor G where a 1 kA maximum

current was applied due to limited aperture size for conductor.

Measurements of overload current were performed using a standard current comparator driven from
the mains supply. The phase relationship between the voltage and current was approximately 40°.

12




4.5.3.

Measurement Results
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The results in Table 5 below indicate that all sensors continued to record current when subjected to an
overload current. In Table 5, ‘Pre’ indicates that 500 A was applied before the overload current and
‘Post’ indicates that 500 A was applied after the overload current was applied.

Table 5 - Over Rated Current Tests
Current Reading Uncertainty in Current
Sensor ID | 500A Pre | 2kA | 500A Post Reading
(A) (A)
A 503.474 | 1143.467 | 504.685 + 0.206
B 499.800 | 979.512 | 500.248 +0.631
C 488.8 1944.8 488.6 +0.6
D 504.55 782.91 504.78 +0.53
E 498.231 | 1696.900 | 497.594 +0.071
F 496 951 497 +2
G 500.19 1000.00 500.18 +0.46

4.5.4. Commentary on Results

With exception of Sensor C, it was noted that the systems saturated and recorded values very different
to the applied current. It was not clear whether this was due to the sensor or the measurement system
or a combination of both.

With the exception of Sensor A and E, it was noted that the difference between the ‘Pre’ and ‘Post’
readings was within the given uncertainty indicating that the overload current did not cause any
damage to the sensor or any change in the sensor gain. The changes to the readings of Sensors A and
E were greater than 0.1 %, it is not clear whether this is a short-term gain change, or whether a given
sensor gain will eventually recover to its previous value.

13
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4.6. PROXIMITY OF ADJACENT CONDUCTORS (STRAY FIELDS)

4.6.1. Purpose of Measurements

Sensors will couple electric and magnetic fields from adjacent conductors causing errors in their
reading. In a typical substation installation, the sensors will be placed on conductors adjacent to other
conductors on different phases. These tests determine the sensitivity of the sensors to a near-by
conductor energized at various phase differences to the current being measured by the sensor.

In order to determine the sensitivity of each sensor to an adjacent conductor on a different phase, the
change in reading was observed with and without an energised parallel conductor at various phase
angles with respect to the sensor current being measured.

4.6.2. Measurement Method

Each sensor was tested at a current level of 20 A in the
presence of a parallel conductor carrying 20 A, 50 Hz at
various phase displacements.

. Measurements were performed at 20 A, 50 Hz with
horizontal conductors 12 cm apart (the separation as for
tests in the sub-station cabinet) as shown in Figure 3.

A current of 20 A, 50 Hz was applied to channels 1 and
2 of each sensor measurement system in turn. The
channel 1 sensor was placed on the left hand horizontal
aa bus bar marked A in Figure 3 and the channel 2 sensor

. was placed on the right hand horizontal bus bar marked
B in Figure 3.

For these measurements, the NPL digital sampling
wattmeter (DSWM) was used. This system allows the
phase between the two channels to be varied with an
accuracy of £+ 0.002° across the full 360° range. Two
standard current transformers were used, one for each
channel, both having amplitude and phase accuracies of
better than 0.01 %, 0.001° respectively. As was the
case for the accuracy and linearity measurements (see
section 4.1.2), the 230 V mains supply voltage and
channel 1 current channel were phase locked together.

Figure 3 - Stray Fields Measurement Setup

Prior to energising the second right hand bus bar, a base line measurement was performed at 20 A on
the first bus bar. For these tests there was no current passing through the right hand bus bar. The
results for these tests are in Table 6a.

The current was then applied to the second right hand busbar and the phase was set to various angles
and current readings on Channel 1 were recorded at each setting.

The uncertainty in the applied phase as indicated in Table 6 was + 0.03°.
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4.6.3. Measurement Results

Table 6 - Phase Tests L1 & L2, 20A 50 Hz Applied

Ch 2 Applied Current Reading
Phase Sensor A Sensor B Sensor C Sensor D Sensor E Sensor F Sensor G
(®) Chl (A) Chl (A) Chl (A) Chl (A) Chl (A) Chl (A) Chl (A)
0.00 19.599 20.000 20.4 20.28 20.003 19 19.99
90.00 19.558 20.002 20.7 20.25 19.997 19 19.99
120.00 19.550 20.009 20.7 20.23 19.999 19 19.99
180.00 19.533 19.991 20.5 20.22 20.003 19 19.99
240.00 19.552 20.015 20.3 20.23 20.010 19 19.99
270.00 19.556 20.007 20.2 20.24 20.006 19 19.99
Ch2 Applied| Difference Between Each Angle Measurement and Baseline Current Measurement (Table 6a)
Phase Sensor A Sensor B Sensor C Sensor D Sensor E Sensor F Sensor G
0 Chl (A) Chl (A) Chl (A) Chl (A) Chl (A) Chl (A) Chl (A)
0.00 0.033 -0.001 0.2 0.04 0.003 0 0.00
90.00 -0.007 0.000 0.5 0.01 -0.003 0 0.00
120.00 -0.015 0.007 0.5 0.00 -0.001 0 0.00
180.00 -0.032 -0.011 0.3 -0.02 0.003 0 0.00
240.00 -0.013 0.014 0.1 -0.01 0.010 0 0.00
270.00 -0.009 0.006 0.0 0.01 0.006 0 0.00
. Uncertainty in Current Reading
Applied Phase
Sensor A Sensor B Sensor C Sensor D Sensor E Sensor F Sensor G
) (A) (A) (A) (A) (A) (A) (A)
0.00 +0.024 +0.036 +0.3 +0.02 +0.028 +2 +0.01
90.00 +0.024 +0.036 +0.3 +0.02 +0.028 +2 +0.01
120.00 +0.024 +0.036 +0.3 +0.02 +0.028 +2 +0.01
180.00 +0.024 +0.036 +0.3 +0.02 +0.028 +2 +0.01
240.00 +0.024 +0.036 +0.3 +0.02 +0.028 +2 +0.01
270.00 +0.024 + 0.036 +0.3 +0.02 +0.028 +2 + (.01
Table 6a - Results for Channel 1 only, 20A 50 Hz Applied
Sensor ID Channel 1 Current Reading | Uncertainty in Current Reading
A) @A)
A 19.565 +0.024
B 20.002 +0.036
C 20.2 +0.3
D 20.24 +0.02
E 20.000 +0.028
F 19 +2
G 19.99 + 0.01
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4.6.4. Commentary on Results

The difference between each angle sensor measurement and the baseline current measurement in
Table 6 gives an indication of the sensitivity of each sensor to adjacent conductors. Sensors B, E, F
and G have differences of less than the measurement uncertainty for all angles tested and it can be
concluded that no significant effect could be detected. Sensors A, C and D all show some changes
greater than the measurement uncertainty indicating that there is some effect. Only Sensor C shows a
change greater than 1 %.

4.7. DISTORTION WAVEFORM

4.7.1. Purpose of Measurements

In general the current waveform measured by these sensors will be distorted due to the nature of the
non-linear loads on a typical sub-station feeder. Such waveforms are composed of a fundamental

50 Hz component and a series of harmonics. The sensor should be able to measure the root -mean-
square (RMS) value of the current with the target accuracy, regardless of whether it is a single
sinewave fundamental or whether it contains high frequency harmonic components. The purpose of
these measurements is to examine the effect a distorted waveform on the current RMS readings of
each sensor.

4.7.2. Measurement Method

The sensors were placed in-turn on a horizontal bus bar. Each of the measurement systems were
subjected to waveforms, both nominally 17 A rms, 50 Hz the details of which are as follows:

(1) Waveform 1 consisted only of the fundamental (50 Hz)

(2) Waveform 2 was a complex waveform consisting of the fundamental (50 Hz) and two
harmonics (3™, 150 Hz and 5™, 250 Hz) both at a nominal amplitude level of 10 % of the
fundamental. The phase of each of the two harmonics was nominally zero with respect to the
fundamental.

The RMS value of the applied waveforms was measured using standard digital sampling equipment.

These measurements were performed at 17 A RMS rather than the full scale 500 A, due to the lack of
standard current measurement capability above 20 A peak to peak, at frequencies higher than 50 Hz.

As was the case for the accuracy and linearity measurements (see section 4.1.2), the 230 V mains
supply voltage and channel 1 current channel were phase locked together.

16
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4.7.3. Measurement Results

Table 7 - Results for channel 1, 17A rms Applied
Sensor ID | Waveform 1| Waveform 2| Difference| Uncertainty in Current Reading
Chl (A) Chl (A) (A) (A)
A 16.551 16.524 -0.027 +0.012
B 17.022 17.031 0.009 +0.032
c
D 16.96 16.94 -0.02 +0.02
E 16.984 16.948 -0.036 + 0.005
F 16 17 1 +2
G 16.96 16.92 -0.04 + (.02

Sensor C lowest recordable reading was 20 A hence no measurements were performed in Table 7.

4.7.4. Commentary on Results
Ideally each sensor should read (within the uncertainty) the same current for Waveforms 1 and 2.

In all cases the difference between the two RMS values was less than 1 % of reading. The recorded
difference for Sensors B, D and F were less than the uncertainty. Sensor E showed the biggest
difference of 0.2 % of reading.

4.8. TEMPERATURE DEPENDANCE

4.8.1. Purpose of Measurements

When the sensor measurement systems are installed in a substation, they will be subjected to the
fluctuating temperatures. The aim of these measurements is to determine whether the measurement
systems perform over an extended temperature range and report the change in readings.

4.8.2. Measurement Method

The measurement systems were placed into a temperature controlled cabinet and subjected to
temperatures of approximately 2.5°C, 21°C and 39°C. For each temperature point the units were left
in the temperature cabinet for a minimum of 24 hours prior to the measurements being performed.
The sensors were briefly removed from the temperature cabinet to be measured.

Each unit was powered up using the same AC voltage source as described in Section 4.1.2. A current
of 20 A was applied to a horizontal bus bar (as seen in Figure 3) and in turn each sensor was placed on
this bus bar. The phase between the supply AC voltage and current signals was adjusted to read

nominally 0°.

These measurements were performed at 20 A rather than the full scale 500 A due to the location of the
temperature cabinet and also to reduce any localized heating that could affect the results.

The uncertainty in the indicated chamber temperature as indicated in Table 8 was = 1°C.
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4.8.3. Measurement Results
The results in Table 8 below indicate that all the measurement systems operated at the extended

temperatures although they were only subjected to each temperature level for no more than 48 hours.
Table 8 also gives an indication of the temperature sensitivity of the sensors.

Table 8 - Temperature Tests (Nominal 20A, 50 Hz Applied to L1 only)
Indicated Chamber Current Reading
Temperature Sensor A|Sensor B|Sensor C|Sensor D|Sensor E| Sensor F| Sensor G
O A) @A) @A) A) A) A) A)
39 19.494 | 20.019 19.7 19.68 | 20.094 19 19.86
21 19.553 | 20.013 19.8 19.79 | 19.830 19 19.98
2.5 19.586 | 20.019 19.8 19.89 19.737 19 19.99
Indicated Chamber Uncertainty in Current Reading
Temperature Sensor A Sensor B|Sensor C|Sensor D|Sensor E|Sensor F| Sensor G
O A) @A) @A) A) A) A) @A)
39
21 +£0.032 1 £0.023 | £0.2 +0.02 | £0.014 +2 +0.02
2.5

4.8.4. Commentary on Results

Sensors A, D, E and G all show some sensitivity to temperatures. Sensor A and G both give less than
1% change with temperature over this range, whereas both Sensors D and E show changes of 1.1%
and 1.8% respectively over this temperature range.

Sensors C and F show no change within their limited resolution. Sensor B has the least sensitivity to
temperature, any changes in the results being less than the measurement uncertainty.

18
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4.9. AMPLITUDE FREQUENCY RESPONSE

4.9.1. Purpose of Measurements

As described in Section 4.7 the sensor measurement system could be subjected to distorted waveforms
containing harmonic components at higher frequencies. These tests will assess the amplitude reading
change of each of the measurement systems at differing frequencies up to 2 kHz. The upper frequency
of 2 kHz was chosen to correspond to the 40™ harmonic which is often specified in international
standards on power quality.

4.9.2. Measurement Method

For the frequency response tests the supply voltage channels of all the measurement systems were
connected to the laboratory mains supply. A current amplifier was used to supply a current of 20 A at
frequencies ranging from 50 Hz to 2 kHz. This current was applied to each measurement system in
turn through a horizontal bus bar (as seen in Figure 3). A calibrated current shunt with an accuracy of
better than + 0.01 % was used to monitor the current levels at the applied frequencies.

Only amplitude readings were recorded for the sensors.

These measurements were performed at 20 A rather than the full scale 500 A, due to the lack of
standard current measurement capability above 20 A, at frequencies higher than 50 Hz.

4.9.3. Measurement Results

Table 9 - Frequency Tests (Nominal 20A Applied to L1 only)
Nominal Applied Current Reading
Frequency Sensor A|Sensor B| Sensor C|Sensor D| Sensor E| Sensor F| Sensor G
(Hz) (A) (A) (A) (A) (A) (A) (A)
50 19.459 | 20.012 20.1 20.07 | 19.913 19 19.94
100 19.323 | 20.004 19.9 19.42 19.882 19 19.89
400 19.094 | 19.806 20.7 19.29 | 19.529 34 19.66
1 000 18.105 | 18.730 24.3 19.29 17.911 1 18.36
2 000 15.402 | 13.188 34.3 19.29 N/A N/A 12.38
Nominal Applied Uncertainty in Current Reading
Frequency Sensor A|Sensor B|Sensor C|Sensor D|Sensor E|Sensor F| Sensor G
(Hz) A) (A) A) (A) (A) (A) A)
50
100
400 +£0.011 | £0.013 | +0.2 +0.05 | £0.006 +2 +0.11
1 000
2 000
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Table 9a - Frequency Tests Sensor Reading Change from 50 Hz
Nominal Applied Current Reading Change
Frequency Sensor A | Sensor B | Sensor C | Sensor D | Sensor E | Sensor F | Sensor G
(Hz) (%) (%) (%) (%) (%) (%) (o)
100 -0.68 -0.04 -1 -3.3 -0.16 0 -0.2
400 -1.82 -1.03 3 -3.9 -1.92 75 -1.4
1 000 -6.77 -6.41 21 -3.9 -10.01 -90 -7.9
2 000 -20.28 -34.12 71 -3.9 N/A N/A -37.8

N/A in the Tables 9 and 9a indicate that no reading by the sensor was recorded at that measurement

point.

4.9.4. Commentary

on Results

All sensors show sensitivity to frequency and all are at or greater than 1 % in error at 400 Hz. For
some sensors, errors above 400Hz are large; caution should be exercised if these sensors are to be used
for current harmonics measurements up to the 40™ harmonic as defined by international standards.

5

COMPARISON OF SENSORS SUMMARY

To provide an overview of each of the sensors performances across the range of tests, Table 10 below
displays a ranking for each test performed. A ranking of 1 indicates the sensor performed the best
increasing through to 7 for the worst. The ranking takes into account sensor resolution and overall
uncertainty. N/A in Table 10 indicates that no measurement was performed at that point.

Highlighted cells in Table 10 indicate that a sensor error at the given measurement parameter
exceeded 1 % error. This threshold was applied to all measurement parameters except frequency
response. A threshold of 1 % has been used as the sensors have an Accuracy Class 1; however, it

should be noted that it is not usual to test such a wide range of parameters when verifying Class 1 CTs.

Table 10 - Comparison of Results / Perfomance Ranking
Sensor A| Sensor B|Sensor C|Sensor D| Sensor E|Sensor F| Sensor G

500 A Accuracy 5 1 6 7 2 4 3
5% Linearity 6 2 5 4 1 7 3
Rotational 2 1 5 7 3 6 4

Positional N/A 2 5 3 1 4 N/A
End Effects 4 2 7 5 1 3 6
Over Rated 6 5 2 3 7 4 1
Stray Fields 4 3 7 6 2 5 1
Distortion 3 1 N/A 2 4 6 5
Temperature 2 1 4 5 6 7 3
Frequency 2 3 6 1 5 7 4

When a sensor is limited in resolution, it is assumed to have a performance level within half the
resolution. For example with zero error, limited in resolution to 1 A, is assumed to have a
performance of 0.5 A and would therefore be rated lower than another sensor with an error for
example of 0.4 A.
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The comparison applies only to the measurements points used. For example a Sensor that appears to
best perform over the tested temperature range given in this report, will not necessarily best perform
over a wider temperature range.

The comparison does not account for the influence of one parameter on another. For example the
rotational errors for any given sensor may be different in the presence of stray fields.

The above ranking is based on the measurements performed during the trial and does not carry any
implication as to the long term stability of the sensor / measurement system. Furthermore the
measurements are a “type test” and it is assumed that the sensor system supplied is representative of
all sensors of that given type.

6 CONCLUSIONS

This report describes the intercomparison of seven Class 1 non-invasive current sensors. Each Section
of the report describes the testing method used for a different measurement parameter and results are
given. For conclusions on the performance of the sensors for each individual measurement parameter
the reader should refer to the commentary on the results Section. A summary Table is given in the
previous Section which ranks the sensors for each parameter.

As the sensors are intended to be used as Class 1 devices it is useful to consider their performance in
the context of a target error of 1 % (although Class 1 CTs are not tested to this range of parameters).
In most cases the sensors have errors less than 1 % for the parameters tested, however Table 10 in
Section 5 highlights the exceptions. It should be noted that even if a given sensor has errors less than
1 % for all individual parameters tested, the combination of errors could exceed 1% when used in
practice.
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