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Abstract— With the growing global interest in developing
future smart grids, nonconventional instrument transformers
have been given much attention. In contrary with the classic
magnetic core current transformer, electronic current transformer (ECT) does not exhibit saturation, is of small volume,
and can generate a digital signal complying with the recent
digital communication protocols such as the IEC61850. However,
the measurement accuracy of the ECT is influenced by the
mechanical vibration caused by the adjacent circuit breaker (CB)
operation and the bus bar electromagnetic forces generated due
to short-circuit currents. According to the GB/T 20840.8 and the
IEC 60044-8 standards, the root mean square of the ECT output
current should not exceed 3% of the rated secondary current
after 5-ms duration following a CB operation or a large current
of a short duration. Current ECT vibration compliance test does
not correlate the ECT output current with the CB or the large
current signal to correctly identify their ending moment. As such,
the current testing technique may reveal inaccurate outcomes.
This paper proposes a new vibration testing platform for ECT
in which the status of the vibration source is synchronously
correlated with the ECT output signal. A status monitoring
circuit is proposed and implemented to achieve synchronous
acquisition and comparison of the CB status and the ECT
output current. In addition, a primary current sensor is designed
to accurately realize the end time of any short-time large
current. A software platform is developed to correctly identify
the CB breaking moment and the end of the large current. The
robustness and superiority of the proposed testing platform are
validated through extensive simulation and practical analyses.
Index Terms— Digital substations, electronic current transformer (ECT), nonconventional instrument transformers, testing
platform, vibration performance.
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I. I NTRODUCTION
ITH the global trend of electricity utilities to switch
from conventional to digital substation automation,
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a new era of nonconventional instrument transformers and
optical communication networks has emerged [1]–[4]. Replacing conventional current transformers and voltage transformers
with electronic sensors will reduce complex wiring, eliminate
lengthy specification calculations, increase safety, and facilitate the integration of metering, protection, and control in
one single device [5], [6]. Compared with the conventional
current transformer, the structure of an electronic current
transformer (ECT) is more complex as it comprises several
components. This structure is more prone to inner deformation
and displacement of sensor location due to external mechanical
vibrations generated due to electromagnetic forces during
short-circuit faults and/or circuit breaker (CB) operation. Birefringence property of optical fiber or magneto-optical glassbased passive ECTs varies when the optical device is subjected
to mechanical or thermal stresses. This will result in a change
in the polarization state of the sensor which introduces a measurement error [7]–[9]. In the case of active ECTs that employ
an air-core coil or a low-power core coil, the displacement of
the conductor due to nearby mechanical vibration source may
cause measurement error, resulting in a malfunction of the
power grid protection system [10], [11]. In addition, the erratic
movement (galloping) of the current-carrying conductor due
to adverse mechanical vibration will lead to a change in the
relative position of the primary conductor and the sensor,
which affects the ECT measurement accuracy [12]–[14].
Several techniques have been proposed in the literature
to reduce the influence of the mechanical vibrations on the
metering sensors. For example in [15], an adaptive vibration cancellation technique based on coupling a solid-state
accelerometer with the metering sensor is proposed. According
to the Chinese standard GB/T 20840.8 and the IEC 60044-8
international standards, the root mean square (rms) of the ECT
output current should not exceed 3% of the rated secondary
current after 5-ms duration following a CB operation while
the maximum peak should not exceed 10% of the rated
value [16], [17]. China Electric Power Research Institute
presented a study on the impact of mechanical vibration on
the measurement accuracy of the ECT [18], [19]. In this paper,
a pendulum was used to simulate the opening and closing
operations of a CB. However, the vibration intensity and
frequency generated due to a pendulum motion are far different
from those generated due to CB with a spring mechanism.
In [20], vibration test for primary parts mechanically coupled
to a CB was presented. However, the influence of shorttime large current, which is a common regular issue that
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influences the output of the ECT, has not been discussed.
Also, the detailed signal synchronization and the recognition
of signal mutation points were not presented in this paper.
Furthermore, the software and hardware platforms of the
proposed test were not introduced and the specific method
for determining the opening and closing states of the CB was
not elaborated.
While the Chinese standard GB/T 20840.8 and the IEC
60044-8 international standard set threshold limits for the ECT
secondary current after the cease of the vibration effect, it does
not pay attention to the magnitude of this current during
the vibration process nor correlating the output of the ECT
with the status of the vibration source, which may result in
inaccurate assessment to the performance of the ECT.
From the above discussion, the main contribution of this
paper is as follows:
1) developing a new testing platform to study the performance of the ECT during mechanical vibration caused
by the short-time large current of the primary conductor
and vibration due to CB operation;
2) correlating the status information of the vibration source
with the ECT output to accurately monitor the output
signal during and after the vibration process and hence
identifying its compliance with the standards in a more
reliable way than the current testing practice;
3) designing a primary current sensor to accurately realize
the end time of any short-time large current in the
primary conductor.
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Fig. 1.

Schematic for the proposed ECT vibration performance test.

II. P RINCIPLE OF THE P ROPOSED ECT T EST S YSTEM
In order to test the vibration characteristics of the ECT
accurately, the status information of the vibration source and
the merging unit (MU) are required to be correlated. Moreover,
the status information and the output signal of the ECT should
be collected synchronously.
Therefore, the status monitoring circuit of the CB and the
primary current sensor need to be designed to continuously
monitor the opening and closing status of the CB and the
short-time large current of the primary conductor, respectively.
The schematic of the proposed vibration platform is shown
in Fig. 1. The host computer in Fig. 1 receives simultaneous
data from the MU and the vibration source status monitoring
circuit through the data acquisition card. The acquisition card
and the MU are synchronized by utilizing external pulse
per second signal (PPS) to ensure the time synchronization.
The host computer displays the two data synchronously and
analyses them to determine the CB disconnection point and
the end time of the large current.
III. H ARDWARE P LATFORM OF THE
P ROPOSED T EST S YSTEM
The vibration test for the primary parts of the ECT includes:
1) vibration test while primary parts are mechanically coupled
to a CB and 2) vibration test for ECT primary parts during
short-time large current.
These tests are performed to determine whether the ECT
operates correctly in the presence of mechanical vibration

Fig. 2. Hardware platform of the proposed vibration test for ECT primary
parts mechanically coupled to a CB.

resulting from CB operation and the vibration of a bus bar
caused by short-time, large-current electromagnetic forces.
The two tests are elaborated as follows.
A. Vibration Test for Primary Parts Mechanically
Coupled to a CB
The vibration test scheme for ECT primary parts mechanically coupled to a CB is shown in Fig. 2. To emulate
real operation, the ECT primary part has been mechanically
coupled to a spring CB using a soft conductor, as shown
in Fig. 2. The status monitoring circuit transforms the status
information of the CB into a voltage signal that is collected by
an acquisition card. The MU receives and analyses the digital
signals from the ECT and exports digital frames conforming
to the IEC 61850-9-1/2 communication protocols [21]–[23].
As previously mentioned, the MU and the acquisition card
are triggered by external PPS to ensure the synchronization of
the measured data. The software displays the two waveforms
synchronously, as shown in Fig. 3, to examine whether the
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Fig. 3.
Schematic for the measured waveforms for ECT primary parts
mechanically coupled to a CB.

Fig. 6. Comparison of the signals generated by the signal generator and the
proposed CB status monitoring circuit.

Fig. 4.

Proposed CB status monitoring circuit.

Fig. 5.

Accuracy test for the proposed CB status monitoring circuit.
Fig. 7. Hardware platform of the vibration test for ECT during short-time
large current.

output of the ECT meets the standard requirements after the
disconnection point. The designed CB-state monitoring circuit
is shown in Fig. 4 in which an external dc power supply
is connected in series with voltage divider resistor, sampling
resistor, and the CB. The status information of the CB is
obtained through detecting the voltage drop (U ) across the
sampling resistor. The dc voltage source is set to 3 V, the
voltage divider resistor is 1200 , and the sampling resistor
is 400 . Hence, the sampling resistor voltage drop would
be 0.75 V when the CB is closed and 0 V otherwise. It is
worth noting that this low detected voltage will not threaten
the safety operation of the acquisition card even under faulty
conditions.
The monitoring circuit is employed to reveal the status of the
CB, which is essential for monitoring the real-time vibration
performance of the ECT. As such, it is essential to assess the
accuracy of this circuit in providing the required information
in real time with least delay time. Fig. 5 depicts a schematic
for this accuracy test.
In Fig. 5, the function signal generator provides a rectangular voltage waveform with a frequency of 2 Hz, a peak voltage
of 3 V, and a duty ratio of 50% to simulate the opening and
closing operations of the CB. The voltage signal is divided into
two channels: one is directly collected through the acquisition
card while the other signal is sensed by the proposed monitoring circuit. The two channels are synchronized by the internal
clock in the acquisition card with a sampling rate of 20 kHz.
The two collected signals are shown in Fig. 6.
As can be seen from Fig. 6, the two signals are almost
completely synchronized with insignificant delay time. Therefore, it can be considered that the measurement delay due to

Fig. 8. Schematic for the measured waveforms for ECT primary parts during
and after a short-time large current.

the hardware of the status monitoring circuit can be neglected
and the circuit meets the real-time requirement.
B. Vibration Test for Primary Parts During
Short-Time Large Current
Schematics for the hardware setup and the measured waveforms for this test are shown in Figs. 7 and 8, respectively.
In Fig. 7, the short-time large-current generator is connected to
the ECT in series. The generated current signal is transformed
into a voltage signal by the developed primary current sensor
that transfers this voltage signal to the acquisition card. At the
same time, the ECT measures the generated current and sends
the measured data to the MU that is synchronized with the
acquisition card using the external source. The software of
the host computer displays the two waveforms (received from
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TABLE I
C ALIBRATION T EST FOR THE D EVELOPED C URRENT S ENSOR

Fig. 9. Installation and dimensions of the developed primary current sensor.
(a) Dimensions of the primary current sensor. (b) Picture of the primary
current sensor.

Fig. 10.

MU and the primary current sensor) synchronously to examine
the compliance of the ECT output signal with the standard
requirements after short-time large-current end time. This end
time is determined by analyzing the waveform received from
the primary current sensor. If the two signals are not collected
at the same time or if there is a time delay due to the
MU operation, the end time of the large current will not be
correctly identified and the rms value shown in Fig. 8 may
violate the standard threshold limits.
As the primary current sensor is a crucial component in
this test, it has been carefully designed. A PCB air-core coil,
as shown in Fig. 9, with a rated current of 140 kA has
been developed to be used as the primary current sensor. The
primary conductor is a rectangular conductive copper plate
with a length of 17 cm, a width of 10 cm, and a thickness
of 0.8 cm. The edge distance of the two adjacent primary
conductors is 15 cm. In order to make the magnetic field
at the cross section of the coil as uniform as possible, the
radius of the coil should be enlarged to reduce the influence of irregularities of the primary conductors. Considering
the convenience of the on-site installation, a coil of 16-cm
inner radius and 18-cm outer radius is designed, as shown
in Fig. 9(a). The coil is made of PCB plate with a thickness
of 3 mm, inner circumference of L = 10.05 cm, and 400 turns.

To eliminate the magnetic interference perpendicular to the
coil, two PCB coils, as shown in Fig. 9(b), are connected
in opposite directions. When the primary current is 140 kA,
the rated output voltage of the secondary coil is 2.5 V. The
MU receives and analyses the digital signal from the ECT
and exports digital frames conforming to the IEC 61850-9-1/2
communication protocols. In the case of a primary current
of 1.2 times the rated value, the maximum output voltage of
the coil is 4.24 V, which satisfies the safety requirements of
the acquisition card (<5 V).
In order to test the accuracy of the designed primary current
sensor, a standard current transformer of 5000/5 A rating
and 0.05 accuracy class is employed as a standard metering
device to calibrate the reading of the developed current sensor.
The schematic of the test is depicted in Fig. 10. In this test,
the effect of coil location with respect to the primary conductor
is investigated through changing the position of the primary
current sensor manually. Also, various levels of the primary
current (1.4, 7, and 28 kA) have been investigated. In order to
show the reliability of the developed current sensor, the test
is carried out to present the amplitude and phase differences
between the developed current sensor and the standard current
transformer as listed in Table I. In Table I, the percentage
of amplitude difference (ε) and phase differences (ϕ) is

Accuracy test of the developed primary current sensor.
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calculated based on the following formulas:
I1 − I S
× 100%
IS
ϕ = ϕ1 − ϕ S
ε=

(1)
(2)

where I1 and ϕ1 are the amplitude and phase angle of
the current measured by the developed current sensor while
I S and ϕ S are the amplitude and phase angle of the current
measured using the standard current transformer, respectively.
As can be seen from Table I, the difference in the amplitudes
of the measured current using the designed sensor and the
standard current transformer is negligible. Also, the phase
difference is less than 30 (arc minute) for all measured
currents (1%, 5%, and 20% of the rated primary current)
and coil positions. In the case of 50-Hz power frequency, the
phase difference of 30 arc minute is corresponding to a time
difference of (0.02 ms/21 600) × 30 = 0.027 ms.
Given that the sampling rate of the MU is 4 kHz, then
the time difference between two adjacent sampling points
is 0.25 ms. The time difference caused by the designed primary
current sensor (0.027 ms) is far less than the interval between
two adjacent sampling points of the MU. This will not cause
observable error on the waveform. Therefore, the accuracy of
the primary current sensor can satisfy the requirements of the
test system.
IV. P ROPOSED S OFTWARE P LATFORM
The overall flowchart of the software is shown in Fig. 11.
Under the function of external PPS, the host computer receives
the output of the MU through the network card and calls the
dynamic link library file to analyze the 9–2 format data packet
to present the current information of each channel. At the
same time, the output data of status monitoring circuit and
the primary current sensor are subjected to array extraction
processing at a sampling frequency of 20 kHz. With 4-kHz
sampling frequency for the MU, each five points of the
primary current sensor is equivalent to one point of the MU,
so that the time synchronization is converted to a point-topoint synchronization. Index of disconnection point can be
employed to analyze the collected data through the disconnection point judgment module. The rms value calculation module
counts the value of each cycle after 5 ms (20 points) of the
disconnection point within ten cycles (800 points) according to
this index. The key feature of the proposed software platform
is the accurate identification of the last opening time of the
CB and the end time of the large current. This unique feature
will be elaborated in Section V.
V. S YSTEM P ERFORMANCE T ESTS
To assess the overall performance of the proposed ECT
vibration test platform, the following two performance tests
are carried out.
A. CB Disconnection Point Identification Test
In order to test the ability of the developed software
platform to correctly identify the CB disconnection moment,
a rectangular voltage wave is generated by the Labview

Fig. 11.

Software workflow diagram.

software to simulate the CB opening and closing processes.
The rectangular voltage waveform, as shown in Fig. 12(a),
is of 0.72-V amplitude and 2-Hz frequency with a duty ratio
of 50% and 20-kHz sampling frequency. According to the
test principle, the CB carries out the opening–closing–opening
operation and the third voltage abrupt point is corresponding
to the last closing operation. It can be seen from Fig. 12(b)
that the disconnection point revealed by the software is point
number 21 325. This is consistent with the third voltage abrupt
point in Fig. 12(a). Hence, the developed software algorithm
can accurately determine the disconnection point and meet the
reliability requirements.
B. Large-Current End-Time Identification Test
In order to assess the accuracy of the developed software to
identify the end time of a large current of a short duration,
a polynomial curve fitting method is adopted to calculate
the polynomial coefficients using the amplitude of successive
points and predict the amplitude of the next point. An error
between the actual and the predicted values exceeding a
predefined threshold tolerance at certain point is an indicator
for a current sudden change at this point. If the current
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Fig. 13. Waveform and partial enlargement diagram for the identification of
the endpoint of the short-time, large-current test.

Fig. 12. Identification of CB disconnection point test. (a) Rectangular voltage
waveform. (b) Enlarged waveform of disconnection point.
TABLE II
S IMULATION D ATA OF P OLYNOMIAL F ITTING

waveform decreases and no longer meets the sine rule after
this point, the software considers this point as the end time for
the large current. The polynomial curve fitting is performed
using the Labview software with the following parameters:
1) frequency of 50 Hz; 2) sampling frequency of 20 kHz;
3) 40 k number of sampling points; and 4) 2-V peak voltage
of the sine wave with a superimposed uniform white noise of
0.002-V amplitude. The simulation calculation of second- to
fifth-order polynomial fittings is carried out, and the results
are shown in Table II.
It can be seen from Table II that under ideal sine wave and
without noise interference, the higher the polynomial order,
the higher is the accuracy of extrapolation. For example, when
the polynomial order is 5, the maximum error is reduced
to 10−11 V. However, in the case of noise interference,
the maximum error of the extrapolated points within one cycle
is 4% when the polynomial order is 2, which is far less than
35% when the order is 5. According to the simulation results,
the second-order polynomial fitting method with the simplest
and least amount of computation is employed in this paper.

Considering the complexity of the environment in this test,
the error threshold level is set to 10%. To verify the accuracy
of the above scheme, tests are carried out and the results
are shown in Fig. 13. The red curve is the ideal sinusoidal
signal superimposed with white noise, and the white curve
is the signal after the differential and integral reduction of
the red one. Three points of the white signal are taken to
carry out the second-order polynomial fitting by the software,
and the value of the fourth point is extrapolated according to
the polynomial coefficients and then compared with the actual
value. If the absolute error exceeds 10%, this point is revealed
by the software as an end moment for the large current. The
software revealed that the 2 46 679th point in this diagram is
the end moment of the large current. It can be seen from the
enlarged waveform that the actual end moment of the current
is almost the same one revealed by the software. Under the
sampling rate of 20 kHz, the time difference between two
adjacent points is 0.0625 ms. This indicates that the point not
conforming to sine rule can be accurately identified by the
extrapolation of the second-order polynomial fitting.
VI. F IELD T ESTING FOR THE P ROPOSED P LATFORM
A. Vibration Test for Primary Parts
Mechanically Coupled to a CB
In accordance with the standard requirements, the CB will
perform opening–closing–opening operation without current
during the coupling vibration test. The status information
of the CB is collected by the developed status monitoring
circuit and is correlated with the output of the ECT. The
software automatically realizes the disconnection point and
calculates the rms value of each cycle after 5 ms of this point
within ten cycles, and then identifies whether the output of
the ECT is complying with the standards or not. Five ECTs
from different manufacturers have been tested as per the setup
shown in Fig. 2. The rms values (IT ) of the ten cycles of the
secondary current waveform after 5 ms of the last opening of
the CB are calculated as a percentage of the rated current
of the ECTs under test (I R = 1.5 kA) according to the
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TABLE III
R ESULTS OF THE V IBRATION T EST FOR P RIMARY
PARTS M ECHANICALLY C OUPLED TO A CB

Fig. 15. Waveforms and partial enlargement diagram of the vibration test
during short-time large current.
TABLE IV
R ESULTS OF THE V IBRATION T EST FOR P RIMARY
PARTS D URING S HORT-T IME L ARGE C URRENT

Fig. 14. Hardware platform of the vibration test for ECT during short-time
large current.

following equation:
Percentage rms current =

IT
× 100%.
IR

(3)

Results are listed in Table III. It can be observed from
Table III that after the vibration of 5 ms, the rms value in each
cycle within ten cycles for ECT number 2 and number 5 varies
substantially and exceeds the maximum 3% threshold level
required by the standards. Therefore, the coupling vibration
test of these two ECTs is not complying with the GB/T
20840.8 and the IEC 60044-8 standards. The two mentioned
transformers are to be excluded and repaired.
B. Vibration Test for Primary Parts During
Short-Time Large Current
The setup of the vibration test for primary parts during
short-time large current is shown in Fig. 14. The obtained
results are shown in Fig. 15 which indicates that the end
time of the large current revealed by the software is point
number 7739. This is consistent with the end moment of the
current generator used in the experiment. The same above
five ECTs have been tested for compliance with the vibration
caused by short-duration, large current. The rms values of the

ECTs secondary output (as a percentage of the rated secondary
current) 5 ms after the end of the large current, in each cycle
within ten cycles, are listed in Table IV.
As can be seen in Table IV, after 5 ms of the end of the
large current, the rms value of the secondary output of ECT
number 1 varies significantly and exceeds the 3% threshold
level specified by the GB/T 20840.8 and the IEC 60044-8
standards [24]. Hence, this ECT is not complying with the
mentioned standards.
C. Vibration Test Without Picking Up the
Information of the Vibration Source
To show the superiority of the proposed testing platform
over the existing industry practice, the three ECT transformers
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TABLE V
R ESULTS OF THE V IBRATION T EST OF ECT S M ECHANICALLY
C OUPLED TO A CB W ITH AND W ITHOUT P ICKING U P
THE I NFORMATION OF THE V IBRATION S OURCE
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acquisition and comparison between the CB status and
the end time of the large current with the ECT output.
3) The developed software platform can correlate the status
information of the vibration source with the ECT output
to accurately measure the current signal during and after
the vibration processes.
4) The proposed testing platform is easy to implement and
is more reliable than the current industry practice for
testing the compliance of ECT with the international
standards.
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