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ABSTRACT

Predictive calculations of overvoltages generated due to lightning are most essential for
a reasonable insulation design of power system. For an accurate lightning surge analysis,
power system apparatus should be represented with its stray capacitors even if its capacitance
is some picofarads, because the surge includes high frequency components. An accurate
measurement of the small capacitance becomes indispensable. A measurement method of
small-capacitance using transient waveforms is proposed in this thesis. A pi-circuit is used to
express the stray capacitors between terminals and those from each terminal to ground. Two
measuring modes, differential and common modes, are required to obtain the parameters of the
circuit. The parameters are determined by transient current waveforms of the modes with an
applied voltage, i.e., the open circuited voltage at the end of the current injection cable.

At first, a measurement using an impedance measuring instrument, which is categorized
as a steady state method, is investigated. Although the method is applicable in a laboratory
test, it is difficult to apply to practical systems due to instability by radio interference.

On the other hand, the transient measuring method, which gives the impedance as a ratio
between the voltage and current frequency responses transformed from time domain, can be
easily applied to the power system apparatus. However, the measurement of the small stray
capacitance is difficult due to the low impedance of the voltage probe, which is indispensable
to the transient voltage measurement. The parasitic capacitance of the voltage probe obscures
the small capacitance.

A current injection cable is indispensable to the transient measurement. Investigation of
the effect of the sheath surge impedance clarifies that stray capacitor grounding from a
terminal is short-circuited by the low impedance of the sheath surge impedance in the
differential mode. A correcting method of the effect of the sheath surge impedance is proposed
in this thesis.

The parameters of the pi-type circuit are obtained from a slope of the transient current
waveforms or a waveform fitting by a nonlinear method. These methods enable the derivation

without a voltage measurement by a probe connecting across the small capacitance. The first



method has high resistance to extraneous noise, because the numerical time to frequency
transformation, which is sensitive to noise, is not required. The parameter estimation can be
carried without any numerical simulation. In the nonlinear fitting method, the time to
frequency transformation is simply done in the form of analytical equations. Since the analytic
method is a closed form solution, it is insensitive to noise in comparison with numerical
transformation. Although the nonlinear method requires numerical calculations, the accuracy
is higher than that of the former method. The former method is useful to determine the initial
values for the nonlinear fitting calculation.

The transient measuring methods are applied to define the circuit parameter of the
equivalent pi-circuit of the following elements: (1) impedance between electrodes implanted
into a piece of wood, (2) a gas arrester (GA) and (3) a miniature circuit breaker (MCB).

The contact and leakage resistances between the electrode and the wood and the
capacitance between the electrodes are simultaneously obtained with the stray capacitances to
ground by the proposed methods. The methods are applicable to measure not only the small
stray capacitances but also the resistances. The transient methods can be applied to a
measurement of a high impedance circuit. The wood model is useful for an insulation design
of wooden insulators such as a wooden pole.

The GA is a basic device for protecting a circuit from a lightning surge. It can be used as
a voltage sensor to evaluate the voltage across a small-capacitance circuit, because its internal
capacitance is smaller than that of the conventional voltage probe. The breakdown voltage of
GA can be known from a current measurement.

Characteristic of MCB can be simply expressed by a switch at a power frequency.
However, the transient characteristic of MCB has to be expressed by some capacitors. For
example, even if the MCB is turned off, some voltage is induced from a surge-entering
terminal on the other terminal via the stray capacitor between its contacts. The contact
capacitance with the stray capacitances determines the penetrating surge.

The accuracies of the models are confirmed by numerical simulations using the
Electromagnetic Transients Program. Good agreements between the measured and calculated

results show the high reliability of the proposed methods.



To illustrate the usefulness of the proposed method and the equivalent circuit, an MCB
is used as an example. Because the induced voltage across a small stray capacitance cannot be
directly measured, the induced voltage is indirectly measured by a flashover of a GA
connected to the terminal. In addition, the circuit of the MCB with the GA enables a prediction
of the applied voltage from the flashover. If the stray capacitances of the MCB as well as the
GA are accurately known, the ratio between input and output voltage can be theoretically
obtained. The voltage dividing ratio is useful to estimate and design the insulation level of
distribution power system. The ratio obtained by a theoretical calculation agrees well with that
between the voltage across the incoming-terminal of the MCB and that of the GA just before
the flashover obtained by EMTP simulation.

A circuit-parameter derivation method of the models of a wood as an insulator, a switch
(MCB) and a gas-arrester for a fast transient simulation have been developed in this thesis.
These components are basic elements not only for power system but also electronic and/or
communication system. In addition to this, the proposed method is applicable to the other
elements, whose capacitance cannot be accurately measured by conventional methods. This

thesis will open up a new field in a transient simulation.
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1 INTRODUCTION

1.1 General

Electrical transients are generated by sudden change in circuit such as lightning and
switching. All electrical and electronic devices connected to a power system can be damaged
by transient overvoltages. Transient assessment is required in the field of power engineering to
verify the immunity of electrical and/or electronic equipment connected to the power system.
Protection against such hazards is a necessity. Lightning is one of the key phenomena for an
insulation design of power systems. For estimating an accurate lightning surge, power system
apparatus should be represented with their stray capacitors. Even if the stray capacitance is
some picofarads it has to be taken into account because the surge includes high frequency
components. An accurate measurement of the small-capacitance is indispensable [1].

This thesis deals with a measurement method to assess a small-capacitance. The method
is firstly developed by a steady-state measurement using an impedance-measuring instrument.
Although the method is applicable in a laboratory test, it is difficult to apply to the field of
power systems. For example, instability due to radio interference is a problem when the
method is applied to a practical system. The capacitance measurement is generally difficult by
the impedance-measuring instrument for its small signal source and low immunity to noise [2].

The capacitance can be obtained from a set of transient voltage and current responses
with a time-to-frequency transformation, such as numerical Fourier transformation. The
transformation is, however, sensitive to noise and its truncation error is unavoidable. The
parasitic capacitance of a voltage probe, which is indispensable to the measurement, is also a
fatal disadvantage for an estimation of the small-capacitance of a specimen [3].

A method to measure a small-capacitance with a loss is proposed in this thesis.
Parameters are determined using transient current waveforms with the applied voltage, i.e., the
open circuited voltage of a voltage source. The capacitance and loss are obtained from the
slope of the current waveform at its wave-tail or by a nonlinear fitting method. The methods
have a high resistance to extraneous noise, because the numerical time-to-frequency

transformation, which is sensitive to noise, is not required. In these methods, the time-to-



frequency transformation is simply performed in the form of analytical equations. Since the
analytic method is a closed form solution, it is insensitive to noise in comparison with the
numerical transformation. Furthermore, these methods enable a measurement without a
voltage across the small-capacitance. The effect of parasitic capacitance of the voltage probe is
removed [1, 3].

However, a current injection cable is indispensable to the transient measurement. The
effect of the low sheath surge impedance, which reduces the reliability of the measured result,
IS investigated and a correction method is proposed [1].

The proposed methods have advantages in a modeling of power apparatus for a fast
transient comparing with the steady-state measurement using an impedance-measuring
instrument.

The predictive calculations of overvoltages generated due to lightning are most essential
for a reasonable insulation design. The accuracy of a miniature circuit breaker (MCB) model,
whose parameters are evaluated by the proposed method, is confirmed by breakdown voltages
of a gas-filled arrester (GA). The models of the MCB and the GA for a fast transient are useful
to evaluate the overvoltage. These models can be applicable to communication systems such
as telephone system as well as to low-voltage distribution system [4].

1.2 Overview of Modeling of Fast Transient for Digital Simulation

Power systems are subjected to many forms of transient phenomena brought by sudden
changes in the systems. Transient phenomena are important to analyze especially for systems
during times of the electrical stress. The sources of the stress can be divided into four: (1)
lightning overvoltages (LOV) produced by lightning flashes, (2) switching overvoltages
produced by switching breakers or disconnecting switches, (3) temporary overvoltages
produced by faults, generator overspeed, ferro-resonance, etc., and (4) normal power
frequency voltage in the presence of contamination [5].

The applicability of the small-capacitance measurement method is intended to the power
apparatus in a low voltage system. For the system, lightning overvoltage is a dominant factor
to determine the insulation level. Withstanding voltage of insulator depends on the shape of



the lightning surge waveform and its duration. In general, the lightning overvoltages are
represented by fast front transient. These are characterized by a time-to-crest (front-time Ty) in
the range 0.1<T;<20 ps. In the laboratory, these are simulated with a standard lightning
impulse of 1.2/50 us [6].

There have been representative methods to evaluate lightning overvoltage as follows: (1)
experimental approaches, (2) observations of real lightning phenomena, (3) theoretical or
analytical approaches, and (4) numerical approaches [7]. Among the four methods, the
numerical approaches have many advantages from an economic and accuracy point of view.
Accurate computation of the electromagnetic transient can be done using simulation tools
based on a circuit theory and on an electromagnetic theory. Simulation based on a circuit
theory, such as Electro-Magnetic Transients Program (EMTP), is widely used to estimate the
overvoltage in overhead lines and substations. Whereas the electromagnetic theory based
simulation, such as Virtual Surge Test Lab (VSTL) based on the Finite Difference Time
Domain (FDTD) method, is used to solve the transient overvoltage in a three-dimensional
structure. Recently, the numerical electromagnetic analysis method is becoming popular to
solve transient phenomena. However, EMTP has been widely used as a powerful tool to
analyze power system transients in view of their straightforward implementation and use in
relation to the modeling of power system components [8].

In simulation based on a circuit theory, such as EMTP, all apparatuses are modeled by
their equivalent circuit. A prior knowledge of circuit parameters is indispensable. Many
researchers have reported a guideline to model the apparatus in a power system for fast
transient such as tower, circuit breaker, power transformer, instrument transformer CT/VT,
surge arrester, and so on [9-13]. A modeling of power system apparatus can be carried out by
theoretical analysis, measurement or numerical simulation. The measurement method for the
modeling can be classified as follows: (1) steady-state measurement using an impedance-
measuring instrument (impedance/network analyzer), (2) transient measurement using a
transient-generating equipment (impulse generator/pulse generator or switch) and a transient-
measuring equipment (digital storage oscilloscope) [14]. The both measurement methods are

investigated in this thesis. The advantages and disadvantages of the methods are discussed.



The transient measurement method has an advantage allowing to model a fast transient of
power apparatus compared with a steady-state measurement.

Transient characteristics of power system apparatus in a high frequency region should be
modeled by stray capacitors [15-21]. In general, the capacitances are difficult to assess by the
measurement approaches. The numerical calculation, such as finite element method, is widely
used to estimate the stray capacitances [15-18].

A circuit model of the fast transient simulation can be a lumped-parameter circuit or a
distributed-parameter circuit. Substation equipment, such as circuit breaker, transformer,
current transformer, voltage transformer, and disconnector switch is basically represented by a
lumped circuit. Another apparatus modeled by a lumped circuit is a line insulator. Busbars and
interconnections between the equipment in a substation are also represented by lumped
parameter inductors, when their lengths do not exceed 10-15m. Otherwise, they are
represented by three-phase distributed parameter lines [10,22]. Of course, a distributed

parameter line is used to model an overhead line and cable.

1.3 Project Objectives and Organization of Thesis

This thesis proposes a measurement method of small-capacitance for fast transient. The
method is used to estimate the stray capacitance of the apparatus, which is normally in a few
picofarads. The objectives of the thesis are listed below:

(1) To investigate the effect of measuring system in the small-capacitance circuit.
(2) To measure the stray capacitance of the apparatus.
(3) To define the circuit parameters by analyzing the transient waveforms.

(4) To investigate the applicability of the method in the calculation of transient overvoltages.

This thesis contains six chapters as follows:
Chapter 1 introduces transient overvoltages in a power system and the modeling method

for fast transient.



Chapter 2 summarizes the study to date on lightning overvoltages, as well as the
transient measurement and the fast transient simulation of power system through a
comprehensive literature review.

Chapter 3 proposes a measuring method of a high impedance circuit using steady-state
measurements. The impedance between electrodes implanted into a piece of wood is presented.

In Chapter 4, a modeling method of the fast transient using transient waveforms is
described. The effect of probe capacitance, which has a fatal disadvantage for the transient
measurement in small-capacitance circuit, is discussed. The effect of the sheath surge
impedance is investigated and a correcting method is proposed. Two methods to obtain the
circuit parameters by analyzing the transient waveforms are proposed.

In Chapter 5, applications of the proposed method to assess the stray capacitances are
explained. Following are the applications: parallel electrodes implanted into a piece of wood, a
miniature circuit breaker, and a gas-filled arrester. The reliability of the proposed method to
define an equivalent circuit is discussed.

Chapter 6 is dedicated to the conclusions of this research and presents suggestions for

further studies.
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2 SUMMARY OF LIGHTNING OVERVOLTAGES

2.1 Introduction to Lightning Overvoltages

Transient overvoltages in a power system are due to injection a bulk of energy. The
source can be from a lightning discharge or switching. Lightning discharge may not
necessarily mean direct termination of a lightning stroke onto the power system [1]. An
indirect stroke, i.e., a lightning hit on an object nearby a power line, will induce voltages into
the loop formed by the conductors of the power system. Lightning overvoltages are an
impulse, for which the prospective magnitudes of overvoltages closely depend on the
insulation level, i.e., system voltage. A typical impulse transient occurring on a normal voltage
waveform caused by a lightning surge is shown in Fig. 2.1. The magnitude can be many times
larger than the peak value of the normal voltage waveform. Impulse transients are usually
characterized by their rise (T;) and decay (T,) times and peak value. The most common

waveforms of impulsive transient overvoltage are double exponential-type waveform [2].

Voltage

10%

Time

Fig. 2.1. A typical impulse transient.

Transient overvoltage can be classified into slow front, fast front, and very fast front

characterized by the following shape [3]:



Slow front: These are characterized by a time-to crest (front-time T;) in the range
20<T;<5000ps and a time to half value (decay time T,) T, <20 ms. In the laboratory, these are
simulated by a standard switching impulse with 250/2500 ps.

Fast front: These are characterized by a time-to crest (front-time T,) in the range 0.1<T;<20us.

In the laboratory, these are simulated with a standard lightning impulse of 1.2/50 ps.

Very fast front: These are characterized by a time-to crest (front-time T;) in the range

3<T;<10ns. So far, no test has been standardized for laboratory works.

The typical lightning transient overvoltage is a fast front-type. While very fast front

transient is caused by switching operations within the gas insulated substation (GIS).

Transient overvoltages are a common cause of damage to power systems and electrical
and/or electronic equipment, which is connected to the systems. The transient assessment
becomes essential since it is required to verify the immunities of the equipment. The
laboratory that works to test the equipment requires a standard waveform of the applied
voltage or injected current. Standard publications describe several test waveforms that are
representative of transient overvoltage. There are five of the most common transient
overvoltage test waveforms: the ring wave specified in ANSI C62.41-1980, the fast transient
specified in IEC 61000-4-4, the 8/20 us, 1.2/50 us, and the 10/1000 us as shown in Figs. 2.2 to
2.4 [4].
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Fig. 2.2. Various overvoltage test waveforms.
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Fig. 2.3. EFT test waveform (5/50 ns).
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Fig. 2.4. Current test waveform (8/20 ps).

Originally, the standard waveforms were used during experiments in a laboratory. Since

transient analysis by digital simulation has enough accuracy in comparison with that by

10



experiment, many engineers have also performed computer simulations to obtain the response
of equipment to transient overvoltage. Therefore, the representation of the waveforms in the
mathematical equations is required. The 1/50 us, 10/1000, and electrical fast transient (EFT)
waveforms, represented in (2.1), while the ring wave expressed in (2.2). The four waveforms
are a voltage waveform. The current waveform is only represented by 8/20 ps in (2.3). The

constants of those equations are listed in Table 2.1 [4].

V(t) = AVp{l—exp(~t/z, )lexp(~t/z,) (2.1)
V(t) = AVp{l—exp(~t/z, )lexp(~t/z,)cos(at) 2.2)
where V, = the peak value of V(t)

() = Al t“exp(—t/7) (2.3)

where |, = the peak value of I(t), t = time in ps, k = 2.93

Table 2.1 List of constants of waveform [4].

Waveforms A 71 [us] T2 [US] ®
Ring Wave 1.590 0.5334 9.788 2110
1/50 ps 1.037 0.4074 68.22
10/1000 ps 1.019 3.827 1404
EFT 1.270 3.5.10° 55.6-107 NA
8/20 pis 0.01405 3.977

2.2 Transient Measurement

A surge testing is very essential in transient analysis studies. For the testing, transient
source as well as transient measuring equipment is required [1].
(1) Surge generator

The basic surge generator is a charged capacitor, and it is discharged through a wave-

shaping circuit into the test object [1]. Impulse generator (IG) is composed of capacitors, and
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pulse generator (PG) is composed of a coaxial cable, which is a kind of a capacitor [5]. For an
experimental work, the 1G or PG is commonly used to inject a current or to apply a voltage to
the test object either in a laboratory or in real systems. The IG has been widely used especially
when an insulation test of a power apparatus is carried out because the 1G inherently produces
the exponential waveform [5]. The PG is widely used for a surge testing. A limitation of the
PG compared to the IG is that the PG cannot apply a high voltage like 1G. However, the PG
has very fast rise time. For an example, PGs with its rise time less than 1 ns is not rare. The
PG has been used for a surge testing to verify the immunity of the equipment to noise. In this
research, a PG is used to apply a voltage to a test object. The transient responses of the test
object to the pulse waveform from a PG are used to model the object for a fast transient

simulation.

(2) Transient-measuring equipment

The cutting-edge tool for measuring transient response is a digital storage oscilloscope.
It can store the data for a further analysis. However, it normally contains noise of the digitizer.
At a fast transient measurement, the user should be aware of whether the oscillation is
generated by the impulse or induced from measuring system. Following are some simple
checks that should be done prior the measurement: freedom from noise, proper compensation

of probes, and avoidance of ground loops [1].

2.3  Fast Transient Simulation

Recently, many engineers use a digital simulation to carry out transient overvoltage
studies. Although the circuit based simulation tools like EMTP has many limitations, they
have been widely used as powerful tools to analyze power system transients. EMTP-type
simulation tools can give reasonable results with a satisfactory accuracy in comparison with
experimental test results [7-8].

Formerly, lightning overvoltage studies by simulation tools are performed to design
transmission lines and substations, and for the protection of power system equipment. The

objectives of the studies are to characterize the magnitude of the lightning overvoltage for

12



insulation requirements, and/or to find the critical lightning stroke current that causes
insulation flashovers [9]. Therefore, the modeling of the apparatus used in overhead
transmission lines and substations has been vastly developed. Many researchers also
contribute to modeling of apparatuses for fast transient analysis [8-10].

The circuit theory based simulation such as EMTP, SPICE and PSCAD requires the
circuit parameters of their models. For a fast transient simulation, the equipment should be
represented with their stray capacitance because the transient overvoltage contains high
frequency components. Substation equipment such as circuit breaker, disconnector switch, bus
support insulator, power transformer and instrument transformer are basically represented by a
lumped circuit of capacitance as shown in Table 2.2. These data are based on supplier

information, and only the lowest values are reported as a pessimistic assumption [9]

Table 2.2. List of capacitance-to-ground [in pF] of substation equipment [9].

Rated Voltage
Equipment
115 kv 400 kV 765 kV

Circuit Breaker (Dead Tank) 100 150 600
Disconnector Switch 100 200 160
Bus Support Insulator 80 120 150
Capacitive Potential Transformer 8000 5000 4000
Magnetic Potential Transformer 500 550 600
Current Transformer 250 680 800
Auto Transformer 3500 2700 5000

For overhead line, busbars and interconnections are represented by three phases
distributed parameter lines. If the length of these lines is less than 10-15m, it can be
represented by a lumped parameter inductor with its unit inductance of 1uH/m [11].

Transient overvoltage studies in distribution lines have been reported in Ref. [12] and
[13]. Both papers used EMTP simulation to study the transient overvoltage. The circuit models

and their parameters used in the simulation are presented.
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Table 2.2 shows that the equipment in high voltage substation has a larger stray
capacitance with increase of its rated voltage. For the equipment connected to the low voltage
systems, i.e., distribution line, the stray capacitances become smaller than those shown in
Table 2.2. The smaller size of equipment result in the decreasing of the stray capacitance. The
stray capacitance of equipment in distribution line is not more than some tens pF.

In general, valid information of the stray capacitances for numerical simulations is not
available from a manufacturer [7]. Therefore, the researchers have to obtain the stray
capacitances themselves. The stray capacitance cannot be obtained by a theoretical equation,
and its measurement is difficult, especially if the equipment has a small stray capacitance.
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3 MODELING METHOD OF HIGH-IMPEDANCE CIRCUIT BY
STEADY-STATE MEASUREMENT

3.1 Introduction

Wooden pole is widely used for a medium voltage line all over the world. The pole is
equipped with a wooden cross arm to support conductors and equipment up to its maximum
design load, and to maintain conductor clearances. The conductor is supported by an insulator,
which is commonly mounted on the cross arm with a bolt. In Japan, many houses are made of
wood. A power or telecommunication line is led from a concrete pole into the house and is
attached to the wooden wall using a screw.

In both cases, if a lightning strikes a distribution line, a surge voltage will be generated
and it travels along the line. If the lightning voltage is high, a flashover will be produced at the
insulator strings on a wood and the lines are bridged or grounded through the wood. The
characteristic is determined by the impedance of the wood. The impedance between the
electrodes implanted into a piece of wood becomes important for a transient calculation of a
power system including a lightning surge analysis.

There have been two approaches to determining the electrical properties of a wooden
pole, i.e. whole pole evaluations and wood stake studies [1]. The research in this paper
employs a wood stake as a specimen and screws as electrodes.

The electrical properties of the wood are influenced by many factors such as: moisture
content, species, treatment type, temperature and so on [1]. This study focuses on the effect of
distance of the electrodes on the frequency characteristics of the impedance. In this study, a
model of the impedance between the electrodes is proposed. The model consists of a branch
impedance between the electrodes Z, and branches of grounding impedance from the
electrodes to ground Zg. The branch impedance between the electrodes Zg is modeled by the

first and the second Foster-type equivalent circuit.
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3.2 Initial Model of Impedance between Electrodes Implanted into a Piece of Wood [2]

The straightforward method to obtain the impedance of the specimen is a measurement
by an impedance analyzer instrument. It measures the impedance (Z), capacitance (C),
inductance (L), and/or conductance (G) in a frequency domain. Nowadays, the frequency
range of the instruments covers from mHz to some hundreds MHz. The measurement
bandwidth becomes wider year by year. In general, the advantage of the impedance
measurement using the impedance analyzer is that an accurate result can be obtained with
ease.

It is essential to know the impedance of wood as an insulating material especially in an
investigation of the transient overvoltage across the electrodes implanted into a piece of wood.
In this paper, the impedance characteristics of several kinds of woods are measured using an

impedance analyzer, Agilent 4294A. Its specification is shown in Table 3.1.

Table 3.1. Specification of impedance analyzer Agilent 4294A.

Frequency range 40Hz — 110MHz
Voltage signal 5MVins 10 1 Vs
Current signal 200 pAmsto 20 mAms

The initial model of the impedance between the electrodes implanted into a piece of
wood is not taken account of the stray impedance from the electrodes to ground modeled by an

aluminum plate. The impedance measurement is carried out as shown in Fig. 3.1.

Agilent 4294 A

[ im]

O

-
%%’5 SEE|EEr=
——c

Wood

Fig. 3.1. Measurement setup (differential mode).



The initial model of the impedance between the electrodes implanted into a piece of
wood is assumed to be a parallel RC circuit shown in Fig. 3.2. The impedance |Z| and its angle

6 define the resistance R and the capacitance C by the following equations:

R =|Z|/cos6 (3.1)
C =-sinf/|Z|w (3.2)
R
Sy
ICI

Fig. 3.2. An initial model of impedance between electrodes.

A specimen made of pine is used in the measurement, and its size is 3.6 cm x 3.6 cm x
45 cm. Two screws of 4 mm diameter are used as the electrodes of three lengths | (1 cm, 2 cm,
and 3 cm) with four distances between the electrodes d (5 cm, 7 cm, 9 cm, and 11 cm). The
resistance and the capacitance in twelve cases (3 cases in length, 4 cases in distance) at
frequency 1 MHz are shown in Figs. 3.3 and 3.4. The parameters at the length of 1 cm with a
distance of 9 and 11 cm (cases l1dy and I;d1;) and at the length of 2 cm with a distance of
11 cm (case l,d;;) cannot be obtained. In these cases, the current becomes smaller than the
minimum value of the measuring instrument due to the quite high impedances between the
electrodes.

Figs. 3.3 and 3.4 show the effects of the length of the electrodes | and the distance
between the electrodes d on the resistance and capacitance. The resistance R decreases with
the increase of length and it increases with the increase of the distance. On the contrary, the
capacitance C increases with the increase of the length and it decreases with the increase of the

distance.
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Fig. 3.4. Measured resistance and capacitance versus distance d.

3.3 Modified Model of Impedance between Electrodes Implanted into a Piece of Wood
Taking Account of Stray Impedance [3]

The impedances with their angles are measured in two types of measurements, i.e.,
common- and differential-modes as illustrated in Fig. 3.5 to take into account a stray
impedance from each electrode to ground. The first setup is to measure the stray impedance Zs
from the electrodes to ground modeled by an aluminum plate. The low-end terminal of the

impedance analyzer is connected to the aluminum plate, and the high-end terminal is
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connected to the short-circuited electrodes. The second one is to measure the impedance Z
between the electrodes by connecting the electrodes to the terminals of the impedance
analyzer. The definition of stray impedance to ground Z and those between the electrodes Z; is
illustrated in Fig. 3.6.

Two specimens are used in this investigation; (1) Zelkova serrata (keyaki), a rectangular
parallelepiped wood of 12 cm x 12 cm x 50 cm; (2) Japanese cedar (sugi), a log wood of 18
cm diameter and 48 cm length. Prior to the measurement, the moisture contents are measured
by Timber Master (made by GE Protimeter). They are 11.1-11.5 % for the Zelkova serrata
(keyaki) and 10.6 — 10.9 % for the Japanese cedar (sugi) at a temperature of 20 °C. Two
screws of 4 mm diameter are used as the electrodes whose length I is 0.075 m and the distance

between the electrodes d is 0.05 m or 0.1 m.

Agilent 4294A

[ [®]

(@) Common-mode

Agilent 4294 A

EEE
EIEIEI

EIEIEI

SE’.E’. boo

I:I EIEI

EI I:II:I

(b) Differential-mode

Fig. 3.5. Setup of steady-state measurement.
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Fig. 3.6. Definition of impedances Z; and Z;.
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|

3.3.1 Equivalent circuit composition

An equivalent circuit of the impedance between the electrodes is illustrated in Fig. 3.7.
The circuit is a pi-equivalent circuit, which is commonly used to represent the stray impedance
between two terminals. The circuit consists of an impedance between the electrodes Z, and
two branches to ground Z,.

The impedance between the electrodes implanted into a piece of wood (Z;) is determined
by the parallel connected branches, which consist of the impedance between the electrodes Z
and the series connected grounding impedance 27, (=4Z;). An RC network based on the first

and the second Foster circuits are used to synthesize the impedance Z.

o Zy o)

Z, Z,

L L

Z,; : Branch impedance between electrodes
Z, : Grounding impedance

(a) Equivalent circuit for total impedance Z;

I

z

Zg | Zg
I 1

(b) Equivalent circuit for stray impedance Z

Fig. 3.7. Circuit model of impedance between electrodes implanted into a piece of wood.
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From the measured branch impedance Z, the branch impedance per unit distance is
obtained. The impedance between the electrodes Z for an arbitrary electrode-distance can be

obtained from the characteristic shown in Fig. 3.4.

3.3.1.1 Total impedance between electrodes

For the modeling, the measured results of the impedance between the electrodes Z; and
the stray impedance to ground Z; are assumed to be a capacitive i.e., the angle of the
impedance is ranging -90°<@, 6,<0°. As the definition of the impedance between the

electrodes Z; aforementioned, it is expressed by (3.3).

L (3.3)

The stray impedance from the electrode to ground Zg can be expressed by a parallel

connection of the grounding impedances Z, as shown in Fig. 3.7 (b) and (3.4).

Z,=27

o] S

(3.4)

From (3.3) and (3.4), the branch impedance between the electrodes Z is obtained from

the measured impedance Z; and the stray impedance Zs.

41 L (3.5)

The impedance Z obtained from the measured results can be synthesized by a circuit

consisting of some resistors and capacitors.
3.3.1.2 Circuit synthesize

There are two measured results, i.e., the stray impedance to ground Z; obtained by the

common mode measurement and the impedance between the electrodes Z; obtained by the
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differential mode measurement. These two impedances are used to define the branch of
impedance between the electrodes Z using (3.5). The impedance Z consists of a frequency
dependent resistance R.=1/Gq(w) and a capacitance Ce¢(w).The Zg is synthesized into the
capacitive circuit, i.e., the second Foster circuit as illustrated in Fig. 3.8. The circuit expresses

the frequency dependence by a constant-parameter lumped-circuit.

1 1 ~ 1
T L, 1 1 e, Gal@+jeCa()
ROZ R12 +]7/JCOC12 I:222 +]7/ch22

RlZ R22
R02 % Cinf :F
C Cy
T T

(3.6)

12

Fig. 3.8. The second Foster circuit model for the branch impedance Z.

The resistance Rk and the capacitance Ci,r determine the impedance of the wood in a
low and a high frequency region, respectively. The resistance Ry, and capacitance Cy, of the
second Foster circuit are determined by “Data solver” installed in MS Excel to solve the
nonlinear problem. The objective of the solver is the sum of the errors between the measured
and calculated results of the conductance G, and the capacitance Cg as shown in (3.7). The
parameters of the circuit are determined by the characteristics of the impedance in a frequency
range of 100 kHz to 100 MHz. The parameters G, and C, are logarithmically compressed to

improve the accuracy because the measured results distributed in a wide range.

SumError= 3 109,,(Gy_, ) 109, (G, )

f =100kHz

(3.7)

+ “0910 (Cel—m )_ Iogm (Cel - )*Cweighted

where subscripts m and ¢ denote the measured and calculated results, respectively.
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A weight coefficient Cyeighied 1 required for a stable convergence. In this study, the value
of Cieightea 18 selected to be 10 as shown in (3.8). The logarithmic of the capacitance, which is

the important element, is weighted ten times greater than that of the resistance.

100Mhz

SumError = z |Ioglo (Gel—m)_ Ioglo (Gel—cj+|loglo (Cel—m)_ IOglO (Cel—c )* 1O| (38)

f =100kHz

The convergence calculation is started from their initial values of Ry, and Cjp,, and
stopped when the objective reaches the minimum value.

The second Foster circuit is impractical for a further analysis, because the parameters
cannot be expressed as a function of distance between the electrodes d. The first Foster circuit
should be used to compose a generalized equivalent circuit. The parameter Ry; and Cy, of the
first Foster circuit model shown in Fig. 3.9 are synthesized from the second Foster circuit. The

total impedance for the first Foster circuit model is obtained by (3.9).

1 1 1
Z, = - + . + . (3.9)
| |:]/Rll + Ja)Cll:| |:]7/R21 + Ja)C21:| |:]/R31 + JCOC31:|
Ris Ry Rss
W W
o] O
| | | | | |
[ [ [
Cu Cx Ca

Fig. 3.9. The first Foster circuit model for the branch impedance Z,.

The circuit parameters shown in Fig. 3.10 are represented by a function of the distance
between the electrodes d. The resistance and the inverse of the capacitance (Ry; and 1/Cy;) are
proportional to the distance between the electrodes d. Once the resistance Ry; and the

capacitance Cy; for a specific value of d are determined, their value per unit distance, i.e., R k;

and C%; can be obtained as shown in (3.10).
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Rkl = Rlildi
C, =Cu/d (3.10)

From the above equations, the impedance Z for an arbitrary distance can be obtained.

Zel
—W— W
o ’e}
| | | | | |
11 1 11
C',,/d C',,/d C's,/d
Zg Zg

Fig. 3.10. A circuit for calculating the impedance Z; for an arbitrary distance between the

electrodes d.

3.3.1.3 Measured and calculated results of circuit parameters

The measured result of the stray impedance |Zs| and the impedance between the
electrodes |Z;| and their angles & and & for the two specimens are shown in Figs. 3.11 and
3.12. Fig. 3.11 shows a minor difference in the measured results of |Zs| and & for both
specimens and for the distance between the electrodes d. The oscillations in a region above the
frequency of 10 MHz are due to noise. Fig. 3.12 also shows that the impedances between the
electrodes |Z and their angles & of Keyaki and Sugi are quite similar. It might be due to the
fact that they belong to the same group of woods and there is a minor difference in the

moisture content.
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Fig. 3.11. Measured result for the stray impedance |Zs| and angle &, for Keyaki and Sugi.
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Fig. 3.12. Measured result for the impedance between the electrodes |Z;| and angle 6, Keyaki

and Sugi.

The parameters Ry and Ci of the first and the second Foster circuit are determined by
“Data solver” using the measured result at the distance d of 0.05 m. Those are listed in Table.

3.2. The circuit parameter of R %; and C %, are obtained by (3.10) as shown in Table. 3.3.
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Table 3.2. The circuit parameters of Ry and Cy at the distance of 0.05 m, the first and the

second Foster circuit parameters.

First Foster Second Foster
Element Keyaki Sugi Element Keyaki Sugi
Ru [MQ] 540 48900 Roz [MQ] 544 48900
R21 [MQ] 0.55 4.31 R12 [MQ] 0.57 1.70
Rs1 [MQ] 0.03 0.002 R2> [MQ] 1.90 13.3
Cu1 [pF] 2.43 4.14 C12 [pF] 0.25 0.06
Ca1 [PF] 2.13 3.13 Ca2 [pF 1.33 2.36
Ca1 [PF] 3.34 50.3 Cint [pF] 0. 85 1.72

Table 3.3. The parameter of R'y; and C %; as a function of distance between the electrodes d.

Element Keyaki Sugi
R’11 [MQ/m)] 10800 978000
R, [MQ/m] 10.9 86.3
R’3; [MQ/m] 0.65 0.04

C’11 [pFm] 0.12 0.21
C’21 [pFm] 0.11 0.16
C’a1 [pFm] 0.17 2.52

The impedances between the electrodes Z; versus frequency characteristic are calculated
in a frequency range from 100 kHz to 100 MHz. The circuit parameters in Table 3.3, which are
derived based on measured results at d = 0.05 m, are used to estimate the impedance between
the electrodes Z; at 0.1 m. The comparison between the measured and estimated result for two

distances d of 0.05 m and 0.1 m for two specimens are shown in Fig. 3.13.
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(b) The impedance |Z; and its angle & for Sugi

Fig. 3.13. Comparisons between the measured and the estimated result of the impedance

between the electrodes Z; and angle 4.

The circuit model (Fig. 3.10) with the circuit parameter of R %; and C%; as listed in Table

3.3 expresses the impedance between the electrodes Z; with satisfactory accuracy as illustrated

in Fig. 3.13. The deviation between the estimated result and the measured result of the

impedance Z; in a frequency range higher than 10 MHz is due to noise included in the

measured stray impedance. The frequency range lower than 10 MHz is sufficient for a

transient calculation of a power system including a lightning surge analysis.
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3.3.2 Simplified circuit

The first Foster circuit shown in Fig. 3.10 can be simplified by analyzing the
contribution of each branch to the impedance between the electrodes Z. The time constant of
each branch is calculated as shown in Table. 3.4.

Table 3.4 shows the first branch of the first Foster circuit has the longest time constant
due to the high resistance R;;. The effect of each branch on the total impedance is compared to

the measured result are shown in Fig. 3.14 for both specimens, keyaki and sugi.

Table 3.4. The time constant-value for each branch of the first Foster circuit.

Time Constant (t)
Element y ,
1% Branch 2" Branch 3" Branch
Keyaki 1.3 ms 1.2 us 0.1 pus
Sugi 0.2s 14 ps 0.1ps

Because the time constant of the third branch is far smaller than that of the other
branches, the third branch can be neglected. The resistance R;; of the first branch of both
specimens can be neglected because it is very high compared to the other resistances. The
above investigation gives a simplified circuit as illustrated in Fig. 3.15. It consists of a
capacitance C, and a parallel branch of resistance R; and capacitance C;. The circuit
parameters of the model, i.e., the resistance R; and capacitances Cy and C;, are obtained
by ”Data solver” in MS Excel using the objective shown in (3.7). The calculated result of

parameters Co, Ry and C; are shown in Table 3.5.

Table 3.5. The value of the Ry and Cy of the generalized circuit for distance of 0.05 m.

Element Co[uF] | Ri[MQ] C1 [pF] Time constant (t) [us]
Keyaki 0.26 4.14 1.01 4.2
Sugi 0.32 2.8 1.8 5.0
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Fig. 3.14. Comparison of the impedance Z between branch elimination and the complete

branches calculation with the measured result.
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Fig. 3.15. A simplified circuit model for the impedance Z.

The impedance Z, at a distance between the electrodes d of 0.05 m is calculated using

(3.11) and is compared to the measured result illustrated in Fig. 3.16.

Z L ! = ! (3.11)

o T + . .
jaCy | Tp +ieCy| Gy(w)+jaC,(w)
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Fig. 3.16. Comparison of the branch impedance Z, between calculated and the measured result

using a simplified circuit.

Fig. 3.16 shows that the calculated results of the impedance between the electrodes Z,

which is obtained by (3.11), agree well with the measured result up to 5 MHz.

The model of the impedance between the electrodes Z, consists of a capacitor Cq in

series with a parallel RC circuit. This model with two branches of stray impedance to ground

Zy is used as the final circuit model of the electrodes implanted into a piece of wood as shown

in Fig. 3.17.
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_________________________

Fig. 3.17. Circuit model of impedance between electrodes

3.4 Application of Circuit Model in Transient Simulation

The aim to model the impedance between the electrodes is for a transient simulation.
The usability of the pi-equivalent circuit (Fig. 3.17) is confirmed by comparisons with the
measured results. The transient measurements for a distance between the electrodes d = 0.05 m
are carried out using a circuit illustrated in Fig. 3.18. A voltage between the electrodes and an
injected current is measured. This arrangement is simulated using Electromagnetic Transients
Program (EMTP) to calculate the voltage and current response of the electrodes in a piece of
wood. The parameters used in this simulation are shown in Table 3.6. The capacitance C4 and
resistance Ry to ground are obtained from averaged measured values of those at a frequency
range from 100 kHz to 10 MHz shown in Fig. 3.11. The comparisons between the measured
and simulated results of both specimens for the distance between the electrodes d of 0.05 m

are shown in Fig. 3.19.
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Fig. 3.18. Transient measurement set-up.

Table 3.6. The value of the Ry and Cy of the generalized circuit for distance of 0.05 m.

Element | Co[uF] | R:i[MQ] Cy [pF] Cq [PF] | Ry [MQ]
Keyaki 0.26 4.14 1.01 5 1
Sugi 0.32 2.8 1.8 5 1

33




500 - 0.08
450 - === Simulated ===-=Simulated
400 - Measured 0.06 Measured
350 -
S ] —
~ 300 <
2 250 e
= D
g 200 5
150 - ©
100
50
0 T T T T T T - - -
0 02 04 06 08 1 12 14 16 18 2 Ti
Time [ps] ime [us]
(a) Keyaki
500 + 0.08
450 | WPl <TS === Simulated 0.06 === Simulated
400 Measured ' Measured
350 -
S 300 - z
= 250 - =
g 200 | g
s 3
> 150 - 02 04 06 08 1 14 16 18 2
100 -0.02
50 0.04
0 , , , , , , , , , | ’
0O 02 04 06 08 1 12 14 16 18 2 0.06 -
Time [us] Time [us]
(b) Sugi

Fig. 3.19. Measured and simulated results for transient response of the electrode in a piece of

wood, sugi and keyaki.

Fig. 3.19 shows that transient voltage and current obtained by the pi-circuit model with

the parameters agree with the measured result.

3.5 Concluding Remarks

A circuit model of the impedance between the electrodes implanted into a piece of wood
is proposed in this chapter. The model is a pi-circuit, which consists of a branch impedance
between the electrodes implanted into the wood Zy and two branches for expressing stray
impedance to ground Z,. An impedance between the electrodes Z is initially expressed by an
RC network, such as either the first or second Foster circuits. The final model of impedance Z
consists of a capacitor in series with a parallel RC circuit. The proposed model can be applied

to a wide range of fields because the circuit parameters are expressed by a function of the
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parameters of the electrode. The deviation of the impedance due to the species of woods is

minor.
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4 MODELING METHOD OF FAST TRANSIENT FOR A SMALL-
CAPACITANCE CIRCUIT FOR LIGHTNING SURGE ANALYSIS

4.1 Introduction

Transient assessment is required in the field of power engineering to verify the immunity
of electrical and/or electronic equipment connected to power systems. Lightning is one of the
key phenomena for an insulation design of power systems. For an estimation of the lightning
surge, stray capacitance has to be taken into account even if it is some pico-farads because the
surge includes high frequency components. An accurate measurement of the small capacitance
is indispensable. Many researches have been obtained the stray capacitances of the apparatuses
by numerical simulations, such as finite element method [1-3], or by measurements [4-6],
because the theoretical calculation of the stray capacitance is difficult. Furthermore, the
measurement becomes harder with the decrease of the size of the apparatus due to the decrease
of the capacitance.

Measured results of the small capacitance of a specimen by the steady-state
measurement have been described in Chapter 3 [7]. Although the method is applicable in a
laboratory test, it is difficult to apply it to the field of power systems whose measuring object
is larger than the electronic devices. Instability due to radio interference is a problem when the
method is applied to a practical system. The capacitance measurement is generally difficult by
the impedance-measuring instrument for its small signal source and low immunity to noise.

On the other hand, the transient measuring method, which gives the impedance as a ratio
between the voltage and current frequency responses transformed from time domain, can be
easily applied to the high-voltage apparatus. However, the measurement of the small stray
capacitance is difficult due to the low impedance of the voltage probe, which is indispensable
to the transient voltage measurement. In this chapter, the disadvantage of the method will be
described in detail.

Two modeling methods of a small-capacitance circuit is proposed in this chapter. The

capacitance is estimated by using only transient currents to overcome the disadvantage of the
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conventional method. The pi-circuit, which has been proposed in Chapter 3, is used to express

stray capacitors between terminals and those from each terminal to ground [2, 5, 7].

4.2 Measurement of Small-Capacitance Circuit using Transient Voltage and Current

Waveforms with Discrete Fourier Transform

A conventional method using voltage and current waveforms with discrete Fourier
transform (DFT) is introduced in this section to see the effect of the parasitic capacitance of a
voltage probe. The transient characteristics are measured using the circuits illustrated in Fig.
4.1. The common-mode to measure the voltage at the short-circuited electrode Vs and injected
current Is are used to obtain the stray impedance Zs. The differential mode to measure the
voltage between the electrodes V; and injected current I; is used to define impedance between
the electrodes Z.

The transient voltage and currents are measured by a digital oscilloscope (Textronix
DPO 4104, 1 GHz) with a voltage probe (Textronix P6139A, 500 MHz, 8pF 10 MQ) and a
current probe (Textronix CT-1). A step-like voltage is applied by a pulse generator (Noise
Ken, PG, type INS-4040).

The same specimen with that used in steady-state measurement (Zelkova serrata,
Keyaki) is used in the transient measurement. The measured results in the differential and

common modes are shown in Figs. 4.2 and 4.3.
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Fig. 4.3. Measured transient characteristic, Keyaki d = 0.1 m.

A DFT [8] is used to convert the measured transient voltage and current from time to

frequency domain. The stray impedance Z; and the impedance between the electrodes Z;, are
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determined from the ratio between the corresponding voltage and current in a frequency

domain as shown in (4.1) and (4.2).

Z (@)= 22
IS(a))
Z,(o) :\M
N()

(4.1)

(4.2)

Figs. 4.4 and 4.5 show the calculated impedances Zs and Z; with the measured result by

the impedance analyzer instrument. The figures show that there is a notable difference

between the numerical results by DFT and those by the steady-state measurement. This might

due to the influence of parasitic capacitance of the measuring system. The investigation of this

discrepancy is explained in the following section.
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Fig. 4.4. Measured impedance by transient and steady-state methods, Keyaki d = 0.05m.
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4.3 Effect of Measurement System on Small Capacitance Measurement [9]

The previous section has shown that there are discrepancies between the impedances
obtained by DFT and by the steady-state measurement. The smaller impedances by the
transient measurement are might be due to the effect of the measurement system. Three
variables are identified affecting the measured result:

(1) A stray capacitance between each electrode and ground Cy

(2) A capacitance of a voltage probe C,

(3) A sheath surge impedance of a current injecting cable R

These parameters are important for an investigation on a high impedance measurement.

A capacitive circuit, which simulates the impedance between the electrodes implanted
into a piece of wood, is tested to clarify the effect of the measuring system. When the practical
electrodes are used, the investigation of the stray capacitance to ground is impossible because

there is no common terminal in the practical electrodes implanted into a piece of wood. The
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circuit under test (CUT) consists of a ceramic capacitor between the terminals Cg of 3 pF and
two capacitors Cs of 10 pF as illustrated in Fig. 4.6. The capacitor to ground Cgy in Fig. 4.7
expresses the stray capacitance to ground. However, the capacitance is unknown. The
capacitor Cg, is an additional ceramic capacitor for the investigation of stray capacitance. The
CUT is tested in a common and a differential mode as shown in Fig. 4.7.

The equivalent circuits for the two modes are illustrated in Fig. 4.8. The resistances R
and R express the characteristic impedances of the coaxial and sheath modes of the cable,
respectively. The stray capacitance to ground Cy and an input capacitance of a voltage probe
C, are taken into account. The voltage difference between the electrodes cannot be directly
measured, because the stray capacitance to ground of the oscilloscope affects the voltage
measurement. The fast transient voltage has to be measured by a “grounded” instrument. The
voltages to ground of the electrodes are measured by an oscilloscope and the voltage between
the electrodes is indirectly measured as the difference between the voltages. Nodal analysis is
applied to analyze the equivalent circuits. The circuit equations for the common and

differential modes are shown in (4.3) and (4.4), respectively.

2C.C
{Cp+ <, }i o L
2C,+C, | R, Re vl To
0 R R 7 (4.3)
Rcs Rcc Rcc V3 |
1 1 1 1|
—_ —_ _+_
RSC RCC RSC RCC
] =
s(Cy +C,+C, )+ — ~sC, ~sC, =
Ry Re [TV 0
1 1 '
-sC, S(Cy+C.+C, )+ —+—  —sC, —= v, || |-
Rcs Rcc Roc V = 0 (44)
—sC, ~sC, sc,+c,) 0 3
1 1 1 1 |Va !
I I 0 -+
L RSC RCC RSC RCC
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Fig. 4.8. Equivalent circuit.

To obtain the frequency characteristics of the impedances of the CUT from the transient
voltage and current waveforms, a DFT is used to convert into a frequency domain. A time
interval At in this study is 0.2 ns. The transient waveforms, which are used as input data for the
DFT calculation, are truncated before a round trip time for the travelling wave (2t) on the
current injecting cable to neglect the effect of the impedance of the source (P.G.). To minimize
the truncation errors, an exponential window function W with damping coefficient o as shown

in (4.5) is applied to the time domain waveforms [10].
W = exp(—diAt) (4.5)

In this paper, the damping coefficient of a=Aw=2nAf is employed as shown in (4.6).
F(KAf) = 2(%0 f (1At )exp(— ciAt Jexp(— j27zkAfiAt)At)
=2A (i f(iAt)exp(— (o + j27zkA)iAt)]
0
= 2At(i f (iAt)exp(— SIAt)j (4.6)

i=0
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The DFT with the exponential window function (modified DFT) is called as Discrete
Laplace Transform (DLT) because the equation is identical to the definition of Laplace
transform with operator s.

Fig. 4.9 shows measured voltage and current waveforms. The transient voltage and
current waveforms are truncated at 2z = 1 ps, i.e., before arriving a reflected travelling wave
from the terminal end of the cable. Since the length of the current injecting cable is 100 m and
the traveling velocity of the coaxial mode is 198 m/us, the travelling time z becomes 0.5 us.
The window function is indispensable to reduce the truncation error on the voltage waveform
which is converged to a non-zero voltage.

The impedances of the modes are obtained by the voltage and current in frequency

domain as shown in (4.7) and (4.8).

f
Zon (f)=Y“’L§f; @47)
Vdiff f
Zdiﬁ (f)zl-—gf; (4-8)

Fig. 4.10 illustrates the impedances and their angles. The impedances in a frequency
range between 1 MHz and 10 MHz are inversely proportional to the frequency and show a

capacitive characteristic.
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Fig. 4.9. Measured voltage and current waveforms.
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There is a series resonance at around 20 MHz and some oscillations are observed in the
region higher than 10 MHz. It is assumed that the resonance is due to the stray inductance of
the circuit and the oscillation is due to noise induced in the circuit.

The load capacitances seen from the source resistor Ry are shown in Fig 4.11. The
capacitances shown by bold lines are obtained from the imaginary parts of the impedances,
which are determined from the measured results. It shows that the capacitances are affected by
noise in a frequency range above 10 MHz. These values go to negative in the region.

The theoretical capacitances are also shown in Fig. 4.11 by the dashed lines. In the
common mode, the capacitance is independent of the frequency, because the effect of the

sheath surge impedance R of the current injection cable is isolated by the high resistance Rq..

2C.C
=C L (4.9)

Ccomm p
2C,+C,

The theoretical capacitances of the differential mode are easily obtained by applying Y -
A conversion to the circuit consisting of Cs and Cq4 in Fig. 4.8 (b). By the conversion, a
capacitance C; = C,Cy/(2Cs+Cy) is connected in parallel with C,, and a capacitance C

= C52/(2C5+Cg) is connected in parallel with Cq.
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Fig. 4.11. The numerical and theoretical capacitances in differential and common modes.

The characteristic of the circuit is divided into two regions by the time constant z of the
parallel circuit of the capacitive branch (C1//Cp) and the resistance R (7= (C1+Cp)Rgs). In this
study, a frequency region up to 10 MHz is defined as a low frequency region (f << 1/2r7), and
a high frequency region becomes a band above 100 MHz.

In the low frequency region, the parallel capacitive branch (C1//C,) can be neglected
since the sheath surge impedance R is far lower than the impedance of the branch. Node 2 in
Fig. 4.8 (b) is grounded via the resistor R,. The equivalent capacitance is given by a parallel

connected two branches, as shown in (4.10).

Cdiff—LF Z(Cp +C1)+(Cel +C2)

C,C, C.?
=Co+r— |+ Ca
2C, +C, 2C, +C,

C,(C,+C
=C +C M

+ 4.10
P T 2C, +C, (4.10)

In the high frequency region, the sheath surge impedance Rs can be neglected due to the
low impedance of the parallel connected capacitive branch (C1//C). The differential mode-

capacitance in the high frequency region is shown in (4.11).
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= %(Cp +Cl)+(cel +C2)

CcC 2
:1 Cp+# + CEI+C—5
2 2C, +C, 2C, +C,

+CJ+C

Cdiff—HF

(4-11)

el

Since the measured results are affected by noise at a frequency above 10 MHz, the
circuit parameters aforementioned are analyzed in the frequency range from 1 MHz to
10 MHz. Although the sheath surge impedance R theoretically affect the differential-mode
capacitance, the capacitance is independent of R in the frequency range. The curve of the
differential-mode capacitance Cgis in Fig. 4.11 also shows that the sheath surge impedance R,
is negligible in a frequency range below 10 MHz. The other parameters will be discussed in

the following subsections.

(1) Stray capacitance between CUT and ground Cg

To investigate the stray capacitance between the CUT and ground Cg an additional
capacitance Cg of 47 pF is connected between the common terminal to ground, i.e., in
parallel with the unknown stray capacitance Cy as shown in Fig. 4.7. The additional
capacitance Cg, is expressed by dotted lines in the figure. The effect of Cy is discussed using a
capacitance difference AC between the capacitances with and without Cg. The equivalent
capacitances with the additional capacitance Cgy, are obtained as shown in (4.12) and (4.13) by
substituting Cy+Cg, into Cy in (4.9) and (4.10). The difference in the common mode ACcomm iS
given by the difference between (4.12) and (4.9) as shown in (4.14). In the same manner, the
difference in the differential mode ACgi is obtained as (4.15) by subtracting (4.10) from
(4.13). The stray capacitance to ground Cy is obtained by solving (4.14) or (4.15) and
substituting the measured AC. The theoretical equations (4.14) and (4.15) shows that the ratio
of the capacitance difference AC in the common and differential mode is four at a low

frequency. The measured ratio converges to four with decrease of the frequency as shown in
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Fig. 4.12. The Cq for both modes are shown in Fig. 4.12. The very small stray capacitance of 1

to 2 pF can be estimated by the proposed method.
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Fig. 4.12. AC, Cy and ratio of capacitance differences between common and differential

modes.

(2) Voltage probe capacitance C,

Equations (4.16) and (4.17) show a capacitance of a voltage probe C, obtained from

(4.9) and (4.10). These results are calculated by substituting the capacitances obtained from
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the results shown in Fig. 4.11 into (4.16) and (4.17). The voltage probe capacitances C, of the
common and differential modes are shown in Fig. 4.13. The specification of the probe
capacitance provided by the manufacturer is 8 pF. The result shows the accuracy of the

proposed method. Even if the probe capacitance is unknown, it can be estimated by the
method.

2C.C,
Cpfcomm = Ccomm T A ~ (416)
2C, +C,
c.(c,+c,)
Coair =Cair —Cq —W (4.17)
10
\q)/ Cp-comm
g C,-diff
§
1
1 10 100

Frequency [MHz]

Fig. 4. 13. C, in common and differential modes.

(3) Comparison between numerical and theoretical result

The driving point capacitance ((4.9) and (4.10)) calculated using the measured
parameters is shown in Fig. 4.11 by dashed lines. The capacitances Cq and C, are assumed to
be 1 pF and 8 pF, respectively. The parameters Cq4 and C,, are taken at the low frequency. A
comparison between the theoretical and measured results illustrated in Fig. 4.11 shows a
satisfactory accuracy of the estimated parameters in a frequency range below 10 MHz. The
range is enough to analyze a lightning surge simulation.
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4.4 Modeling of Impedance between Electrodes using Numerical Electromagnetic Field
Analysis [11, 12]

The previous section has shown the effect the parasitic capacitances on transient
measurement. The capacitances consist of a stray capacitance from the circuit to ground, and
of the voltage probe capacitance. Since the capacitance of the probe is assumed to be 8 pF,
which is comparable or larger than the capacitance of the circuit, the measuring voltage across
the small-capacitance circuit will be affected by the parasitic capacitance. The effect has a
fatal disadvantage for the transient method. The low impedance estimated in the previous
section (Figs. 4.4 and 4.5) is due to the parasitic capacitance. The high sensitivity to noise and
the truncation error of the numerical Fourier transform are other disadvantages for the
conventional transient measurement method [9].

To overcome these limitations, a method to measure the small-capacitance circuit
without voltage information across the circuit is proposed. As a preliminary study, the
impedance between the electrodes in a piece of wood is modeled using numerical
electromagnetic field analysis. A capacitance is obtained as a ratio of the amplitude of the step
current response in a steady-state condition and the slope of the ramp voltage [11, 12].

Virtual Surge Test Lab (VSTL) based on Finite Difference Time Domain (FDTD)
method is used as an electromagnetic field analysis in this study. The specimen is modeled
using a rectangular dielectric with a relative permittivity of three and dimensions of
140x140%250 mm. The electrodes are expressed by a thin-wire model and their radius r,
length | and distance d are 5 mm, 100 mm and 50 mm, respectively. The dimension of the
wood and the electrode arrangement is equal to that of the real specimen. The analysis space is
1.25x1.14x1.35 m with a space step As of 10 mm.

The capacitance of the electrodes is investigated in the following cases:

(case-a) the wood with electrode, i.e., the specimen in a free space

(case-b) the wood above an aluminum plate with a gap of 21 cm

FDTD simulations are carried out in a common and a differential mode to investigate the
capacitance between the electrodes and those to the ground as illustrated in Fig. 4.14.

A ramp-voltage with a slope of 250 V/us (=Vys) is used as a voltage source. The current
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response of a capacitive circuit theoretically becomes a step function. The voltage and current
responses are shown in Fig. 4.15. The capacitance can be obtained by the current amplitude |

and the voltage slope Vi as shown in (4.18).

c-_L (4.18)

Current Injection Wire

Current Injection Wire

(a-1) In free space, common mode (b-1) Above an aluminum plate, common mode

—

Wood
d=21cm

(a-2) In free space, differential mode (b-2) Above an aluminum plate, differential mode

Fig. 4.14. Simulation setup, common and differential modes.
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Fig. 4.15. Applied ramp-voltage and current response.
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The capacitances between the electrodes in the differential and common mode are shown
in Table 4.1. The common mode simulation is carried out in free space and above the ground
modeled by an aluminum plate. The difference between two cases is assumed to be stray
capacitance 2Cy= C’comm-Ccomm = 0.2pF, hence the capacitance for each electrode Cq is 0.1pF.

In the differential mode (Fig 4.14 (a-2)), the capacitance in free space is determined by
the sum of the capacitance between the electrodes (Cg) and that from the lead wire to the
electrode (Cyy), i.e, Cw + Cq. Because the voltage is supplied through the lead wire, i.e, thin
wire representation, the capacitance established between the lead wire and the electrode Cy is
taken into account. In the experiment, the coaxial cable 3D2V is used to supply the voltage,
the effect of the coaxial cable is taken into account by its coaxial surge impedance and sheath
surge impedance as will be explained later in the next section. To obtain the capacitance Cq,
the capacitance C,, has to be removed from the calculated capacitance in free space. The
capacitance C,, is obtained by a simulation (Fig. 4.14 (a-2)) without the electrodes. The
capacitance between the electrodes C becomes 3.55 pF (=4.06-0.51). Its accuracy is
confirmed by a comparison with a theoretical capacitance between two parallel wires shown in

(4.19). The difference between the theoretical and measured capacitance is 6.78 %.

72'808
C=|—>2T 1=3.80pF (4.19)

e

Table 4.1. Capacitance in differential and common modes.

Capacitance [pF]

No. Configuration : -
Common Differential

Electrodes inserted
@) into wood Ceomm 6.77
(in free space)

CiwtCq 4.06

(b) On Al-plate withgap | C’comm 6.97 Caiff 4.06
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The capacitances from common and differential mode are used to compose a pi-type
circuit of the electrodes inserted into a piece of wood on a conductive plate as illustrated in
Fig. 4.16. The circuit parameters Cy = 0.10 pF are determined by the common mode, C, = 3.55
pF and Cy, = 0.51 pF by the differential mode. Total capacitance of the pi-circuit seen from the

terminals can be obtained theoretically (C, =C, +C,,+C, /2= 4.11 pF). The simulated

capacitance Cgisr (Fig. 4.14 (b-2)) is 4.06 pF. The small difference between the theoretical and
calculated capacitance (Ci-Cgirr) confirms the accuracy of the simulation. From the
investigations, it is clarified that the capacitance can be obtained from a set of step-like current

and a slope of a ramp-type voltage. The slope of transient waveform can be used to determine

Ciw
o

Fig. 4.16. Pi-circuit of impedance between electrodes.

the capacitance.

4.5 Measurement of Small-Capacitance Circuit using Transient Current Waveform
and Slope of its Wave-tail [13]

The study on the modeling of the impedance between the electrodes by means of
numerical electromagnetic-field analysis shows that the capacitance can be determined using a
transient waveform. However, it is difficult to apply the ideal ramp voltage at a field
measurement.

A comprehensive method to measure a small capacitance with a loss is proposed in this
section. The parameters are determined using a set of transient current waveforms. As an
application example, the method is applied to a composition of an equivalent circuit

expressing the impedance between the electrodes implanted into a piece of wood.
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A specimen used in this investigation is a cubic wood (Japanese cypress, Hinoki) of 140
x 140 x 250 mm. Two screws are used as the electrodes whose radius r is 5 mm, distances
between the electrodes d is 50 mm and length / is 100 mm. Fig. 4.17 illustrates a measuring
circuit. The resistor Ry of 10 kQ2, 51 kQ or 100 kQ is attached to the core of the current
injecting cable. The 3D2V coaxial cable of 100 m length is used for injecting a current. A
voltage is applied using a pulse generator (P.G., Noiseken INS-4040). The transient currents
are measured using a digital oscilloscope (Tektronix DPO 4104, 1 GHz) with a current probe
(Tektronix CT-1).

The measurements are carried out in the common- and differential-mode. The first setup
is for a measurement of the impedance to ground modeled by an aluminum plate. The sheath
of the current injecting cable is connected to the plate and the core to the short-circuited
electrodes. The second one is for a measurement of the impedance between the electrodes by

connecting the electrodes to the core and sheath of the current injecting cable.

3D2V Cable of 100m

PG % Ry

(a) Common mode

3D2V Cable of 100m

(

PG R,

]

(b) Differential mode
Fig. 4.17. Measurement setup.
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The measured results are shown in Fig. 4.18. The vertical axis is displayed in
logarithmic scale. The current waveform is truncated before a round trip time for the travelling
wave (27) on the current injecting cable to neglect the effect of the impedance of the source
(P.G.). The time constant (7) for the common and differential modes obtained from the slope
of the current waveforms in Fig. 4.18 are shown in Table 4.2. These data will be further

analyzed to determine the circuit parameters as shown in the following subsection 4.5.2.

Table 4.2. Measured time constants (7) in us.

Common Mode Differential Mode
Ry [kQ] 10 51 100 10 51 100
7 [us] 0.162 | 0.668 1.262 0.152 0.590 1.068

0.1

0.1 ‘

R =10:<Q R =10kQ

\
( (\J/ Ry =51kQ (\5 Ry =51kQ
0.01 : ‘

|
F= = - — Ry =100kQ

R, =100kQ

1 | m

i, o
0.001 0.001 11

0.01

Current [A]
Current [A]

0 01 02 03 04 05 06 07 08 09 0 01 02 03 04 05 06 07 08 09
Time [us] Time [ps]
(a) common mode (b) differential mode

Fig. 4.18. Semi logarithmic chart of measured transient current.

45.1 Effect of sheath surge impedance

The transient measurement requires a current injecting cable. A coaxial cable should be
used from a viewpoint of the high immunity to noise. Since the coaxial surge impedance (R . =
50 Q for 3D2V cable) is connected in series to the high source resistor Ry, the effect of the
surge impedance is negligible. The sheath surge impedance of the current injecting cable R is

also negligible. In other words, the current injecting cable can be neglected when a high
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resistance Ry is connected in series to the core. However, the low impedance of the sheath
surge impedance R affects the transient voltage and current in the differential mode. The
sheath surge impedance is approximately given by the following equation, and it becomes

some hundred ohms.

R, = GOln[Z—hJ (4.20)

r

S

where /4 and 7 are height and outer radius of the cable, respectively.

The effect of the sheath surge impedance R s on the transient measurement is confirmed
using a source circuit with two source resistors connected either to the core Ry’ or to the
sheath Ry’ as shown in Fig. 4.19 (b). If the sum of the resistances R’ and Ry’ is equal to R,
i.e., Ry’ + R’ = Ry, the injecting current of the circuit in Fig. 4.19 (b) should be identical with
that of the circuit shown in Fig. 4.19 (a) if the sheath surge impedance can be neglected. The
injected current from the core flows back to the source through the resistor Rgs’.

The measured results of a specimen, when the series resistors Ry’ and Ry’ have the same
resistance of 5.1 kQ, 27 kQ or 51 kQ (= R/2), are illustrated in Fig. 4.20. If the source circuit
is expressed by Fig. 4.19 (b), the current in the case Ry’ = Ry’ = 51 kQ should be almost
identical to that in the case Ry = 100 kQ. However, there is a 26 % difference between these
currents in Fig. 4.20. It shows that the other current path exists. The sheath surge impedance
Res, Which is neglected in the circuit shown in Fig. 4.19, has to be taken into account. The

modified source circuit is shown in Fig. 4.21.

Rec Rec Rec Ry
Voc 4 ; VOC<§ Rss’

(a) Single resistor (core only) (b) Series resistors (core and sheath)

Fig. 4.19. Equivalent circuit of source and source resistors.
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0.045 i

I
0.04 }’\®7 RSC'/I‘?SS' = 5‘.1kQ
0.035 \

— 003 R..= 10kQ
< \ T
= 0025 i |
S 002 N Re/Rs =27k
3 . | |
O 0015 _ Ry =51kQ & RyIR, = 51k 1
0.01 ,»d R, = 100kQ
0.005 2= ‘
0 A\,

0 01 02 03 04 05 06 07 08 09
Time [ps]

Fig. 4.20. Measured differential currents.

RCC Rsc’
AMWN—o—W\
Voc Rss’
o—AMW\

Rcs

Fig. 4.21. Modified source circuit with sheath surge impedance Rgs.

When a device under test (DUT), the electrodes implanted into a piece of wood, for
example, is connected to the measurement system through the current injecting cable; an
equivalent circuit expresses the arrangement of the measurement system and the DUT is
shown in Fig. 4.22. The differential mode impedance shown in Fig. 4.22 is obtained from the
modified source circuit (Fig. 4.21) with R’ = 0 and the pi-circuit of the impedance between
the electrodes (Fig. 3.7 (a)). The grounding impedance Z, is in parallel with the sheath surge
impedance R. For the 3D2V cable placed on the floor, the sheath surge impedance R is
130 Q, which is far smaller than the impedance Z,. Therefore, the grounding impedance Z,
connected in parallel with the sheath surge impedance can be negligible when Ry’ = 0. The
sheath surge impedance R is connected in series with the other grounding impedance Z,. The
impedance of the differential mode can be approximately expressed by an equivalent circuit
shown in Fig. 4.23. The series connected R is also negligible due to the high impedance of

the ground branch Z,. For the common mode test, the sheath surge impedance R.s can be
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negligible because the sheath is directly grounded.

Fig. 4.22. Equivalent circuit of measuring system in differential mode.

L
el \J/ ¢
RCS J Ics
W— Z,

[ ]
N

Fig. 4.23. A modified circuit of impedance in differential mode taking into account the effect

of sheath surge impedance R.

The effect of the sheath surge impedance is confirmed by the measured and theoretical
results. Fig. 4.23 is used for the theoretical calculation. The core current / is divided by the
parallel-connected branches, the electrodes (Z)) and the other branch. The later impedance is
approximately expressed by a series connection of the sheath surge impedances R and the
grounding impedance Z, (Z, +R.//Zy = Z; +Res).

The ratio between the current flowing through the sheath (/;) and that into the sheath
surge impedance R (/s) can be calculated using (4.21). The theoretical ratio /I is obtained as
2.7. The parameter Ry and R, are obtained from Table 4.4, as will be explained in the
subsection 4.5.2. A measured result of the sheath and core currents (/; and /) is shown in Fig.

4.24. The ratio between their peak values 7//; is 2.7, which is identical to the theoretical result.

2R,,  2-141kQ
|, R.+Z, Z, R

1.7 (4.21-a)

. R.+Z, Z, R, 168KkQ
dobtle g, Za 9 %a 07 (4.21-b)
L, R.+Z,  Z,
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Fig. 4.24. Core current / and sheath current /.

4.5.2 Equivalent circuit composition
If the impedance can be modeled by a capacitive circuit illustrated in Fig. 4.25, the time

constant (1) for the RC circuit is expressed by (4.22)

R.+R,.+R_ )R

r= (Ry +Ry + Ry Ry C,., for common mode (4.22-3)
Rcc + Rsc + Rac + Rbc
R.+R.+R,4)R

r= (R + Ry + Ry Rog C,y, for differential mode (4.22-b)

Rcc + Rsc + Rad + Rbd

where Ry, Ry and Cy. are for the common mode, and Raq, Rpg and Cpg are for the differential

mode.
Rcc Rsc Rac / Rad
MW—AWN—o—"WW—
Voc Rbc /Rbd % :F Cbc /de

Fig. 4.25. An equivalent circuit of capacitive impedance.
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In order to obtain three unknown variables R,., Ry, and Cy. for the common mode, or
Rag, Rua, and Cypqg for the differential mode, (4.22-a) or (4.22-b) is simultaneously solved for
three cases with the different source resistors (Ry. = 10 kQ, 51 kQ or 100 kQ). The circuit

parameters of the impedance in the common and differential modes are shown in Table 4.3.

Table 4.3. Circuit parameters of equivalent circuit.

Mode Parameter
Rac [k€Q] 3.0
Common Roc [MQ] 5.2
Zcomm (:Zg/Z) Cbc [pF] 125
Tc=RbcChe [1S] 65.0
Rad [kQ] 3.4
Differential Rod [MQ] 0.9
Zai Cha [PF] 11.5
hd=RbdCha [19] 10.4

Tabel 4.3 shows the impedance characteristic can be divided into three frequency
regions. In the low frequency region (f << f, f, = /21w, e = RocChe OF g = RpdCpq) the
impedance are principally determined by the resistance Ry for the common mode and by the
resistance Rpqy for the differential mode, respectively. In the middle frequency region (higher
than frequency f,) the capacitance Cp, or Cpy determined the characteristic. However, in the
high frequency region (f >> f,, f, = 1/2n 5, e = RacChc O g = RagChq), the resistance Ry or Rag
determined the impedance characteristics, because the resistance R,c and Ryq is far smaller than
Ric and Ryg.

The pi-type circuit (Fig. 4.22) is composed based on the impedance characteristic, and it
becomes as shown in Fig. 4.26. In the high frequency region, the impedance is represented by
a resistor R, for a grounding capacitor Z, and by 2R, for a branch of impedance between the
electrodes Z. On the other hand, in the low to middle frequency region, it’s represented by a

parallel RC circuit; Ry and C,, for a grounding capacitor Z,, and R, and C, for a branch of
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impedance between the electrodes Z.

The series resistances Rq; and R, are assumed to be the contact resistances of the
electrodes. The parallel circuit of R, and Cep, expresses the insulating resistance of the wood
and the capacitance between the electrodes. The resistance and stray capacitance of the
electrodes to ground are expressed by R, and C,. The relations between the circuit
parameters (Rgi, Ry, Reii, Ren, Ce2 and Cep) and the parameters shown in Table 4.3 will be

explained in the following subsections.

RCC RSC
AWN
V R
o Rell ?imetz Rell
D
Rgl Cel2 Rgl
RCS é
Rz —|— Cqp Ry —_— Cyp

Fig. 4.26. A circuit of impedance between the electrodes implanted into a piece of wood.

4.5.2.1 Derivation of circuit parameters in high frequency region

Since the circuit parameters shown in Table 4.3 are determined by the low and middle
frequency components, i.e., the time-constants of the wave-tail shown in Table 4.2, the
uncertainty of the series resistor R,. for common mode and R,4 for differential mode should be
examined. In the example of the impedance between the electrodes implanted into a wood, the
reliability of the parameter R,. (Rag) (<<Rp. (Rpq)) can be improved using information in the
high frequency region.

The voltage source V. shown in Figs. 4.21, 4.22, and 4.25 is the open-circuited voltage
at the end of the current injection cable. The voltage can be measured without the effect of the
parasitic capacitance in the voltage probe because the internal impedance of the source
determined by the coaxial-mode surge impedance of the current injection cable (50 €) is far
lower than the input impedance of the probe.

The impedance in a high frequency region is theoretically obtained as the ratio between
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the open-circuited voltage and the current injected into the circuit with some kind of time-to-
frequency transformation, such as Fourier transform. However, the noise induced into the
measured results and quantization error of a waveform recorder reduce the estimation
reliability of the high-frequency characteristic. The impedance in the high frequency region,
i.e., the resistance in the region, can be obtained from the voltage and current ratio at the
wave-front in a time-domain. This is a practical way comparing with the sophisticated
numerical time-to-frequency transformation. Since the open-circuited voltage V. is known,
the series resistance can be obtained from equivalent circuits in the high frequency region
shown in Fig. 4.27 and (4.23).

| Rcc Rsc I Rcc Rsc

= WA — M
Voo V,
o Rell ReIl
% R
RglgRgl Rlc Rcs Rgl Rgl 1

(a) Common mode (b) Differential mode

Fig. 4.27. Equivalent circuit in a high-frequency region.

v
© _R,+R, +R, =R, +R, + Rg% (4.23-a)
|

VOC

~ R, +R, +R, =R, +Ry +2R,, /IR, /R, +Ry,) (4.23-b)

A small source resistance Ry is preferable for an accurate estimation of the series
resistance Ry (Rqi) because the resistances given in (4.23) have a term of the source
resistances R.+Rs.. The difference between the estimated result (4.23-a) and the source
resistances (R..+Ry) becomes a series resistance in a common mode R,.. The resistance for a
differential mode R4 can be obtained in a similar way using (4.23-b). The resistances are
obtained as averaged values between the half of the wave-front time of the current waveform
(T¥2=8 ns) and T7(8< ¢t < 16 ns). The results for the series resistances R;. and R4 using
measured data at Ry = 10 kQ are 0.8 kQ and 1.1 kQ, respectively. These resistances will be

used to obtain the circuit parameters Ry and Re; as shown in (4.24), instead of those from
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information in the middle and low frequency regions (R,. and R,q in Fig. 4.25 and Table 4.3).

Ry = 2Ry, (4.24-a)

n __ (Re/RG+RRy,
" 2[R IRy +Ry;) — Ryl

(4.24-b)

4.5.2.2 Derivation of circuit parameters in low frequency region
In the middle and low frequency regions, the common mode impedance consists of a RC
parallel circuit, i.e., Ry and Cg connected in parallel (Fig. 4.28 (a)). The circuit parameters are

obtained by (4.25) with the results shown in Table 4.3.

Ry2 = 2Ry (4.25-a)
C C
Coz = (4.25-a)

As illustrated in Fig. 4.23, the differential mode impedance can be expressed by a

parallel connection of Z, and Z as shown in Fig. 4.28 (b) and (4.26).

R,,R
Ry, =—2—— (4.26-2)
I:\792 - Rbd
Caz =Cp —Cy (4.26-a)
ReI2
!
—_|_ -— CR:eIZ o
1 2
Ry _|_c92 RQZ% —— Cy M

Cy2
(a) Common mode (b) Differential mode

Fig. 4.28. Equivalent circuit in a low-frequency region.
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The circuit parameters of the equivalent circuit (Fig. 4.26) obtained by (4.24) to (4.26)

are shown in Table 4.4.

Table 4.4. Circuit parameters of equivalent circuit.

Parameters
Ry1 [KQ] 1.7
(:zzzcgomm) Rg2 [MQ] 10.0
Cqz [PF] 6.3
Reir [kQ] 1.4
Ze Reiz [MQ] 1.0
Cei2 [PF] 5.3

4.5.3 Effect of unsymmetrical stray capacitance to ground [14]

The method to measure a small-capacitance circuit and to present an equivalent pi-type
circuit model to express the stray capacitors between two electrodes implanted into a wood has
been proposed in the previous subsection. The stray capacitances to ground of the terminals
have been assumed to be equal, i.e. symmetrical. In general, power apparatuses have
unsymmetrical stray capacitances to ground. A method to create an equivalent pi-type circuit
model for unsymmetrical stray capacitance to ground is described in this subsection.

A miniature circuit breaker (MCB) is taken as an example of the unsymmetrical stray
capacitance to ground. The stray capacitances from the incoming and outgoing terminals are
different. In addition to the capacitances, the MCB has stray capacitances between contacts. A
measurement method for the unsymmetrical circuit is proposed by a modification of the
method for the symmetrical stray capacitance. The modification is achieved in the differential -
mode measurements.

This study uses a two-pole low-voltage MCB, whose rated voltage U, is 220 V and rated
short-circuit current l¢, is 2.5 kA. The measurements are carried out in the differential- and

common-mode as shown in Figs. 4.29 and 4.30.
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The common mode test is for a measurement of the impedance to ground. In the test, all
terminals are short-circuited (switched “ON”).

The differential modes are for measurements of the impedances between terminals. For
an unsymmetrical circuit, two impedances have to be measured to obtain the stray
capacitances for the incoming and outgoing terminals. The arrangement of the core and sheath
of the current injecting cable is swapped. For the measurements, the terminals at the incoming
and outgoing sides are respectively short-circuited to exclude the impedance between phases
and the contacts are opened (switched “OFF”).

The sending-end resistor R is attached to the core of the current injecting cable of
3D2V. Its cable length is 100 m. A voltage is applied using a pulse generator (P.G., Noiseken
INS-4040). The transient currents are measured using a digital oscilloscope (Tektronix DPO
4104, 1 GHz) with a current probe (Tektronix CT-1).

The equivalent circuit of the MCB impedance is similar to that in the electrodes
implanted into a piece of wood,.i.e., a pi-circuit. The model of the MCB can be expressed by
some capacitors, because the MCB has a high insulating resistance, i.e., its leakage current is
negligible. The circuit is illustrated in Fig. 4.31. The capacitor C expresses the capacitance
between contacts. The capacitors Cg and Cgy, represent the stray capacitors to ground at the
incoming and outgoing terminals, respectively.

The common mode characteristic is expressed by the parallel-connected stray capacitors
between the MCB and the ground (Cy and Cy) as shown in Fig. 4.32 (a) since all terminals
are short-circuited. The sheath surge impedance of the current injection cable has no effect on
the measurement because the high resistance is connected between the cable core and the
circuit.

The effect of the sheath surge impedance in the differential mode has already been
explained in the previous subsection. In the mode, the sheath of the current injecting cable is
connected to one of the terminals. The stray capacitor grounding from the terminal connected
to the sheath, is short-circuited by the low sheath surge impedance. In the incoming-
differential mode measurement, the outgoing-stray capacitor to ground Cgy, can be neglected
because the outgoing terminal is connected to the sheath. On the other hand, the incoming-
stray capacitor to ground Cy; is short-circuited in the outgoing-differential mode measurement.
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The differential modes are expressed by two equivalent circuits as shown in Fig. 4.32 (b). The
circuit consists of a capacitor between contact C and a capacitor to ground Cgy; or Cy.

The stray capacitances to be measured in these modes, Cin, Cout and Ceomm are derived
from the circuits shown in Fig. 4.32. The capacitances can be obtained by analyzing the
current waveforms using the slope of the wave-tail as described in the previous subsection or a
nonlinear fitting method, which will be described in the next section. The parameters of the pi-

type circuit model are obtained by solving (4.27) simultaneously.

Ccomm = Cgi + Cgo (427'&)
C, = Cy+C, (4.27-b)
C:out = Cct + Cgo (4.27-C)
3D2V Cable of 100m
PG
RSC
J__ <0

Fig. 4.29. Common mode measurement set-up.
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3D2V Cable of 100m

PG

@ Incoming terminal

o]

® Outgoing terminal

(@) Incoming-differential mode

3D2V Cable of 100m
‘ )

PG

(b) Outgoing-differential mode

Fig. 4.30. Two types of measurement setup: incoming- and outgoing-differential mode.

Incoming terminal

C
; Outgoing terminal gl
ol T T

Fig. 4.31. Pi-type circuit of impedance between contacts in MCB.

1.
T

68



Cyi—T — Cyqo

(@) Common mode

CCt CCt
] ]
|| ||

| |
N

(b-1) Incoming-differential mode  (b-2) Outgoing-differential mode

Fig. 4.32. Capacitance circuits in MCB, common- and differential- mode.

4.6. Curve Fitting Method [14]

In subsection 4.5.2, a method to define the circuit parameters using the slopes of a set of
transient current waveforms have been proposed. Since the slope is taken from the wave-tail of
the current waveforms, the parameters only represent the characteristic in a low frequency
region. The characteristic in a high frequency region has been defined as averaged ratio
between the open-circuited voltage V. at the terminal and the injected current waveform at its
wave-front. In the previous subsection, the averaged value from the half of the wave-front
time T¢/2 to the wave-front time T is used.

Another method to estimate the circuit parameters using transient current waveforms is
proposed. A curve fitting method based on a non-linear least squares method is used to
estimate the circuit parameters of the equivalent circuit. A numerical modeling procedure is
shown in Fig. 4.33. Two input data are required to define the parameters of each circuit, i.e.,
an open-circuited voltage V,. and a current flowing through the circuit 1. The circuit

parameters are obtained by an analysis of the transient waveforms as shown below.
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The first step is an analysis of the applied voltage waveform, which is given as sampled
data Vmess(ti). The voltage can be measured by a conventional voltage measurement with a
voltage probe because the source impedance, i.e., the coaxial surge impedance of the current
injecting cable is far lower than that of the voltage probe. The voltage is assumed to be a step-

like voltage whose voltage rise is expressed by a double exponential function shown in (4.28).
_t
Vi (1) =V, [1— pe o - a- A)e% 2} (4.28)

The parameters in (4.28) are obtained by minimizing the object function S given in
(4.29).

S =3 Vo () ~Vie . 4,)] = minimum (4.29)

where fy is a vector of parameters: Vi, A, @, .

The residual sum of squares S is minimized by finding the elements of the vector f.
The fitting should be carried out with reasonable initial values of the parameters [15]. The
initial values for Vp,, and z; are taken from the maximum voltage and half of the rising time of
the open-circuited voltage, respectively. The initial values of A and z are assumed to be A=0.7
and »=1017. The fitness of the curve, i.e., whether the residual reaches to a local minimum or
not has to be confirmed by a plot of the measured and estimated voltages. However, the
proposed initial values give a good approximation.

In the second step, the current waveforms are approximated to obtain the circuit
parameters. The procedure for the nonlinear fitting of the measured data with a model is
similar to that of the first step. The current function I5(ti, £) depends on the applied voltage
shown in (4.28) and the impedance of the circuit. The circuit investigated in this paper is
assumed to be an RC series circuit, and the current is expressed by (4.30) and (4.31) using

Laplace operator s.
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(4.30)

Where

Z(s)=R+ 1 (4.31)
sC

Since the current function given in (4.30) is in a frequency domain, the current must be
transformed into a time domain prior to the estimation of the unknown parameter f. The
current function lg(t, ) in time domain is shown in (4.32). Because the parameters for the
voltage Ay = [A, Vm, 71, %] has been obtained, the unknown parameters in £ become R and C.

The fitting to the measured current Iyeas gives the circuit parameters R and C.

A(z,—~RC)e™* +(A-1)(RC -7, )e "
+((A=1)r, - Az, +RC)eF°
(RC-7,)(RC-1,)

V.C

m

i(t)=

(4.32)

The nonlinear curve fittings are carried out using Maple (Ver. 17). The example of the

fitted results with the corresponding parameters are shown in Fig. 4.34 with the measured data.
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Input data :
- Open-circuited voltage (Vo)

- Current (1)

Define the analytical function of transient
voltage waveform V (t)

Curve fitting
Vit (tiBv) = Vineas

Analytical transformation of voltage waveform
V (t) from time to frequency domain V (s)

|

Define the analytical impedance model Z(s)

v

Calculate analytical transient current
waveform I(s)

v

Analytical transformation of I(s) from
frequency to time domain I(t)

No

Curve fitting

Iit (6, B1) = Imeas

Circuit parameters of equivalent circuit

v

Crw D

Fig. 4.33. Numerical procedure of curve fitting.
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Fig. 4.34. Comparison between measured and fitted waveforms.

4.7 Concluding Remarks

The disadvantage of the conventional method to obtain the impedance as a ratio between
the voltage and current frequency responses transformed from time domain using DFT has
been shown in this chapter. The parasitic capacitance of the measuring system, such as a
voltage probe, obscures the small capacitance. The derivation of the circuit parameter using
the voltage information will be affected by the parasitic capacitance.

A method to measure a small capacitance using a set of transient current waveforms has
been proposed in this chapter. The method enables a measurement without voltage information
across the small capacitance. The effect of the parasitic capacitance of the voltage probe,

which has a fatal disadvantage for the transient method, is removed.
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In addition, the effect of the sheath surge impedance on the transient measurement,
which is one of factors reducing the reliability, is investigated and a correction method is
proposed.

The circuit parameters are determined by analyzing the injected current waveform with
the open-circuited voltage. Two methods can be used to estimate the circuit parameters:

1. The Slope of wave-tail.

The circuit parameters, which represent the low frequency, are obtained from the slope
of wave-tail of the current waveform. The parameters in a high frequency region are defined
by a ratio between the open-circuited voltage V.. and the slope of the current at its wave-front.
This method is simple and handy, because it does not require any transformation tools.

2. Least squares fitting.

A nonlinear fitting method is applied to the transient waveforms. The circuit parameters
are determined by analyzing the injected current waveform with the open-circuited voltage.
The reasonable initial values, which are indispensable to the nonlinear fitting for a stable
estimation of the circuit parameters, are given by the method using the slope of wave-tail

method.
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5 APPLICATION OF MEASUREMENT METHOD FOR
SMALL-CAPACITANCE CIRCUIT

5.1 Introduction

Transient analysis is essential in power system studies. Transient phenomena may be the
result of lightning strike, some malfunction of the system or the switching of a circuit [1].
Since transient analysis by digital simulation has enough accuracy in comparison with that by
experiment, numerical simulation tools have been widely used to study the various phenomena
such as transient overvoltage due to lightning or switching. For a circuit-theory-based digital
simulation, equivalent circuit and its parameters are indispensable [2]. The users have to
define every circuit parameters even if the capacitance is very small for a fast transient
simulation. In general, the stray capacitance cannot be obtained by theoretical equation, and its
measurement is difficult. The measurement method of small-capacitance circuit has been
proposed [3], and is explained in Chapter 4.

This chapter will demonstrate the application of the proposed method in power system
apparatus. The highlighted point of the method is an assumption that sheath surge impedance
Res is far smaller than that of the ground impedance Z,. Hence, one of the ground impedances
Zy, which is connected in parallel to sheath surge impedance R, has been neglected. When the
ground impedance Zy is comparable with the sheath surge impedance Rg, the ground
impedance Zy cannot be omitted as shown in Fig. 5.1. Although the circuit parameters can be
theoretically estimated, the proposed method may lose its practicality. The limitation in the
capacitance can be easily calculated by (5.1). If the sheath surge impedance is assumed to be
130 Q (placed on the ground), the capacitance at a frequency of 1 MHz becomes about 1 nF.
As the same manner, the capacitance at 10 MHz becomes 100 pF. The small capacitance

defined by (5.1) is the target of the measurement of this thesis.
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C<<L:L[F]
oR, 24Rg

< — 1 [UF]=1.2[nF], at1MHz (5.1)
27130

<< 1 [uF]=0.12[nF], at 10 MHz

271300

If the grounding capacitance is far greater than that of the above value, any conventional

steady-state and transient methods can be applied to the measurement.

Fig. 5.1. An equivalent circuit of impedance between the electrodes in case ground impedance

Z4 is comparable with the sheath surge impedance Res.

The small-capacitance is a typical property of stray capacitor. Hence, the proposed
method is applied to measure the stray capacitance in the following apparatus.
(1) Electrodes implanted into a piece of wood.

Wooden poles and cross-arms are still used in distribution system across the world [4,
5]. Flashover through the wood can be occurred in case the wood is aging or has high moisture
content [6]. The transient characteristic of the wooden insulator against a lightning strike is
important to insulation design. One of the factors determining the characteristic is the

impedance between the electrodes implanted into a piece of wood.

(2) Miniature circuit breaker (MCB).
In an MCB, the stray capacitors are formed between contacts, phases, and to ground.
The MCB has to be precisely modeled in a transient overvoltage studies. The circuit breaker

has been conventionally represented by an ideal switch [7]. Recently, behaviors of the
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dielectric insulation during its open/close operation were presented [8, 9]. In this study, the
stray capacitance, which is important for the transient characteristic of the MCB, is measured
using the proposed method. When the contacts are closed, the MCB is modeled by a stray
capacitor between phases and two symmetrical stray capacitors to ground. If the contacts are
opened, the MCB is represented by stray capacitors between contacts and phases, and two

unsymmetrical stray capacitors to ground [3, 10].

(3) Gas-filled arrester (GA).

An inherent property of a gas-filled arrester before its flashover is a small capacitance
[11]. For example, it is required to model the internal impedance of GA to estimate the
breakdown voltage. The equivalent circuits of the MCB and GA are useful to evaluate
overvoltage in communication system such as telephone system as well as in low-voltage

distribution system [11].

5.2 Impedance between Electrodes Implanted into a Piece of Wood

The specimen used in this investigation is a cubic wood (Japanese cypress, Hinoki) of
140 x 140 x 250 mm. Two screws are used as electrodes. The screw has radius r of 5 mm,
distance between the electrode d of 30 or 50 mm and length | of 80 or 100 mm. There are four
cases of the electrode arrangement shown in Table. 5.1. The specimens are tested in the
common and differential mode as shown in Fig. 4.16 in Chapter 4.5. The measured current
waveforms are analyzed by the following two methods: the slope of wave-tail method and the

nonlinear fitting method.
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Table 5.1. Parameters of measurement.

Distance d [mm] Length | [mm]
Case 1 30 80
Case 2 50 80
Case 3 30 100
Case 4 50 100

5.2.1 Slope of wave-tail method

The measured results in semi-logarithmic charts are shown in Fig. 5.2. The time
constants (z) for the differential and common modes obtained from the slope of the current
waveforms illustrated in Fig. 5.2 are shown in Table 5.2. These data are used to determine the
parameters of the equivalent circuit shown in Fig. 5.3 by the slope of wave-tail method

described in subsection 4.5.2. The circuit parameters of the impedance in the common and

differential modes are shown in Table 5.3.

Table 5.2. Measured time constants (7) in ps.

Common Mode

Differential Mode

Rec [kQ] 10 51 100 10 51 100
Case 1[d30,180] | 0.148 | 0.602 | 1.109 | 0.146 | 0579 | 1.050
Case 2 [d50,180] | 0.143 | 0.616 | 1.169 | 0.133 | 0505 | 0.915
Case 3 [d30,1100] | 0.158 | 0.639 | 1.200 | 0.156 | 0.636 | 1.163
Case 4 [d50,1100] | 0.162 | 0.668 | 1.262 | 0.152 | 0590 | 1.068
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Fig. 5.2. Semi logarithmic chart of measured results of transient current.
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Fig. 5.3. A circuit of impedance between the electrodes implanted into a piece of wood.

Table 5.3. Circuit parameters determined by the slope of the wave-tail method.

Parameter Case 1 Case 2 Case 3 Case 4
[d30,180] [d50,180] [d30,1100] [d50,1100]
Rg1 [kQ] 2.0 1.9 1.8 1.7
Zg
2.5 7.7 6.6 10.0
(=2Zcomm) Rez [MC]

Cq2 [PF] 5.8 59 6.0 6.3
Reir [kQ] 2.0 1.9 1.4 1.4
Zel Rez [MQ] 1.4 1.2 1.2 1.0
Cei2 [pF] 5.6 3.8 6.5 5.3

5.2.2 Nonlinear fitting method

An open-circuited applied voltage and the current are analyzed using the nonlinear
fitting method. Since a reduction of the number of parameters will stabilize and speed up the
convergence calculation, the impedance of the circuit shown in Fig. 5.3 is simplified.
Resistances Rei; and Ry, Which represent the insulating resistance of the wood and resistance
between the electrodes and the ground, are neglected. These resistances are very high, and
have a minor effect on the impedance characteristics in the region (f<f;, fi=1/2nn, n=RyCg
or 7=RennCer2) and (f>f,, ,=1/2n 1, 7=RypCy or n=Re2Cer2). The equivalent circuit is reduced
as shown in Fig. 5.4. The resistance R and Rq are assumed to be the contact resistance of the
electrodes, whereas the capacitances Cg and Cy represent the capacitance between the

electrodes and the stray capacitance of the electrodes to ground, respectively.
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The voltage waveform is analyzed by the nonlinear fitting in the same manner as
described in section 4.6. The impedance model changes to the circuit expressed in Fig. 5.4. In
the common mode (Fig. 5.4(a)), the impedance is still assumed to be an RC circuit as shown in
(4.32), where the resistance R becomes a series resistance, i.e, Reomm = Rec + Rse + Rg/2. Since
Ree and Ry are 50 Q and 10 kQ, respectively, the resistance Ry can be obtained, i.e,
Ry = 2(Reomm-(Rec + Rs)). The common mode-capacitance Ceomm iS equal to a parallel

branches of capacitance to ground Cy, i.e, Ccomm = 2Cy.

| Rcc Rsc
— AW
VOC
Ry %Rgg Zomm
Cy Cy |
I I
(a) Common mode
Vo C, R

el

% Ry i Zg
g 1 &diff
Res

T
(b) Differential mode

Fig. 5.4. The simplified circuit of impedance between the electrodes implanted into wood used

for nonlinear fitting.

In the differential mode, one of branches of the stray impedances to ground is short-
circuited by the low sheath surge impedance as shown in Fig. 5.4(b). The impedance is shown

in (5.2) as a function of Laplace operator s.

(1+5sR,C,)(+sR,C, +5R.C, )
5(SR,C4C, +SR,C,C, +5R,C,C, +5R,C,C, +C, +C,

cs el g el

Z(s)=

)+(Rcc + Rsc) (52)
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The resistances Rq, R and Re are known from the measurement circuit, and the
parameters Ry and C,4 are obtained from the common mode calculation. The nonlinear fitting to
the current waveform gives the parameters Ry and Cg. The circuit parameters obtained by the
nonlinear fitting method are shown in Table 5.4. The fitted results with the corresponding

parameters are shown in Figs. 5.5 and 5.6 with the measured data.

Table 5.4. Circuit parameters determined by the nonlinear fitting method.

Common Mode Differential Mode

Rq [kQ] Cy [PF] Re [KQ] Cel [PF]
Case 1 [d30,180] 1 5.8 1.5 5.1
Case 2 [d50,180] 1 5.8 1.5 4.2
Case 3 [d30,1100] 1 6.1 1.4 6.1
Case 4 [d50,1100] 1 6.9 1.4 4.6

Theoretically, the contact resistance should be inversely proportional to the surface area.
Table 5.3 shows the contact resistance Ry or Reiz have a decreasing tendency with the increase
of the electrode length. It expresses the fact that the contact resistance is inversely proportional
to the surface area. However, the resistance Ry or Rein Table 5.4 is nearly equal for all cases.
It shows that the contact resistance is independent of the length of the electrode. In this study,
the clear trend of the contact resistance cannot be observed because a stable contact between

the wood and the electrode is not achieved.
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Fig. 5.5. Fitted model with measured data for applied voltage V..
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5.2.3 Theoretical parameters

The measured-capacitances between the electrodes Cg shown in Tables 5.3 and 5.4 are
verified by a theoretical calculation. The capacitances can be approximately calculated using a
theoretical equation for a parallel-wire shown in (4.19).

The measured capacitances between the electrodes C, with the theoretical capacitance
are listed in Table 5.5. The estimated capacitances between the electrodes Cg are confirmed to

be in accordance with the theoretical equation as shown in Fig. 5.7.

Table 5.5. Capacitance between the electrodes C, obtained by measured result and theoretical

calculation.
Case Measured
Theoretical*
Distance d [mm] | Length | [mm] Slope Curve fit
Case 1 30 80 5.6 51 55
Case 2 50 80 3.8 4.2 4.1
Case 3 30 100 6.5 6.1 6.9
Case 4 50 100 5.3 4.6 5.1

*:radius r: 5 mm, distance d: 30 mm, 50 mm, relative permittivity &: 4 [12]
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Fig. 5.7. Measured and theoretical Cg.

5.2.4 Transient simulation
Transient currents flowing into the electrodes implanted into a piece of wood are
simulated using Electromagnetic Transients Program (EMTP). To verify the reliability of each

method, the circuit parameters listed in Tables 5.3 and 5.4 with the equivalent circuit shown in
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Figs. 5.3 (for slope of wave-tail method) and 5.4 (for nonlinear method) are used in the EMTP
simulation. The results for cases 2 and 3, which have the minimum distance d with the longest
length /, and the maximum distance d with the shortest length / are presented. Comparisons

between simulated and measured results for source resistance Ry, of 10 kQ are shown in Figs.

5.8to05.11.
In these simulations, the current injection cable 3D2V is expressed by a Semlyen’s line

model to takes into account its frequency dependent effect [13].
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Fig. 5.8. Simulated results for R, = 10 kQ in Case 2 (slope of wave-tail method).
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Fig. 5.9. Simulated results for R, = 10 kQ in Case 2 (nonlinear fitting method).
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Fig. 5.11. Simulated results for Ry = 10 kQ in Case 3 (nonlinear fitting method).

From Figs. 5.8 to 5.11, it is clear that the circuit with the parameters obtained by both
methods can satisfactorily reproduce the measured results. The slope of wave-tail method is
useful because no numerical calculation is required and its accuracy is satisfactory. Although

the nonlinear method requires a numerical calculation, the method gives better approximation.

5.3 Miniature Circuit Breaker (MCB)

A two-pole low-voltage MCB, whose rated voltage U, and rated short circuit current /.,
is 2.5 kA, is used in this study. The equivalent circuit of the MCB impedance is similar to that
in the electrodes implanted into a piece of wood. A pi-type circuit is composed of three

branches: an impedance between phases or between contacts and two impedances from those
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to ground. The model of the MCB can be expressed by some capacitors, because the MCB has
a high insulating resistance, i.e., its leakage current is negligible.

Two pi-type circuits will be investigated in this study. The first one is for an MCB,
which has symmetrical stray capacitors from its terminals to ground. The second circuit has
unsymmetrical stray capacitors. In the later equivalent circuit, a capacitor between contacts are

taken into account.

5.3.1 Stray capacitor between phases

To obtain the stray capacitance between phases, the MCB is tested in the common and
differential modes as shown in Fig. 5.12. In the common mode test, every terminals are short-
circuited. For the measurement of the capacitance between the phases, the contacts are closed
(“ON”) to exclude the capacitance between the contacts. A pi-type circuit consisting of the
stray capacitors is shown in Fig. 5.13. Since the MCB has a symmetric structure, the circuit

has symmetrical stray capacitances to ground Cgy,.
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Fig. 5.12. Measurement setup for investigating stray capacitor between phases.

C

ph
Fig. 5.13. Pi-type equivalent circuit of stray capacitor between phases in MCB.
The measured transient currents in a semi-logarithmic charts and their time constants at

the wave-tail are shown in Fig. 5.14 and Table 5.6. The time constants are analyzed using the

slope of the wave-tail method as described in subsection 4.5.2.
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Fig. 5.14. Semi logarithmic plot of measured transient current, stray capacitor between phases.

Table 5.6. Measured time constants (7) in us.

Common Mode Differential Mode

Rsc [kQ] 10 51 | 100 10 51 100

7 (ps) 0.191 | 0.827 | 1.569 | 0.172 | 0.373 | 0.652

The fitted transient currents with the measured data are shown in Fig. 5.15. To
approximate the measured result in the differential- and common-mode, the circuit is assumed
to be an RC series circuit. The resistance R either in the common- or differential-mode
represents the sending end resistance R.. in series with the coaxial surge impedance R,
(Reomm = Raiff =Rcc + Rse, Ree = 50Q, Ry = 10kQ). The capacitance in the common mode
Ceomm €xpresses the stray capacitance to ground (Ceomm = 2Cgp) as shown in Fig. 5.16 (a). In
the differential mode, the stray capacitor grounding from the terminal connected to the sheath
is short-circuited by the low sheath surge impedance. The circuit in the mode is shown in Fig.

5.16(b) (Cgir = Cpn + Cgp). The measured stray capacitances, Ceomm, Caif, Cph, and Cgp, are
shown in Table 5.7.
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Fig. 5.15. Fitted models of injecting current and measured data, stray capacitor between phases
with Rs = 10kQ.
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Fig. 5.16. Capacitance circuit of stray capacitors between phases in MCB.

Table 5.7. The parameters of stray capacitors between phases circuit.

Capacitance [pF]
Slope Nonlinear Fitting
Ceomm (=2Cygp) 15.8 16.2
Caitr (ECpn+Cqp) 121 14.0
Cap 7.9 8.1
Con 4.2 5.9

In the common mode, the stray capacitance to ground measured by an impedance
analyzer (Agilent 4294A) at a frequency of 1 MHz is 16.3 pF. Both the methods estimate the
stray capacitance to ground with small difference. In the differential mode, the stray
capacitance between phases measured by the instrument is 4.02 pF. The capacitance between
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phases C,, obtained by the nonlinear fitting method is greater than that measured by the
instrument. However, the capacitance obtained by the nonlinear fitting method is insensitive to

the noise. It is independent from time span of observation.

5.3.2 Stray capacitor between contacts

The stray capacitor between contacts is established when the contacts of MCB are
opened. At that time, the MCB has two terminals, i.e., incoming and outgoing terminals. The
stray capacitances to ground at the incoming and outgoing terminals are unequal, i.e.,
unsymmetrical. A measurement method for the unsymmetrical circuit is proposed in this
subsection. The technique has been applied to the MCB in subsection 4.5.3. The equivalent
circuit and the capacitance circuit of the MCB for this case are illustrated in Figs. 5.17 and
5.18.

The stray capacitances to be measured are shown in Fig. 5.18 and (5.3). The
capacitances between contacts (C), and the stray capacitance to ground at the incoming and

outgoing terminals (Cg and Cgy) are obtained as a solution of the following simultaneous

equations.
Coomm :Cgi + Cgo (53-3.)
C, = Cq+C, (5.3-b)
Cout :Cct + Cgo (5.3-¢)

The measured injected currents using semi-logarithmic scale and their time constants (7)
are shown in Fig. 5.19 and Table 5.8. The fitted results are shown in Fig. 5.20. Since the
common mode setup is identical to that for the stray capacitor between phases as shown in Fig.

5.12 (a), the common mode capacitance Ccomm Shown in Table 5.7 is substituted to (5.3-a).
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Fig. 5.17. Pi-equivalent circuit of impedance between contacts in MCB.
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Fig. 5.18. Capacitance circuits in MCB, differential- and common mode.
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Fig. 5.19. Semi logarithmic plot of measured transient current, stray capacitor between

contacts.
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Table 5.8. Measured time constants (7) in ps.

Incoming-Differential Mode Outgoing-Differential Mode
Rsc [k€Q] 10 o1 100 10 51 100
7 (US) 0.120 0.430 0.790 0.175 0.687 1.288
0.025 - 003 -
— Fitted —Fitted
6oy Measured 0025 1F% Measured
< 0015 - T 002 1
E = 0015 -
£ 001 g
3 3 o0l
0.005
0.005 |
"0 o010z 03 0_14 05 06 07 08 09 "0 01 02 03 04 05 06 07 08 08
Time [ps] Time [ps]
(@) Incoming-differential mode (b) Outgoing-differential mode

Fig. 5.20. Fitted model with the measured result, in the case of stray capacitor between

contacts, with Rg. = 10 k(2.

Fig. 5.21 shows that the stray capacitors in the MCB can be divided into two according
to the symmetry between its phases.

e The capacitance C between the contacts measured by the circuit shown in Fig. 4.30 is
equally divided into two, Cg.5 and Ct.p.

e Each stray capacitance from the incoming or outgoing terminal to ground is separated into
two phases, Cgi.a and Cgip, OF Cgo- and Cyoup.

e The capacitors between phases Cph.i and Cph. are short-circuited as shown in Fig. 4.30 in
subsection 4.5.3.

The calculated results of the circuit parameters obtained by the slope of the wave-tail
and the nonlinear fitting method are listed in Table 5.9. The total capacitance between the
contacts C is 2.3 pF by the slope of the wave-tail methods and 3.4 pF by the nonlinear fitting
method, and it is the smallest. The stray capacitances to ground at both terminals Cg and Cgy,
are different, because the MCB has the unsymmetrical stray capacitance. The stray

capacitance at the outgoing terminal is twice of that at the incoming terminal.
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One of the methods to evaluate the reliability of the equivalent circuit of the MCB is a
measurement of the voltage across the terminal of the MCB. However, the voltage across the
stray capacitor cannot be measured, since the stray capacitance is smaller than the capacitance

of the voltage probe. The voltage is indirectly measured using a GA as shown in the next

section.

________ T Cﬁ”T

ECct—a; ( :\_\_ Cct—b i

" Cpno

—_— —_— — —
Cgi-a - Cgo-af e Cgo-b - Cgl b
Fig. 5.21. Equivalent circuit of stray capacitors in MCB
Table. 5.9. The parameters of stray capacitors between contacts circuit.
Capacitance [pF]
The Slope Method The Nonlinear Fitting Method

Cin 7.7 8.7
Cout 127 142
Ceomm 15.8 16.2
Cet 2.3 3.4
Cgi 5.4 5.4
Cygo 10.4 10.8
Cct-a = Cct.b = Cct/2 11 17
Cgo_a = Cgo_b = Cgo/2 52 54
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5.4 Gas-filled Arrester (GA)

A gas-filled arrester (GA) consists of two or more metallic electrodes that are separated
by a gap in a hermetically sealed envelope containing an inert gas [11]. A gas-filled arrester
EC90X manufactured by EPCOS is used in this study. Its transient characteristic is measured
using a circuit shown in Fig. 5.22 [10]. The sending-end resistor of Rsc=10 kQ is attached to
the core of the current injecting cable of 3D2V. Its cable length is 100 m. A voltage is applied
using a pulse generator (P.G., Noiseken INS-4040). The transient currents are measured using
a digital oscilloscope (Tektronix DPO 4104, 1 GHz) with a current probe (Tektronix CT-1).

3D2V Cable of 100m R I

O—W—5
PG @

Fig. 5.22. Transient measurement setup for GA.

The transient current waveform is used to define the internal impedance of the GA
before a flashover using the proposed nonlinear fitting method. The measured result of the
transient current waveforms can be divided into two: with and without a flashover as shown in
Fig. 5.23(a) and 5.23(b), respectively. Fig. 5.23 (b) shows a typical current waveform of the
gas arrester with a flashover. The waveform before the flashover represents the transient
response of the GA. The waveform after a flashover expresses a short-circuited response due
to an arc discharge. The transient current waveform before the flashover shown in Fig. 5.23(a)
is used to obtain the impedance of the gas arrester using the nonlinear fitting method with the
corresponding open-circuited voltage. The fitted results with the measured data of the open-
circuited (applied) voltage and the injected current are shown in Figs 5.24 and 5.23 (a).

The impedance of the gas arrester before the flashover can be represented by a capacitor
with a resistor connected in series as shown in Fig. 5.25. The capacitance C,, is determined by
the configuration of the GA, which consists of two metallic electrodes insulated by dielectric-
gases. The resistor correlates to the losses of the dielectric material before the flashover of the

GA.
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Voltage-time (V-t) or time-lag curves is one of the characteristics of GA. It determines
the characteristic of the breakdown voltage across the gap of the GA. Two parameters are
required to obtain a volt-time curve: time to flashover and voltage across the gap at the
flashover. The time and voltage at the flashover are observed using the measurement setup
shown in Fig.5.22. To obtain the flashover time, the applied voltage is increased until a
flashover is observed in the current waveform. Since the impedance of the GA is higher than
that of a voltage probe, any voltage measurement will result in error due to the probe
capacitance [3]. The flashover voltage is estimated by the simulation result by EMTP instead
by the voltage measurement. In the simulation, the GA is represented by its internal
impedance shown in Fig. 5.25. The calculated voltage across the RC series circuit at the
measured flashover time is assumed to be the flashover voltage, since the voltage represents
the gap-voltage. Table 5.11 shows a set of time to flashover and their corresponding voltages.
The V-t characteristic can be approximated by (5.4), and it is illustrated in Fig. 5.26.

f(t)=0.82t°% +84 (5.4)
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Fig. 5.23. Measured transient current waveforms of GA.
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Fig. 5.24. Open-circuited voltage, at V. = 170 V.
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Rg=5kQ Cy,=2.1pF

oA o

Fig. 5.25. Equivalent circuit of GA.

Table 5.11. Time to flashover and their corresponding voltage.

The characteristic of the flashover can be expressed by an equivalent circuit shown in
Fig. 5.27. The switch is closed according to the V-t curve to express the flashover, and the RC
series circuit expresses the internal impedance of the GA before the flashover. The circuit can
be simulated by EMTP. Transient Analysis Control System (TACS), which is one of the
models for expressing control systems, is used to represent the flashover. The TACS controls
the closing time of the switch according to the V-t curve. In the simulation of this study, the

resistance Ry, can be negligible because the time constant of the RC series circuit (10.5 ns) is

No. Applied voltage, V. [V] Time [ps] Gap Voltage [V]
1 372 0.55 276
2 416 0.36 311
3 500 0.21 361
4 680 0.10 460
2500
2000
% 1500
g 1000
500 \\\
0

0 02 04 06 038

1 12 14 16 18

Time [us]

Fig. 5.26. Voltage-time curve of GA.
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far smaller than that of the transient response of the test circuit illustrated in Fig. 5.22. Fig.
5.28 shows the simulated current is identical to the time of flashover of the measured result at

the applied voltage of 680 V. The simulated times to flashover with the measured ones for the
applied voltages are listed in Table 5.12.

P
§ Rye = 5 kQ

TACS switch4A |
J_:l_ Cpa=21pF

Fig. 5.27. Equivalent circuit of GA for studying the flashover phenomena.

008 T T T T
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0.06 .
rrwi_"- \ —— Simulated
0.04 ” \
< 002
: \
= 0
o 0 02 04 06 08 1 114 16 18 2
-0.02
psnan!
-0.04 —
-0.06

Time [us]

Fig. 5.28. Simulated core current with measured result, at Vo, = 680 V

Table 5.12. Time to flashover in us, simulated and measured results.

No. Applied voltage, Vq [V] Measured Simulated % Difference
1 372 0.55 0.58 5.3
2 416 0.36 0.37 2.7
3 500 0.21 0.22 4.6
4 680 0.10 0.10 0
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One of the methods to evaluate the reliability of the equivalent circuit of the MCB is a
measurement of the voltage across the terminal of the MCB. However, the voltage across the
stray capacitor cannot be measured, since the stray capacitance is smaller than the capacitance
of the voltage probe. The voltage is indirectly measured using a GA. Even if the MCB is
opened, some voltage is induced on the terminal connected to the GA via the stray capacitor
between contacts. From the time to flashover of the GA, the voltage across the GA can be
estimated using a voltage-time (V-t) curve of the GA shown in Fig.5.26.

A pulse voltage is applied by a generator (PG, Noiseken INS-4040) to the GA and MCB
via a current injection cable 3D2V and a resistor of 10k[] as shown in Fig. 5.29. The mode can
be represented by the circuit short-circuited between phases of the MCB because the surge

voltages on both lines are assumed to be equal [14].

3D2V Cable 10kQ |

) MW
PG

—_

Fig. 5.29. Measurement setup for common mode surge.

Since a measurement of the voltage across a small-capacitance circuit is difficult due to
the low impedance of the voltage probe, an EMTP simulation is used to estimate the voltage
instead of the voltage measurement. In this simulation, the current injection coaxial-cable
3D2V is expressed by a Semlyen’s line model to take into account its frequency dependent
effect [13]. The MCB is represented by the pi-type circuit consisting of stray capacitors
between contacts as shown in Fig. 5.17. The parameters of the MCB model used in the
simulation are determined by the nonlinear fitting method as shown in Table 5.9. The GAs are
represented by a parallel circuit of its internal impedance and a TACS controlled switch as
shown in Fig. 5.27. The applied voltage at the incoming terminal of the MCB and the voltage

across the GA, which are estimated by the simulation, are shown in Figs. 5.30 and 5.31.
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Fig. 5.30. Simulated voltage at incoming terminal of MCB.
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Fig. 5.31. Simulated voltage across the GA and the V-t curve

Fig. 5.30 shows that the applied voltage becomes flat at the time of flashover. It is the
time at which the voltage across the GA exceeds the V-t curve as shown in Fig. 5.31. After the
flashover, the switch connected in parallel with the internal impedance of the GA (Fig. 5.27) is
closed. The GA is short-circuited to the ground by the TACS switch. It is also confirmed in the
simulated current as follows.

The simulated and the measured injected currents | are illustrated in Fig. 5.32. The
difference in the peak current is 8%. The peak current is observed before the flashover of the
GAs. The current is determined by the capacitances of the MCB and the internal impedance of
the GA. The stray capacitance to ground by the nonlinear fitting method at the outgoing
terminals Cg, is 10.8 pF as shown in Table 5.9 and the total capacitance of the GA is 4.2 pF,
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which is connected in parallel with the stray capacitance Cgy, (Fig. 5.33). Although the effect of
the GA cannot be negligible, it can be said that the MCB and the GA models have a
satisfactory accuracy. The times at the flashovers, which determine the voltage across the GA,
are shown in Fig. 5.32 by circles. The gray and black circles are for the measured and
simulated time, respectively. The figure shows that the flashover can be detected by the
current waveform without any voltage measurement. The measured waveform shows a strong
oscillation after the flashover. However, there is no oscillation in the calculated result, because
the flashover is modeled by a switch and the discharge characteristic of the GA is neglected in
the simulation. The measured and simulated flashover times are 0.13 us and 0.11 us,
respectively. These times can be converted to the voltages using the V-t curve of the GA. The

times correspond to the voltages of 423 V and 445V, respectively. The differences between
the measured and simulated voltages are 5 %.

0.35

| | | | |
0.3 ‘\ Measured —Simulated-—
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: A A A

0 0.05 0.1 015 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time [us]

Current [A]

N

Fig. 5.32. Measured and simulated results for common mode surge.

The proposed equivalent circuit of the MCB and GA enables to predict the applied
voltage at the flashover. The MCB as well as the GA is represented by the stray capacitors as
shown in Fig. 5.33. The ratio between input and output voltage is shown in (5.5). The applied
voltage is higher by 5.4 times than the flashover voltage.
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_2Cu+CatCy, _(2x21)+34+108),,
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C., 3.4

out =04V, (5.5)

The ratio agrees well with that between the voltages just before the flashover shown in

Figs. 5.30 and 5.31.

phase a incoming CiC‘I'a outgoing
T E | | E A
Vin i Cct-b i
o——+——{ —— —=c, |V
phase b ! i ! !
—Cya==Coip Coov=— ==Cooa = Cex
v L L : : —1_ v

Fig. 5.33. Equivalent circuit of MCB and GA for calculating ratio of applied voltage
and the output voltage, i.e., flashover-voltage of GA.

The proposed simulation method is applicable to low-voltage power systems and
telecommunication systems.

In a low-voltage power system, various modes of surge can be generated. The common
mode surge is defined that the surge on each conductor is in phase and equal in magnitude as
shown in Fig. 5.34. Thus, a voltage is not generated between these conductors. The common
mode surge is more troublesome than the differential mode surge. In the power distribution
system, the surge is always invades through a distribution transformer as a common mode
surge, regardless of the mode in which it was generated [14].

The common mode surge is also known as longitudinal mode surge. The surge generated
by a lightning strike travels along a telecommunication line. Even if the lightning strikes far
from a customer and the surge voltage are attenuated, the surge is a threat to an electronic
circuit whose withstand voltage is low. The proposed simulation method is valuable for an

insulation design of the communication system.
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Fig. 5.34. Common mode surge [14].

5.5 Concluding Remarks

The proposed techniques were applied to several power apparatus, which have a small
capacitance such as a stray capacitance.
(1) The impedance between electrodes implanted into a wood.

The measured impedance between electrodes implanted into a piece of wood was
compared with that obtained by the theoretical equation for a capacitance between parallel
wires. Two methods to determine the parameters, i.e, the slope of the wave-tail and the
nonlinear fitting, were used. The good agreement between the simulated and measured results
shows that the proposed equivalent circuit for the electrodes and the estimation method for its

circuit parameters are reliable for fast transient simulation.

(2) Gas-filled arrester.

The internal impedance and the flashover model of a gas-filled arrester (GA) have been
developed. The flashover circuit model is used in EMTP to simulate the flashover phenomena.
The simulated time to flashover agrees well with the measured result. The maximum

difference is 5.3 %.

(3) Miniature Circuit Breaker and Gas-filled arrester.

A measuring method of the stray capacitances in an MCB has been proposed. The
accuracy of the model parameters has been confirmed by an indirect measurement of the
voltage across the terminal of the MCB via the flashover-voltage of the GA. The difference

between the simulated terminal voltages and the measured results are 5%. It shows that the
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stray capacitor model of the MCB has enough reliability to reproduce the measured result,

especially in a common mode interference.
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6 CONCLUSION

Nowadays, numerical simulation tools have been widely used to study the various
phenomena such as transient overvoltage due to lightning or switching. Transient analysis by
digital simulation has enough accuracy in comparison with that by experiment. Circuit
parameters are required in the calculation using a circuit-theory-based simulation tools. The
users have to define every circuit parameters even if the circuit has small capacitance such as
stray capacitance for a fast transient simulation. In general, the capacitance cannot be obtained
by theoretical calculation and its measurement is difficult.

The obstacles in measuring small-capacitance circuit are minimizing the effect of
parasitic capacitance of the measuring system. The parameters that affect the measured result
have been investigated in this study. Effects of the current injection cable, which is
indispensable to the transient measurement, is also investigated. The correction method of the
effect of the sheath surge impedance on the measurement, which is one of the factors reducing
the reliability, is proposed.

This thesis has developed a method to measure a high-impedance using transient
waveforms. A pi-type circuit is used to represent the stray capacitors between electrodes and
those to ground. The circuit parameters are obtained by analyzing the current waveform using
two methods, i.e., the slope of the wave-tail method and the nonlinear fitting method. The
method has been applied in some circuits: impedance between electrodes implanted into a
piece of wood, stray capacitor of MCB, and gas-filled arrester.

Chapter 2 describes a literature review of transient overvoltage and its classification. A
transient measurement is briefly reviewed. Since this thesis emphasizes the overvoltage due to
lightning surge, the models for a fast transient in some power apparatuses are described.

In Chapter 3, the pi-type circuit to model the impedance between electrodes implanted
into a piece of wood has been developed. The circuit consists of an impedance between
electrodes and ground impedances. In this chapter, a steady state measurement by an
impedance analyzer instrument is used. These measured data, i.e., the impedances and their

angles, are used to estimate the circuit parameters.
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In Chapter 4, a modelling method for fast transient simulation has been proposed. It is
well known in a power system that the transient assessment is required to verify the
immunities of electrical and/or electronic equipment. The transient measurement is practical
compared to the steady state measurement, since the arbitrary voltage can be applied. However,
the conventional transient measuring method heavily influenced by a probe-capacitance and a
sheath surge impedance of the current injection cable. In the proposed method, there is no
effect of the probe-capacitance, because the measured impedance is obtained without any
voltage information across a small capacitance. The circuit parameters are determined by an
open-circuited voltage at the end of the current injection cable and the injected current. The
voltage measurement is not influenced by the probe impedance due to low impedance of the
cable. However, the effect of the sheath surge impedance of the current injection cable, which
is indispensable for the transient measurement, cannot be negligible. A correction method is
proposed in this chapter.

Two methods have been proposed to analyze the transient waveforms, i.e., using the
slope of the wave-tail of the current waveform and a nonlinear fitting method. The former
method is handy because it gives the capacitances without any numerical time-to-frequency
transformation. In the nonlinear fitting method, the time-to-frequency transformation is
analytically carried out. The proposed methods have a high immunity to noise and numerical
errors such as a truncation error due to the removal of the numerical time-to-frequency
transformations.

Applications of the proposed method are described in Chapter 5. The application circuit
of the proposed method is a capacitive circuit, whose grounding impedance is far higher than
the sheath surge impedance. The reliability of the method is confirmed by a theoretical

analysis and/or transient simulation. Some circuits are tested and modeled by the method:

(1) Impedance between electrodes implanted into a piece of wood: the capacitances obtained
from the measured result agree with those from theoretical analysis. In addition, the transient
simulation using the circuit parameters can reproduce the measured results with a satisfactory

accuracy.
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(2) Miniature circuit breaker and gas-filled arrester: the internal impedance before its
flashover is obtained by the proposed method. Transient responses of the arrester are
calculated using EMTP. The calculated-flashover times agree with the measured results. A
circuit of an MCB with a GA is used to confirm the accuracy of the proposed method. The
breakdown voltage of the GA is obtained by EMTP simulation, and it was confirmed by the
measured result. The models of the fast transient of the MCB with the GA can reproduce the
measured result satisfactorily. The result shows that the induced voltage determined by the
small capacitances accurately modeled by the proposed method. The models also useful to
predict the applied voltage at the flashover.

The results show the proposed method has enough reliability to determine the circuit
parameters, which are difficult to obtain by conventional methods. In addition, the proposed
method is applicable to communication system as well as low voltage distribution system. The

results in this thesis may contribute a reasonable insulation design of these systems.

Remark for future research:

* The circuit model of the electrodes implanted into a piece of wood is developed in a dry
condition. To obtain the detailed insulation characteristics of the wood, it is required to get
its response in wet conditions at a special-purpose laboratory for the wet conditions. The
circuit parameters of the contact and leakage resistors as well as the stray capacitors can
be estimated by the proposed measuring method. The circuit model is useful to investigate
the flashover through the wood such as in wooden cross arm, wooden house, and wooden

PV structure.

* This thesis enables a measurement of small capacitances of power apparatus. However, the
method is applicable to the other fields, such as communication equipment. Reasonable
insulation design is enabled by an accurate simulation taking into account the small
capacitances. Lightning surge on communication system should be estimated taking into
account both the telecommunication system and power system, because the difference of
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the grounding potentials on these systems has much effect on the transient voltage. The

difference heavily depends on their stray capacitances to ground.

The models of wood as an insulator, a switch (MCB) and a gas-arrester have been
developed in this thesis. These components are basic elements not only for power system
but also electronic and/or communication system. In addition to this, the proposed method
is applicable to the other elements. This thesis opens up a new field in a transient
simulation. These models are applicable to practical systems, such as low voltage
distribution system, telecommunication system, and control system. The transient
characteristics have to be clarified by the models with the circuit parameters determined

by the proposed method.
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APPENDIX: EFFECT OF CURRENT INJECTION CABLE ON
LIGHTNING SURGE MEASUREMENT FOR SCALED CIRCUIT [1]

A.1 Transient Characteristics

In this appendix, the transient characteristic of a current injection cable, which is used
for a surge measurement, is investigated. An experimental setup for a measurement of the
transient characteristic of a current injection cable is illustrated in Fig. A.1. A coaxial cable,
3D2V, is used as the current injection cable. The transient characteristic is investigated in
three cable arrangements; Case I: a horizontal cable with a length of 2.6 m, and Cases II: a
vertical inverted-L type cable of 6 m length, and Cases IlI: a vertical inverted-U type cable of
8 m length. The configuration of Case Il is used to feed a current to a measuring object (scaled
model of a tower or building).

In all cases, the sheath of the current injection cable is connected to the ground at the
sending-end, i.e., the cold terminal of the PG is grounded. The core of the current injection
cable is open- or short-circuited at the receiving-end (Case C, or C;) in Cases | and Ill. The
core cannot be grounded in Case Il. The applied voltages from the PG for the open- and short-
circuited conditions are 500 V and 100 V, respectively.

The transient voltage and currents are measured by a digital oscilloscope (Textronix
DPO 4104, 1 GHz) with a voltage probe (Textronix P6139A, 500 MHz, 8pF 10 MQ) and a
current probe (Textronix CT-2). A step-like voltage is supplied from a pulse generator (Noise
Ken, PG, type INS-4040).

EMTP is used to calculate the transient voltage and current. The current injection cable
iIs modeled by a recursive convolution line model, which is known as Semlyen’s frequency
dependent line model [2,3].

For an investigation of the effect of the sheath grounding at the receiving-end of a cable,
the sheath is grounded (Case Sg) or open-circuited (Case S,), i.e., only the sheath at the
sending-end of the cable is grounded (case S,) and the sheath both at the sending-end and the
receiving-end are grounded (case Ss).

The effect of a voltage reference wire is taken into consideration in the measurement of

the voltage at the receiving-end (Case I1).
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Fig. A.1. Three configurations of a current injection cable.

The measured and simulated results at the sending-end and the receiving-end for the
three circuits-configurations are shown in Figs. A.2 and A.3. The measured results for Case S,
are represented by the bold lines and the simulated results are shown by the dashed lines for

case S, and the dashed-dotted lines for case S;.

A-2



700 +

600 -
500 -
> 400 “
(<5
<_§’ 300
= 200
100
o T T T T T T ‘ ‘ ‘ i
0 20 40 60 80 100 120 140 160 180 200
Time [ns]
Sending-end core voltage
<
&
5
O
-4 -
Time [ns]
Sending-end core current
1200
1000 | N
SN
800 | PO
> h
& 600 | i i
S 400 |t i {\,z.;i\ Vs
I, ~ i
200 {{" '\/’l
o
0 20 40 60 80 100 120 140 160 180 200
Time [ns]
Receiving-end core voltage
Cable2.6 —— Cable6m ——Cable8m

Fig. A.2. Measured and simulated results core at the receiving-end is open circuited (case C,).



120 +

100 -
80 -
Z 60 4
(<8
2
§ 40 -
20
() S S S ———
0 20 40 60 80 100 120 140 160 180 200
Time [ns]
(a) Sending-end core voltage
5 —
4 4
S L -
< e
§ 2 :
5
©
0 T T T T —ees==T T T i
20 40 60 80 100 120 140 160 180 200
_1 d
Time [ns]
(b) Sending-end core current
4.5
4 -
3.5 P
[
3 4 .
T g === J
§ 2
3 15 4
|
0.5 -*
b
0 v T T T T T T T T T |
0 20 40 60 80 100 120 140 160 180 200

Time [ns]

(c) Receiving-end core current
Cable26 m —— Cable8

Fig. A.3. Measured and simulated results core at the receiving-end is short circuited (case Cs).

The simulated results show that there is no difference in the sending-end voltage and
current (Fig. A.2 (a) and (b)) whether the sheath is grounded (Case Ss, dashed-dotted) or

ungrounded (Case S,, dashed) if the core at the receiving-end is open-circuited (Case C,).
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There is no similarity between the core voltages of the current injection cable at the
receiving-end shown in Fig. A.2 (c). The receiving-end voltages oscillate due to the
capacitance of the probe, which is used to measure the core voltage. The effect of the
capacitance of the probe can be negated by grounding the sheath at the receiving-end (Case
Co-Ss). Fig. A.2 (c) in Case Il also shows a travelling wave observed before one round trip
(t<2t=2l/v=16m/200m/us, at around t=80 ns) which is not found in the other cases. It is due to

a reflected wave from the connecting point of sections C and B illustrated in Fig. A.1.

The effect of the sheath grounding at the receiving-end is clearly observed if the core at
the receiving-end is short-circuited (case Cs, Fig. A.3). The sending-end voltage and current
(Fig. A.3 (a) and A.3 (b)) change to the opposite direction at one round trip (t=2t) depending
on the sheath grounding. The amplitude of the receiving-end current of Case S; is much higher
than that of Case S, at the beginning (Fig. A.3 (c)).

A.2 Theoretical Calculation
A.2.1 Travelling wave calculation

The travelling waves of the voltage and current up to one round time (2t) are
analytically calculated in this section. The transient voltage and current characteristics are

obtained from a circuit shown in Fig. 4.

Iy I,

e e
Vl V2

V1 = EflJr Ebl Vz = Ef2 + Ebz = Efleiyl + Eble}4
|1 :YO(Efl _Ebl) I2 :YO(EfZ _Ebz):Yo(Efle_yI _Ebleyl)

Fig. A.4. Bergeron model to calculate the travelling wave.

The relationship between the forward and the backward waves at the receiving end is

defined as:
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E, =&, (A1)

where @is reflection coefficient.
The relationship between the voltage and the current at the receiving-end should follow

the Ohm law:

V, =21, (A.2)
From (A.2) and the travelling wave theory, the reflection coefficient can be obtained.

E,, +Ef, = ZtYO(EfZ - Eb2)

By, +Z,YoEy, =Z,YoEs, —E4,

(U +2)Y, )Ebz = (ZtYo -U )Ef 2

B, = (ZtYO +U )_1(ZtY0 -U )Ef 2 (A-3)
To take into account the induction between the core and the sheath of the coaxial cable,

the impedances of the circuit should be expressed by 2-by-2 square matrices. The impedances

connected to the cable at the receiving-end and sending-end are assumed to be Z; and Z,,

respectively. The reflection coefficients at the sending-end and receiving-end 6 and &
become matrices.

Z.: impedance of cable at the receiving-end.

R, O
Z =
0 Ry

where R.; and R are core and sheath grounding impedance, respectively.
Z,: characteristic impedance of any coaxial cable in a high frequency region.

Z.+2, Z,
L=l T,y

S S

where Z; and Zs are coaxial and earth-return mode surge impedance, respectively.

Yo: characteristic admittance of any coaxial cable in a high frequency region.

1 1

ZC ZC
%__i_4+4

ZC ZCZS
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Hence (A.3) becomes:

[£..]= (2] ]+ L) (2 ][] - LD [E, ] (A4)
where U: 2x2 identity matrix

The reflection coefficient at the receiving-end is obtained from (A.1).

[6.]=(Z ][ ]+ W D (Z Y] ]) (A5)
In the same manner, the reflection coefficient at the sending-end (0,) is:
[6.]=(z, v ]+ L) [z, Ive]- D) (A6)

The sending-end impedance is expressed by (A.7) because the PG consists of a coaxial
cable.

7 _|Z+2 2, A7)
z, Z

where Z; (=26.75 Q) is expressed by the characteristic impedance of the RG55-U cable
installed in the PG (53.5 Q) and a termination resistor (53.5 Q) which is connected in parallel;
Z. is the impedance of the sheath. The sending-end reflection coefficient (&) has the following
value if the sheath is short-circuited at the sending-end:

~0.303 —0.697 26.75 0
6, = Z, = 9 (A.8)
0 -1 0 0

The reflection coefficient at the receiving-end (&) is expressed by the following
equations according to the receiving-end conditions:

Case Co-S,: The core and the sheath are open-circuited.

o=t %z -|” % A9
2710 17 |0 w (A9)
Case C,-Ss: The core is open-circuited while the sheath is short-circuited.
1 -2 o 0
6, = Z, Q (A.10)
0 -1 0 0
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Case Cs-Ss: The core and the sheath are short-circuited.

9_—102_0 0Q (A11)
1o -1/ |00 '
Case C;-So: The core is short-circuited while the sheath is open-circuited.
-1 0
0 0
6,=| —2Z, 4 ,zt{ }Q (A.12)
Z.+2. 0 e

The travel of the travelling wave is illustrated in a lattice diagram shown in Fig. A.5 with
the reflection coefficients 6, and &, and the diagram determines the transient voltage and

current waveform. The voltage and current at the sending-end are calculated assuming that the
sheath at the sending-end is connected to the ground.

[Exl=[0]-[Epd] [Epo] = [6)] [Ero]

Fig. A.5. Calculation of transient voltage and current using lattice diagram.

The following is an example of the theoretical calculation. Case Cs-S, will be calculated
with the configuration of Case I. If Z, = 50 Q and Zs = 207 Q, the characteristic admittance of

coaxial cable Yy and the reflection coefficient & become:

0.02 -0.02 -1 0
Y, = . 6,=
—-0.02 0.025 -161 1
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Att=0:

66.7
Efo = Efl = 0

V, 66.7 0 66.7
V, = =E\,+E,= + = Vv
Vg, 0 0 0

I, 1.33
l, = I, =Y0(Ef1_Ebl): _1.33 A

Att= 7(=2.6m/200m/us=13 ns):
E= Efl(t _T)

—66.7
-107.4

Ebzzgz'Efzz{

V=2 g, +E,=| °
2oV, | " T 1074

1, 0.52]
|2: | =Y0(Ef2_Eb2)= 0 A
sl

Att=27(=2(2.6m/200m/ps)=26 ns):
B = EbZ(t - T)

95.1
E=6-E,= 107.4

o 95.1
=E+E;+E,= 0 V

| 0.27
= =Y0[(Ef0 + Efl)_ Eb1]=|: 0.8 }A

The theoretical results were compared to the measured and simulated results from the
similar case as shown in Fig. A.6. It shows that voltage and current in the core agree with the

simulated and measured results.
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(b) Sending-end core current
Fig. A.6. Theoretical, measured and simulated results at sending-end in case Cs-So with

configuration Case I.

If the receiving-end core is open circuited (Cases Co-So, Co-Ss) or both the core and
sheath are short-circuited (Case C;-Ss), the coaxial current of the cable is generated. The
current flows into the core and returns from the sheath. From a practical point of view, the
cable is terminated by a higher impedance than the characteristic impedance of the cable to
inject a current similar to the voltage waveform. The receiving-end of the core of the current
injection cable can be regarded as open-circuited.

If the core is short-circuited and the sheath is open-circuited at the receiving-end (Case
Cs-So), an earth return current is also generated. A voltage on the receiving-end sheath also
appears in the earth-return current. The earth-return current is generated due to the element

6.1 of the reflection coefficient. The transient characteristic of the current injection cable
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terminated by a resistor of small resistance can be roughly explained by the result of case Cs

(the core is short-circuited).

A.2.2 Surge impedance

Surge impedance or characteristic impedance is one of properties of a distributed
parameter circuit such as cable. It is defined as a ratio between a voltage and a current of a
travelling wave propagating along a line. The estimated surge impedance of the current
injection cable can be obtained from a measured and a simulated result using (A.13) [4]:
Z,=V,/I(t,) (A.13)
where Z, is the estimated surge impedance, V, is the peak voltage, I(t,) is the current at the
time of the peak voltage and t, is the time to peak voltage, which is less than the round-trip
time (21) of a travelling wave.

Table A.1 shows the calculated results of the surge impedance Z, based on the measured
and simulated results. The difference between the measured- and simulated-surge impedance
is less than 6 %.

Table A.1. Surge impedance of the current injection cable.

Case Zo [Q] Difference
Measurement | Simulation (%)
Co-So 54.5 51.5 5.7
! Cs-So 54.2 51.5 5.1
I Co-So 54.9 51.9 5.6
Co-So 55 52.4 4.8
. Cs-So 53.4 52.4 1.9
A.2.3 Sheath surge impedance
The theoretical sheath surge impedance is defined by (A.14).
Z, =60In{2h/r. ) (A.14)

Where h and rs are height and outer radius of the metallic sheath (1.85 mm), respectively.
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The sheath surge impedance is determined by the height of the current injection cable.
When the cable is placed on the floor (h~bmm), the measured and theoretical sheath surge
impedance are 130 Q and 100 Q, respectively.

As aforementioned, in case the sending end sheath is open-circuited (Cs-S,), the earth
return current is generated due to the element é.,; of the reflection coefficient. The theoretical
calculation in the previous section clearly shows the receiving-end sheath voltage Vs, is
generated due to this element. The element &.,; is a function of sheath surge impedance and
coaxial surge impedance. Therefore, in case the sending-end sheath is open-circuited, the
sheath surge impedance should not be ignored.

The analytical calculation shows if the receiving-end core is open-circuited or both the
core and sheath are short-circuited, the reflection can be explained only by the coaxial mode.
If the core is short-circuited and the sheath is open-circuited at the receiving-end, an earth
return current is also generated. A voltage on the sheath appears in the earth return mode. The
current generation can be explained by the reflection coefficient at the receiving end. The
measured results of the surge impedance agree with the simulated ones.

The accuracy of the Semlyen line model of EMTP was confirmed by comparing with the
measured results. The line model is suitable for a numerical simulation including a current

injection cable.
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