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Empirical Characterization of Cable Effects on a
Reference Lightning Impulse Voltage Divider

Jussi Havunen , Stephan Passon , Jari Hällström , Johann Meisner , and Tim Christoph Schlüterbusch

Abstract— The effect of measurement cables on impulse voltage
measurement system signal transmission has been widely ignored
by the high-voltage community. During the last years, the cable
length effects have been reported, but the results have not been
fully consistent. This article characterizes cable effects on a
resistive impulse voltage divider system using three different
empirical test methods. The used methods are step response
analysis using convolution, low-voltage analysis with an impulse
calibrator, and high-voltage impulse analysis with an impulse
generator. Results show that with reasonable cable lengths up to
25 m, the time parameter errors increase almost linearly with
the cable length. The tested divider system was not sensitive to
the tolerance of the 50-� termination at the cable end. The cable
effect seems to be related to the current flowing through the cable,
and the related errors can be reduced using a high-impedance
termination at the digitizer end of the cable. Either short cable or
high-impedance termination at the digitizer end is recommended
for this type of divider. In addition, the results show that the
three applied methods produce comparable results.

Index Terms— Calibration, high-voltage techniques, measure-
ment techniques, measurement uncertainty.

I. INTRODUCTION

L IGHTNING impulse (LI) voltages [1] are used in high-
voltage testing to simulate the stress caused by lightning

strikes on a test object. Voltage is generated across the
test object using an impulse generator, which is based on
discharging capacitors to the test object through a resistor
network. Voltage across the test object is measured using an
impulse voltage measuring system.

Ideally, the output of an impulse generator is a double-
exponential waveform (Fig. 1), but its front is typically
distorted by different kinds of oscillations [2]. The measured
voltage wave shape is described with two time parameters:
front time T1 and time to half-value T2 [1]. T1 describes how
fast the impulse reaches its peak by linearly extrapolating from
the 30% and 90% points on the front. T2 describes when the
curve has decreased to half of its peak value. Standard LI
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Fig. 1. Example of an ideal double-exponential LI.

Fig. 2. Basic principle of a resistive voltage divider with cable.

has T1 of 1.2 µs ± 30% and T2 of 50 µ ± 20% [1]. These
parameters are evaluated from the test voltage curve, which is
obtained using a procedure described in IEC 60060-1:2010 [1].
Briefly, the test voltage curve is sum of a fitted double-
exponential curve (base curve) and filtered residual curve. The
use of this standardized parameter evaluation provides stable
results since it filters out the irrelevant frequencies from the
recorded voltage and makes the evaluation less sensitive to
noise [3].

The main parts of an LI voltage measuring systems are a
voltage divider, a transient recorder (digitizer) with evaluation
software, and a measurement cable that connects the output of
the voltage divider to the input of the transient recorder. The
voltage divider is usually located near the impulse generator
in the high-voltage laboratory, whereas the transient recorder
is preferably placed in a shielded control room tens of meters
from the dividers to protect the recorder from interferences
and to allow safe operation of the instrument. Therefore, long
measurement cables are typical.

Voltage dividers used with LI are usually damped capacitive
or resistive type [4]. This article is an extension to
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the Conference on Precision Electromagnetic Measurements
(CPEM) 2020 proceedings paper [5] and provides experimen-
tal results on the cable effect with a resistive divider. The
resistive type of divider (Fig. 2) attenuates the input voltage
with a factor that is proportional to the resistances of its high-
voltage (Rd + R1) and low-voltage (R2) arms according to the
principle of voltage division. The low-voltage arm is connected
to the input of the transient recorder using a coaxial or triaxial
cable with characteristic impedance Z0. The cable should
be low-loss and well-shielded to provide an accurate and
interference free signal. Cable is terminated with an attenuator
or transient recorder input (Rt ).

Measurement cable acts as a transmission line in LI
measuring system. Voltage in a transmission line is the
superposition of an incident (V0+) and a reflected wave (V0−).
According to transmission line theory [6], voltage reflection
in a lossless transmission line can be calculated with voltage
reflection coefficient 0. If a cable is terminated with the
characteristic impedance of the cable (Rt = Z0), then the
voltage reflection coefficient can be calculated as

0 =
V0−

V0+

=
Rt − Z0

Rt + Z0
= 0. (1)

Transmission line is then called matched, and no reflected
wave occurs from the incident wave on the transient recorder
end of the cable.

If Rt ≫ Z0, 0 is close to 1. This means that the reflected
wave has the same polarity and almost the same magnitude
but opposite direction. If R2 = Z0, the reflected wave from the
transient recorder end is absorbed and no further reflections
will occur to the direction of the transient recorder. This is a
typical arrangement with damped capacitive voltage dividers.

It is generally assumed that measurement cable of a resistive
impulse voltage divider needs to be terminated on both ends
with its characteristic impedance to avoid any reflections to
the recorded signal. With the divider presented in this study,
the termination has originally been applied on both ends of the
cable meaning that R2 = Z0 = Rt = 50 �. In this case, the
cable length has been expected to have no significant influence
on the system response [7], [8]. In practice, cables are not
lossless, and their electrical properties are frequency dependent
making their transient behavior complex to model.

The influence of the measuring cable is often neglected,
but the National Metrology Institutes (NMIs) need to be
aware of the effect of the measuring cable to ensure small
measurement uncertainties of their reference systems. Even
though the cable effect has been noted already decades ago [9],
it has been largely ignored in high-voltage community.

Sato et al. [10] have performed a theoretical analysis of
the cable effect for T1, which indicates that a coaxial cable
slows T1 significantly (approximately 1% per 10 m). Their
theory was also tested with different lengths of RG-58 coaxial
cables by generating impulse voltage to the other end of the
cable and by measuring the voltage from the opposite end of
the cable with a transient recorder. Their measurement results
agreed well with their calculations. They also pointed out that
the cable length affects to the scale factor of the measuring
system due to the additional resistance.

Few years later, Bergman et al. [11] have performed high-
voltage (100 kV) impulse voltage measurements with different
coaxial cables and cable lengths up to 75 m. In this test, they
compared two measuring systems and altered the cable length
for the other system. These measurements show that the longer
the cable, the longer are T1 and T2. In addition, the scale
factor of the divider increases when cable gets longer due
to the resistance increase in the low-voltage arm. However,
their simulation model did not correspond completely to their
measurements.

Sato et al. [12] have also tested the cable length effect with
different LI evaluations from the 1989 and 2010 versions of the
IEC 60060-1 [1]. Their results show that the 2010 evaluation
for T1 is more sensitive to the cable length than the
1989 evaluation.

The experimental comparison of different cable types and
lengths has also been carried out with low voltage using
an impulse calibrator (IC) [13]. Cable effect was determined
by measuring the input and output signals with a reference
transient recorder. This examination showed results like
previous studies, but the time parameter errors were higher.
This might be because the impedance of the calibrator did
not correspond to the actual arrangement, where the cable is
connected in the low-voltage arm of the divider.

The comparison of different test methods for evaluating
the cable effect has also been approached [5]. Results show
that the step response evaluation, low-voltage tests, and high-
voltage tests provide very similar results for the evaluation of
the cable effect.

For damped capacitive dividers, Schelkunoff approach
has been used to simulate the effects of the coaxial
cables [14], [15]. On the contrary to the resistive dividers, the
results showed that T1 gets shorter when the cable gets longer.
Similar simulation model could also be used for simulating the
coaxial cable effect with resistive dividers.

The studies with resistive dividers show that T1 and T2 are
increasing due to longer cable, but the reported magnitudes of
the effects are not identical. Simulations and the measurements
are also not fully consistent. The comparison of different
studies is difficult since there are differences in the test
setups and studied cable types. More results and modeling are
required to fully understand the phenomenon. According to
preliminary simulations, the effect is caused by the attenuation
of higher frequency components in the cable, which would
explain the slower T1 and T2 of the measured impulse.

The aim of this study was to provide more consistent
results on this phenomenon by characterizing the effect of the
measuring cable length, different cable types, and terminations
(Rt ) to a measuring system based on a resistive voltage divider.
Analyzing methods were: 1) step response evaluation using
convolution techniques; 2) direct impulse measurements with
low voltages less than 1 kV; and 3) high-voltage measurements
up to 400 kV [5]. The results of this study can be used to
compare the performance of different cable types, estimate
their sensitivity to the terminating impedance at the cable end,
and to propose possible improvements to reduce the cable
effect with resistive voltage dividers. Additionally, the results
will demonstrate how well do the three analyzing methods
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Fig. 3. Shielded-resistive type voltage divider (HUT-400). Damping resistor
(Rd ) with a resistance of 200 � is located at the outer end of the fixed
horizontal arm.

TABLE I
CABLE PROPERTIES

TABLE II
EFFECT OF THE SG AND MEASUREMENT CIRCUIT

agree when the same system is characterized with them.
Agreement between these analyzing methods is appealing
since the exploitation of these methods is not only limited
to cable effect and can be used for estimating the overall
performance of an impulse voltage measuring systems.

II. INSTRUMENTATION

Analysis was performed for an LI voltage measuring system
consisting of a voltage divider, a cable, an attenuator or
impedance termination, and a digitizer. Different types and
lengths of cables with different impedance terminations were
under test.

The resistive reference voltage divider used in this study
(HUT-400) [16] has a nominal maximum voltage of 400 kV.
The shielded resistive structure makes the divider very
insensitive to proximity effects. The nominal high-voltage and
low-voltage arm resistances of the divider are 10 k� (R1) and
50 � (R2), respectively. The divider is presented in Fig. 3.

One triaxial and two coaxial cable types were used in this
study. All the cable types had a characteristic impedance of
50 � and were available with different lengths up to 25 m. The
triaxial cable was Belden 9888 with triaxial LEMO connectors.
The coaxial cables were Ecoflex 10 PLUS and RG214 with
N -connectors. Adapters were used during the tests in case
of connector mismatch. Cable properties according to their
datasheets are summarized in Table I. The selected cable types
are the typical examples of cables used in impulse voltage
measurement systems and might not be the best options for
this application.

During the low-voltage measurements, the cable was
terminated without an additional attenuator. Impedance
terminations close and equal to 50 � were used to test the
requirements for proper matching. Additionally, digitizer’s
1-M� input was used as a high-impedance termination
to study the behavior with impedance mismatch. During
high-voltage measurements, three different attenuators with
different impedances were used: 50 � [17], 1 k�, and 2 M�.

Digitizer used in the measurements has 12-bit resolution
with a maximum sample rate of 200 MS/s and a bandwidth
of 150 MHz. This type of digitizer has been found well
suitable for impulse measurements [18]. Digitizer was used
with 1-M� input impedance, and its nonideal step response is
corrected by software with deconvolution [19], resulting small
errors in LI parameters according to IEC 60060-1:2010 [1].
Digitizer is placed in a shielded cabinet, which allows it to be
in the high-voltage area near the divider without the need for a
long measuring cable. Data acquisition is performed by using
a fiber-optic connection. This setup passes the interference test
requirements described in IEC 60060-2:2010 [20].

Test signals were generated by using step generators (SGs),
a low-voltage impulse generator, and a high-voltage impulse
generator. The used SGs are designed to be used with high-
voltage dividers and they are based on a closing mercury-
wetted relay, which allows very fast switching [4]. The
low-voltage impulse generator was a commercial calculable
impulse voltage calibrator, which generates very stable output
with smooth impulse shape when the load impedance is
constant. The used high-voltage impulse generator was
a commercial system, which was used with the same
configuration throughout the tests. The stability of the
high-voltage impulse generator was measured with another
reference measuring system consisting of a damped-capacitive
voltage divider [21] and a digitizer [22].

III. TEST METHODS

A. Step Response Analysis Using Convolution

The first approach to study the cable effects was to analyze
the step response of the measuring system using convolution
techniques [20]. An ideal double-exponential impulse curve
(T1 = 1.200 µs and T2 = 50.00 µs) was first analyzed
with approved analysis software [3], resulting the reference
values for impulse parameters. The time derivative of the
measured step response, impulse response, was convolved
together with the reference impulse. Convolution was done in
frequency domain by multiplying the fast Fourier transforms
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TABLE III
SHORT-TIME STABILITY OF THE LOW-VOLTAGE TEST SETUP

Fig. 4. Arrangement used for step response measurements with SG and
low-voltage testing with IC. Impedance termination was placed directly to
the digitizer input. Ground was approx. 1-m-wide copper strip.

(FFTs) of the reference impulse voltage and the impulse
response [19]. Convolved impulse was then converted back
to time domain and analyzed again with the same analysis
software. These new parameters were then compared to the
reference values received from the ideal curve. Differences
predict the systematic errors of the used measuring system.

Generated step voltages were falling steps from approx-
imately 180 V to short circuit. The output of the divider
was approximately 0.45 or 0.9 V to the 50-� and 1-M�

terminations, respectively. All the step responses were
measured using the same channel and 1 V range of the of the
used digitizer. Based on the impulse calibration [23] results of
the used digitizer, the expected nonlinearity of the 1 V range
is minor and will cause differences less than 0.1% in the time
parameters between the 0.45- and 0.9-V impulses.

Every step response is an average of 100 records to reduce
the effect of noise. Since the step response of the digitizer is
corrected, all the remaining time parameter errors are mainly
caused by the voltage divider including the cable.

The effect of the used SG and step response measurement
circuit was also tested using the 16-m triaxial cable with 50-�
termination. Two different SGs marked as “VTT” and “PTB”
were used, and two measurement circuits and their names from
IEC 60060-2 [20] were used. The preferred arrangement is
presented in Fig. 4. Results summarized in Table II show that
step response of this system is insensitive to the used circuit
and similar results are obtained using both SGs.

SG marked as “PTB” and the preferred arrangement [20]
was used in the cable effect measurements. Convolution
analysis was performed for three cable types in different
lengths using different impedance terminations.

The main benefits of this test method are that the
measurement is quite straightforward, and the same step
response can be used to evaluate different types of waveshapes.
The used voltage level is limited by the used SG, and the step
response of large dividers might be dependent on the used
arrangement [24].

Fig. 5. Measurement arrangement for the high-voltage impulse tests.
The system under test (VTT) with its digitizer is on the right side of the
photograph. The voltage divider of the other system (PTB) to measure the
stability of the generator is on the left side of the photograph.

TABLE IV
UNCERTAINTY ESTIMATION FOR THE LOW-VOLTAGE TESTING

B. Low-Voltage Testing Using an Impulse Calibrator

A commercial calculable impulse voltage calibrator
(T1 = 1.2 µs and T2 = 38 µs) was used to generate
the impulses to be measured with the measuring system.
The measurement arrangement was similar as with the
step responses, and only the step voltage generator was
replaced with the calibrator as seen in Fig. 4. Applied
test voltage amplitude was similar as with step responses,
approximately 160 V, so that the same range of the digitizer
could be used. Impulse polarity was negative to correspond to
the falling step response measurement.

The IC was used as a stable source. The parasitic
capacitance affecting the reference parameters was difficult
to measure with low uncertainty due to noncoaxial structure
of the circuit. Calibrator output was found to be very stable
since the 10-k� input impedance of the divider stays constant
regardless of changes in its output configuration. Short-time
stability was tested by repeating one set of measurements after
30 min and again during the next day. Results in Table III
indicate that the calibrator and digitizer worked stably during
the measurements and the results should be comparable.
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TABLE V
UNCERTAINTY ESTIMATION FOR THE HIGH-VOLTAGE TESTING

Relative overshoot magnitude [1] varied between −0.2%
and 0.5% with all the cable and termination combinations
during the measurements. Smooth and stable waveshapes
provided comparable results with the convolution analysis.
However, the T2 values are smaller in this analysis compared
to the two other test methods, which slightly complicates the
comparison of the different methods.

The average of ten impulses was used as a result, and the
standard deviations for all cable and termination combinations
were less than 0.10% for T1 and 0.06% for T2. The stability of
the test setup, i.e., repeatability of the results, was also taken
into account in the uncertainty estimation based on Table III.
For all measurements, the relative uncertainty (k = 2) is
expected to be approximately 0.1% for T1 and T2. An example
uncertainty estimation is presented in Table IV. Since only
differences are being analyzed, the uncertainty related to the
absolute error of the digitizer can be neglected.

The main advantages of this test method are that the system
is tested with an actual LI wave shape, statistical uncertainties
can be very small, and the measurement is straightforward.
This test method using the same digitizer has been successfully
used together with a damped-capacitive divider and provided
very good agreement with the simulated cable effect [15]. The
main disadvantage is that the voltage level is quite limited.

C. High-Voltage Testing Using an Impulse Generator

The third approach was to investigate the cable length effect
using high-voltage impulses from −50 to −400 kV. Impulse
generator was used with the same connections and settings
throughout the tests, and only the cables and attenuators of
the system under test were changed. Negative polarity was
used as in the low-voltage tests.

Instead of the impedance terminations, three different
impulse attenuators were used with the cables: 50 � [17],
1 k�, and 2 M�. Different digitizer ranges were used because
of different scale factors and test voltages. However, the ranges
are kept the same throughout the cable length tests with a
certain voltage.

Measurement arrangement is presented in Fig. 5. The
shortest 0.5-m cable was not used to keep safe distance
between the divider and the digitizer. Voltage was fed from
the impulse generator to the system under test (VTT) and
to another measuring system (PTB) consisting of a damped-
capacitive voltage divider [21] and a digitizer [22]. PTB

Fig. 6. Changes in T1 (upper) and in T2 (lower) with their uncertainties for
different cable lengths of Belden 9888 (50-� termination).

system was used to check the stability of the impulse generator
during the tests. The waveform was reasonably smooth with
small overshoot. Time parameters were close to the nominal
1.2 and 50 µs.

T1 and T2 varied slightly between the different voltage
levels due to voltage dependency of the impulse generator.
However, measurements performed with the PTB measuring
system showed that the stability of T1 and T2 with the same
voltage levels were typically within 0.1%. In addition to the
generator stability, the standard deviation of the applied ten
impulses was used. This was based on the standard deviation
of the difference measured with PTB and VTT measuring
systems. The estimated uncertainty level (k = 2) for these
results is approximately 0.25% for T1 and 0.20% for T2.
An example uncertainty estimation is presented in Table V.
Since differences are being measured, the uncertainty related
to the absolute error of the digitizer can be neglected.

The main disadvantages of this method are that the test
setup is the most complicated to be prepared and analyzed,
and the uncertainties due to the stability of the high-voltage
circuit are higher than with low voltage. Nevertheless, this is
the only method that reveals the actual behavior under high
voltage.

IV. RESULTS

A. Comparison of the Cable Types

The change in time parameters for different types of cables
with 50-� termination is presented in Tables VI and VII. Cable
lengths were limited to 25 m as reference systems rarely need
cables longer than that. Results are shown as relative change
to the shortest cable and divided by the length difference to
show the relative change per meter. The effects for a 15-m
cable can be up to +0.8% for T1 and +0.3% for T2.

Results show that the cable effect for T1 and T2 is the
least significant with Belden, but there are no large differences
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TABLE VI
CABLE EFFECT FOR FRONT TIME T1

TABLE VII
CABLE EFFECT FOR TIME TO HALF-VALUE T2

between the cable types. Differences are higher with T1 than
with T2, where the changes are almost identical with all the
cable types. This analysis indicates that the cable length is
more important than the chosen type. However, high-voltage
testing requires cables to be properly shielded, which must be
taken into account when choosing the suitable cable.

B. Agreement Between Different Test Methods

Results in Tables VI and VII also show that different test
methods give very similar results, and they all are suitable
for the determination of the cable effect. The comparison
of different methods for Belden 9888 is shown in Fig. 6.
Especially, the convolution analysis and the low-voltage
impulse measurements have good agreement. This is because

TABLE VIII
VOLTAGE DEPENDENCY DURING HIGH-VOLTAGE TESTS

TABLE IX
EFFECT OF 50-� TERMINATION BASED ON CONVOLUTION ANALYSIS

these measurements were performed using the same test and
grounding arrangements.

Since the test arrangement for high-voltage testing is more
complicated, it might be influenced by the used grounding
arrangements. Statistical uncertainty is also higher due to
the stability of the impulse generator. In addition, the used
wave shape was not as ideal as with other test methods.
With high-voltage measurements, the effect to T1 seems to
be systematically lower than with other methods, whereas the
effect to T2 is still very similar.

C. Voltage Dependency

High-voltage tests were performed with the same impulse
generator configuration and connections covering voltages
−50, −100, −200, and −400 kV. Results obtained using
Belden 9888 cable together with 50-� termination are
presented in Table VIII. No sign of voltage dependency for
cable effect was observed with any of the tested cables.
Differences between each voltage levels were within the
experimental standard deviations.

D. 50-� Termination at the Digitizer End

The effect of the 50-� termination at the digitizer end of
the cable was analyzed. In this study, three cable terminations
with different dc resistances were used together with the
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TABLE X
EFFECT OF DIFFERENT TERMINATIONS BASED

ON LOW-VOLTAGE IMPULSE TESTS

TABLE XI
MEASURED IMPULSE TIME PARAMETERS WITH DIFFERENT CABLE

LENGTHS AND TERMINATIONS BASED ON LOW-VOLTAGE TESTS

Belden triaxial cable: 45, 50, and 55 �. The results of
different terminations using convolution analysis are presented
in Table IX.

Results show that that 10% tolerance with the dc resistance
of the termination has negligible effect to the performance.
Similar results were obtained using low-voltage calibrator, and
with Ecoflex and RG214 cables. Reflections caused by the
imperfect termination were not detected in the measured step
responses or impulses.

E. High-Impedance Termination at the Digitizer End

The use of high-impedance termination at the digitizer end
of the cable was analyzed using 1-k� and 1-M� terminations
together with the Belden triaxial cable. The results of the low-
voltage impulse test are presented in Table X.

Unexpectedly, the high impedance terminations do show
only marginal cable length effects for both time parameters.

Similar results were obtained Ecoflex and RG214, also with
the convolution analysis and high-voltage tests using the 1-k�

and 2-M� attenuators.
All the test results indicate that the cable effect of each

tested cable type can be reduced by using a high-impedance
cable termination at the digitizer end. The use of high-
impedance termination with long cable will provide similar
time parameters as obtained using the shortest cable and
50-� termination, as seen in Table XI.

Fig. 7. Measured step response with 50-� termination and two different
cable lengths. Used cable was Belden 9888 [25].

Fig. 8. Measured step response with 16-m Belden 9888 and two different
terminations [25].

Further analysis was performed by visually comparing the
measured step responses with different configurations. With
15-m cable and 50-� termination, the higher frequencies
seem to be attenuated, as seen in Fig. 7, as a slower rising
edge. However, as seen in Fig. 8, using the high-impedance
termination with the 15-m cable improves the divider response
to the same level as with the short cable and 50-� termination.
No notable reflections were visible when the high-impedance
termination was used. This means that the reflections caused
by the high-impedance termination are attenuated in the cable
and absorbed by the 50-� termination in the divider.

V. CONCLUSION AND DISCUSSION

A resistive type of voltage divider used for LI measure-
ments was characterized using different types and lengths
of cables together with different impedance terminations
and attenuators. Characterization was performed with three
methods based on convolution analysis of step response
and impulse measurements with low and high voltage. All
these methods had a good agreement with each other,
especially the convolution analysis and the low-voltage
impulse measurements, which were performed in the same
test setup. The setup used in the high-voltage tests was
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different and was probably more sensitive to grounding
arrangements. Nevertheless, this study suggests that the
relatively straightforward convolution and low voltage impulse
methods are very considerable ways to determine the
measuring system performance instead of the laborious high-
voltage comparison.

The performance of the tested cable types was similar
throughout the tests. All the tests show almost a linear effect
for T1 and T2 when the cable gets longer and is terminated
with 50 �. Results also show that the termination does
not need to be exactly 50 � since the 45-� and 55-�
terminations work almost the same way. Surprisingly, high-
impedance termination seems to make the cable length effect
negligible when the cable length is reasonable (less than 25 m).
This suggests that high-impedance termination can be used to
reduce the cable length effect with resistive voltage dividers
when the low-voltage arm and cable are 50 �. This can be
very tempting option if the used digitizer cannot be used with
fiber-optic connection and a short cable.

Results also show that the cable effect is not related to the
used voltage level. Instead, the cable length effect seems to
be related to the current flowing through the cable because
the effect is more visible with low-impedance termination.
However, the method is not yet completely known and needs
theory and simulation results to support the measured results.

It must be noted that the measurement cable should always
be treated as part of the measuring system and the influence
of its length is dependent on the used voltage divider.

REFERENCES

[1] High-Voltage Test Techniques—Part 1: General Definitions and Test
Requirements, Standard IEC 60060-1:2010, 2010.

[2] W. Zhao, H. Shao, J. Ding, C. Li, and J. Wang, “Resonance at
the front of lightning impulse voltage waveforms caused by the load
capacitor,” IEEE Trans. Instrum. Meas., vol. 70, pp. 1–7, 2021, doi:
10.1109/TIM.2020.3045186.

[3] Instruments and Software Used for Measurement in High-Voltage
Impulse Tests—Part 2: Requirements for Software for Tests With Impulse
Voltages and Currents, Standard IEC 61083-2:2013, 2013.

[4] K. Schon, High Impulse Voltage and Current Measurement Techniques.
Cham, Switzerland: Springer, 2013, pp. 129–165.

[5] J. Havunen, S. Passon, J. Hällström, J. Meisner, and T.-C. Schlüterbusch,
“Characterization of cable effects on a reference lightning impulse volt-
age divider,” in Proc. Conf. Precision Electromagn. Meas. (CPEM), Den-
ver, CO, USA, 2020, pp. 1–2, doi: 10.1109/CPEM49742.2020.9191706.

[6] D. M. Pozar, Microwave Engineering, 4th ed. Hoboken, NJ, USA: Wiley,
2012, pp. 48–51.

[7] N. Hylten-Cavallius, “The measurement of high impulse voltages and
currents,” in A Review of Seven Decades of Development, A. Claudi,
A. Bergman, S. Berlijn, and J. Hällström, Eds. Borås, Sweden: SP, 2004,
pp. 22–48.

[8] A. Bergman and J. Hällström, “Impulse dividers for dummies,” in
Proc. Int. Symp. High Voltage Eng. (ISH). Rotterdam, The Netherlands:
Millpress, Aug. 2003, pp. 1–4.

[9] G. W. Bowdler, Measurements in High-voltage Test Circuits. Oxford,
U.K.: Pergamon Press, 1973, pp. 59–61.

[10] S. Sato, T. Yamaguchi, S. Nishimura, and S. Nishimura, “Influence of
measuring cable on lightning impulse parameters,” Electron. Commun.
Jpn., vol. 93, pp. 1–7, Jun. 2010.

[11] A. Bergman, M. Nordlund, A.-P. Elg, J. Havunen, J. Hällström, and
J. Meisner, “Influence of coaxial cable on response of high-voltage
resistive dividers,” in Proc. 20th Int. Symp. High Voltage Eng. (ISH),
Buenos Aires, Argentina, Aug. 2017, pp. 1–5.

[12] S. Sato, S. Nishimura, H. Shimizu, and H. Ikeda, “Influence of the test
voltage function over lightning impulse response parameters measured
by long cable,” IEEJ Trans. Power Energy, vol. 138, no. 3, pp. 242–248,
2018, doi: 10.1541/ieejpes.138.242.

[13] J. Havunen, S. Passon, J. Hällström, and A. Bergman, “Effect of coaxial
cables on measurements performed with resistive lightning impulse
voltage dividers,” in Proc. Conf. Precis. Electromagn. Meas. (CPEM),
Jul. 2018, pp. 1–2, doi: 10.1109/CPEM.2018.8501140.

[14] A. Khamlichi, F. Garnacho, J. Rovira, and P. Simón, “Signal attenuation
and distortion in coaxial cables for high voltage measurements,” in Proc.
22nd Int. Symp. High Voltage Eng. (ISH), Nov. 2021, pp. 2005–2009.

[15] A. Khamlichi, J. Hällström, J. Havunen, F. Garnacho, and J. Rovira,
“Effects of coaxial cables on high-voltage lightning impulse measured
parameters: A comparative between measurements and simulations,”
in Proc. Conf. Precis. Electromagn. Meas. (CPEM), Wellington,
New Zealand, 2022, pp. 1–2.

[16] J. Hällström, J. Piiroinen, and M. Aro, “Design of shielded resistive
reference divider for lightning impulses,” in Proc. 9th Int. Symp. High
Voltage Eng. (ISH), 1995, p. 4482.

[17] Y. Y. Chekurov and J. K. Hällström, “Fast resistive attenua-
tors for high accuracy measurements of LI voltages,” in Proc.
Conf. Precis. Electromagn. Meas., Jun. 2004, pp. 328–329, doi:
10.1109/CPEM.2004.305598.

[18] A. Bergman, A.-P. Elg, and J. Hällström, “Evaluation of step response
of transient recorders for lightning impulse,” in Proc. 20th Int. Symp.
High Voltage Eng. (ISH), 2017, pp. 1–6.

[19] J. Havunen, J. Hällström, A. Bergman, and A. E. Bergman, “Using
deconvolution for correction of non-ideal step response of lightning
impulse digitizer and measurement systems,” in Proc. 20th Int. Symp.
High Voltage Eng. (ISH), 2017, pp. 1–6.

[20] High-Voltage Test Techniques—Part 2: Measuring Systems, Stan-
dard IEC 60060, 2010.

[21] J. Meisner, S. Passon, C. Shierding, M. Hilbert, and M. Kurrat, “PTB’s
new standard impulse voltage divider for traceable calibrations up to
1 MV,” in Proc. 20th Int. Symp. High Voltage Eng. (ISH), 2017, pp. 1–5.

[22] T.-C. Schlüterbusch, S. Passon, J. Meisner, and Z. Long, “Characteriza-
tion and verification of suitability of a digitizer for lightning impulses,”
in Proc. IEEE Int. Conf. High Voltage Eng. Appl. (ICHVE), Sep. 2018,
pp. 1–4, doi: 10.1109/ICHVE.2018.8642263.

[23] J. K. Hällström, Y. Y. Chekurov, and M. M. Aro, “A calculable impulse
voltage calibrator for calibration of impulse digitizers,” IEEE Trans.
Instrum. Meas., vol. 52, no. 2, pp. 400–403, Apr. 2003.

[24] W. Yan, W. Zhao, and Y. Li, “Effect of step response measurement
arrangement on the correction of ultrahigh-voltage lightning impulse
dividers,” IEEE Trans. Instrum. Meas., vol. 68, no. 6, pp. 1666–1670,
Jun. 2019, doi: 10.1109/TIM.2019.2900130.

[25] Empirical Characterization of Cable Effects on a Reference Light-
ning Impulse Voltage Divider, Dataset for Publication, 2022, doi:
10.5281/zenodo.6340016.

Jussi Havunen was born in Laihia, Finland, in 1988.
He received the B.Sc. and M.Sc. degrees in elec-
trical engineering from the Tampere University of
Technology (TUT), Tampere, Finland, in 2010 and
2013, respectively. He is currently pursuing the
D.Sc. degree in measurement science with Aalto
University, Espoo, Finland.

He was a Research Assistant and a part-time
Teacher with TUT, from 2011 to 2012, where he
was with the Superconductivity Research Group.
From 2012 to 2013, he was a Trainee with ABB

Drives, Helsinki, Finland, where his research focused on modeling and
measuring of mechanical and electrical components of ac drives. He joined the
National Metrology Institute VTT MIKES, VTT Technical Research Centre of
Finland, Espoo, in 2014, where he was focusing on high-voltage metrology as
a Research Scientist. In 2023, he was appointed as a Senior Design Engineer
at ABB Drives, where he is focusing on verification and testing in research
and development. He still works part-time in high-voltage metrology with
VTT MIKES.

http://dx.doi.org/10.1109/TIM.2020.3045186
http://dx.doi.org/10.1109/CPEM49742.2020.9191706
http://dx.doi.org/10.1541/ieejpes.138.242
http://dx.doi.org/10.1109/CPEM.2018.8501140
http://dx.doi.org/10.1109/CPEM.2004.305598
http://dx.doi.org/10.1109/ICHVE.2018.8642263
http://dx.doi.org/10.1109/TIM.2019.2900130
http://dx.doi.org/10.5281/zenodo.6340016


HAVUNEN et al.: EMPIRICAL CHARACTERIZATION OF CABLE EFFECTS ON REFERENCE LI VOLTAGE DIVIDER 1005009

Stephan Passon was born in Salzgitter, Germany,
in 1991. He visited the High School at Salzgitter,
and afterward, he started studying at the Technische
Universität Braunschweig, Braunschweig, Germany.
He received the Ph.D. degree from Technische
Universität Braunschweig in 2022. For his bache-
lor’s thesis at Physikalisch-Technische Bundesanstalt
(PTB), Braunschweig, he planned, built, tested, and
calibrated an impulse voltage divider. In 2017, he
started his master’s thesis on a high-voltage divider
for DC as well as superimposed voltages like

switching impulses on DC. Since the end of 2017, he was working on his
Ph.D. thesis for the measurement of very fast transients and superimposed
signals in HVDC transmission systems, which he finished in 2021.

In his fourth semester, he began his work as a Research Assistant with
the Institute of High Voltage Engineering and the Electrical Energy Facility,
Technische Universität Braunschweig, where his interest in high-voltage
engineering and application grew and soon he began his bachelor’s thesis.
During the next three years, in PTB’s high-voltage metrology working
group, he worked on several national and international projects in HVDC
transmission, switchgear testing and design, and precision voltage and current
sensor calibration.

Jari Hällström was born in Lappeenranta, Finland,
in 1961. He received the M.Sc. and D.Sc. degrees in
electrical engineering from the Helsinki University
of Technology, Espoo, Finland, in 1987 and 2002,
respectively.

Until 2008, he held various positions at the
Helsinki University of Technology, where his
first research interest was instrumentation for the
measurement of magnetic fields of the human brain
and later high-voltage metrology. Since 2008, he has
been with the National Metrology Institute VTT

MIKES, VTT Technical Research Centre of Finland, Espoo, where he is
currently responsible for the Finnish National Standards for electrical power
and high-voltage calibrations.

Dr. Hällström received the IEC 1906 Award for his work on standardization
of high-voltage measuring techniques in 2007. He is the convenor of
EURAMET Technical Committee for Electricity and Magnetism (TC-EM)
Subcommittee “Power and Energy” and a Steering Committee Member of
EURAMET European Metrology Network (EMN) “Smart Electricity Grids.”

Johann Meisner was born in Lusino, Russia,
in 1982. He received the Dipl.-Eng. degree in elec-
trical engineering from the Technische Universität
Braunschweig, Brunswick, Germany, in 2010, and
the Dr.-Eng. degree (Ph.D.) from the Technische
Universität Braunschweig, in 2014. The topic of
his dissertation is “Metrology for HVDC Energy
Supply.” It has been undertaken at the Physikalisch
Technische Bundesanstalt (PTB), Brunswick.

From 2015 to 2021, he was the Leader of PTB’s
working group “High-voltage metrology.” Since

2010, he has been with the Department for Electrical Energy Measurements,
PTB. During this time, he was involved in several national and international
projects and comparisons. Since 2021, he is leading the working group
“Instrument Transformers and High Voltage Metrology.” He is involved
in the national (VDE DKE) and international (IEC) standardization and
several CIGRE working groups in the field of high-voltage and high-current
metrology. His current research interests include the field of high-voltage and
high-current measuring techniques. Dr. Meisner is the Coomet Speaker of the
Electricity Division, PTB and is involved in the Euramet P&E Group. He is
a Steering Committee Member of the European Metrology Network (EMN)
“Smart Electricity Grids.”

Tim Christoph Schlüterbusch was born in Celle,
Germany, in 1992. He received the bachelor’s and
master’s degrees from the University of Applied
Sciences and Arts, Hannover, Germany, 2016 and
2018, respectively.

He started his career in the industry for automa-
tion systems at Siemens AG, Hannover, while
studying electronics and information technology
at the University of Applied Sciences and Arts,
Hannover, Germany. Working in several research
projects. He is currently employed at the National

Metrology Institute of Germany, Physikalisch-Technische Bundesanstalt
(PTB), Brunswick, Germany, in the working group “Instrument Transformers
and High-Voltage Metrology.” His research topics include the metrology for
fast transients in high-voltage technology and the software-based analysis of
measurement data.


