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Chapter 1

Introduction

The high voltage test and measuring technique belong among traditional
parts of electric power system. The gradually growing demand for electri-
cal energy causes increasing of transmission voltages. In recent decades, the
rapidly increasing of transmission voltages can be observed as a consequence
of the development of large hydroelectric power stations far from centers of
industrial production. The ultra-high voltage (UHV) transmission systems
commonly operate on 1000 kV and the world’s highest transmission system
in India achieved the value of 1200 kV. At the same time, as the present cost
of power electronic elements is reduced, the application of high-voltage di-
rect current transmission (HVDC), flexible ac transmission systems (FACTS)
or static synchronous compensator (STATCOM) is increasing. These new
trends required extensive development of high voltage engineering, an intro-
duction of many new insulating materials, technologies, test methods and
equipments and understanding of discharge processes. All the processes as-
sociated with high voltage have essentially stochastic nature. That is what
makes this field of study very interesting technical science which is primar-
ily based on laboratory experiments and their verification by calculations.
Therefore, apart from the development of high voltage engineering the inter-
national standards and equipment for the measurement have to be developed
as well. It has been found that some high voltage equipments causes very fast
front transients that may damage the insulation system. It opens relevant
discussion whether common impulse high voltage tests are sufficient enough
or not and if not whether high voltage laboratories can generate and measure
such kind of voltages.
Another property of high voltage system which has significant contribution
to the mentioned random behavior of high voltage processes, is the fact that
majority of insulation systems is exposed to outdoor conditions. The pol-
lution, rain, snow, ice or fog can significantly reduce the electrical strength.
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Weather conditions may change rapidly and unpredictably. Moreover, the
speed of these changes is still increasing. The sudden appearance of ice and
snow is also observed in areas that are not in traditionally cold regions. It was
proved that the presence of ice on insulators may lead to insulator flashover
and consequent power outages. That is the reason, why many research groups
and laboratories are oriented to this wide area. The main objectives of these
activities are to extend the knowledge on the influence of atmospheric icing
on overhead power transmission lines, on fundamental studies of electrical in-
sulation performance under atmospheric icing and pollution conditions and
on flashover mechanisms of ice surfaces. These research activities are very
costly whereas the large climatic rooms are needed.
Mentioned facts are motivation for this work which formally can be split into
two parts but thematically creates one a whole with a common theme of im-
pulse high voltage testing. The firs part is related to the impulse high voltage
and current measurement when the main aim of this research is to improve
the accuracy of measurement devices for voltage and current impulses and
to extend their maximal frequency. It should be noted that there is no com-
prehensive overview of the whole issue in the text and author presents only
results of research works where he was involved. The essential part is focused
mainly on research related to Rogowski coil sensor and current and voltage in-
strument transformers with nanocrystalline magnetic cores and some smaller
contribution is related to new constructions of impulse high voltage dividers
regarding to their behavior under the very fast impulses.
The second part of this work is related to the flashover performance of suspen-
sion insulators exposed to the combination of pollution and icing condition
and transient overvoltage. The main objective of this part was experimen-
tally investigate the influence of pollution and ice layer on flashover volt-
age and on the bases of determined results create a suitable mathematical
simulation model. The experimental measurements were performed in In-
dustrial Research Chair on Atmospheric Icing of Power Network Equipment
(CIGELE)laboratory which is a research center of University of Quebec in
Chicoutimi, Canada. Due to the financial demand of such tests, when the
low temperature in climatic room has to be often keep few weeks, the using
of mathematical model seemed to be a good idea how to reduce costs in the
future. However, the simulation model requires deep knowledge of both phys-
ical processes of streamers and leader propagation and calculation of electric
field distribution of suspension insulator string. It is almost impossible to
take into account all physical aspects of flashover process especially when
they are coupled with pollution or ice layer, and some simplification have to
be always done. The determined experimental results and the proposal of
this model and its validation are objectives of the final chapter of this work.
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Chapter 2

Transients in Electrical Power
System and High Voltage Tests

Electrical power systems are always subjected to various overvoltages which
have the origin in operational manipulations (internal) or atmospheric light-
ning (external). These overvoltages can reach several times the value of
operated voltage with oscillatory or impulse waveforms and different dura-
tion. According to IEC standards, we can classify the possible overvoltages
as:

• Permanent overvoltages

• Temporary overvoltages

• Transient overvoltages

• Combined overvoltages

Unlike external overvoltages, the internal overvoltages can be very well
predicted as they are in a relation to the operated voltage. With increas-
ing of operating voltage the influence of internal overvoltages on insulation
design is higher. An insulation system has to be tested to withstand such
overvoltages. For these purposes the following main high voltage tests are
usually performed:

• Short duration power frequency voltage test

• Switching impulse voltage test

• Lightning impulse voltage test
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For today’s power systems up to 245 kV the insualation tests are limited to
the lightning test and short duration power test and for the voltages above
300 kV the voltage tests include also switching impulse voltage.The require-
ments and test methods are given by IEC 60060-1 international standard. A
brief description of testing methods and evaluation procedures is introduced
in the next chapters.

2.1 Short duration power frequency voltage

test

The short duration test (60 s) at power frequency is the most common test
for insulation systems. For indoor equipment, the test is performed under
the dry condition, and the outdoor equipment must be also tested under the
prescribed rain condition. The required withstand voltage is derived from
the highest voltage for equipment Um which is the highest rms voltage value
in the power system at normal operating conditions. Some typical values are
in Table 2.1

Um (kV) 7.2 12 24 124 245 420
Withstand voltage (kV) 20 28 50 185 325 460

Table 2.1: Standard insulation levels for short term power frequency voltage
test according to IEC standards

The high voltage source is usually a testing transformer or cascade of
transformers with appropriate power considering wet condition tests when
the leakage current is higher than for dry condition. The output voltage has
to fulfill the requirements on the sinusoidal waveform that the ratio between
the peak value and rms value doesn’t exceed the range ±5 %.

2.2 Lightning and switching impulse voltage

tests

As noted, the lightning and switching impulse tests reflect the voltage stress
at fast and slow transients in power systems. The standard waveforms were
established as a good approximation of the real situation and also can be
relatively easy generated in high voltage laboratories. The general lightning
and switching impulses are shown in Fig.2.1.
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Figure 2.1: General shape of lightning and switching impulse [1]

The impulse parameters with prescribed tolerances are summarized in
Table 2.2.

Lightning impulse
Up ± 3 %
T1 = 1.2 µs± 30 %
T2 = 50 µs± 20 %

Switching impulse
Up ± 3 %
Tp = 250 µs± 20 %
T2 = 2500 µs± 60 %

Table 2.2: Lightning and switching impulse parameters and tolerancies

As can be seen in Table 2.2 the allowed tolerances are very wide. This
is mainly because each tested object influences the shape of impulses itself
(by self capacity and inductance) and it is almost impossible to reach given
parameters exactly. Moreover, the capacitance and inductance of the test
circuits creates the resonant circuit, and test voltage can be influenced by
oscillating component. There is a necessity to evaluate mean curve to elim-
inate oscillation or overshoot when the frequency of oscillation is not less
than 0.5 MHz or the overshoot duration is not greater than 1 µs [2]. With
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the development of computer signal processing many algorithms for mean
curve determination have been researched, e.g. [3–6]. Some of them are im-
plemented in the automatic evaluation systems for impulse testing in high
voltage laboratories. These methods usually work with theoretically derived
double exponential model which has a form of subtraction of two exponential
functions:

u(t) = Upk(e−τ1t − e−τ2t), (2.1)

where Up is the peak value, k, τ1 and τ2 are constants. The constant
values for some impulses are shown in Table 2.3.

T1/T2 α1(s
−1) α2 × 103(s−1) k

1.2/50 14 263 4 876 1.15
1.2/200 3 489 6 245 1.253
250/2500 317 16 1.328

Table 2.3: Table of parameters for various shapes of impulses

The double exponential model is also very often used for the numerical
simulations of transients due to lightning or switching voltage impulses in
the power system.

2.3 Statistical evaluation of high voltage tests

The electrical discharge phenomena is characterized by a random behavior
the statistical methods must be considered. Therefore, the high voltage test
should be performed and evaluated on a statistical basis by random exper-
iments and random variables. For high voltage testing the three classes of
tests are preferred:

• Multiple level test

• Up-down test

• Progresive stress test

2.3.1 Multiple level test

The multiple level method involves the application of ni constant voltages at
i-th voltage level when ki ≤ ni trials led to the breakdown. For each voltage
level the estimation of breakdown probability is determined, see Fig. 2.2. As
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noted Hauschild and Lemke in [7], the relation between the applied voltage
and breakdown probability is not a distribution function in the statistical
sense but so-called performance function which is not necessarily monotoni-
cally increasing. However, in most practical cases the performance function
is assumed as monotonically increasing and then can be approximated by
theoretical distribution function.

Figure 2.2: Example of multilevel method ni=25, i = 1, 2, . . . , 10.

In the past, the results were plotted in a spatial probability paper grid
to transform the nonlinear probability function to the linear function. Then
the approximation can be performed in an easy manner. Nowadays, many
mathematical tools for nonlinear regression are available and can be simply
implemented into the test evaluation systems. The Normal (Gauss), Weibull
or Gumbel probability functions are often used as good approximations in
this case.

2.3.2 Up and down test method

In high voltage practice usually it is not necessary to know a whole perfor-
mance function. The searched values could be the 10 % quantile u10 as the
voltage with very low probability of breakdown or u50 as a mean value esti-
mation. First the voltage step ∆u and initial voltage u0 are selected. Than
the voltage is increased or decreased from initial value depending on the pre-
vious test result. If the breakdown occurs the voltage is decreased, otherwise
the voltage is increased. This procedure is repeated until the predetermined
number of trials n is reached. The example of up and down method record
for u50 is in Fig. 2.3.

The required number of impulses on each voltage level for various orders
of quantile p are presented in Tab. 2.4.

The estimation of Up is given by approximation formula:
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Figure 2.3: Example of up-down method for u50, n = 25. The first row
corresponds to u0.

n 1 2 3 4 7 14 34 70
p(%) 50 30 20 15 10 5 2 1

Table 2.4: Number of stresses per one group for the estimation of p quantile

Up =

∑m
i=1 ki ∗ Ui
m

, (2.2)

where m is the total number of groups, ki is number of tests of i-th group
and Ui is the applied voltage of i-th group. The p value should be selected
from Tab. 2.4 together with required number of stresses per one group n.
The approximation of standard deviation can be determined as

s = U50 − U16. (2.3)

2.3.3 Progressive stress test method

In the case of progressive stress test the voltage is increased from the initial
value u0 either step by step or continuously to the breakdown. This pro-
cedure is repeated n times and the breakdown voltage ui is recorded. The
interval between two series should be enough to assure breakdown voltage
independence.

2.3.4 Maximum likelihood method

The maximum likelihood method can be used for the parameters evaluation
of all above mentioned test methods and any types of theoretical distribution
functions. The method is based on so-called likelihood function L. Usually
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the assumption is made that the set of observations x1, x2, . . . , xn is a set
of i independent random variables with probability density function f(xi, θ)
where θ is set of parameters. The maximum likelihood estimate of θ is that
value of θ which maximizes the likelihood function L:

L(θ) =
n∏
i=1

f(xi, θ). (2.4)

Rather than maximising this product is often use the logarithm:

L(θ) =
n∑
i=1

ln f(xi, θ). (2.5)

If it is expected that the observed values x1, x2, . . . , xn are normally dis-
tributed N(µ, σ) their probability density function is:

f(x1, x2, . . . , xn, µ, σ) =
n∏
i=1

1

σ2π
e

(µ−x)2

2σ2 . (2.6)

As the L(µ, σ) function:

L(µ, σ) = −n
2

ln 2π − n lnσ − 1

2σ2

n∑
i=1

(xi − µ)2. (2.7)

The parameters µ and σ can be dermined by solving the equations:

∂L(µ, σ)

∂µ
= −n

σ
+

1

σ3

n∑
i=1

(xi − µ)2 = 0, (2.8)

∂L(µ, σ)

∂σ
=

1

σ2

n∑
i=1

(xi − µ) = 0. (2.9)

2.4 High voltage test procedures

2.4.1 Dry test on external insulation

High voltage tests have to be performed on all external insulation. The break-
down voltage can be affected by the arrangement of a test object. Important
are mainly distances to grounded parts, walls or ceiling of the test room and
arrangement of high voltage conductors. The clearance to all external struc-
tures should be higher than 1.5 times the length of shortest discharge path
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along the test object. The atmospheric conditions shall be measured, and
the atmospheric correction factor calculated as

Kt = k1k2, (2.10)

where k1 = δm and k2 = kw. The air density δ is determined by temper-
ature t and pressure p:

δ =
p

p0

273 + t0
273 + t

, (2.11)

where p0 and t0 are atmospheric normal conditions (t0 = 20 ◦C, p0 =
101, 3 kPa). The correction factor k2 respects the influence of humidity
to breakdown voltage especially when it is determined by partial discharges.
Partial discharges depend on the kind of test voltage, and different correction
have to be applied. For lightning and switching impulses, the parameter k
has a form of:

k = 1 + 0.010(
h

δ
− 11), (2.12)

where h is absolute humidity. Exponents m and w describe the character-
istic of possible partial discharges and their values are recommended in [2].
Test engineers very often assume m and w equal to one. The atmospheric
correction factor can be used to correct a measured breakdown voltage V to
the value under standard atmospheric conditions

V0 =
V

Kt

(2.13)

or to actual test voltage value calculation when the test voltage V0 is
specified for standard atmospheric conditions

V = V0Kt. (2.14)

The procedures for atmospheric corrections are still not perfect, and es-
pecially the humidity correction is limited to air gaps. Due to the different
absorption of water by different surface materials the humidity correction is
not applicable to flashovers along insulating surfaces in the air [7].

2.4.2 Artificial rain tests

The artificial rain test imitates the influence of natural rain to insulation
performance of outdoor insulators and is recommended for all types of test
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Rain parameters Unit Range

- vertical component mm/min 1− 2± 0.5
- horizontal component mm/min 1− 2± 0.5
Water temperature ◦C ambient temperature ±15
Water conductivity µS/cm 100± 15

Table 2.5: Water parameters (mean value of all measurements) for artificial
rain test according to IEC standard [2]

voltages. The standardized parameters of water used for artificial rain test
are summarized in Table 2.5.

Generally, the reproducibility of artificial rain test is lower, and some
additional requirements have to be taken into consideration to decrease the
variance of results. These requirements are described in detail in [2]. The
water should be sprayed uniformly along the test object, and the water con-
ductivity and temperature must be measured on water sample. The conduc-
tivity and temperature measurements should be performed before the water
impacts on the test object or directly in the storage tank. The test object
must be subjected to the artificial rain at least 15 minutes before the voltage
test, and consequently the rain is not interrupted when the voltage is applied.
The artificial rain test procedure is the same as the adequate procedure at
the dry condition. In general, one flashover is allowed at ac and dc withstand
voltage test provided that there is no other flashover during repeated test.

2.4.3 Freezing condition

Test procedures, test equipment, and evaluation methods were recommended
in IEEE Standard 1783 [8] for the cases when an external insulation is sub-
jected to the combination of contamination, ice, snow and cold fog.

2.4.4 Ice test procedure

Natural conditions are simulated by depositing artificial ice on energized
insulators (usually at normal service voltage) in a climate room. The experi-
mental conditions which should be adjusted to form glaze ice (clear ice) with
icicles are summarized in Table 2.6

The ice thickness should be measured in the applied water exposure zone
on two 25 mm to 30 mm cylinders when one is rotating and second is fixed.
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Ice deposit parameter Recommended value

Type Glaze ice (clear ice) with icicles
Thickness 5 mm to 30 mm on rotating cylinder
Freezing water flux 60 L/h/m2 ± 20 L/h/m2

Water conductivity σ20 100 µS/cm at 20◦C
Air temperature 5 ◦C to 15 ◦C
Wind speed 3 m/s to 5 m/s
Precipitation direction 45◦ ± 10◦

Applied voltage Service voltage stress

Table 2.6: Summary of the recommended ice deposit parameters [8]

The length of both cylinders is about 600 mm. The cylinders should be in
the place to receive the same wetting as the insulator under test.The applied
water droplet size and wind speed shall be adjusted to give a water droplet
direction of about 45◦±10◦ from top to bottom, compared to a vertical axis.
A preparation period is needed between the end of the ice accretion at a sub-
zero temperature and the moment when test voltage is applied for flashover
voltage evaluation.
Two procedures should be used: icing regime or melting regime. The icing
regime method is faster than melting regime method, but the melting regime
methods is more representative of natural conditions. At one laboratory, the
two test methods give similar results.
In the icing regime, the flashover performance tests should be carried out
shortly after ice accretion is finished, and the water film is still present on
the ice surface. Thus, the preparation time is very short (from 2 min to
3 min). At this point, the flashover test is performed.
For the melting regime, the normal system voltage shall be turned off for
a minimum of 15 min, after the ice accretion. In this hardening phase, the
wind speed shall continue, and the air temperature shall be keept at the icing
temperature to ensure complete hardening of the ice and balance of insulator
and ice temperatures. Immediately after the hardening sequence the melting
sequence should start. The temperature is increased rapidly to 2 ◦C and then
increased linearly at a rate of 2 ◦C/h to 3 ◦C/h to a final melting temperature.

2.4.5 Snow test procedures

Two methods of snow deposition were proposed [9]. The first method con-
sists of covering the insulator with soft rime, which is produced from very
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small super-cooled water droplets, followed by raising the air temperature
to increase the water content. No voltage is applied during the soft-rime
accretion. This approach is recommended for simulation of snow on vertical
insulators.
The second method consists of covering the insulator with natural snow gath-
ered on the ground. The snow from a pile can be directly used to cover the
insulator at sub-zero temperature or blocks of naturally accumulated snow is
cut and placed and arranged on insulator. Once the test insulator is covered
with snow, cold room temperature is increased to around 0 ◦C and the vol-
ume density,conductivity, height, and water content of snow are measured.
The recommended snow deposit parameters are summarized in Table 2.7.

Snow deposit parameter Recommended value

Type Natural snow
Thickness 30 cm, 50 cm or 70 cm
Density 0.3 g/cm3

Snow melted-water conductivity σ20 100 µS/cm at 20 ◦C
Air temperature −6◦C ± 1◦C
Location of deposit Vertically above insulator
Precipitation direction 45◦ ± 10◦

Applied voltage Service voltage stress

Table 2.7: Summary of the recommended snow deposit parameters [8]

2.4.6 Cold fog procedures

The cold room is cooled to −4 ◦C, and the cold-fog is produced using water
with a conductivity of approximately 300 µS/cm± 100 µS/cm. The median
droplet diameter is 10 µm ± 3 µm. The dew point of the cold room should
be monitored. The insulator is energized at service voltage during cold-fog
accretion. When the dew point is within 2 ◦C of ambient temperature and
a dense fog is visible, the cold-room temperature is increased from −4 ◦C to
−2 ◦C in no less than 1 h. Air flow should be maintained at about 10 km/h
with less than 10 % turbulence intensity. The temperature rise of the test
chamber should be 0.6 ◦C/h, from –2 ◦C to 1 ◦C in 5 hours. The dew point
should remain within 2 ◦C of ambient temperature and test voltage should
be kept constant, as in the accretion period.
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Chapter 3

Measurement of impulse high
voltages and currents

Impulse voltage and currents are often used in high voltage laboratories to
perform lightning and switching impulse tests. The current waveform can
be also used for the test evaluation. The impulse voltages and currents are
characterized by fast front time and high amplitudes as was described in
Chapter 2. Nowadays, with the increasing number of application based on
power semiconductors, some standards starts to require even faster impulse
front time then was obvious in the past. The need to measure rapidly chang-
ing impulse voltages arises not only in the high voltage testing but also in
many research problems in physic. At the same time, there is pressure to im-
prove the overall measurement uncertainty. These factors evoked an activity
of international professional working groups and research teams to develop
new measurement devices and procedures which fulfill the requirements.

3.1 Voltage dividers for impulse voltages

The voltage dividers are classic measuring devices for dc, ac and impulse
voltages up to highest levels of magnitudes (few megavolts). Usually, the
complete waveform of impulse voltage is of interest. The actual waveform
must not be distorted or overshoot from the measuring system. The three
basic types of voltage dividers exist: resistive, capacitive and inductive. From
them, the combined voltage divider can by completed. The principle of
voltage dividers is very simple and, in general, can be described by formula:

U2

U1

=
Z2

Z1 + Z2

, (3.1)
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where Z1 is high voltage impedance, Z2 is low voltage impedance, U2 is
output voltage and U1 is measured voltage. The expression of Z1 and Z2

depends on the type of voltage divider. The properties of voltage dividers
are described in many books and research papers deal with the high voltage
technique, i.e. [1,7,10]. As was mentioned in the previous text, currently the
main issues are related to meet the increasing requirements on measurement
accuracy and to record correctly impulses with very steep front. These hard
requirements can be fulfilled with the voltage dividers with the flat transfer
function up the frequencies above 1 MHz. The shape of the transfer function
is given by construction of voltage dividers and frequency dependance of used
elements.

3.1.1 Determining frequency characteristic of voltage
dividers

Investigating the frequency characteristic properties of voltage dividers by
frequency response methods brings good insight into the behavior of the
measuring device. Usually, from the practical purposes, the step response
method is preferred. The input voltage is generated by switching dc voltage
of magnitude V0. The switch can be realized as a mercury-wetted relay or
as a breakdown in pressurized gas or oil, see i.e. [10, 11]. Some laboratories
use for the evaluation of the step response standard chopped atmospheric
impulses [12,13]. The typical normalized step response is shown in Fig. 3.1.
Because the large dimensions of high voltage dividers, the lead inductances
and stray capacitances are present and causes the superposition of oscillations
on the exponentially rising response.

Figure 3.1: Typical normalized step-response of a voltage divider

17



The response time is defined to represent the area enclosed by the nor-
malized step response, the final value 1 and the axis t = 0:

Tres =

∫ ∞
O1

(1− g(t))dt = Tα − Tβ + Tγ − . . . , (3.2)

where g(t) is the step response, Tα, Tβ and Tγ are the shaded areas in Fig.
3.1. The settling time Ts is then defined as the time from which up to infinity
the measured normalized step response will not deviate from the unit level
no more than 2% of the settling time. The definition can be mathematically
described as

Ts =

∫ ∞
Ts

|(1− g(t)) dt| < 0.02Ts. (3.3)

Under the assumption that the whole measurement system is linear,
causal, and time-shift invariant the output vo(t) of a system to an arbitrary
input vi(t) is in the time domain given by its convolution with the system
impulse response h(t)

vo(t) = vi(t) ∗ h(t). (3.4)

Usually the step response is measured, instead of the impulse response
h(t), because of the difficulties in producing suitable delta function impulse
excitation. The impulse response h(t) can be derived from the normalized
unit step response g(t) by calculating the derivative of g(t)

h(t) =
d

dt
g(t). (3.5)

Because the differentiation operator in convolution is interchangeable, the
convolution equation 3.4 can be rewritten as

vo(t) =
d

dt
vi(t) ∗ g(t). (3.6)

For a numerical calculation the convolution equation can be expressed as
the convolution discrete sum

vo(i) =
n∑
k=0

v
′
(k)g(i− k)∆t. (3.7)

Instead of using convolution calculation the Fourier and inverse Fourier
transformation can be another alternative for computation of an output im-
pulse signal [12]. Then, the convolution operator became a pure division and
the transfer function G(jω) is defined as:
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G (jω) =
Vo(jω)

Vi(jω)
, (3.8)

where Vo and Vi are Fourier transformations of output and input voltage
signals.

For a known step response of a measuring system, considering equation
3.5, the output impulse voltage can be expressed as:

vo(t) = F−1
{
F{vi(t)}F{

d

dt
g(t)}

}
, (3.9)

where F and F−1 are the symbols for the Fourier and inverse Fourier
transformations.

The experimentally measured step response are used for determination
of the suitability of a particular measuring system for making measurements
of interest. The above described methods for vo calculations involves the
experimental step response with an analytic waveform which represents the
ideal waveform expected in the experimental arrangement (i.e. a lightning
waveform described by double exponential model with appropriate time con-
stants). If the differences between the input and output voltage peak or time
parameters exceed the uncertainty requirements given by standards, the sys-
tem is inadequate for the measurement of the input waveform used in the
calculations.

3.1.2 Determining of frequency responses of impulse
voltage dividers in frequency domain

Another way how to determine the frequency response of impulse voltage
dividers is a direct measurement in the frequency domain. This method
is more demanding then the measurement of step response due to higher
requirements on instrumentation and needed time, but gives more precise
results. The measurement circuit is shown in Fig. 3.2.

The harmonic voltage, with variable frequency, is generated by the arbi-
trary generator and amplified to reach well measurable voltage value on the
output of voltage divider within the whole range of frequencies. The volt-
ages values and phase is read from the digital scope. Examples of determined
frequency dependency of ratio for two common voltage dividers 1 MV and
200 kV is shown in Fig. 3.3. The phase shift dependency between input and
output voltages is shown in Fig. 3.4.
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Figure 3.2: Frequency response analysis of impulse voltage divider

Figure 3.3: Determined attenuation of two common impulse voltage dividers
(Haefely R1000 and R200)
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Figure 3.4: Determined phase shift between input and output voltages of two
common impulse voltage dividers (Haefely R1000 and R200)
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As can be seen from determined frequency characteristics common im-
pulse voltage dividers have relatively constant ratio up to the frequency of
500 kHz. This maximal frequency is sufficient for impulses with the front
time 1.2 µs. The new constructions and methods have to be used for mea-
surement of faster impulses to suppress parasitic inductance and capacitance.
The research activities in this field are nowadays focused mainly on the using
of ceramic disc resistors and liquid voltage dividers.

3.1.3 Using of liquid voltage dividers for fast impulses
measurement

Some standards, i.e. IEC 61211, requires the application of fast-rise impulses
with a reported rise time of 200 ns at voltages reaching 500 kV. Nowadays
there is no calibration service available to proof whether the measuring sys-
tem is accurate enough. The new constructions of high voltage dividers are
developed in order to fulfill such requirements. One way how to reach very
short response time and increase the bandwidth of voltage dividers is using
of suitable liquid solutions as high voltage resistors.

The preliminary experiments with liquid high voltage resistors were per-
formed in the High Voltage Laboratory at the Czech Technical University
in Prague. Some similar experiments can be found in [14–16] however, more
work in this area is needed. A verification of design and electrical parameters
of various liquid solutions was at first investigated on the fast impulse voltage
divider of the amplitude up to 20 kV. In the future, determined results and
experiences should be used for the construction of very fast voltage divider
up to 500 kV to get reference voltage divider for calibration purposes.
The realized 20 kV liquid voltage divider is shown in Fig. 3.5. As the best
liquid solution in term of thermal stability and frequency bandwidth, the
NaCl of 5 g/l concentration was evaluated [17].

The realized liquid high voltage divider consists of liquid high voltage
resistor 4kΩ and low voltage resistor 2Ω. Thus, the nominal voltage ratio
is 2000. The low voltage resistor is completed from five parallel SMD resis-
tors placed in a shielded box. This solution is not ideal due to the different
temperature coefficients of resistors (TCR). It is better to have the low volt-
age resistor as a part of the liquid resistor to have the same TCR of both
parts. However, the goal of realized construction is to investigate the behav-
ior of such voltage divider for steep impulses measurement. The long-term
stability, thermal dependency and new constructions possibilities will be the
subject of future work.
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Figure 3.5: Liquid voltage divider 20 kV

The step response of liquid divider was recorded and evaluated in high
voltage laboratory according to definitions described by equations (3.2) and
(3.3). The input voltage was generated by step generator with amplitude
1 kV and the response was recorded by digital scope. The determined nor-
malized step-response is shown in Fig. 3.6.

Figure 3.6: Determined step response of liquid voltage divider 20 kV

The response time Tref = 6.5 ns and settling time Ts = 120 ns was
evaluated from normalized step response. The maximal frequency limit is
then:
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fm =
1

2πTref
= 24 MHz. (3.10)

The reached response time respective maximal frequency limit is roughly
10 times better than in case of common high voltage dividers and so the
liquid dividers seems to be promising alternatives of ceramic discs resistors.
On the other hand, the long term stability and thermal stability of divider
ratio must be further investigated to approve the application for high voltage
laboratory purposes.

3.2 Rogowski coils for impulse currents mea-

surement

The Rogowski coil is a current measuring element galvanically separated
from measured current. The core is usually made from a nonferromagnetic
core. These two construction facts brings important technical advantages
of their using, especially potentially higher frequency band, and moreover
the final application of Rogowski coils in a power system measuring string
is cheaper than using of current transformers. On the other hand there
are some drawbacks consisting of the need to use an electronic integrator
and higher sensitivity to interference fields. However for the high voltage
testing purposes when the accurate current measurements of switching and
atmospheric impulses and also harmonics is needed, the good properties of
Rogowski coils can be very well used.

The fundamental layout of Rogowski coil is shown in Fig. 1. A mea-
sured current i(t) induces an ac magnetic flux φ(t), which then induces a
voltage on output terminals of sensing winding. The induced voltage can be
mathematically expressed as

ui(t) = N2
dφ

dt
=
N1N2

Rm

di(t)

dt
= M

di(t)

dt
, (3.11)

where N1 is the number of turns passed by the current i(t), N2 is the
number of Rc turns, Rm is the reluctance of a toroid with winding N2, and
M is the mutual inductance between N1 and N2.
When high currents are measured, one-turn winding (N1 = 1) is usually used.
The final waveform of the measured current is obtained by integrating the
induced voltage ui(t):

i(t) =
1

M

∫ t

0

ui(t)dt =
kI
M
u(t), (3.12)
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where u(t) is the output voltage of the integrator, and kI is the integrator
constant.
Calibration of Rogowski coils with an integrator is usually performed at sinu-
soidal currents waveform I(ωt) [18–20]. The induced voltage can be expressed
as

ui = jωMI, (3.13)

where ω = 2πf is the angular frequency of the measured current. When
Rcs with an integrator are used for measuring current, the transfer constant
of the whole system is given as

kS =
U1

I
, (3.14)

where U1 and I are the root-mean-square effective values of the voltage on
the output of the integrator and the current passing through the central
conductor.
The current source which can provide high magnitudes of currents is usually
required for the calibration procedure. If the current magnitudes exceed
the value of 10 kA some issues with powerful current source can arise. The
required value of the calibrated current can be then generated by means of
a current loop which consists of more turns passing through the calibrated
Rogowski coil. This approach was studied in detail in [21]. Authors proposed
a calibration circuit, see Fig. 3.7 and Fig. 3.8, in the sense of current loop
with ten turns where the current passing through one turn of the loop was 3
kA. The total current of this current loop can reach the value of 100 kA.

Figure 3.7: Proposed circuit with current loop for Rogowski coil calibrations
[21]
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Figure 3.8: Detail of current loop with Rogowski coil [21]

The calibration current I was converted to the voltage U2 using a Tettex
4764 standard current transformer with a standard resistor RN as a load.
The Agilent 3458A voltmeters V1 and V2 were used to measure the output
voltage of integrator U1 and the voltage drop U2 on the standard resistor RN .
Both voltmeters operated in the SYNC mode to reach the highest accuracy
of measured values. In advance voltmeters were simultaneously triggered in
the EXT TRIG mode to eliminate the impact of fluctuation of the current I
A comparison of the calibration results using a loop of conductors and one
conductor and their uncertainties shows that, for Rogowski coils, which are
intended to measure very high currents, the current loop can be used for
calibration purposes. The results show that the expanded uncertainty from
0.026% up to 0.035% can be achieved. These values are correct only when
the systematic and random errors are neglected. The uncertainty of 0.1% is
assumed for the practical on-site use.

3.2.1 Frequency dependency of Rogowski coil constant

For purposes of current impulses measurement, it is important to know the
frequency dependency of Rogowski coil constant Ks. Rogowski coil param-
eters verification in wide frequency range was investigated in [22]. The pro-
posed calibration circuit is shown in Fig. 3.9.

The power amplifier supplies the primary winding of the high frequency
current transformer by the harmonic signal with variable amplitude and fre-
quency. These parameters can be adjusted by the internal generator of lock-in
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Figure 3.9: Calibration of Rogowski coil in wide frequency range

amplifier. The secondary side of transformer creates a loop which is passed
through the Rogowski coil. The voltage follower is connected first to the
output of Rogowski coil to eliminate an error arising from its loading. The
signal from the voltage follower is then applied to the input terminals of the
lock-in amplifier. The lock-in input signal can be switched to the signal from
coaxial shunt RB. The frequency dependence of Ks is then given as

Ks(f) =
U1(f)RB

U2(f)
. (3.15)

The values of voltages U1 and U2 are measured by voltmeters V1 and
V2 which are controlled by PC through GPIB IEEE 488/USB. Usually it
is preferable to express the frequency dependency of ks as recalculated for
fundamental frequency 50 Hz according to formula (3.19).

Ks(f) =
U1(f)RB

U2(f)

50

f
. (3.16)

An example of determined frequency dependence of the Rogowski coil
constant is shown in Fig. 3.10.

From both frequency dependencies, it is obvious, that the influence of par-
asitic capacitances appears. Parasitic capacitances of Rogowski coil winding
result in resonance effect. It is evident that the resonance frequency of mea-
sured Rogowski coil lies close to the value 40 kHz.

Current impulses in the high voltage testing are usually close to the shape
of 8/20µs. The frequency spectrum of different impulses are shown in Fig.
3.11. The detailed frequency spectrum shows the maximal frequency which
should be taken into consideration if the harmonics with amplitudes less than
1% of the first harmonic are neglected.
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Figure 3.10: Frequency dependence of the Ks (top) and phase displacement
φ between measured current and induced voltage (bottom)

Figure 3.11: Frequency spectrum of impulses with various front time and
half time
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Figure 3.12: Detail of frequency spectrum of impulses with various front
times and half times

If the stronger assumption of 0.1 % of the first harmonic is applied, then
the maximal frequency of Rogowski coil should be at least 500 kHz to measure
correctly current impulses of 8/20 µs impulse shape. The design process
and developed design software for Rogowski coil with various cross-sections
of sensing winding were published in [23]. The calculation of fundamental
dimensions of Rogowski coil with rectangular cross-section sensing winding
is based on the calculation of mutual inductance M , see equation 3.12, given
by formula:

M =
µ0

2π
N2h ln

b

a
, (3.17)

where parameters a, b and h are descibed on Fig. 3.13, N2 is the number
of turns of sensing winding and µ0 is the vacuum permeability.

Two Rogowski coils with uniformly and cross-wound sensing winding were
proposed in the High voltage laboratory at Czech Technical University in
Prague to measure impulse currents. Both parameters and calculated con-
stant kS are summarized in Table 3.1.

Computed Rogowski coil constants for power frequency (50 Hz) were
verified by experimental measurement at the Czech metrology institute. The
results are shown in Table 3.2.

Comparing the results shown in Table 3.2 with calculated results in Table
3.1 we can get an error up to 5 % between calculated and measured values.
This error validates an approach used for the calculation of Rogowski coils
constant.
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Figure 3.13: Rogowski coil with non-ferromagnetic rectangular core cross-
section [23]

Parameter RC with uniform
wounded winding

RC with cross wounded
winding

a (mm) 89.25 89.25
b (mm) 99.25 99.25
h (mm) 24.70 24.70
d (mm) 0.16 0.3
N2 1991 707

kS (µH) 1.049 0.397

Table 3.1: Parameters of proposed Rogowski coils for impulse current mea-
surement

As was mentioned above for the impulse current measurement is cru-
cial the frequency independence of their constants at least up to 500 kHz.
The parasitic inter-turn capacitance of sensing winding, winding to shield
capacitance and capacitance of connecting cable causes the resonance effect.
Examples of determined frequency dependencies of Rogowski coils constants
are shown in Fig. 3.14 and Fig. 3.15.

Presented figures show that there is an influence of metallic shield to
the resonant frequency of Rogowski coil. The applied metallic shielding de-
creases the highest frequency that can be measured with certain error given
by characteristics in Fig. 3.12. As can be seen from Fig. 3.14 the situa-
tion is worst when the uniformly wound sensing winding with the back wire
is applied. The resonance frequency is reduced by approximately 100 kHz.
This reduction is caused by increasing of winding to ground capacity. In case
of cross-wounded Rogowski coil, the reduction effect of resonant frequency
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Figure 3.14: Transfer function of uniformly wounded Rogowski coil

Figure 3.15: Transfer function of cross-wounded Rogowski coil
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RC with uniform wounded
winding

RC with cross wounded
winding

kS (µH) 0.3769 1.0608

Table 3.2: Experimentally measured constants of proposed Rogowski coils

is not so significant, because the influence of winding to ground capacity to
the total capacity is not so high and prevailing influence has the capacity
between the direct and reverse winding.

Frequency characteristics of Rogowski coils can be also simulated by
mathematical models. A first approximation can be reached by equivalent
model with lumped parameters shown in Fig. 3.16, where I(t) is the mea-
sured current, M is the mutual inductance and RC , LC are coil resistance
and self-inductance and CC is the coil total (inter-turn and coil to ground)
capacitance and RL is the load resistance.

Figure 3.16: Rogowski coil lumped parameter equivalent circuit

The lumped model’s transfer function G(jω) can be derived from equa-
tions:

− jωMI +RCIi + jωLCIi + Ut = 0,

Ii = (
1

RZ

+ jωCC)U
(3.18)

in the form of

G(jω) =
jωM

−ω2LCCC + jω(CCRC + LC
RL

) + (RC
RL

+ 1)
. (3.19)

The mutual inductance for the rectangular cross-section can be calculated
according to 3.17. The conventional calculation method of self-inductance
usually only take into account the main magnetic flux, ignoring the impact of
the leakage inductance. The leakage flux is present in the Rogowski coils with
the smaller number of turns. The flux is not fully enclosed in the toroid, and
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there is some flux around the individual turns. The leakage inductance Lσ
is approximated as a circular conductor at the distance H from the ground
plane, thus:

Lσ =
µ0lw
2π

ln

(
2H

krω

)
, (3.20)

where lw is the length of the windings wire, H is the distance between coil
and shield, rω is the winding wire radius,k is radius correction factor taking
account of the thickness of the winding wire insulation.The self-inductance
of the Rogowski coil is modeled as the inductance of an ideal toroid:

LS =
µ0hN

2

2π
ln

(
b

a

)
, (3.21)

where N is the number of windings turns. The total self inductance of Ro-
gowski coil can be described as the sum of self and leakage inductance:

LT = LS + Lσ. (3.22)

The distributed stray capacitance between the winding and the shield is
usually also approximated as a circular conductor at the distance H from the
ground plane, i.e.

CS =
2πε0lS

ln
(

2H
rw

)
lw
, (3.23)

where lS = lw − Nh. The inter-turn stray capacitance CIT is usually
neglected for pure theoretical simulations. However, it is possible to esti-
mate it from the measurements of the Rogowski coil impedance or from the
resonance frequency since the accurate calculation is difficult.

The electrical parameters for both designed Rogowski coils used for the
model with lumped parameters and resulted resonant frequencies are pre-
sented in Table 3.3.

The comparison of calculated and measured transfer functions are shown
in Fig. 3.14 and Fig. 3.15. The presented model with lumped parameters
is sufficient enough to provide resonant frequencies of Rogowski coils and
determine their bandwidth.

3.2.2 Influence of Rogowski coil homogeneity to the
measurement accuracy

The Rogowski coil homogeneity is a quality parameter which has the direct
impact on the measurement error. Imagine a long coil with a few turns which
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Uniform wounded winding Cross wounded winding
Without
shielding

With shielding Without
shielding

With shielding

LC(mH) 2.08 2.08 0.282 0.281
RC(Ω) 119 119 24 24
CC(pF ) 38.5 71.8 381.9 398.1
fr(kHz) 560 410 485 475
M(µH) 1.049 1.049 0.397 0.397

Table 3.3: Electrical parameters of proposed Rogowski coils

creates dipole magnetic field when the current flowing through. The coil is
placed in the middle of the Rogowski coil. In an ideal case, when the sensing
winding is homogenous, the integral of the magnetic field along a closed
loop representing the mean path in the middle of sensing winding is zero. It
means that the output voltage is zero as well. Real constructions of Rogowski
coils have non-uniformly wounded winding (mostly in the place of outputs
connectors) and slightly variable cross section. Then, the resulting output
voltage is not equal to the zero. The value of output voltage is a function of
angle of dipole field rotation which is generated by the coil. The example of
homogeneity measurement test set-up, realized at Czech Metrology Institute,
is shown in Fig. 3.17.

Figure 3.17: Homogeneity measurement test set-up (left) and realization of
measurement at the Czech Metrology Institute (right)

Figure 3.18 shows typical graphs of homogeneity measurements. As can
be seen from Fig. 3.18 the Rogowski coil with cross wounded winding has
higher amplitude of induced voltage. Assuming the same geometrical dimen-
sions of both tested coils the crossing of winding turns brings worst homo-
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geneity compare to uniformly wounded winding. This effect decreases the
accuracy of coil in cases when the wire with measured current is not placed
exactly in the center of toroid.

Figure 3.18: Output voltage of Rogowski coils at uniformity measurement

3.2.3 Influence of Rogowski coil shielding to the mea-
surement accuracy

As the Rogowski coils are very sensitive to electrostatic interference, the
metallic shielding of Rogowski coils is necessary. The metallic shield must
be appropriately split not to create a short circuit turn. The testing of
electrostatic shielding efficiency is an important tool for the Rogowski coil
design which requires special approaches and test setups.

The proposal of the test set-up which was realized in the High Voltage
Laboratory of Czech Technical University in Prague is shown in Fig. 3.19
and Fig. 3.20.

The test configuration consists of an aluminum plate electrode on which
the insulating pad and tested Rogowski coil are placed. The impulse 1.2/50 µs
is applied to the plate electrode. The applied impulse voltage and output
voltage of Rogowski coil is recorded by digital scope. The test is performed
for the horizontal and vertical arrangement of Rogowski coil and for the cases
when the shielding is present and when the shielding is removed to investigate
how is the change of output voltage measured by Rogowski coil.

The peak values and rms values are then calculated to determine shielding
efficiency of tested Rogowski coils. In Table 3.4 and Table 3.5 are summarized
examples for two tested Rogowski coils described in previous chapter.
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Figure 3.19: Shielding efficienty test set-up - without shielding

Figure 3.20: Shielding efficienty test set-up - with shielding installed
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Rogowski coil configuration Peak value (V) RMS value (V)
Vertical arrangement, no shielding 93.6 134.7
Vertical arrangement, shielding 19.4 0.7
Percentage of reduction (%) 79.3 99.5
Horizontal arrangement, no shielding 125.8 492.6
Horizontal arrangement, shielding 10.2 0.3
Percentage of reduction (%) 91.9 99.9

Table 3.4: Determined shielding efficiency of Rogowski coil with uniformly
wounded winding

Rogowski coil configuration Peak value (V) RMS value (V)
Vertical arrangement, no shielding 39.4 8.5
Vertical arrangement, shielding 7.7 0.2
Percentage of reduction (%) 80.5 97.6
Horizontal arrangement, no shielding 69.9 17.6
Horizontal arrangement, shielding 9.9 0.3
Percentage of reduction (%) 85.8 98.3

Table 3.5: Determined shielding efficiency of Rogowski coil with cross-
wounded winding

3.3 Using of nanocrystalline material for im-

pulse current and voltage measurement

Common instrument transformers can not be used to impulse current and
voltage measurement due to their frequency limit (approximately 10 kHz)
when the losses of ferromagnetic steels are significantly increasing, see Fig.3.21.
The using of ferrite cores brings another issues with the application in power
engineering because of their low saturation flux. With the development of
nano materials and technology the commercial companies starts to provide
various magnetic materials based on nanocrystalline alloys. The nanocrys-
talline alloys are materials on the basis of Fe, Si and B with additions of
Nb and Cu produced by Rapid Solidification Technology. Thin ribbons are
initially in the amorphous state and then are crystallized by heat treatment
of 500− 600◦C. This process leads to grained microstructure with the grain
size of 10 nm.

These nanocrystalline alloys evince high magnetic permeability, high mag-
netic flux densities, and good thermal stability.

The obvious disadvantage of a nanocrystalline material is very high fragility
and difficult machinability. The production of cut cores requires sophisti-
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Figure 3.21: Comparison of specific losses of magnetic C-cut cores made from
steel with thickness of plates 1 mm, steel with thickness of plates 0.15 mm
and nanocrystalline alloy

cated approaches which always significantly reduce magnetic properties of
cores. Thus, the using of full toroidal magnetic cores is preferred as much
as possible. In the case of current transformers, the using of full toroidal
cores can be an issue because sometimes the flexible design is required, and
the magnetic core must be split. For the instrument voltage transformers is
usually the main problem the higher number of turns and higher required
dielectric strength. Coils are usually first wounded on the frames and then
they are pushed on the split core. The direct wounding on toroidal coils is
either difficult or sometime even impossible.

3.3.1 Frequency properties of nanocrystalline magnetic
cores

From the equivalent circuit of transformer and its vector diagram, we can
very easily express the well-known theoretical formulas for calculating the
current ratio error εI and the phase angle error ϕI in the form:

εI = − Bl

µ0µaNI
sin(δ + ψ), (3.24)

ϕI = − Bl

µ0µaNI
cos(δ + ψ), (3.25)

where B is the magnetic induction of the fundamental harmonic, l is the mean
magnetic path, is the magnetic constant, µa and δ are apparent permeability

38



and loss angle of the magnetic core corresponding to the induction B. The
angle ψ is given by the phase shift on the burden. In the case of the real
burden ψ = 0. The equation (3.25) is simplified assuming that for the small
error angle between the primary and secondary currents the ϕI ≈ tanϕI .
Similar error formulas can be derived for a voltage transformer. Assuming
the transformer is not loaded and the secondary current I2is equal to zero
the errors formulas can be expressed as:

εU =

∣∣U′
2

∣∣− |U1|
|U1|

=
|Zσ1|

|Zσ1 + Zm|
− 1, (3.26)

ϕU = arg

[
U
′
2

U1

]
= arg

[
Zσ1

Zσ1 + Zm

]
, (3.27)

where Zm is the main impedance and Zσ1 is the impedance of primary
side regarding the transformer equivalent diagram. Evidently,

Zm =
ωLmRm

ω2LmRmCm − jωLm −Rm

(3.28)

and

Zσ1 = Rσ1 + jωLσ, (3.29)

where Lm, Rm, Cm are the main inductance, resistance and capacitance,
Rσ1 is resistance of primary winding and Lσ1 is the leakage inductance of
primary winding. The main inductance Lm and the main resistance Rm can
be expressed as:

Lm =
N2

1µ0Sµa
lµ′

, (3.30)

Rm =
ωN2

1µ0Sµa
lµ′′

, (3.31)

where l is the mean magnetic path length of magnetic flux, N1 is the
number of turns on the primary side of the transformer, S is the cross
section of the magnetic core. The apparent permeability µa is defined as
µa =

√
µ′2 + µ′′2 where µ

′
and µ

′′
are the real and the imaginary compo-

nents of complex permeability. For the simplification the influence of the
main capacitance is neglected, see [24, 25] for a more detailed explanation.

As can be seen from equations (3.26) - (3.31), measurement errors are
given by the dependence of the apparent permeability and both components
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of the complex permeability on the frequency and the magnetic induction.
The knowledge of frequency dependency of complex permeability of used
magnetic material is crucial for the designing of transformers which are in-
tended for measurement of impulse waveforms or harmonics components.

Frequency dependences of apparent permeability µa and loss angle δ can
be measured in accordance with the circuit shown in Fig. 3.22, published
in [26].

Figure 3.22: Apparent permeability and loss angle measurement

The maximum value for magnetic induction of the fundamental harmonic
frequency can be expressed as

B1m =
U1B

(
1 + RD1

RD2

)
4.44fSN2

, (3.32)

where U1B is the effective value of the fundamental harmonic frequency
of the induced voltage in the transformer winding with N2 turns that is
measured on the resistive voltage divider with ratio RD1

RD2
. The maximum

value for the magnetic field intensity of the fundamental harmonic frequency
is given as

H1m =

√
2U1HN1

lRS

, (3.33)

where U1H is the effective value of the fundamental harmonic frequency
voltage on the coaxial shunt RS, l is the mean magnetic path, N1 is number
of turns on primary side of transformer. The loss angle of the ferromagnetic
core is defined as

δ = 90− (φ1B − φ1H) , (3.34)

where φ1B and φ1H are phase shifts related to the reference voltage REF
from generator. These phase shifts are measured by lock-in amplifier. The
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detailed description of measuring approach for specific impulse current trans-
former can be found in [26].

The measured dependence of the maximum sinusoidal magnetic induction
on the magnetic field intensity for different frequencies is shown in Fig. 3.23.
The composition of measured nanocrystalline alloy is Fe73Cu1Nb3Si16B7.
This dependency shows that the optimal value for maximum induction used
for the design of the transformer could be roughly 0.6 T for the measured
frequency range up to 40 kHz.

Figure 3.23: Magnetic induction dependence on the magnetic field intensity
for various frequencies

Similar conclusions can be deduced from the measured dependence of
the apparent permeability and the loss angle on the magnetic induction for
different frequencies, see Fig. 3.24 and Fig. 3.25.

Only to see the overall view of the behavior of magnetic properties of the
nanocrystalline material depending on frequency the 3D graph with all three
parameters is presented in Fig. 3.26.

3.3.2 The application of nanocrystalline magnetic core
for impulse current measurement

An example of proposal and realization of the current transformer is very
well described in [26]. Due to the specific application in photovoltaic power
plants, where the currents of high voltage inverters need to be measured, the
proposed current transformer has magnetic induction 0.2 T and real burden
200 VA and given ratio 1:1. The values for apparent permeability and loss
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Figure 3.24: Dependence of the apparent permeability on the magnetic in-
duction for various frequencies

Figure 3.25: Dependence of the loss angle on the magnetic induction for
various frequencies
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Figure 3.26: Apparent permeability dependence on the frequency and mag-
netic induction

angle were read for fundamental frequency 25 kHz from the graphs in Fig.
3.24 and Fig. 3.25. Finally, the current and angle errors was calculated
using formulas (3.24) and (3.25). The resulting current ratio error value is
εI = −2.7%, and the phase angle error δ = 1.7◦.

A final verification of the proposed CT can be performed for a square
current waveform with fundamental frequency 25 kHz. The transformer pri-
mary winding is powered by a current with the waveform shown in Fig. 3.27.
The secondary winding was connected to the rated real burden 200 VA. The
currents are measured by coaxial shunts with proven frequency independence
up to 1 MHz.

The calculation of the current error directly from measured current wave-
forms must follow the definition of the total current error in the form

εc =
100

I1

√
1

T

∫ T

0

(pis − ip), (3.35)

where p is the transformer ratio, I1 is the rms value of the primary cur-
rent, T is the signal period, ip and is are instantaneous values of primary and
secondary current.
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Figure 3.27: Primary and secondary current waveforms

There may not be an exact definition of the angle error for impulse cur-
rents. It is assumed that this error will be related to the time shift of the
primary and secondary currents, see Fig. 3.28. Then the angle error can
be determined from the interpolation of current samples in the proximity of
the signal zero-crossing. The acquired time differences are very small. It is
necessary to involve a suitable interpolation of samples, i.e. the higher order
spline interpolation. The determined time differences of zero crossing points
are, after the conversion into angular units, directly equal to the angle error.

Figure 3.28: Primary and secondary current waveforms detail of zero-crossing

The total current error was determined by applying the procedures de-
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scribed here to the measured square current waveform, and the time shift
between the zero-crossing of the primary and secondary current corresponds
to an angle of 0.80◦. These values are in correspondence with errors deter-
mined in the transformer proposal process.
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Chapter 4

The Flashover process in long
air gaps

4.1 Streamer Breakdown

One of the first theory of electrical breakdown in the air was first introduced
by Townsend at the beginning of the twentieth century. Spark breakdown
consists of primary and secondary processes when the primary process is de-
scribed as a multiplication of electrons by electron impact ionization mecha-
nism. A single electron traveling the length d creates eαd free electrons. The
coefficient α is usually called as first Townsend coefficient and depends on
the electrical field intensity E and pressure p. The product of eαd electrons
was called an electron avalanche. The secondary process involves another
source of initiating electrons. These electrons are released from cathode as a
consequence of positive ions bombardment and photoelectric effect when the
short wavelength photons impact on a cathode. This process is quantified by
second Townsend coefficient γ that express how many electrons are released
after one positive ion hits the cathode. Under these conditions, Townsend
and Thompson have derived the well-known formula for the observed current
in the form

i = i0
eαd

1− γ(1− eαd)
. (4.1)

As can be seen from (4.1) for γeαd < 1 the current depends on i0 and
is not self-sustained. For γeαd = 1 each electron from the primary process
is multiplied by γ that is large enough to produce one secondary electron.
This condition is the threshold for self-sustained discharge, independent of
i0. The Townsend spark mechanism can be shortly described as follows:
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1. Since γeαd ≥ 1 one of the initiating electrons creates electron avalanche
along the gap at an approximate speed 107 cm/s.

2. All electrons are absorbed by the anode and positive ions start to move
towards the cathode with an approximate speed 105 cm/s.

3. γeαd ≥ 1 new electrons are released from cathode and γeαd ≥ 1 new
avalanches are established.

4. The poit 3 is continuously repeated when after the k sequences the
amount of γk−1ekαd ≥ 1 positive ions is produced and the self-sustained
glow or arc is then achieved.

The investigations revealed in the coming years that there is a contradic-
tion between the Townsend theory and experimentally determined reality.
For example, it was discovered that the observed formation time lag (1 cm
sparks, atmospheric pressure) in the order of 10−7s is not comparable with
10−5s determined from the Townsend theory. These difficulties led to the
development of new theory, presented by Meek and Loeb in 1940 and called
the streamer theory [27, 28]. The streamer theory is an extension of the
Townsend theory when the field distortion by space charge and photoelec-
tric ionization are taking into account. In this theory, an electron avalanche
grow across the gap to the anode, leaving the slow positive ions behind. The
positive space charge density seriously distorts the imposed electrical field.
Electrons created near the cathode by photoionization process are acceler-
ated towards this positive space charge with high intensity and creates new
avalanches. Due to the higher electric intensity and the higher value of α
coefficient the tip of positive charge will be extended closer to the cathode.
The electrons are moving in opposite direction than streamer tip contributing
to the acceleration of the whole process. Streamers can be then character-
ized as weakly luminous channels with intensive ionization at their tips and
almost neutral channel behind. Two zones can be recognized: active zone
characterized by space around the tip and passive zone characterized by a low
conductive channel between the tip and electrode. The detailed description
of the streamer structure can be found in [29]. In 1939 Raether, published
his streamer breakdown criterium that the more likely formation of streamer
occurs when the avalanche gain reaches the value of 108 [30]. This criterion
was derived from the balance of electrical field at the head of an avalanche
and the applied electrical field.
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4.2 Streamer propagation

The physical and experimental background of streamer-leader propagation
for a long air gap was intensively studied by many investigators in the eighties
and nineties of the last century [31–36]. It was found that the discharge
development consists of several phases, see Fig.4.1.

Figure 4.1: Streamer - leader process for long gap configuration [37]

At the beginning when the applied voltage is increasing, the discharge
process is initiated by the formation of the first corona which is usually
described as a luminous branched filaments - streamers. As it was mentioned
before, the criterion for streamer development is given by the critical gain
108 of ions at the head of an avalanche. The condition for streamer inception
and propagation can be formulated as:

e

xs∫
0

(α−η)dx
> Nstab, (4.2)

where xs is the length of streamer, α is the ionization coefficient, η is
ion attachment coefficient, and Nstab is a minimum of charge at which the
streamer is stable. In Fig. 4.2 is shown the distribution of the ion charge
along the streamer path as a result of the simulation model. It can be
seen that the number of ions is increasing in the high field region up to the
maximum and then decreasing until the streamer propagation stops. The
maximum is reached at applied field approximately 6.8 kV/cm.

48



Figure 4.2: Distribution of the number of positive ions and applied field along
the streamer (150 cm gap, 123 kV inception voltage) [31]

Bondiou and Gallimberti introduced in [38] a model for the calculation
of the number of positive ions in the streamer head as:

N(x) =
2eR + µ

4a
(V0 +

4a

2eR + µ
N0 −

β

2eR + µ
x− V (x)), (4.3)

where R is the radius of streamer head, V0 is the potential in x = 0, N0

is the number of positive ions in x = 0, V (x) is the potential distribution
along x-direction and a = 0.4e2

4πε0
. Coefficients µ and β represents loss and gain

of energy.
The streamer stability condition can be then expressed as:

E(x) =
β

2eR + µ
. (4.4)

As can be seen from equation (4.4) the stability condition of streamer
propagation depends on the coefficients β and µ and the streamer head radius
R. The authors determined the stability field values for both polarities Es+ ≈
500 kV/m and Es− ≈ 750 kV/m which is consistent with the experimental
observations. These values can be used for simplified calculations of the
streamer extension. The streamer length is directly given by the geometrical
arrangement if the constant stability field along the streamer extension is
assumed. The total streamer space charge is calculated using this equation:

∆Q = 4πkε0

xs∫
0

u(t1, x)− u(t2, x)dx, (4.5)
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where k is a geometric factor and u(t1, x)− u(t2, x) expresses the poten-
tial change in the streamer region. When the total space charge in streamer
region reaches the value of approximately 1 µC [39] the streamer is trans-
formed to the leader channel. The simplified model for k factor calculation
can be found in the appendix of [37]. The N parallel streamer filaments with
the length l are assumed in this model. The distance of filaments from the
central filament is assigned as ai and the same charge distribution along a
streamer filaments is assumed. Then the k factor can be expressed as:

k =
N

ln( l+
√
l2+a2

a
) +

∑N−1
i=1 ln(

l+
√
l2+a2i
ai

)
. (4.6)

For the short distances, streamer can directly bridge the gap between
electrodes and after that the flashover occurs. In case of longer gaps the
leader propagation phenomena will start.

4.3 Leader channel formation and advance-

ment

The new structure called leader is created after the streamer channel is es-
tablished. This transition is accompanied by a temperature increasing from
approximately 300 K to 1000-1200 K. This energy gain leads to the many
effects which drastically increase the conductivity of the stem and the elec-
tric field at its tip. The higher electric field generates the second streamer
corona and the leader advancement process. The leader channel is formed
as a thin luminous channel, connecting the corona zone to the high voltage
electrode. The leader channel diameter (0.5 - 1 mm for 1.5 m gap) depends
on total charge flowed through the leader. The injected current induces the
Joule heating of the gas in front of the leader’s head and the conductivity
increases. The leader’s head is moving towards the opposite electrode when
the axial velocity has a random fluctuation. The effective value of velocity
is proportional to the current Il

vl =
Il
ql
, (4.7)

when the constant ql represents the charge needed for a unit length leader
advancement. The required charge depends on many factors. The measured
and theoretically calculated dependency of ql on absolute humidity for dif-
ferent impulse durations in shown in Fig. 4.3
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Figure 4.3: Calculated and experimentally measured values of charge per
unit length as absolute humidity dependance for different impulse front times
) [40]

As can be seen the ql achieves the values from 20 µs/cm to 50 µs/cm
within the relative humidity 30-70 % at normal pressure and temperature.
The more detailed theoretical derivations and formulas were published in [40].

These processes expand the channel and modify the internal electric field.
As the leader approaches the final jump the electric field distortion due to
leader space charge starts to play a decisive role. The different equations and
numerical models have been introduced to simulate leader channel inception
voltage and advancement. The models based on physical description have
been validated mainly with experimental measurement of Les Renardieres’
Group. A model presented by Rizk [41–43] is often used for engineering simu-
lations as more practical and representative. This model provides expression
of continuous leader inception voltage and breakdown voltage for different
rod-plane gaps. The Rizk’s expression for continuous leader inception voltage
has a form of:

Vlc =
Vc∞

1 + A
R

, (4.8)

where Vc∞ and A are constants respecting different values for rod-type
and conductor-type gaps and R is a function of electrode configuration and
the gap distance d. Besides the continuous leader inception voltage Vlc the
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leader voltage drop ∆Vl has to be expressed. Rizk formula for leader voltage
drop is based on the assumption that the leader conductance per unit length
G is given by Hochrainer’s dynamic equation, which for the constant current
leader propagation has a form:

G(t) = G∞ + (Gi −G∞)e
−t
θ , (4.9)

where t is the lifetime of the leader section, Gi and G∞ are the initial and
ultimate values and θ is a time constant.

Assuming the constant speed of leader propagation and the leader gradi-
ent El is related to the conductance per unit length G and the leader current
Il by

El =
Il
G
, (4.10)

the proposed final formula for the leader voltage drop can be written as:

∆Vl = lzE∞ + x0E∞ ln

(
Ei
E∞
− Ei − E∞

E∞
e
−lz
x0

)
, (4.11)

where Ei and E∞ are the initial and ultimate leader gradient, lz is the
axial leader length and x0 = vlθ.

The final stage of the leader propagation the “final jump” occurs when the
streamer zone reach the opposite electrode. As the streamer zone becomes
shorter, its average field increases. It leads to the higher leader velocity as
high as 109 cm/s at E ≈ 20 kV/cm [44].
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Chapter 5

Experimental flashover
performance investigation of
polluted and ice covered
insulators exposed to impulse
voltages

Most of the studies related to this topic are so far focused on AC or DC
voltages, and only a small part is dedicated to transient overvoltages [45–47].
Moreover, these studies usually make use of empirical models which can-
not capture the factors connected with material behavior and fundamental
physics of discharges. The experimental investigation of flashover voltage
under the ice condition was performed with an ice model in [48],for the
post station insulator in [49]. The numerical model for a semiconducting
glazed standard post insulator based on the FEM method was presented
in [50]. The results of these investigations showed that ice has an influ-
ence on the flashover performance in the case of lightning or switching im-
pulses.Reduction in flashover voltage is more evident for switching than light-
ning impulses (21 % reduction for positive polarity and 36 % for negative
polarity [49]).The polarity effect of breakdown voltage, in case of wet ice
condition, is that flashover voltage is lower for a positive than a negative po-
larity. Fora dry ice surface, however, flashover voltage is lower for a negative
polarity [48]. Results from the experiments with post station insulators show
that flashover voltage is lower for a positive polarity for both dry and wet ice
conditions [49]. The experimental measurements performed were focused on
flashover performance investigations of polluted or ice-covered line insulators
under transient overvoltage conditions. The behavior of insulators under the
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slow and fast transients is usually demonstrated by lightning and switching
impulse tests.In this study, the flashover characteristics of dry insulators and
insulators artificially covered by pollution and ice will be determined when
they are exposed to switching and lightning impulses of both polarities. In
addition, the dependency of flashover voltage on the various front time of
impulses will be investigated to confirm preliminary observations that the
fast transients have no significant influence on the flashover voltage. The
determination of the maximal equivalent frequency of impulses at which the
difference of V50 between dry and ice conditions is minimal can be interest-
ing and useful for insulation system producers and designers. Comparison of
volt to time lag characteristics of insulator strings, an important feature for
insulation coordination in electrical power systems, was also experimentally
determined and evaluated.

5.1 Experimental setup

Experimental measurements were carried out in the setup according to Fig.
5.1. The impulse voltage generator (HighVolt IP 40/800L) consists of eigth
stages and the theoretically reachable peak voltage maximum is 800 kV at
40 kJ of energy. The impulse generator is fully controlled by SGB 1 opera-
tor device. The output voltage is measured by damped capacitive impulse
voltage divider when its total capacity together with the capacity of high
voltage bushing and capacity of a test object creates the load capacity of the
impulse generator. The leakage current can be measured by coaxial shunt Rs

with the resistivity of 200 mΩ and connected directly to the ground branch
of the circuit. The coaxial shunt is frequency independent up to 1 MHz.
The voltage and current waveforms are recorded by 8-bit digital scope with
maximal sample rate 1 GSa/s.

The insulator was placed in a vertical climatic room at CIGEL laboratory
with dimensions 6 x 6 x 9 m (w x l x h). The climatic room is equipped
by spraying system which consists of eight pneumatic nozzles and fans with
variable speed control. The temperature inside the chamber can be controlled
up to the maximal value of −60 ◦C. The output voltage from the impulse
generator is led to the climatic room through high voltage bushing.
The tested suspension glass insulator string consists of six standard profile
insulators of 280 mm in diameter, spacing 147 mm and creepage distance
380 mm, see Fig. 5.2. The end of the insulator string was equipped by the
grading ring to homogenize nonuniform electric field.
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Figure 5.1: Test circuit for insulator in climatic chamber

Figure 5.2: Test circuit for insulator in climatic chamber
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5.2 Ice formation and test procedure

The ice on insulator surface was created from supercooled droplets produced
by spraying system that sprays into a uniform airflow obtained from the sys-
tem of fans. Water conductivity of 80 µS/cm were prepared by addition of
sodium chloride NaCl to de-ionized water. The water conductivity was kept
constant during all the tests and was verified at the beginning of each test
procedure. The insulator was energized by ac operating voltage during the
ice accumulation phase. The ice quantity was determined by measuring the
ice thickness increment on monitoring cylinder placed at the place of tested
insulator, see Fig. 5.3. The increment of ice thickness with time is shown on
Fig. 5.4.

Figure 5.3: Monitoring
cylinder

Figure 5.4: Time dependency of ice thickness
on monitoring cylinder

The flashover test was performed according to melting regime test pro-
cedure standardized in [51]. This procedure consists of three consecutive
stages. In the first stage, the ice is created at temperature −12 ◦C for an ap-
propriate time which is given for required thickness by the graph in Fig.5.4.
After that, the 15 min ice hardening period is performed. During this period,
the ac source is reconnected to the impulse generator. Then the temperature
is increased above 0 ◦C to start the melting process. This stage is confirmed
visually as the water film was present at the ice surface. The last stage was
the impulse voltage test when the standard up and down method was used
to determine flashover voltage V50 and standard deviation s. The maximum
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likelihood method for normal distribution was used for the parameters eval-
uation of this voltage test.
The three shapes of impulses were generated to investigate the flashover per-
formance of insulator covered by an ice layer:

• Lightning impulse (LI) with front time 1.2 µs and half time 50 µs

• Switching impulse (SW-1) with front time 100 µs and half time 2500 µs

• Switching impulse (SW-2) with front time 250 µs and half time 2500 µs

These impulses represent different frequency content and transients in elec-
trical power systems. Determined characteristics and results are presented
in next section.
The example of iced insulator after the ice creation stage is shown in Fig.
5.5. The path of the arc during the impulse high voltage test can be traced
on Fig. 5.5.

Figure 5.5: Tested insulator string after the ice accumulation stage (left), the
arc trajectory (middle) and the detail of the arc trajectory for two bottom
insulators (right)

5.3 Experimental results

5.3.1 Influence of ice thickness on insulator flashover
voltage

The flashover voltage for impulse voltages and ice layer thickness in the range
up to approximately 3 cm are shown in Fig. 5.6, Fig. 5.7 and Fig. 5.8. The
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errors bars represents the determined standard deviation of flashover voltage
extended by coefficient k=2 to reach 98 % probability. This error doesn’t
exceed the value of 16 kV for all measured values.

Figure 5.6: Flashover voltage V50 for lightning impulse (1.2/50 µs) of both
polarities as ice layer thickness dependency

Figure 5.7: Flashover voltage V50 for switching impulse (100/2500 µs) of both
polarities as ice layer thickness dependency

As can be seen from determined flashover voltages for the clean insulator
the values have decreasing tendency with increasing front duration of the
impulse. This effect was described by many tests in the past for various
arrangements [1] and it may be considered as a proof of results validity.
In case of lightning impulses, see Fig. 5.6 is the influence of ice layer on
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Figure 5.8: Flashover voltage V50 for switching impulse (250/2500 µs) of both
polarities as ice layer thickness dependency

flashover voltage very small. The flashover voltage is significantly reduced
only for negative polarity, approximately 8 %. On the other hand for the
investigated switching impulses, see the Fig. 5.7 and Fig. 5.8, the flashover
voltage reduction reached the value of 25 % for positive polarity and 44 %
for negative polarity.
The influence of ice layer thickness on flashover voltage is evident from Fig.
5.7 and Fig. 5.8. For the switching impulse SI-1, characterized by faster front
duration, the flashover voltage has still decreasing tendency in the ice layer
thickness up to 3 cm. However, for the switching impulse SI-2 with longer
front duration there is a significant increase of the flashover voltage for the
higher thickness of ice layer, and the determined curves have a minimum
value.

5.3.2 Voltage-time characteristic

The voltage-time characteristic for lightning and switching impulses for the
clear insulator, insulator covered by ice layer of 1.45 cm and 2.92 cm in thick-
ness are shown in Fig. 5.9, Fig. 5.10, Fig. 5.11, Fig. 5.12, Fig. 5.13 and Fig.
5.14. Due to the larger scatter of results, mainly in the cases when the ice
layer was applied, the results were processed by using statistical methods.
Nevertheless, especially for the lower voltages where the breakdown proba-
bility is very low, the statistical approach was not possible.
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Figure 5.9: Voltage - time characteristic for negative lightning impulse
(1.2/50 µs) and two ice layer thicknesses

Figure 5.10: Voltage - time characteristic for positive lightning impulse
(1.2/50 µs) and two ice layer thicknesses

Determined volt-time characteristics correspond to the flashover voltages
presented in the previous section. There is a significant reduction of the
flashover voltage when the ice layer is present. Further, the breakdowns
have a tendency occur in longer time at voltages close to the lower boundary
of uncertainty zone than in the case without an ice layer.
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Figure 5.11: Voltage - time characteristic for negative switching impulse
(100/2500 µs) and two ice layer thicknesses

Figure 5.12: Voltage - time characteristic for positive switching impulse
(100/2500 µs) and two ice layer thicknesses

5.4 Arc propagation along an ice covered in-

sulator

The development and propagation of arc in case of impulse voltages is very
fast in compare to the ac or dc voltages. Therefore, the using of a high speed
camera with higher frame per second (fps) rate is required. Assuming the
mean value of leader advancement velocity in the range of 2.104 m/s the
camera speed should be higher than 50 000 fps. However, the maximally
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Figure 5.13: Voltage - time characteristic for negative switching impulse
(250/2500 µs) and two ice layer thicknesses

Figure 5.14: Voltage - time characteristic for positive switching impulse
(250/2500 µs) and two ice layer thicknesses

provided frame resolution is then reduced to 512 x 128, pixels and it is not
easy to record the arc development along the all insulator string in sufficient
detail. Moreover, the insulator string has a diverse structure, and the arc
can be partly hidden behind. Finally, there is an unpredictable behavior of
the arc. All the mentioned issues make the recording of the arc propagation
very demanding discipline, especially in the case of real insulators.
Some interesting pictures captured by Photron Fastcam SA 1.1 high speed
camera are presented in following figures. In Fig. 5.15 is a detail of the arc
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trajectory between two caps of string insulator recorded with 75 000 fps. The
applied impulse voltage is 450 kV 250/2500 µs and the surface was covered
by ice layer of 1.45 cm in thickness. The first two frames show the path of
the leader which copying the surface of the insulator. The fourth and fifth
frame show the situation after the arc initiation.

Figure 5.15: Arc trajectory between two insulators (recorded by high speed
camera 75 000 fps)

The Fig. 5.16 shows the same situation when the voltage was applied few
minutes later after the previous test. As can be seen, the trajectory is quite
different from the first record. The arc is bridging the caps at this time not
copying the insulator surface.

Figure 5.16: Arc trajectory between two insulators (recorded by high speed
camera 75 000 fps)

Figure 5.17: Arc trajectory along the insulator string (recorded by high speed
camera 10 000 fps)

The arc trajectory along the insulator string can be seen from Fig. 5.17.
The applied impulse voltage was 560 kV 250/2500 µs and the surface was
covered by ice layer of 1.45 cm in thickness. The speed of the camera has
to be decreased to 10 000 fps to get reasonable frame resolution and thus it
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was not possible to record the leader before the arc initiation. However, from
the recorded arc path is clear how the leader propagates along the ice surface.
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Chapter 6

Mathematical simulation of
flashover process

6.1 Obenaus basic concept

Obenaus in 1958 was probably the first who proposed a quantitative model
for flashover phenomena on the surfaces covered by a conductive layer. He
substituted the whole process by an electrical circuit constituted of an arc in
series with resistance Rp, see Fig. 6.1.

Figure 6.1: Obenaus model

The applied voltage is the addition of arc and residual resistive layer
voltage drops. The concept itself is simple and general, but it is necessary
to obtain an appropriate equation for the arc voltage drop and resistance of
residual layer supported by physical theory. The flashover models very often
include parts which are based on experimental observations since the theory
is too complicated or not available at all.

65



6.1.1 Arc models

Until now, many arc models have been developed. However, just a few
of them are used more frequently by engineers. The fundamental one is
undoubtedly the Ayerton’s arc model which is based on an approximation of
experimental measurements. The voltage gradient Earc can be approximated
by following equation:

Earc = AI−narc, (6.1)

where Iarc is the arc current, and A and n are constants. The constant
values for various conditions are summed in Tab. 6.1 [52]. As can be seen
from the table, the constant A has a range from 30 to 310 and constant n
from 0.1 to 1.38. The high variation is due to their dependency on the am-
bient atmospheric conditions, the medium in which the arc propagates, the
voltage waveform, the surface of an insulation layer. All these factors can
influence the arc propagation and its behavior.

Another group of models describe the arc by the combination of fluid
dynamics, thermodynamics and Maxwell’s equations. However, the theo-
retical description of arc plasma is extremely complex in detail so that the
complete mathematical models are not possible, and some simplification has
to be always involved. Generally, the conductance of an arc channel varies
with supplied power and transported power. The power accumulated in arc
channel Q can be expressed as:

Q =

∫ t

0

(Pin − Pout)dt (6.2)

and the instantaneous arc conductance g can be defined as

g = F (Q) = F (

∫ t

0

(Pin − Pout)dt). (6.3)

The change of conductance divided by instantaneous conductance is then

1

g

dg

dt
=

1

g

dF (Q)

dQ

dQ

dt
. (6.4)

Finally, the general arc equation has a form of

d(ln g)

dt
=
F ′(Q)

F (Q)
(Pin − Pout). (6.5)

Cassie and Mayer introduced simplified models for qualitative simulations
of arc phenomena The arc is considered as plasma in local thermodynamic

66



Investigator Current(A) A n Excitation Medium

SuitsandHocker(1939)
65 0.6 NS air

1-10 220 0.6 NS stem
81 0.6 NS nitrogen

Obenause et al.(1958) 0.1-15 63 0.7 ac air
L.Alstonetal et al.(1963) 0.1-2 100 0.76 ac air
E.Nasseretal et.al.(1963) 0.1-1 63 0.76 dc air

Hampton(1964)
0.1-0.5 65 0.8 NS air

52 0.1 NS steam
E.Lose et al.(1971) 1-3 52 0.43 dc air

Nottingham(1973)

NS 44 0.67 dc air
310 0.985
39.2 0.67
203 1.38

Claverie et al.(1973)
1-2 113 0.5 ac air

98.99 0.5
Jollye et al.(1974) 1-3 296 0.397 ac air
El-Arbatye et al.(1979) NS 40 0.8 ac air

F.A.M.Rizk(1981)
0.05-2.0 130 0.45 dc air

210.6 1. 3

Gers et al.(1981)

0.1-5 46.05 0.91 dc air
44.77 0.822 impulse
43.80 0.822 dc
59.64 0.773 dc

M.P.Verma(1983) NS 53.45 0.5 ac air

Mayr et al.(1986)
NS 40.6 0.724 dc air

50.20 0.708 helium
114 0.714 nitrogen

D.A.Swift(1989)
1-3 80 0.5 dc air

60

G.Zhicheng et al.(1990)
0.1-1.0 138 0.69 dc air

140 0.67 ac
F.L.Topalis(1992) NS 131.5 0.374 NS air

R.Sundararajan et al.(1993)
NS 60 0.8 dc air

63 0.5

R.P.Singh et al.(1994)
NS 31 0.43 ac air

100 0.98
N.Chatterjee et al.(1995) NS NS 0.7 ac air

H.G.Gopal et al.(1995)
NS 60 0.25 NS air

100 1.20

D.C.Chaurasia et al.(1996)
0.01-1.2 50 0.25 ac air

100 1.1
A.S.Farag et al.(1997) NS 30 0.24 ac air

M.Farzaneh et al.(2000)
NS 84 0.77 dc- air on the ice

209 0.45 dc+
205 0.56 ac

J.P.Holtzhausen(2001) NS 59 0.53 ac air

Table 6.1: Constants of Ayerton’s model for various conditions
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equilibrium. The Cassie model assumes that the arc channel has the shape
of a cylinder which is filled by highly ionized gas at constant temperature.
The constant current density is assumed it means that the cross section area
is changing with current. Other assumptions are the constant resistivity and
heat content per unit. Than,

g = F (Q) = dg0 =
Q

Q0

g0 and F
′(Q) =

g0
Q0

, (6.6)

Q = dQ0 and Pout = dP0 = Q
P0

Q0

. (6.7)

Substituting the assumption (6.6) and (6.7) into the general arc equation
(6.5)

d(ln g)

dt
=
P0

Q0

[(
ua
u0

)2

− 1

]
, (6.8)

where u0 =
√

P0

g0
is the static voltage and ua is the arc voltage.

Mayer assumed the arc cylinder with a constant diameter which means
that the conductivity strongly depends on temperature (exponentially) and
is independent of the cross-sectional area. Mayer further assumed that the
relation between voltage and current is constant, so the cooling of arc channel
is constant as well. If we take into the consideration the assumption

g = F (Q) = ke

(
Q
Q0

)
and F ′(Q) =

k

Q0

e

(
Q
Q0

)
, (6.9)

the Mayr arc equation has a form of

d(ln g)

dt
=

1

Q0

(uaia − P0) . (6.10)

The Mayr equation is representative for small currents close to the zero
when the arc temperature doesn’t exceed 8000 K. Otherwise, the Cassie
equation is valid for high currents above the temperature of 8000 K. Many
models combining the Cassie and Mayr equations have been proposed to
simulate arc behavior in the electrical power engineering, e.g. [53–55].

6.1.2 Resistance of the conductive layer

The pollution layer created on insulator during the line operation may caused
an increase of surface conductivity. The resistance element of pollution layer
is
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dR =
dl

γ(l)2πr(l)
, (6.11)

where l is the shortest path between electrodes along the insulator surface,
γ(l) is the surface conductivity and r(l) is the radius of the surface at element
dl.
The total resistance of pollution layer between two electrodes is

R =

∫ L

0

dl

γ(l)2πr(l)
, (6.12)

where L is the total length of leakage path. Assuming that γm is the
mean conductivity of pollution layer the equation (6.13) can be expressed as

R =
1

γm

∫ L

0

dl

2πr(l)
=

f

γm
, (6.13)

where f is known as form factor which is the characteristic parameter of
insulators. This concept of resistance calculation was used by Bohme and
Obenaus in their original model [56].

Woodson and McElroy introduced a simplified model as a surface with cir-
cular geometry and constant surface resistivity [57]. The geometry is shown
in Fig. 6.2.

The resistivity of wet polluted layer of a disk insulator was determined as

R =
B (r, Ra, R0)

γm
, (6.14)

where B is the dimensionless geometric factor depending on the radius r
of the outer extremity of the discharge, the radius Ra of the discharge root in
the wet contaminant, and the radius Ro of the outer electrode. It was found
that B can be assumed independent of Ra where the error does not exceed
30 % [57]. The parameter B may be determined as a function of R0 − rmax
where the rmax is the maximal radius to which a discharge can grow with an
applied voltage. The experimentally determined function B (rmax, R0) is

B (rmax, R0) = 1.6̇10−2(R0 − rmax)1.4. (6.15)

A model for the case of a discharge burning on a polluted rectangular strip
is introduced in [16] by Wilkins.

Assuming the discharge roots to be circular and rectangular strip, see
Fig. 6.3 two cases of solution for resistance R were developed. For the
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Figure 6.2: Woodson and McElroy idealized model

Figure 6.3: Wilkins model for flashover of a polluted strip
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narrow strip, where the width of the series pollution layer is less than its
length the resistance is given by

R =
1

2πγm

(
π(L− x)

a
+ log

(
a

2πrd

))
, (6.16)

where rd is the radius of the discharge root. For the wide strip, where the
width of the series pollution layer is greater than about three times its length
the resistance is given by

R =
1

2πγm

(
log

(
2L

πrd

)
+ log tan

(πx
2L

))
. (6.17)

The radius rd of the discharge root is a function of current i

i

πr2d
= const. (6.18)

Either expression 6.17 or 6.18 may be used with reasonable accuracy if
the width and length of the strip are of the same order.

6.2 Dynamic numerical model of discharge

propagation on insulator string

The numerical model is based on the physical streamer-leader process in
long air gaps presented by many authors in various modifications. A com-
plete mathematical description of this physical process is very difficult and
some parts even still remain unclear. This is the reason why researchers
usually work with simplified mathematical equations to find optimal model
regarding purposes of simulations. Generally, the more often used streamer-
leader models are coupled with a calculation of the electric field distribution
and streamer and leader propagation. The electric field distribution can be
in some cases (e.g. rod-plate gaps) expressed by analytical formulas, however
nowadays are more frequent are the numerical calculations using FEM. The
streamer and leader initiation and propagation model is usually partly based
on experimentally determined characteristics and parameters. The physi-
cal background of the stremer-leader flashover process with assumptions and
constrains for mathematical simulations was described in detail in chapter 4.
The following describe the simulation model for prediction of flashover volt-
age of suspension insulator during the impulse high voltage testing under the
pollution and ice condition. Proposed model was built up for the purposes of
validation of experimental results and also as a tool for the flashover voltage
prediction.
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6.2.1 Simulation process proposal

A flow chart of the proposed simulation process of the discharge propagation
along an insulator string is shown on Fig.6.4.

Figure 6.4: Flow chart of simulation algorithm

The discharge process is started with the formation of the first corona.
When the streamer is initiated, it starts propagating along the insulator
with length L. The streamer has a form of many branches within a conical
volume. The filamentary branched channels - streamers, are developed from
a common root called stem. The corona zone extends to the coordinate xs
on the discharge axis. It is assumed that the corona zone is characterized
by constant electric field Es = 450kV/m. Total accumulated charge in the
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corona zone is a function of the area between the potential distributions
before and after steamer formation, see Fig. 6.5.

Figure 6.5: Potential distribution before and after the streamer formation

It is assumed, that the stable propagating leader is initiated when the
critical total charge increment ∆Qc = 1 µC is reached. The total charge
increment is calculated according to equation (4.5). The leader extension
∆xL is then calculated from the leader velocity, see equation (4.7). The
constant ql is assumed as average value 45 µC/m and the charge of the
streamer zone in front of the leader’s head ∆Q is calculated from equation
(4.5). The streamer-leader system step by step propagates along the insulator
and in the moment when across the whole distance L the flashover occurs. If
during the process the charge increment is less than zero the whole process
is stopped, and no flashover occurs.

6.2.2 Electric field calculation

The electric field distribution has a crucial role in the discharge propagation
process.The electric field distribution is rapidly changing in time when the
impulse voltage is applied. Analytical solutions are possible only for simple
electrode cases and the more precise numerical calculations like FEM have
to be involved. However, FEM requires the exact geometrical description of
insulator arrangement and a large amount of computation time. On the other
hand, the proposed simulation model needs relatively fast recalculation of the
electric field during the simulation process. The simple and enough accurate
solution could be the representation of the insulation string as an equivalent
circuit with distributed parameters while parameters of passive elements are
adjusted to approximate the voltage distribution V (x) determined from FEM
calculation at the time when the impulse reach the maximum voltage. Then,
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the voltage distribution function V (t, x) can be derived from the equivalent
circuit equations.
The equivalent circuit of insulator string is shown in Fig. 6.6.

Figure 6.6: Equivalent circuit of insulator string

The circuit consists of resistor R (Ω/m), insulator to ground capacity
C0 (F/m), insulator to wire capacity Cp (F/m) and capacity of insulator
K (Fm). In fact, these parameters are not constant with x coordinate and
the linear or exponential function can be used to express this dependency.
Sometimes the constant values are assumed to simplify calculations. From
the voltage and current relations in an element dx and after some mathe-
matical modifications the final partial differential equation has a form of:

∂4v(t, x)

∂x2∂t2
+

1

RK

∂3v(t, x)

∂x2∂t
+
Cp
K

∂2(v(t, x)− Vs(t))
∂2t

− C0

K

∂2v(t, x)

∂2t
= 0, (6.19)

where v(t, x) is the instantaneous voltage at time t and distance x from
high voltage electrode and VS(t) instantaneous voltage of the source. Impulse
voltage VS(t) can be described by double exponential model. The equation
(6.20) can be solved by numerical methods only. Assuming the continuous
time and discrete distance x we can make a decomposition into the system
of differential equations of first order. Each n-th element is then described
by pair of equations:

K

(
d(vn−1(t)− vn(t))

dt
− d(vn(t)− vn+1(t))

dt

)
+ in(t)− in+1(t)

+ Cp
d(Vs(t)− vn(t))

dt
− C0

dvn(t)

dt
= 0,
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vn−1(t)− vn(t)−Rin(t) = 0. (6.20)

Thus, for n elements we get 2n equations with the same number of un-
known currents and voltages. The resulted voltages and currents in each
node are functions of time. The parameters R, K, Cp and C0 are given by
geometrical configuration, insulation material and also by pollution or ice
layer on insulator surface.
The electrostatic field distribution of suspension glass insulator can be cal-
culated in FEM software to get voltage distribution and approximations of
equivalent circuit parameters. It is supposed rotationally symmetrical geom-
etry of insulator thus the 2D model can be built up. Respecting experimental
measurements described in chapter 4 the high potential is placed on the top
of the insulator string, and the ground is connected to the shielding ring
placed at the end of insulator string. The voltage distribution is then in
opposite direction than in the case of a real insulator on a tower of overhead
line. The rest of the metallic parts has a floating potential. The polluted ice
layer can be simulated as a parallel layer copying the insulator surface with
given specific conductivity. As can be seen from experimental measurements
in the cold room the ice layer and icicles morphology on insulator string may
be varied. However for the higher thicknesses of ice (more than 1.5 cm) the
particular insulators are almost fully bridged by icicles. The main assump-
tion for the FEM geometry of insulator string covered by ice layer is that the
ice layer bridges all insulator caps by a consistent layer of ice with appro-
priate thickness. The relative permittivity of the ice layer under switching
impulse can be considered equal to the steady state permittivity 76. For the
lightning impulse, the relative permittivity decreases to value between 3 and
4 [49]. The determined electric field distribution of insulator string consisting
of six insulators is shown in Fig. 6.7 for dry condition and in Fig. 6.8 for
polluted ice layer of 3 cm thickness.

The voltage distribution along the length of the insulator string for max-
imal voltage is shown in Fig. 6.9 and Fig. 6.10. Cutting lines are in the
center of insulator, in the half of insulator radius and the insulator radius.

As can be seen from presented figures, the potential distribution along
the insulator string is close to the linear distribution. The reason is that
there are not present any large grounded parts or conductor during the high
voltage tests which increase the capacity to the ground or capacity to the
conductor.

The voltage distribution approximation can be used for the simulation
of the flashover process. The Fig. 6.11 shows voltage distributions which
are derived from the Fig. 6.9 and Fig. 6.10 respecting the resistance of the
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Figure 6.7: Electric field of suspension insulator string (applied voltage 500
kV)

Figure 6.8: Electric field of suspension insulator string - 3 cm ice layer sim-
ulation (applied voltage 500 kV)
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Figure 6.9: Voltage distribution along the length of the insulator string in
the center (red), in the half radius of the insulator (blue) and in the maximal
radius of the insulator (green)

Figure 6.10: Voltage distribution along the length of the insulator string with
3 cm ice layer in the center (red), in the half radius of the insulator (blue)
and in the maximal radius of the insulator (green)
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polluted ice layer which can be estimated on the basis of various models
described in chapter 6.1.2.

Figure 6.11: Approximation of voltage distribution along the length of the
insulator string

6.2.3 Simulation results and verification

The above described mathematical model for flashover performance predic-
tion of suspension insulator string was realized in Wolfram Mathematica R©.
Created mathematical model allow to calculate the streamer-leader prop-
agation process for different shapes of impulse voltages of both polarities.
This model can take into consideration an influence of pollution and icing
condition. As the experimental measurement under the pollution and icing
condition were performed the obtained results can be used for the verification
of simulation model.

As the experimental measurements show, the switching impulses of posi-
tive polarity are more critical regarding flashover performance of suspension
insulator under the polluted ice conditions. Thus, the simulation model was
validated for such conditions and results were compared with determined
data from laboratory experiments. The comparison of flashover voltage V50
for dry and two thicknesses of ice layer are shown in Fig. 6.12, compari-
son of voltage - time characteristic for dry insulator on Fig. 6.13 and the
comparison of voltage - time characteristic for ice layer of 2.92 cm.

Presented results confirm that the proposed simulation model can give
reasonable accurate values of flashover voltages which are sufficient for test
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Figure 6.12: Flashover voltage V50 for switching impulse (250/2500 µs) as
ice layer thickness dependency - comparison of calculated and experimental
data

Figure 6.13: Voltage - time characteristic for switching impulse (250/2500 µs)
fro dry insulator - comparison of calculated and experimental data

79



Figure 6.14: Voltage - time characteristic for switching impulse (250/2500 µs)
for 2.92 cm ice layer - comparison of calculated and experimental data

engineers in high voltage laboratories and designers of insulation systems of
overhead lines.
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Chapter 7

Conclusion

The theses deal with some specific problems related to impulse high volt-
age tests. In chapter 2, are briefly presented standard high voltage test
approaches and evaluation methods under dry, wet and cold conditions to
introduce fundamental terminology and provide some background for follow-
ing text.

Chapter 3 is dedicated to impulse voltage and current measurement.
First, the methods for determining of frequency characteristic properties of
voltage dividers are described and then applied to the standard voltage di-
vider to show their unsuitability for fast-rise impulse measurements, how
requires some IEC standards. The only possible solution is to complete the
impulse voltage dividers from elements with very low parasitic inductance
and capacitance. The research activities in this field are nowadays focused
mainly on the using of ceramic disc resistors and liquid voltage dividers. The
preliminary experiments with liquid high voltage resistors were performed,
and 20 kV liquid impulse voltage divider was realized. The reached response
time is roughly ten times better than in the case of common high voltage
dividers. Thus, the liquid dividers seem to be promising alternatives of ce-
ramic discs resistors. However, the long term stability and thermal stability
of divider ratio must be further investigated to approve the application for
high voltage laboratory purposes.
Further, the Rogowski coil as a sensor for impulse current measurement was
introduced. The frequency dependency of Rogowski coil constant has to be
known for purposes of current impulses measurement. The calibration circuit
for wide frequency range was proposed, and two types of coil constructions
were measured. After that, the influence of shielding was determined with
the result that the reduction effect of resonant frequency of cross-wounded
coil is not so significant in comparison with uniformly wounded coil. Finally,
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the influence of Rogowski coil homogeneity and the shielding to the accuracy
of measurement was shown.

The using of nanocrystalline alloys as a material of magnetic cores of
instrument voltage and current transformers is discussed in the last part of
this chapter. On the realization of impulse current transformer and voltage
transformer is shown that the nanocrystalline magnetic core can be advanta-
geously used as the magnetic circuit. On the other hand, the disadvantage of
the nanocrystalline material is very high fragility and difficult machinability.
The production of cut cores requires sophisticated approaches that always
significantly reduce magnetic properties.

Chapter 4 is concerned with a physical background of streamer-leader
propagation for a long air gap to provide a brief insight into the flashover
processes in the air. This theory is further used in Chapter 5 and especially
in Chapter 6.

Chapter 5 contains the laboratory study of flashover performance of pol-
luted and ice covered suspension insulator exposed to impulse overvoltage.
Experimental measurements were performed on a suspension string of cap
and pin glass insulator in Industrial Research Chair on Atmospheric Icing of
Power Network Equipment (CIGELE), University of Quebec at Chicoutimi.
The effects of polluted ice layers on flashover performance and volt-time char-
acteristics of insulators for lightning impulse and two switching impulses with
different front time were investigated. Under icing and pollution conditions,
when the insulator is covered with ice, it is found that in the case of lightning
impulses flashover voltage is reduced only for negative polarity, by approxi-
mately 8 %. On the other hand for switching impulses, the flashover voltage
reduction reached the value of 25 % for positive polarity, and 44 % for neg-
ative polarity. The flashover voltage reduction was almost the same for the
switching impulse with 100 µs front time and switching impulse with 250 µs
front time. Impulses with the front time slower than 100 µs did not reduce
flashover voltage. The determined volt-time characteristics correspond to the
flashover voltages when there is a significant reduction in flashover voltage
when an ice layer is present.

The experimental results were further used for the validation of mathe-
matical model simulating physical processes during flashover when various
impulse voltages are applied. The algorithm of the simulation model is fully
described in Chapter 6. The simulation model allow to calculate flashover
voltages for different shapes of test impulse voltages and to take into consid-
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eration an influence of pollution and icing condition. Presented comparison
with experimental measurement confirms that the proposed simulation model
can give reasonable accurate values of flashover voltages which are sufficient
for test engineers.
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