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This paper presents applications of high-voltage (HV) resistors based on saline solution for
HV impulse generation and measurement. The electrical resistivity and relative permittivity
of saline solution in the frequency range from 100 Hz to 100 MHz were investigated. The
electrical resistivity and relative permittivity were calculated from experimental measurements
of the resistance and capacitance of saline solution in a test cell. From the characteristics and
the experimental results, the technical data of saline solution with various concentrations
of substances were utilized in the design of HV resistors for HV impulse generation and
measurement, as a current-limiting resistor and an HV resistor used in an HV part of a voltage
divider. Moreover, the developed HV resistors were tested to confirm their effectiveness
in HV generation and measurement. From the experimental results, it was found that the
developed HV resistors have promising characteristics for practical HV impulse generation and
measurement. According to the results of this study, an HV resistor based on saline solution
has strong potential for application in HV impulse generation and measurement compared with
a conventional voltage divider.

1. Introduction

Although electrical power equipment generally operates with the system voltage at normal
levels, overvoltages occur as a result of switching operation and lightning strikes to the system.
Therefore, high-voltage (HV) testing in accordance with international standards is required
to confirm the insulation performance of electrical power equipment before its installation in
systems. Inthe HV tests, an HV is generated from sources and applied to such equipment. The
vital requirement of the components used in HV generation and measuring systems is high
insulation performance. To fulfill this requirement, the components must be insulated. Liquid
and gas insulation materials, i.e., mineral oil, synthetic esters, SF¢, and CO,, are generally used
as the insulation of such components.
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The most commonly used liquid insulation material is mineral oil, which has a good insulation
characteristic. However, the supply of its raw materials is unstable and its decay may take up
to 1000 years,') adversely affecting the environment when leakage and contamination occur.
SFe gas has an excellent insulation characteristic, has robustness to high voltages, is non-toxic
and non-flammable, and has good heat transfer. However, SFg contributes to the greenhouse
effect and remains in the atmosphere for 1278 years.(z)

In addition, HV impulse generation is required to simulate the overvoltage waveform due to
the switching operation and the effect of lightning in the system. According to IEC 60060-1,
the standard lightning voltage waveform has a front time (77) of 1.2 ps and a time to half of
50 us. Moreover, some voltage waveforms complying with IEC standards®* have a very
short rise time. For example, in the voltage withstand test of insulators, the steep-front
voltage waveform™® has a time to peak of 100 ns order. Owing to the short rise time of the
HYV impulse, the components used for HV generation and HV measuring systems must have
good characteristics in a wide frequency range. This background has led to the development
of several HV measurement technologies.®” In the past, the design and construction of
fast-response measuring systems have encountered many problems. According to the IEC
standards,>® the time response of the measuring system should be in the range of 010 ns.
In the measurement of a voltage with such a short rise time, stray capacitance and undesired
inductance in the test circuit significantly affect the accuracy of HV measurement.”) Therefore,
non-inductive components are required for HV generation and measuring systems. Normally,
HV and non-inductive resistors are made of ceramic materials and are insulated with mineral
oil and/or SFs."? The cost of such components is also high. Moreover, damaged and unused
components are difficult to dispose of, causing environmental problems.

To resolve these issues, the development of an HV resistor using a solution such as CuSOg4
or saline solution is an attractive approach owing to the lack of need for mineral oil or an

insulating gas.(“’ls)

The advantages of using such a solution for the development of HV
resistors are a simple design, easy construction, and cost-effectiveness. Also, such a solution
can withstand high voltages, can be used in a wide frequency range, and has high energy
absorption.!>"'") The stray capacitance and stray inductance of HV equipment with a solution
as the resistor can easily be controlled by a suitable design of its dimensions and configuration.!
In terms of environmental concerns, such a solution rapidly decays and is non-toxic. Hence, the
development of HV resistors based on saline solution should be investigated.

In this paper, we propose the use of saline solution in the development of HV resistors for
HV impulse generation and measurement. The electrical resistivity and relative permittivity
of saline solution in the frequency range from 100 Hz to 100 MHz were studied. Using a
simple equivalent circuit, the electrical resistivity and relative permittivity were extracted
and calculated from experimental measurements of the resistance and capacitance of saline
solution in a test cell. From the obtained electrical characteristics, the appropriate mixture of
deionized water and normal saline can be selected for the design of HV resistors. Two HV
resistors were designed for use as a current-limiting resistor in an HV impulse generator and
an HV part of a voltage divider in an HV impulse-measuring system. The practicality of the
developed components was validated by performing various experiments in an HV laboratory.
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It was found that the developed HV resistors have promising characteristics for HV impulse
generation and measurement. According to the results of this study, the HV resistor based on
saline solution has strong potential for application in HV impulse generation and measurement
compared with a conventional voltage divider.

2. Saline Solution

Saline solution can be used in HV devices owing to its many attractive characteristics.
From a chemical viewpoint, saline solution does not cause the corrosion of aluminum or copper
conductors, which are important components of HV devices. From a mechanical viewpoint,
the large surface area and high volume of saline solution can improve heat transfer when a large
current flows. When saline solution is employed in an impulse generator or impulse voltage
divider, its electrical characteristics such as resistivity and relative permittivity must be taken
into account. We investigated the electrical resistivity and relative permittivity in the frequency
range of 100 Hz to 100 MHz as reported this section. Note that this frequency range covers the
application frequencies in HV generation and measurement.

2.1 Electrical characteristics of saline solution

Electrical resistivity is an intrinsic property that quantifies how strongly a given material
opposes the flow of electric current.!¥ A material with low resistivity readily allows the
movement of electric charge. For a resistor made of a specified material having a uniform
cross section, when an electric current flows though this resistor, its electrical resistivity can be
defined as

R=p= ()

where R is the electrical resistance of the resistor, p is the electrical resistivity (2'm), / is the
length of the resistor (m), and 4 is the cross-sectional area of the resistor (m?).

Generally, the relative permittivity of a material is defined as the ratio of the capacitance C
(farad) of a given configuration of the electrode with a specific material as a dielectric to the
capacitance Cy (farad) with the same configuration with vacuum as the dielectric.'"® Relative
permittivity is typically denoted by ¢, and is defined as

e=&¢, =& (el +¢€)), )

where ¢ is the complex frequency-dependent absolute permittivity of the material, &, is the
vacuum permittivity of 8.854 x 10712 F/m, g, is the real part of the complex permittivity
associated with the stored energy in the material, and ¢, is the imaginary part of the complex
permittivity related to the dielectric loss of the material. The relative permittivity is therefore
related to the capacitance of a material. The capacitance of a material can be defined as
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C=—, 3)

where A is the area of two plates (m?), d is the distance between the plates (m), and & is the
permittivity of the material.

2.2 Experimental setup

In this study, saline solution was loaded into a test cell. To avoid the effect of the inherent
conductivity of the test cell, acrylic glass was used to construct the test cell. It is also a
chemically inert material, which is appropriate for this experiment. The dimensions of the test
cell were 10 cm x 10 cm x 10 cm. The test cell had two copper electrodes as shown in Fig. 1(a).
The size of each electrode was fixed at 10 cm x 10 cm.

In this study, normal saline or saline 0.9 (9 g NaCl in 1 L water) was mixed with deionized
water to ensure a consistent NaCl concentration. The deionized water had high resistance
and high purity. The normal saline and deionized water are shown in Figs. 1(b) and 1(c),
respectively.

The experimental setup is shown in Fig. 1(d). The tested solution was placed in a test
cell connected to an impedance analyzer to measure the magnitude (Z) and phase (¢) in the
frequency range from 100 Hz to 100 MHz. From the measured data, the electrical resistivity
and relative permittivity were then calculated for the equivalent circuit model.

In this study, a simple equivalent circuit composed of a resistor in parallel with
a capacitor was employed. An inductance of 0.3086 pH was observed from the current loop of
the experimental setup. Therefore, an additional inductor was added to the former equivalent
circuit as illustrated in Fig. 2.

2.3 Test procedure and results
In this study, 1000 cm® of deionized water was mixed with various normal saline volumes

of 10 to 1000 cm®. These solutions were placed in the test cell and their impedances were
measured using an impedance analyzer at frequencies from 100 Hz to 100 MHz. The electrical
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Fig. 1. (Color online) (a) Test cell developed for studying the electrical characteristics of the experimental liquid, (b)
saline solution, (c) deionized water, and (d) setup of test cell and instrument in the experiment.
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Fig. 2. (Color online) Proposed equivalent circuit model of a solution.

properties (resistivity and relative permittivity) were calculated using Eqs. (1) and (3). The
electrical properties of the deionized water mixed with 10 to 100 cm® saline solution at various
frequencies are presented in Fig. 3, and those of the deionized water mixed with 100 to
1000 cm? saline solution are presented in Fig. 4.

From the experimental results, the electrical properties of saline solution are considered.
The resistance of the saline solution is observed to be constant in the frequency range under
investigation (100 Hz—100 MHz). The relative permittivity of the saline solution has a
frequency-independent characteristic when measured in the frequency range from 10 kHz order
to 100 MHz. The relative permittivity decreases in the low-frequency range (100 Hz to 10 kHz
order) owing to the polarization effect of ionic charge accumulated at the interface between
the fluid and the metallic electrode.'” This effect results in the formation of a thin layer with
a thickness of nm order from the electrode, and the layer is represented by a series contact
impedance connecting the electrode and saline solution. This contact impedance will not have
a significant effect in the case of the long resistors designed in this study. Therefore, saline
solution still has very promising characteristics for the development of HV resistors.

3. Current-limiting Resistor in HV Impulse Generator

In this study, saline solution was used in various applications. The first was as part of
a current-limiting resistor in an HV impulse generator. An HV impulse was generated to
imitate the overvoltage caused by a switching operation or lightning. According to the IEC
standard,®) there are two standard waveforms, i.e., a lightning impulse voltage (LIV) and a
switching impulse voltage (SIV). For the LIV, the front time and time to half are 1.2 and 50 ps,
respectively. For the SIV, the front time and time to half are 250 and 2500 ps, respectively.®>?)

For HV impulse generation, the simple resistor and capacitor circuit in Fig. 5 are utilized.
The circuit is composed of a charging capacitor (Cy), a sparking gap (SG), a front resistor (Ry),
a tail resistor (Re), and a load capacitor (test object). The waveform parameters (77 and 7>) are
respectively controlled by adjusting the front and tail resistors. The peak voltage is controlled
by the charging voltage across the charging capacitor. The sparking gap ensures an open circuit
during the charging process and a short circuit when the charging voltage reaches the required

Voltage.(20’21)
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Fig. 3.  (Color online) (a) Electrical resistivity and (b) relative permittivity of 100 cm® deionized water mixed with
10 to 100 em® saline solution in the frequency range of 100 Hz to 100 MHz obtained experimentally.
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Fig. 4. (Color online) (a) Electrical resistivity and (b) relative permittivity of 1000 cm® deionized water mixed
with 100 to 1000 cm?® saline solution in the frequency range of 100 Hz to 100 MHz obtained experimentally.
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Fig. 5. (Color online) Basic equivalent circuit for impulse voltage generator.

All HV resistors can be constructed in an insulating enclosure with terminal electrodes as
shown in Fig. 6. The enclosure is selected to be in the form of coaxial cylinders with available
diameters. The saline solution is placed between the inner and outer cylinders. For better
understanding, we should consider the case in which a current-limiting resistor (Ry) is designed
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Fig. 6. (Color online) (a) Side and (b) top views of infrastructure of current-limiting resistor, and (c) developed
current-limiting resistor.

as an example. The voltage and current ratings of the resistor were selected to be 100 kV and 10 A,
respectively. The design procedure of the HV resistor started with the selection of the insulating
enclosure length. The critical electric field strength (voltage per length) used in the design was
3 kV/cm, so the designed enclosure length was 33 cm, and for safety reasons, the length was
selected to be 36 cm. The inner and outer diameters were 34 and 60 mm, respectively. From
the selected rating, the resistor should have a resistance of 10 kQ. The resistivity of the saline
solution was calculated using Eq. (1), and the calculated resistivity is expressed by

10x10° (;z(0.0302 —0.0172)) "
p= =53Q-m. “)
0.36

From the calculated resistivity, the volume ratio of the normal saline and deionized water
was selected from the results in Fig. 3(a). The resistivity (p) was 53 Q-m. From the designed
parameters, the resistor was constructed as shown in Fig. 6. Such a resistor has also been well
used as the current-limiting resistor in an HV impulse generator.

4. Voltage Divider Based on Saline Solution

The second application of saline solution was as part of an HV divider. For HV measurement,
a voltage divider is generally used to reduce the signal voltage to an appropriate level that can
be measured by an instrument such as a digital oscilloscope or a peak voltmeter. Normally,
a capacitive voltage divider is used in the laboratory because it is easily designed and
constructed. However, the stray capacitance and undesired inductance can make it difficult to
use a capacitive voltage divider to measure voltages with a very short rise time (100 ns order).(zz’25 )
A resistive voltage divider is also used to measure voltages with a very short rise time. The
time response of a resistive voltage divider mainly depends on the resistance of the voltage
divider and the stray capacitance. Decreasing the volume of a voltage divider will decrease the
stray capacitance and response time.2%-27)
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4.1 Design and construction of a voltage divider

The design of the saline solution voltage divider is depicted in Fig. 7(a). The HV part of the
developed divider comprises a coaxial cylindrical plastic tube filled with saline solution mixed
with deionized water. The ends of the resistor are in contact with aluminum electrodes. The
HYV part has a thickness (dyyp) of 0.5 mm and a height (Sgy) of 990 mm. There is a central
aluminum plate connected to the low-voltage part of the voltage divider. The low-voltage part
was constructed from a metal film resistor and connected to a cable connector for voltage
measurement. The resistance of the HV part can be controlled by the resistivity of the saline
solution mixture in deionized water. The resistance of the HV part was set to be 10 kQ. The
low-voltage part was constructed from four 200 Q metal oxide resistors connected in parallel
and enclosed in an aluminum housing. The HV part was connected to the low-voltage part
and a coaxial cable of 50 Q characteristic impedance. At the receiving end of the cable, a 50 Q
attenuator with a scale factor of 10 was connected to a digital oscilloscope. The equivalent
circuit of the developed voltage divider is shown in Fig. 7(b). The structure of the saline
solution voltage divider, the low-voltage part, and the attenuator are shown in Fig. 8.

4.2 Electrical field stress control of the voltage divider

For the designed HV resistor in Fig. 8(a), a high electrical field stress occurs at the top and
bottom electrodes as shown in Fig. 9. Under HV application, electrical discharge occurs at the
top and bottom electrodes, affecting the measured voltage waveform. Therefore, it is necessary
to control the electrical field stress using grading rings. A computer simulation based on the
finite element method was utilized to calculate the voltage distribution and electrical field stress
in this paper. To reduce the electric field stress, grading rings were installed at the upper and
lower parts of the HV resistor as shown in Fig. 10. The upper electrode was in the form of
two rings having diameters of 65 cm with a distance between them of 25 cm. The lower ring
was installed 15 cm below the top of the HV resistor. The total height of the HV resistor was
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Fig. 7. (Color online) (a) Design of saline solution voltage divider and (b) equivalent circuit of measuring system.
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Fig. 8.  (Color online) (a) Structure of saline solution voltage divider, (b) low-voltage part of saline solution voltage
divider, and (c) attenuator constructed from metal film resistor in aluminum housing.
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Fig. 9. (Color online) Test result of computer programming simulation of saline solution voltage divider without
grading rings. (a) Electric field and (b) electric potential distributions.

Fig. 10. (Color online) Developed saline solution voltage divider with grading rings.
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100 cm. With the appropriate locations and dimensions of the grading rings, the maximum
electrical field stress was reduced as shown in Fig. 11.

4.3 Unit step response test

For the verification of the HV measuring system, international standards such as [EC(H4®
and IEEE®® recommend that the parameters of the unit step response should correspond to
the standard values. In particular, for a very fast transient voltage such as a chopped LIV, the
measuring system should have a very fast response.

According to the IEC standard,”® there are two important indicators used to evaluate
characteristics of an impulse-measuring system. These are the scale factor and the parameters
of the unit step response. The scale factor of the measuring system should be approximately
1000 to 10000 to measure a voltage in the range of kV to MV. However, a voltage divider
with a high scale factor is inappropriate since the induced interference voltage in the HV part
can disturb the low-voltage part of the measuring system. For this reason, a voltage divider
with an attenuator is used in the HV measuring system.(”’29’3 D' In addition, the factors of the
measuring system are not varied by more than £1% from the specified conditions and space
clearance. The test circuit of the unit step response is depicted in Fig. 12(a) and the parameters
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Fig. 11. (Color online) Test result of computer programming simulation of saline solution voltage divider with
grading rings. (a) Electric field and (b) electric potential distributions.
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Fig. 12. (Color online) (a) Circuit for testing unit step response and (b) parameters of unit step response in
accordance with IEC.®)
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of the unit step response are experimental response time (TN), partial response time (7;),
settling time (z,), initial distortion time (7p), and overshoot (f) as illustrated in Fig. 12(b).®) To
verify the measuring system, the unit step response parameters are in the ranges recommended
in the IEC standard.®-®

The recommendations in IEC 60060-2 are separated into three parts.(s) The first part is
the measurement of full and tail-chopped LIVs. The second part is the measurement of front-
chopped LIVs, and the third part is the measurement of the switching impulse. For a reference
measuring system, the IEC standard has the recommended response parameters shown in Table 1.

In addition, IEC 61211® (insulator puncture test in air) also recommended the response
parameters of the measuring system for the steep-front impulse voltage reference shown in Table 2.

The unit step response tests of the divider with the saline solution were carried out by
applying a standard unit step voltage generated by a unit step generator (GAUSS RIG1000H).
A 500 MHz digital oscilloscope was employed and connected with the developed measuring
system in the test. The experimental setup for the unit step response test is shown in Fig.
13. The scale factor of the measuring system is 4250. To determine the appropriate damping

Table 1
Recommended response parameters for impulse voltage reference of measuring system.

Full and tail-chopped ~ Front-chopped

Parameter lightning impulse lightning impulse Switching impulse
Experimental response time 7y <15ns <10 ns —
Settling time ¢, <200 ns <150 ns <10 ps
Partial response time 7, <30ns <20ns —

Table 2

Recommended response parameters for steep-front impulse voltage reference of measuring system.

Front-chopped

Parameter . L
lightning impulse
Minimum sampling rate of digital recorders used in the test 500 MS/s
Resolution of digital recorders used in the test 8 bits
Partial response time 7, <3ns

Fig. 13. (Color online) Experimental setup for unit step response test.
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resistance, experiments were carried out while adjusting the resistance from 0 to 500 Q. It was
found that the best response time is obtained for a resistance of 200 Q.

The normalized unit step response [g(f)] and the integral of the normalized unit step
response obtained with the appropriate damping resistor are presented in Figs. 14(a) and 14(b),
respectively. The time response parameters shown in Table 3, i.e., the partial response time (7,
of 1.86 ns, the experimental response time (7) of 1.54 ns, and the settling time (¢;) of 42.80 ns,
are in accordance with the requirement in the standard for the measurement of full and front-
chopped LIV waveforms. With the promising response parameters, the developed measuring
system can also be used as a reference measuring system.

4.4 LIV withstand test

Generally, the equipment for measuring LIVs in an HV engineering laboratory uses a voltage
divider. A LIV testing system can be separated into two parts. The first part generates an HV
impulse and includes the impulse generator and test object. The second part is the voltage-
measuring system. This part includes the voltage divider, a damped resistor (Ry), a coaxial
cable, on attenuator, and a digital oscilloscope. A schematic of the LIV test is shown in Fig. 15.

A LIV withstand test was carried out to determine the insulation level. The test arrangement
is shown in Fig. 16. It was found that the developed measuring system can pass a LIV withstand
test at 330 kV with withstand lightning impulse waveforms having both positive and negative
polarities as shown in Fig. 17.

-

L . . L . . . 8.0a . . L L . .
[1} 50 100 150 _ 200 250 300 350 400 o 50 100 150 200 250 300 350
Time (ns) Time (ns)
@ (b)

Fig. 14. (Color online) (a) Normalized unit step response and (b) integral of normalized unit step response of the
developed measuring system.

Table 3

Unit step response parameters for developed measuring system.
Parameter

Experimental response time 7y 1.54 ns

Settling time #, 42 .80 ns

Partial response time 7, 1.86 ns
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Fig. 15. (Color online) (a) Impulse generator, (b) test object, (c) voltage divider, (d) coaxial cable, (e) digital
oscilloscope, and (f) ground of the LIV test circuit.

Fig. 16. (Color online) Arrangement of LIV withstand test.
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Fig. 17. (Color online) (a) Positive and (b) negative polarities of the withstand lightning impulse waveform
measured by the saline solution voltage divider.
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4.5 Measurement of steep-front impulse voltage

To further verify the validity of the divider with saline solution, the capability of measuring
a steep-front impulse voltage waveshape was determined. A steep-front impulse voltage is
normally generated by a chopped wave impulse voltage. The equivalent circuit for the steep-
front impulse voltage test is shown in Fig. 18. The test object is connected in series with
a sparking gap. To generate the steep-front impulse voltage, a standard impulse voltage is
generated across the gap and the test object. When the voltage across the gap reaches the
controlled level, breakdown occurs at the gap. The applied voltage is suddenly generated across
the test object and a steep-front impulse voltage is generated.

To confirm the performance of the developed measuring system in the measurement of
a fast-rise-time impulse voltage or a steep-front impulse voltage, a voltage was generated across
a suspension insulator. The developed measuring system was connected across the insulator.
The experimental setup is shown in Fig. 19. The measured waveforms with positive and
negative polarities in comparison with those from a conventional voltage-measuring system are
shown in Fig. 20. Note that the conventional measuring system has the time parameters 7;, =
9.8 ns, Ty = 13.6 ns, and ¢, = 119 ns according to Table 1, but they do not conform to the values
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Fig. 18. (Color online) (a) Equivalent circuit of steep-front impulse voltage test and (b) standard waveform of steep-
front impulse voltage.

Fig. 19. (Color online) (a) Experimental setup for steep-front measuring system. (b) Holding the suspension
insulator.
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Fig. 20. (Color online) Steep-front impulse waveforms measured using the developed system and conventional
voltage divider.

in Table 3, so the system is suitable for the measurement of a standard lightning voltage but
not for the measurement of a steep-front impulse voltage. From the test results, the developed
system can provide measured waveforms more rapidly than the conventional system, with the
measured waveforms having no oscillation.

5. Conclusions

In this study, saline solution has been developed as a part in HV devices. Its first application
was in a current-limiting resistor, and its other application was in an impulse voltage divider. To
achieve the desired functions of the saline solution, the frequency dependence of the electrical
properties of the saline solution, i.e., resistivity and relative permittivity, was studied. It was
found that both the resistivity and relative permittivity of the saline solution have frequency-
dependent characteristics below a specific frequency. This is appropriate for the development
of an HV generator and an impulse voltage-measuring system employing saline solution. The
design and construction of a current-limiting resistor and a voltage divider with saline solution
have been discussed. Results obtained from experiments in an HV laboratory such as the unit
step response, impulse voltage measurements, and steep-front voltage measurements have
shown the promising performance characteristics of saline solution in the two applications.
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