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Abstract—For the measurement of impulsive currents, which
might occur in cases of electromagnetic interference, for example
currents generated by the non-linear behavior of electronic
appliances, a wide-band large dynamic range current transducer
is needed. The electrical response of such a transducer is deter-
mined using conventional techniques, that use frequency sweeps
of sinusoidal continuous wave signals. For non-linear and/or time
invariant systems the superposition of continuous wave signals of
multiple frequencies might not be equal to an impulsive current,
which is representative for the actual measured signals, and is
therefore of interest. In this paper the electrical response of
current transducers is determined using impulsive signals, and
compared to continuous wave tests. Time domain parameters
such as rise time and peak amplitude are extracted, and the
frequency response is analyzed using a Fourier transform. The
experiments show that the impulsive test is in agreement with the
continuous wave method and provides a good alternative method.
A combination of impulses could cover a large bandwidth, and
is a fast and cost effective approach.

Index Terms—Current transducer, Impulsive signals, Non-
linear behavior, Time domain parameters, Wide-band

I. INTRODUCTION

Electronic appliances that behave non-linear are increas-
ingly used in low voltage (LV) distribution networks. This can
result in conducted electromagnetic interference (EMI) issues,
of which many problematic cases are described in [1].

As an example, static energy meters used for billing
purposes in residential situations are largely affected by
the non-linearities of such appliances. Problems were
reported caused by: photovoltaic (PV) installations and
power drive systems [2], PV installations in Germany [3],
[4], and high interference levels generated by active in-feed
converters [5]. These observations, possibly combined with
a higher number of complaints and failures, resulted in
faster publication of the TR50579 [6] technical report
and IEC 61000-4-19 standard [7]. In more recent studies
misreadings due to dimmed lighting equipment of light
emitting diode (LED) and compact fluorescent lighting
(CFL) technology [8], or a speed controlled water pump
[9] have been reported. In [10] an analysis of waveforms
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known to cause problems showed narrow pulses in the mil-
lisecond range. Critical rise times in the range between 2 µs
and 150 µs, and current slopes higher than 0.1 A/µs were
found. More comparable electronic appliances and their re-
lationship with metering errors were shown to exist [11].

In order to measure such impulsive currents in the time
domain, in laboratory or on-site situations, accurate current
transducer (CT) elements are needed. Because of the fast
rise times, these CTs should have a very wide instantaneous
frequency range without any phase shifts.

Conventional techniques to determine the electrical response
of CTs are performed in the frequency domain, such as the
IEEE Std C57.13 [12]. And use sinusoidal continuous wave
(CW) currents which are swept in frequency and amplitude.
This determines the operating ranges of the CTs, but without
measuring the phase the effect of wide-band signals can
be overlooked. Instead [13] addresses the necessity of time
domain testing, because systems behave non-linear and/or
time invariant. Therefore, the superposition of CW currents
of multiple frequencies is not equal to an impulsive current,
and time domain testing is needed.

The use of time domain characterization methods is not a
new idea, as [14] already proposed to use wide-band pulses
to characterize responses in linear systems. From this time
domain response also the frequency domain response of the

Take-Home Messages:
• Impulsive testing provides a good alternative to

continuous wave testing.
• The frequency response is within 1 dB accuracy.
• Impulses test multiple frequencies at once, whereas

CW testing requires a combination of signals.
• The half bridge is cost effective, as no wide-band

amplifier is required to cover a large bandwidth.
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system can be determined using a Fourier transform. The
characterization of CTs in the presence of harmonic distortion
is discussed in [15], where it is proposed to excite the
CTs by a fundamental and harmonic frequency, because this
test is closer to the actual working conditions of the CTs.
Experimental results using this method show differences with
the traditional frequency response tests [16], but these occur
only when the air gap of the core is also changed. In [17]
research on time domain calibration of CTs is discussed, using
a Rogowski coil intended to be the used with pulsed currents.
However, the resulting response is not quantified using time
domain parameters. Other time domain analysis measurements
are shown in [18], in which the time domain response of CTs
that use a current transformer, Rogowski coil, Hall element,
and shunt resistor is investigated. Differences in the time
domain response of the tested CTs are observed.

The purpose of this paper is to analyze the electrical re-
sponse of CTs using impulsive currents that are representative
to the currents found in household situations, and compare
with CW testing. Time domain parameters are extracted to
verify if the low rise times and steep inclining slopes of
pulsed currents can be measured correctly by the CTs in time-
domain. Furthermore, the frequency domain response of these
impulsive signals is determined using fast Fourier transform
(FFT), and is compared to conventional methods that use CW
signals.

II. TIME DOMAIN ANALYSIS OF SIGNALS

A set of time domain parameters is presented for the
analysis of impulsive signals. This time domain analysis is
an extension of the parameters that were already introduced
in [10].

A visualization of the time domain parameters is shown in
Fig. 1, these parameters are explained one-by-one hereafter:

• 100% value (I100): the steady state value of the signal.
• Peak (Ipk): the peak value of the signal, which could be

higher than the 100% value of the signal due to overshoot.
• Signal edge (dI): the difference between the 10% and

90% value of the signal.
• Rise time (dtrise): the time the signal needs to rise from

10% to 90% of the steady state value.
• Rising slope (dI/dtrise): the ratio between the signal edge

(dI) and rise time (dtrise).
• Fall time (dtfall): the time the signal needs to fall from

90% to 10% of the steady state value.
• Falling slope (dI/dtfall): the ratio between the signal edge

(dI) and fall time (dtfall).
• Pulse width (twidth): the time the signal needs in-between

its rise to 50% and its fall to 50% of the signal value.
• Charge (Q): is determined using (1), where N is the total

number of samples (and should at least cover one cycle),
i is the current, and Δt is the time between two samples.
When comparing two signals the ratio between N and Δt
of both signals should be equal.

Q [C] =
N∑

n=1

i(n) · ∆t (1)
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Fig. 1: Visualization of the time domain signal parameters.

III. METHOD

Two methods to test the response of CTs are described.
The first method uses impulsive signals, and the second is a
conventional test method that uses CW signals.

A. Response using impulsive signals

The impulsive signals are supplied using a gallium-nitride
(GaN) half bridge that generates a pulse width modulation
(PWM) signal. The half bridge consists of a GS665EVBMB
motherboard and a GS66508/16T daughter board. The half
bridge is operated via a schmitt trigger which is controlled
using a function generator model 3314A from HP. The carrier
frequency and dc-offset of the function generator controls the
repetition frequency, f r, and duty-cycle (so the pulse width)
of the generated impulse. The motherboard is powered by a
voltage of 5 V, supplied by a dc power supply model 72-2720
manufactured by TENMA. The half bridge is connected to a
dc power supply model E36234A manufactured by Keysight,
generating Vsupply, on the supply side, and to a 2.4Ω 300 W
power resistive load on the load side. This value of the resistor
is verified from 10 Hz up to 200 kHz using a LCR bridge
model HM8118 manufactured by Hameg. On the load side
line inductance can be added, using additional cable length,
to increase the rise and fall time of the PWM pulse. Depending
on the load a current, Isupply, will flow through the conductor
which is then measured by the CTs under test. Three different
commercially available CTs are used: model TA189 from Pico
Technology, model SEN-11005 from SparkFun Electronics,
and model AM 503 from Tektronix. These are referred to as:
CT1, CT2, and CT3. These transducers measure the current
non-invasive, using the current transformer method, and have
a similar functioning and measurement ranges according to
the manufacturer specifications. The CTs are placed in a
calibration fixture, which is shown in Fig. 2. A differential
voltage probe model TA043 manufactured by Pico Technology
measures the voltage over the resistor, acting as a shunt
resistor used as reference. The CTs under test and reference
are connected to a 5444B Picoscope digitizer manufactured
by Pico Technology, this is a pc-based oscilloscope. The
digitizer captures ten cycles of the response of the CTs and
reference at frequency f r using a sampling rate of 40 MHz.
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Some setup elements are from the same manufacturer, however
all are calibrated independently. Table I shows the bandwidth
limitations of the used setup elements. The schematic of the
test setup is shown in Fig. 3.

Fig. 2: Calibration fixture to which the CTs under test are
mounted.
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Fig. 3: Schematic of the test setup generating impulsive
signals.

TABLE I: Bandwidth limitations of the setup elements.

Setup element Bandwidth
Half bridge 0-10 MHz
Load: 2.4Ω 10-200 kHz
Digitizer: 5444B Picoscope 0-200 MHz
Reference: TA043 0-100 MHz
CT1: TA189 0-100 kHz
CT2: SEN-11005 0-75 kHz
CT3: AM 503 0-200 kHz

The generated PWM signal, Fig. 4, is varied throughout
the experiments to verify the response of the CTs in dif-
ferent realistic scenarios. The tested CTs are intended to
measure non-linear currents that occur in LV distribution
networks at mains frequency. The non-linear current wave-
forms of interest have critical rise times between 2 µs and
150 µs, this corresponds to frequencies between 1 kHz and
500 kHz [10]. Therefore, repetition frequencies, f r, of 50 Hz,
mains frequency, and 10 kHz, with lower harmonics around
the critical rise times, are used. The current amplitude, Isupply,
is varied between 2 A to 10 A, by varying Vsupply between
5 V to 20 V. The current slope is varied by inserting small
inductance values by means of additional wire length, which
is referred to as line inductance in Fig. 3. This is done to
resemble the waveforms of interest in [10], which shows a

correlation between the inclining slope and EMI issues. The
generated impulsive signals corresponds to the range in which
the majority electronic appliances operate.

Fig. 4: Normalized 10 kHz PWM signal, with duty-cycle of
50%.

The results obtained using this method are further processed.
The time domain parameters as introduced in Section II are
determined, and the frequency domain behavior is determined
using FFT. For the frequency domain, the gain of the CTs is
determined with respect to the reference. Frequency compo-
nents other than the harmonics of the fundamental frequency
are removed. Harmonics with an amplitude lower than the CTs
resolution are considered as noise and are filtered out. Both
responses are then compared with the reference.

B. Response using CW signals

To compare the results to conventional test methods, a
characterization using CW signals is also performed. This is
done by using a CW signal with an amplitude of 1 A, of
which the frequency is swept from 10 Hz to 1 MHz, using
100 steps per decade. The signal is generated using a 5444B
Picoscope digitizer manufactured by Pico Technology. This
generated signal is then amplified by an audio amplifier model
6552-1A manufactured by Solar Electronics for frequencies
from 10 Hz to 100 kHz, and a wideband RF amplifier model
110C manufactured by Kalmus for frequencies from 100 kHz
to 1 MHz. The generated CW signal is applied to the 2.4Ω
resistor. The CTs, reference, and digitizer are connected in
the same manner as before.

IV. TIME DOMAIN RESULTS

A. Initial setup settings: fr=10 kHz and Isupply=7 A

The time domain responses of the CTs using the impulsive
test are shown in Fig. 5, and in Fig. 6 the time domain
parameters of each CT can be seen with the relative errors with
respect to the reference, also the absolute value of the reference
is shown. There is a slight difference in the 100% current for
all CTs compared to the reference. The peak current of CT1 is
higher than the reference, resulting from overshoot before the
current falls towards zero. Also the other CTs have a difference
in peak current. For CT2 a slower rising slope compared to
the reference is observed, i.e. have a smaller frequency band
span than the reference, which is good. Also the other CTs
experience a difference in the fall time. The width and charge
are nearly identical.
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Fig. 5: Time domain response of CTs and reference (Ref),
when using an impulsive signal.
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Fig. 6: Time domain parameters of the CTs with respect to
the reference, for: f r=10 kHz and Isupply=7 A.

B. Varying setup settings

Changes in the setup settings are made and the effect of
this on the CTs is tested. Fig. 7a shows the effect of lowering
the current amplitude. In this case the effect is shown on CT1,
because it has the largest error in peak current based on the
initial settings. It shows that the deviation of the peak value
increases when lowering the amplitude, although the absolute
deviation remains nearly identical. This is remarkable as the
absolute overshoot is expected to be lower at lower amplitudes.
When increasing the rise time by inserting a small inductance,
it is clear from Fig. 7b that a lower rise time will result in
higher deviations for CT2. A similar effect can be seen for the
fall time. When decreasing the strength of the signal higher
frequency components are not excited. This results in a higher
rise time which corresponds to a smaller frequency bandwidth
thus the frequency limit of the CT is excited less, and thus
the differences are less. Changing the repetition frequency
from 10 kHz to 50 Hz does not have a big influence on the
time domain parameters, as Fig. 7c shows the effect on CT2.
The deviation of the rise time is slightly lower, but the total
rise time increased, so this is logical based on the previous
variation.

V. FREQUENCY DOMAIN RESULTS

The frequency domain responses of the CTs with respect to
the reference can be seen in Fig. 8, it shows the results of the
CW test and the FFT of the impulsive test. The results obtained
using CW signals show a flat response in the bandwidth of
the CT and are in accordance with the specifications of the
manufacturers. The orange and yellow dots obtained via the
FFT of the impulsive test indicate the response with respect
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Fig. 7: Time domain parameters of the CTs with respect to
the reference, when varying different setup settings.

to the reference at the fundamental and harmonic frequencies
of the impulse. The responses from both tests are comparable,
and the points obtained using impulsive test are within the
rated 1 dB accuracy in the manufacturers specifications.

VI. DISCUSSION

The time domain response of the impulsive tests suggested
initially errors, but from the frequency domain it is clear that
these errors occur because the corresponding frequencies are
outside the bandwidth of the CTs. These can thus also be
filtered out of the time domain response data.

The repetition frequencies used try to resemble currents at
mains frequency (50 Hz), and at critical frequencies based on
previous research (10 kHz), however the combination of both
generate 35% measurement points less compared to the CW
test in the bandwidth up to 1 MHz. Further, the repetition
frequency of the impulses should be optimized to avoid
overlap of the harmonics and to create a better spreading of the
frequency points, thus better coverage in this bandwidth. Still
the impulses allow to test multiple frequency points at once
compared to CW testing, which would require a combination
of signals that differ in frequency.

According to the manufactures specifications the GaN half
bridge allows to test up to 30 A with a bandwidth of 10 MHz.
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Fig. 8: Frequency response of tested CTs, plot contains the
CW test, and test using impulsive signal of 50 Hz and 10 kHz.

In comparison the CW test would require the use of a high
power wide-band amplifier to achieve these high currents in a
wide bandwidth, and is thus a more expensive solution.

VII. CONCLUSION

This paper has shown that the impulsive test method using a
half bridge to calibrate wide-band current transducers provides
a good alternative to conventional CW testing. The impulsive
test results in CT verification which is within the rated
1 dB accuracy of the manufactures specification. However,
the repetition frequencies of 50 Hz and 10 kHz combined do
not provide sufficient measurement points in the frequency
domain in the bandwidth until 1 MHz. The impulses allow
to test multiple frequency points at once compared to CW
testing, which would require a combination of signals with
a different frequency. Furthermore, the half bridge allows to
test up to 30 A with a bandwidth of 10 MHz according to the
manufactures specifications without the use of a high power
wide-band amplifier, and is thus a low cost solution.
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