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A method to measure a small capacitance with its loss resistance using a set of transient current waveforms is proposed in this
paper. The parameters are obtained from the time constants in the time domain. The method has high resistance to extraneous
noise, because a time-to-frequency transformation, which is sensitive to noise, is not required. The transient current waveforms
are obtained by a voltage or current source, a current transformer, and a waveform recorder. The measured capacitance by the
proposed method is not affected by the capacitance of the voltage probe, because it is obtained without any voltage information.
The sheath surge impedance of the current injection cable, which is indispensable for the transient measurement, is corrected.
The application of the method has the advantage in that it allows the modeling of a fast transient of a power apparatus, comparing
it with the steady-state measurement using an impedance measuring instrument. The proposed method is applied to create an
equivalent circuit between electrodes implanted into a piece of wood, and its reliability is confirmed by comparison between the
measured and calculated results. Stray capacitances of a miniature circuit breaker are also measured, and the results show that
the proposed method is applicable to equipment in power systems. © 2014 Institute of Electrical Engineers of Japan. Published

by John Wiley & Sons, Inc.
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1. Introduction

Transient assessment is required in the field of power engineer-
ing to verify the immunity of electrical and/or electronic equipment
connected to power systems. Lightning is one of the key phenom-
ena to be taken into account for insulation design of power systems.
For the estimation of the lightning surge, stray capacitance has to
be taken into account even if it is only some picofarads because
the surge includes high-frequency components. An accurate mea-
surement of the small capacitance is indispensable.

Measurement methods for small capacitance have been pro-
posed in many fields, such as thin-film technology [1], electronic
circuit [2,3], etc. These measurements have been carried out in
a steady state, i.e. using a high-frequency, low-power sinusoidal
source.

The authors have reported a measured result of the small
capacitance of a specimen by the steady-state measurement [4].
Although the method is applicable in a laboratory test, it is difficult
to apply to the field of power systems whose measuring object
is larger than the electronic devices. Instability due to a radio
interference is a problem when it is applied to a practical system.

The capacitance can be obtained from a set of transient volt-
age and current responses with a time-to-frequency transformation,
such as numerical Fourier transform. The ratio between the voltage
and current responses in a frequency domain gives an impedance
as a function of frequency. The loss resistance and capacitance
are obtained from its real and imaginary part, respectively. The
numerical Fourier transform is, however, sensitive to noise and its
truncation error is unavoidable [S]. The parasitic capacitance of
the measuring system, i.e. a voltage probe, which is indispensable
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to the measurement, is also a fatal disadvantage for an estimation
of the small capacitance of a specimen as the authors have been
reported [5]. A precise method to measure the small capacitance
is required.

We had reported a measuring method that excludes the parasitic
capacitance of the voltage probe and the numerical noise due to the
time-to-frequency transformation using a ramp voltage source and
an electromagnetic field analysis [6,7]. The capacitance is obtained
as the ratio of the amplitude of the step current response in a
steady-state condition and the slope of the ramp voltage. The result
showed that the capacitance could be determined using a transient
waveform [8]. For large pieces of equipment, it is difficult to apply
the ideal ramp voltage.

A comprehensive method to measure a small capacitance with
loss is proposed in this paper. Parameters are determined using
a set of transient current waveforms. As an application example,
the method is used on a model circuit of an impedance between
electrodes implanted into a piece of wood.

Wooden poles and cross-arms are still used in distribution sys-
tems across the world. The transient characteristic of the wooden
insulator against a lightning strike is important in insulation design.
One of the factors determining the characteristic is the impedance
between the electrodes implanted into wood. Its equivalent circuit
is important for the transients calculation of a power system.

The stray capacitance to the ground and that between phases of
a circuit breaker are required for a lightning surge analysis. The
practicality of the proposed method is confirmed by measurements
of the stray capacitances using a miniature circuit breaker (MCB).

2. Measuring Method

2.1. Transient measurement The specimen used in
this investigation is a cubic piece of wood (Japanese cypress,
Hinoki) of dimensions 140 x 140 x 250 mm. Two bolts are used
as electrodes with a radius r of 5 mm, distances between the
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Table I. Parameters of measurement

Distance d[mm] Length /[mm]

Case 1 30 80
Case 2 50 80
Case 3 30 100
Case 4 50 100
(@)
3D2V Cable of 100 m
PG
(b)
3D2V Cable of 100 m
PG

Fig. 1. Measurement setup. (a) Differential mode. (b) Common
mode

electrodes d of 30 or 50 mm, and length / of 80 or 100 mm,
as shown in Table I. Figure 1 illustrates the measuring circuit.
A resistor Ry of 10, 51, or 100 k2 is attached to the core of
the current injecting cable. The coaxial cable is 3D2V and its
length is 100 m. A voltage is applied using a pulse generator (PG,
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 differential and
common modes. The first setup is for the measurement of the
impedance between electrodes by connecting the electrodes to the
core and sheath of the current injecting cable. The second one
is for the measurement of the impedance to ground modeled by
an aluminum plate. The sheath of the current injecting cable is
connected to the plat, and the core to the short-circuited electrodes.

2.2. Measured result  The injected currents for the cases
shown in Table I are measured with three source resistances Ri..
The measured results are shown in Fig. 2. The vertical axis
is displayed in logarithmic scale. The time constants for the
differential and common modes obtained from the slope of the
current waveforms in Fig. 2 are shown in Table II.

2.3. Effect of sheath surge impedance The transient
measurement requires a current injecting cable. A coaxial cable
should be used from a view point of high immunity to noise. Since
the coaxial surge impedance (R.. = 502 for the 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.) was also neglected. In other words,
the current injecting cable is neglected when a high resistance
R is connected in series to the core. However, the low value of
the sheath surge impedance R affects the transient voltage and
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Fig. 2. Semilogarithmic plot of measured results of transient

current, four cases. (a-1) case 1—differential mode, (a-2) case

2—differential mode, and (a-3) case 3—differential mode, and

(a-4) case 4 differential mode. (b-1) Case 1—common mode, (b-

2) case 2—common mode, (b-3) case 3—common mode, and
(b-d) case 4—common mode

Table II. Measured time constants (us)

Differential mode Common mode

R [k2] 10 51 100 10 51 100
Case 1 0.146  0.579 1.050  0.148  0.602  1.109
Case 2 0.133  0.505 0.915 0.143  0.616  1.169
Case 3 0.156  0.636 1.163 0.158  0.639  1.200
Case 4 0.152  0.590 1.068  0.162  0.668  1.262

current in the differential mode [5]. The sheath surge impedance
is approximately given by the following equation, and becomes
some hundred ohms.

Res = 601n(2h /) (1)

where h and r, are height and radius, respectively, of the cable.
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 R, or to the sheath R[,
as shown in Fig. 3(b). If the sum of the resistances R}, and R
is equal to Ry, i.e. R, + Rl; = R, the injecting current of the
circuit in Fig. 3(b)should be identical with that of the circuit shown
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Fig. 5. Modified source circuit with sheath surge impedance Rcg

in Fig. 3(a). The injected current from the core flows back to the
source through the resistor RY.

The measured results of a specimen in case 4, when the series
resistors R, and R/ have the same resistance of 5.1, 27, or 51 kQ
(& Ry/2), are illustrated in Fig. 4.

If the source circuit is expressed by Fig. 3(b), the current in the
case R, = R, = 51 k2 should be almost identical to that in the
case R = 100 k2. However, there is 26% difference between
these currents in Fig. 4. It shows that another current path exists.
The sheath surge impedance R.s, which was neglected in the circuit
shown in Fig. 3, has to be taken into account, as will be shown
later. The modified source circuit is shown in Fig. 5.

3. Result and Discussion

3.1. Equivalent circuit composition  The impedances
of wooden poles or wooden cross-arms have been investigated in
many works. Most of them are concentrated on the preservation,
reliability, and assessment of the wooden pole and leakage current
against a low-frequency voltage [9—11]. However, there is no
equivalent circuit expressing its high-frequency characteristic.

An equivalent circuit of electrodes implanted into a piece of
wood for a high-frequency region is assumed to be a branch
impedance between electrodes (Z.) and ground impedances Z,,
as illustrated in Fig. 6 [4]. The ground impedance Z; can be
determined from the common mode impedance (Zcomm = Zg/2).

(b)

Zel : Branch impedance between electrodes

Zg : Ground impedance of the electrode

Fig. 6. Equivalent circuit for impedance between electrodes
implanted into a piece of wood. (a) Total impedance. (b) Ground
impedance
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Fig. 8. Modified circuit of impedance between electrodes taking
into account the effect of sheath surge impedance R

The impedance between electrodes (Z.)) can be obtained from the
differential mode impedance (Zgifr) taking into account the ground
impedance Z; and the sheath surge impedance Re.

The differential model impedance is obtained from the modified
source circuit (Fig. 5) with R, = 0 and the equivalent circuit of
the impedance between electrodes (Fig. 6(a)), as shown in Fig. 7.
The ground impedance Z, is in parallel with the sheath surge
impedance R.s. For the 3D2V cable placed on the floor, the sheath
surge impedance Rqs is 130 €2, which is much smaller than the
impedance Z,. Therefore, the ground impedance Z, connected
in parallel with the sheath surge impedance can be negligible
when R, = 0. The sheath surge impedance R becomes a series
connection with the other ground impedance Z,. The impedance
of the differential mode can be approximately expressed by an
equivalent circuit shown in Fig. 8. The series connected R is
also negligible because of the high impedance of the ground branch
(Zy). For the common mode test, the sheath surge impedance Rcs
can be neglected because the sheath is directly grounded.

If the impedance can be modeled by the capacitive circuit
illustrated in Fig. 9, the time constant v for the RC circuit is
expressed by (2) [12].

_ (Ree + Rse + Ruc)Ruc

T = C 2a
Rcc + Rsc + Rac + Rbc e ( )

_ (Rcc + Rsc + Rad)Rbd

T= Coa (2b)
Ree + Rse + Rag + Rug

IEEJ Trans 9(s1): S37-S43 (2014)
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Rcc Rsc Rac/ Rad
Voe Rie/Rpq Coe/Cha
Fig. 9. Equivalent circuit of capacitive impedance
Table III. Circuit parameters of equivalent circuit
Mode Parameter Case 1 Case 2 Case 3 Case 4
Common R, (k2] 275 220 321 297
Zcomm (= Zg/z) Rbc [MQ] 1.23 3.86 3.29 5.14
Cue [PFI 11.7  11.7 12.0 125
Toe = RpeChe[s] 14.4 452 395 643
Differential Raa (k2] 3.00 394 26 3.37
Zif Ryq [M2] 0.88 1.06 1.00 0.90
Cra [pF] 11.4 9.67 125 115
Tpd = RpdCrd [MS] 10.0 10.3 12.5 10.4

Fig. 10. Circuit of the impedance between electrodes implanted
into a piece of wood

where Ry, Ryc, and Cy. are for the common mode, and R4, Ryq,
and Cpq are for the differential mode.

In order to obtain three unknown variables R,./R,q, Ryc/Rpq, and
Cpe/Cra, (2) is simultaneously solved for three cases of different
source resistors. The circuit parameters of the impedance in the
common and differential modes are shown in Table III.

The time constants of the RC parallel circuit (7y./Tpg) shown
in Table III are greater than 10 pus (= t,). Thus, the impedance
is principally determined by the resistance Rpc/Rpg in the fre-
quency region lower than 16 kHz (=f, = 1/27 1), and Cpe/Cpg
in the region higher than the frequency f, (middle frequency
region). If the series resistance R,./R,q is much smaller than
Ryc/Rypg, the resistance R,./R,q determines the impedance char-
acteristic in the high-frequency region (f > fi, fu = 1277,
= RaCp).

The equivalent circuit shown in Fig. 10 is composed on the basis
of the following information. The series resistances Rei; and Rgg
are assumed to be the contact resistances of the electrodes. The
parallel circuit of Rejp and Cejp expresses the insulating resistance
of the wood and the capacitance between the electrodes. The
resistance and stray capacitance between the electrodes and ground
are expressed by Ry and Cy.

Since the circuit parameters shown in Table III are determined
by the low and middle frequency components, i.e. the time
constants of the wave-tail shown in Table III, the uncertainty of
the series resistor R,./R,q should be examined. In the example
of the impedance between electrodes implanted into a wood, the
reliability of the parameter Ryc/R,q (<K Rpe/Rpg) can be improved
using information in the high-frequency region.

S40

(b)
1
— Rcc Rsc
V
QC Rell Rell
WA W
R R R R,z M
lc c gl gl

Fig. 11. Equivalent circuit in the high-frequency region. (a) Com-
mon mode. (b) Differential mode

Table IV. Estimated series resistance R

Mode R [k2] Case 1 Case 2 Case 3 Case 4
Common, Rj. [kS2] 10 097 093 0091 0.84
Difterential, R4 [k2] 10 1.35 1.29 1.16  1.10
(a) (b) R,,
)
e Lo 4L
1Tt 17"
Cpr
Fig. 12. Equivalent circuit in the low-frequency region.

(a) Common mode. (b) Differential mode

The voltage source shown in Figs5, 7, 8, and 9 is the
open-circuit voltage V,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 €2) is much lower than the input
impedance of the probe.

The impedance in the high-frequency region is theoretically
obtained as the ratio between the open-circuit voltage and the
current injected into the circuit with some kind of time-to-
frequency transformation, such as a Fourier transform. However,
the noise induced into the measured results and quantization
error of the 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 wavefront in a time
domain. This is a practical way compared to the sophisticated
numerical time-to-frequency transformation. Since the open-circuit
voltage V. is known, the series resistance can be obtained from the
equivalent circuits in the high-frequency region shown in Fig. 11
and (3).

Voo
% = Rec + Ry + Ric = Ree + Ry +Rgl/2 (3a)
% = Rec + Rse + R1a = Ree + Rye + 2Rell//(Rcs//Rg1 + Rgl)

(3b)

Small source resistances are preferable for an accurate estima-
tion of the series resistance Ry1/R.1; because the resistances given
in (3)have a term of the source resistances R.. + Ry.. The differ-
ence between the estimated result (3a) and the source resistances
(Rec + Ry) becomes a series resistance in a common mode Rj..
The resistance for a differential mode Ry can be obtained in a

IEEJ Trans 9(s1): S37-S43 (2014)
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Table V. Circuit parameters of equivalent circuit

Parameter Case 1 Case2 Case3 Case4
Zy (= 2Zcomm) Ry [kS2] 1.94 1.86 1.82 1.68
Ry [MQ] 2.46 7.72 6.58 10.3
Cq [pF] 5.84 5.87 6.00 6.25
Zel Rei [k€2] 1.96 1.85 1.44 1.41
Ren [MQ2] 1.36 1.23 1.16 1.00
Cen2[pF] 5.56 3.80 6.51 5.25
@ 003 Simulated —— Measured (o) 0.3 )
0.025 14 0025 4 Simulated—Measured)
< 0024 \ 2 00 \
é 0.015 :;0.015 \
3 001 3 001 “hy
0.005 0.005 \\w
00 0.1 02 03 04 05 06 07 05 09

0 =
0 0.1 0203 04 05 0.6 07 08 09

Time (s) Time (s)

Fig. 13. Simulated results for Ry, = 10 k2 in case 4. (a) Differ-
ential mode. (b) Common mode

similar way using (3b)as shown in Table IV. The resistances are
obtained as the averaged values between the half of the wave-
front time 7} of the current waveform (7;/2 = 8 ns) and T (8 < ¢
<16 ns).

A comparison of the results Ri./Rjq with those obtained from
the wave-tail information shown in Table III as R,./R,q indicates
that the series resistance in the high-frequency region is smaller
than that obtained from the information in the middle- and low-
frequency regions.

In the middle- and low-frequency regions, the common mode
impedance consists of the grounding impedances Z, connected in
parallel (Fig. 12(a)). As illustrated in Fig. 8, the differential mode
impedance can be expressed by a parallel connection of Z, and
Ze1, as shown in Fig. 12(b).

The grounding impedance Z; is obtained as twice the common
mode impedance Zcomm. The equivalent circuit parameters for the
impedance between the electrodes Z.; and the ground impedance
Z, are given by (4)using the results shown in Tables III and
IV. Table V shows the circuit parameters of the equivalent
circuit shown in Fig. 10. The contact resistance Ry and Rej; are
independent of the distance of the electrode d. The resistances have
a decreasing tendency as the length of the electrode increases.
It expresses the fact that the contact resistance is inversely
proportional to the surface area. However, a clear trend cannot
be observed because a stable contact between the wood and the
electrode is difficult.

Ry = 2R1¢; Ry = 2Rpc; Cg2 = Chc/2
Rent = (Res//Rg1 + Rg1)R1a/2[(Res//Rg1 + Rg1) — Rial (4)
Rey = (RpRba)/(Rg2 — Rpd); Ceiz = Coa — Cy2)

3.2. A transient simulation  The transient currents flow-
ing into the electrodes implanted into a piece of wood are simulated
using Electromagnetic Transients Program (EMTP). The equiva-
lent circuit of the impedance between electrodes shown in Fig. 10
is used to express the impedance between electrodes in the EMTP
simulation.

The current injection coaxial cable 3D2V is expressed by a
Semlyen’s line model in the EMTP simulation taking into account
its frequency dependence. A comparison between the simulated
and measured results for a source resistor Ry, of 10 k€2 in case
4 is shown in Fig. 13. The good agreement shows that the
impedance measuring method for a circuit with small capacitances
has sufficient reliability.

S41

Table VI. Capacitance between electrodes (C,j) obtained by
measured result and theoretical calculation

Cases Ce [pFl
Distance d Length /
[mm)] [mm)] Measured  Theoretical
Case 1 30 80 5.56 5.53
Case 2 50 80 3.80 4.05
Case 3 30 100 6.51 6.91
Case 4 50 100 5.25 5.06
(a) 12 (b) 8
7 L — d=30mm-
g 10 £ 6. d=50mm-
s 8 E 5[ al d=30mm - measured '
% 6 \‘I\ ; i d =[50 mm - measured | _~T
.§4—=0m7\\“\ 23
. a -
S Bl BRI g2 =
o = 1=100mm - measuret 1
0.0000.010 0020 0.030 0.040 0.050 0.060 0.070 %.oooo.omo.ozo0.0300.04000500.05000700.0800.0900.100
Distance (m) Length (m)

Fig. 14. Comparison between measured and theoreticalC,j. Func-
tion of distance. (b) Function of length

0.03
0.025 r\
~ 0.02
< ‘\.\ /"
S 0015 ‘
£ \
=
O 0.01 /w\
0.005
0 | ‘ ' Mt iy
0 01 02 03 04 05 06 07 08 09

Time (ps)

Fig. 15. Core current / and sheath current / in case 4

3.3. Theoretical parameters The capacitance between
electrodes (C,1) can be approximately calculated using a theoretical
equation for a parallel wire as shown in (5).

C = [meoer/In((d — r)/r)]l &)

where d is the distance between the electrodes, r is the radius of
the electrode, and [ is the length of electrode.

The measured results of the capacitance between electrodes (Ce)
for the cases with different distances and lengths are compared with
the theoretical results in in Table VIand Fig. 14. In the theoretical
calculation, the relative permittivity &, of dry wood is assumed to
be 4 [13].

The capacitance between the electrodes (Cg) is inversely
proportional to the logarithm of the distance d and proportional
to the length I, as shown in (5). The reliability of the estimated
capacitance between electrodes (Cej) is confirmed from Fig. 14.

3.4. Effect of sheath surge impedance The sheath
surge impedance R.; has a great influence on the transient
measurement of the differential mode. The sheath surge impedance
R almost short circuits one of the ground impedances Z, in the
low-frequency region, as shown in Figs 7 and 8. The core current
1 is divided by the parallel connection of resistances Z and R.s+
Zs.
The ratio between the current flowing through the sheath (/)
and that into the sheath surge impedance R (/.s) can be calculated

IEEJ Trans 9(sl): S37-S43 (2014)
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3D2V Cable of 100 m

Fig. 17. Equivalent circuit of impedance in MCB

@) : ®  C,

Fig. 18. Circuit of impedance in MCB. (a) Differential mode. (b)
Common mode

using (6). In case 4, at the high frequency, the current ratio I.s/Is
becomes 1.7, because Z; and Z. are mainly determined by the
series resistances Ry and 2Rj;. The theoretical ratio I/I5 becomes
2.7. A measured result of the sheath and core currents (/s and /)
is shown in Fig. 15. The ratio between their peak values I/l is
2.7, which is identical to the theoretical result.

fo . 20 2 (62)

L~ Re+Zy  Zg
izwzl_,_i% _,.@ (6b)
1. 1. Res + 7, Zs

4. Application

In this section, the proposed method is applied to an MCB.
From the measured results of a stray capacitance to ground and
that between phases, the applicability to a practical system and
reliability of the proposed method will be discussed.

A two-pole low-voltage MCB, whose rated voltage U, is 220 V
and rated short-circuit current I, is 2.5 kA, is used in this study.
The measurement setup is shown in Fig. 16. For the measurement
of the capacitance between the phases, the contacts are closed
(‘ON’) to exclude the impedance between the contacts. In the
common mode test, all the terminals are short-circuited.

The equivalent circuit of the MCB impedance is similar to that
in the electrodes implanted into a piece of wood. It is composed
of three branches: an impedance between phases (Z,n) and two
impedances from the phases to ground (Z,). The model of the
MCB can be expressed by capacitances, as illustrated in Fig. 17,
because an MCB has a high insulating resistance, i.e. no contact
resistance between the electrode and its insulator. As described
in Section 3, the capacitance to ground is short-circuited by the
sheath surge impedance in the differential mode measurement. The
equivalent circuits in common and differential modes are shown
in Fig. 18. The measured results using the proposed method are
shown in Table VII.

Table VII. The capacitance of equivalent circuit using the
proposed method (pF)

MCB capacitance With C,
Ceomm(= 2Cyp) 15.8 <~
Ciitt(= Cpn + Cgp) 12.1 21.9
Cyp 7.9 <«
Con 4.2 14.0

The capacitances are measured by an impedance analyzer
(Agilent 4294A) to confirm the reliability of the proposed method.
The capacitances to ground and between phases measured by
the instrument at the frequency 1 MHz are 8.16 and 4.02 pF,
respectively. The difference between the capacitances measured
by the instrument and by the proposed method is less than 5%.

A ceramic capacitor of 9.9 pF (C,) is connected between the
phases to confirm the applicability of the proposed method using
a known capacitance. The capacitance in differential mode (Clisr)
increases from 12.1 to 21.9 pF, as shown in Table VII. The
increase of the capacitance between phases Cpy is 9.8 pF. The
result shows that the proposed method estimates the capacitance
within a difference of 0.1 pF.

5. Conclusion

A method to measure a small capacitance using a set of transient
current waveforms has been proposed in this paper. The method
enables a measurement without a voltage probe 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.

The proposed method is handy because it gives the small capac-
itance without any time-to-frequency transformation, such as the
Fourier transform. The method has high immunity against noise
and quantization errors of the waveform recorder for the transient
measurement. The capacitance as well as the loss resistance can be
calculated from the time constant obtained from the slope of the
logarithm of the injected currents in the time domain. Compared
to conventional measuring methods in a steady state, the proposed
method is useful for practical application in a power apparatus.
However, a current injection cable is indispensable to the mea-
surement. In this paper, the effect of the sheath surge impedance
on the transient measurement, which is one of factors reducing the
reliability, was investigated and a correction method proposed.

The reliability of the proposed method was confirmed by
transient simulations and a theoretical analysis in the example of
impedances between electrodes implanted into a piece of wood.
A model circuit of the electrodes was also proposed in this paper.
The model is composed of three branches: the impedance between
the electrodes and two ground impedances. These elements were
derived from measured results in the common and differential
modes. From the results at the wavefronts, i.e. in the high-
frequency components, a contact resistance between electrodes to
the specimen was obtained. The resistance and capacitance in the
wave-tail, i.e. in the low-frequency region, express the insulating
resistance of wood and the capacitance between the electrodes.

The reliability of the proposed method was also clarified by
measurements of the MCB capacitances. The method is useful
for the measurement of small capacitances of a power system
apparatus in practical systems as well as in laboratory tests.
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