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Estimation of capacitors stray inductance by the analysis
of overdamped discharge current curves

Abstract. This paper gives a description of measurement method which can be used in practice of carrying out measurement of stray inductance of
tested capacitive object with the unknown value of electrical capacitance. Stray inductance is determined by means of analysis of previously
smoothed by the least squares method curves of discharge current caused by overdamped discharge of tested capacitive object. An example of
practical implementation and the analysis of factors that affect the accuracy of proposed method are also given.

Streszczenie. W artykule opisano metode pomiarowg, ktéra moze by¢ zastosowana w praktyce do pomiaru indukcyjnosci rozproszonej badanego
obiektu pojemnosciowego przy nieznanej wartosci pojemnosci. Indukcyjno$¢ rozproszong wyznacza sie na podstawie analizy wygfadzonych
wcze$niej metodg najmniejszych kwadratow krzywych pradu wytadowania wywofanego roztadowaniem badanego obiektu pojemno$ciowego.
(Oszacowanie indukcyjnosci rozproszonej kondensatoréw na podstawie analizy pradéw roztadowania)
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Introduction

The value of electrical capacitance is among various
other factors that can cause a significant impact on
technical performance of high voltage equipment, which is
used in electrical engineering. Due to the dependence on
the value of relative dielectric permittivity, this characteristic
of electrical insulation is quite sensitive to the presence of
humidity [1]. Therefore, the values of electrical capacitance
and dielectric permittivity can be efficiently used in various
practical applications which require the assessment of
quality of electrical insulation [2-4]. Besides, the value of
electrical capacitance is among other factors that influence
the value of power losses in insulation of electrical
equipment [5]. In practice the problem of electrical
capacitance measurement can be solved by applying
various technical solutions. Numerous methods of
measurement are based on the applying of AC bridges, for
example Schering bridge [6]. Another wide spread
approach for electrical capacitance measurement implies
the determination of time constant of the discharge process
[7]. Some other research, focused on electrical capacitance
and impedance measurement, have been concentrated on
the development of measurement techniques based on the
applying of quasi-balanced circuits [8], schemes with phase
detectors [9], measurement schemes which imply the
applying of various techniques for digital signal processing
[10], applying of impedance—to-voltage converters [11], as
well as specialized integrated circuit AD5933 [12].

In majority of cases the analysis of technical
performance of measurement schemes is carried out under
the assumption of negligible impact of parasitic parameters
of tested object on their technical performance. However, in
case if it is necessary to carry out the assessment of
technical state of electrical insulation which operates in high
voltage equipment, the presence of some inevitable stray
inductance of tested object often can lead to certain
difficulties in physical interpretation of the obtained results.
Despite the efforts devoted to solving the problem of stray
inductance mitigation, it affects some regimes of operations
even for such almost entirely capacitive objects as various
types of electrical capacitors [13-15] and capacitive voltage
dividers [16]. Mentioned difficulties are caused by the fact
that the inevitable stray inductance of tested object in some
regimes of measurement can cause the increasing of
measured values of electrical capacitance with the
increasing of frequency of applied voltage. As the
increasing of frequency of applied voltage usually leads to
more or less distinct decreasing of relative dielectric

permittivity, depending on specific types of polarization valid
for a particular dielectric material, such increasing of
electrical capacitance complicates physical interpretation of
the obtained results of measurement. The increasing of
electrical capacitance usually becomes more significant in
case when frequency of applied voltage approaches the
resonant frequency of tested object, i.e. with the increasing
of frequency of applied voltage. Besides mentioned
difficulties in physical interpretation of obtained results of
electrical capacitance measurements, it is obvious that the
presence of stray inductance inevitably causes certain
difficulties in the assessment of the dielectric dissipation
factor. In case of negligible stray inductance of tested
object and parallel equivalent scheme of tested capacitive
object with power losses the value of dissipation factor can
be determined according to the usual relation:
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where: w is the value of angular frequency of applied
voltage, C,, R, are the values of electrical capacitance of
tested object and shunt resistance caused by power losses.
As it can be concluded from (1), possible inaccuracy of
carried out measurements of C, R, caused by the
presence of stray inductance results in inaccuracy of
dissipation factor measurements. Consequently, the
presence of some stray inductance of tested capacitive
object can distort the results of measurements and causes
misconceptions about the technical state of tested object.
Therefore, for practical applications it is necessary to
develop methods of measurements which can be used in
order to carry out the assessment of stray inductance of
tested capacitive object.

The problem of stray inductance estimation is actual not
only in issues that concern the assessment of quality of
electrical insulation, but also for other practical applications
of electrical engineering, such as the formation of high
values of current pulses with specified requirements to their
time dependence. The inductance of the discharge circuit
affects time dependence of current pulses [17] and,
therefore, this time dependence is also affected by the
additional contribution caused by the stray inductance of
storage capacitor.

The objective of this paper is the elaboration of method
for the estimation of stray inductance of tested capacitive
object, based on the analysis of transients in electrical
circuits that occur due to the overdamped discharge of
tested capacitance.
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lllustration of the affect of stray inductance on the
accuracy of electrical capacitance measurement

Fig. 1 presents the results of carried out measurements
of electrical capacitance of a batch of high voltage pulse
capacitors with nominal value of capacitance equal to 140
MF and operating voltage equal to 5 kV. All measurements
have been carried out by applying series equivalent scheme
of tested capacitor with power losses and by means of
using digital DE-5000 RLC meter.
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Fig. 1. Results of electrical capacitance measurements of a batch
of high voltage capacitors for two different frequencies

Fig.2 represents the increment of electrical capacitance
caused by the increasing of frequency of applied voltage
from 10(; Hz to 1000 Hz.
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Fig. 2. The increasing of electrical capacitance caused by the
increasing of frequency of applied voltage from 100 Hz to 1000 Hz

From Fig.2 it can be seen that the increasing of
frequency of applied voltage leads to previously mentioned
increasing of electrical capacitance, which can be noticed
for any of tested high voltage capacitors. It is obvious that
for the case of unknown values of stray inductance of tested
capacitor, shunt resistance, caused by dielectric power
losses, and also for the unknown value of electrical
capacitance, which can be affected by the presence of
moisture, such increasing of electrical capacitance
complicates physical interpretation of obtained results of
measurements, as it contradicts the admissible dependence
of the relative dielectric permittivity on frequency of applied
voltage.

Materials and methods

Elaborated method for the estimation of stray
inductance is based on the analysis of discharge current
curves for the overdamped discharge regime of tested
capacitive object. All discharge processes have been
considered for the case of the equivalent scheme of the
discharge circuit presented on Fig. 3, which is pretty typical
for example in practice of modelling discharge processes in
generators of pulse currents with high voltage pulse
capacitors.

As it can be seen from Fig. 1, the presence of parasitic
parameters of tested object L1 and Ry disenables the direct
measurements of voltage on an unknown capacitance.
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However, in practice it is possible to measure the value of
voltage drop on the outputs of current to voltage converter,
represented by resistance R, on Fig. 2. Assuming
negligible inductance of discharge circuit L,, this voltage
can be represented as a sum of voltages on the unknown
electrical capacitance, stray inductance and resistance,
caused by power losses in tested object:

) U2 ()| =|-Uc1 ()= Upi ()= U1 (1)),

where Ucq(t), Urs(f) and U«(f) respectively denote the
values of voltage drop on the unknown capacitance, power
loss resistance of tested object and stray inductance of
tested object.

Ci R L1 Rz Lz

Fig.3. Equivalent scheme for the discharge circuit: C, represents
the value of unknown electrical capacitance, R; denotes the value
of resistance caused by power losses in tested object, L, is the
value of stray inductance of tested object, L, is the value of
inductance of the discharge circuit, R, represents electrical
resistance which is used in order to adjust the discharge regime
and also used as a current-to-voltage converter.

In this case it is necessary to consider two cases that
correspond to different ratios between the values of R, and
R1.The first case corresponds to the insignificant resistance
caused by power losses in tested object. In this simplest
case it is possible to assume that the value of voltage on R»
in each moment of transient is equal to the sum of voltages
on capacitance and stray inductance. In this case it is
possible to neglect with the value of voltage on Ry and the
value of voltage on the output of current-to-voltage
converter Uconys can be written as:

©) Uconvt =Ura (0| =|-Uc1() -Up1 (1))

The second case corresponds to the significant value of
the internal resistance Ri. In this case in is necessary to
carry out measurements of R{ and make appropriate
processing of obtained oscillograms in order to obtain the
array of data which is determined only by the values of
voltage drop on stray inductance and measured
capacitance. In this case the value of voltage on the output
of current-to-voltage converter Uconv2 can be written as:

@) Uconva =[Ura@|+[Ur (0| =]-Uc1(®) - UL (1))

Hence, in both cases processed time dependence of
voltage is determined by the value of voltage drop on
measured capacitance and stray inductance. In order to
carry out measurement of stray inductance it is necessary
to distinguish the exact contribution of each of these
components to their sum, which is available for
measurements.

Separation of component of voltage drop on stray
inductance of tested object from the component of voltage
drop on the unknown capacitance can be carried out by
considering the relation which determines correlational
relationships between signals.

b

juc () (t)dt
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where p denotes the value of correlation coefficient, uc(t)
and u,(t) respectively denote time dependencies of voltage
on measured capacitance and stray inductance. The upper
boundary of integration b corresponds to the instant of
transient termination, while the Ilower boundary of
integration a4 varies in a range of values that correspond to
time interval from the beginning of transient to the value of
T., which can be determined according to:

(6) T,=b—nh,

where h denotes time duration between two samples of
analyzed signal, n is arbitrarily selected integer number.

Subsequent analysis and calculations according to (5)
will be carried out by using the following relations (7-9) for
the discharge current [18]:

Uy

(ea]t _ eazl ),
Loy — )

() i(t)=—

where Up is the initial value of voltage on measured
capacitance and a4, a; can be determined by using the
following relations:

2
2L V472 LC
R |R* 1

9 0y =—o— 574
2L 417 LC

where L is the total inductance of the discharge circuit, R is
total value of resistance of the discharge circuit that
includes both values of Ry and Ra:

(10) R=R +R,.

Further analysis also will be carried out for the case
when the parameters of the discharge circuit satisfy the
relation which allows to consider that |ai| << |a2|. Fig. 4
presents the results of carried out according to (5)
calculations. All calculations have been carried out for the
value of Cy equal to 47-10° F and Ly + L equal to
15-107 H.
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Fig. 4. Correlation coefficient determined for variable lower

boundary of integration

As it can be seen from Fig. 4, the increasing of lower
boundary of integration leads to the increasing of p, which
reaches 1 and stays invariable for higher values of a;. Such
tendency becomes more distinct with the increasing of
resistance of the discharge circuit. For the region with p
equal to 1 it is rather difficult to distinguish the exact
contribution of voltage drop on stray inductance and
capacitance to their sum, which is available for
measurements. However, for the value of p equal to 0 such
separation can be carried out by using the orthogonality of
analyzed signals. In order to carry out such separation of
components of voltage drop, (4) should be written in the
following form:

dity . 1 ¢
11 =— -—— .
(11) L= ==Ri(0) c '([z(t)dt
The value of stray inductance, similalry to the values of
voltage drop on these elements of equivalent scheme on
Fig. 3, can be determined by means of multiplying (11) on
time derivative taken from time dependence of the
discharge current and by making integration from previously
determined according to (5) value of the lower boundary of
integration a4, which corresponds to zero value of (5), to the
value of b, which corresponds to the moment of transient
termination. In this case it can be noticed that due to the
absence of correlation between the corresponding time
dependencies of voltage drop the second term in the right
side of (11) is equal to 0. Consequently, in this case (11)
can be reduced to the following relation:

b 2 b
di)Y o di()
Lajl(Tj dt=—R ajl ()= 2t

(12)

By taking into consideration (12), the value of stray
inductance can be determined as:

bl
o di(t)

R t)—=)dt

ajl UOReS)

(13) L:—ﬁ.

J‘(dl(t)j it
dt

al

As the absence of correlation between time

dependencies of voltage drop on stray inductance and
measured capacitance is essential for making calculations
according to (13), comprehensive description of proposed
method should include the analysis of conditions for which
the value of calculated according to (5) correlation
coefficient is equal to zero. The upper boundary of
integration b in (5) corresponds to the moment of transient
termination and, therefore, antiderivative function for the
numerator of (5) is equal to zero for the moment of time b.
Consequently, it is sufficient to carry out such analysis only
for time dependence of antiderivative function in the
numerator of (5). This antiderivative function can be written
in the following form:

U2 (ealt)Z . (eazt)Z
LC(oy - 0{2)2 2e
where D(t) can be determined by the following relation:

e+t )+(aze(alt+a2t)J

(a1 +ay)

(14) RO =- - D)),

2612

(15) D(1) = (

(o) +ay)

It is necessary to emphasize that all the results of
calculations presented on Fig. 4 have been carried out for
the values of voltage drop on electrical capacitance (uc(t))
and stray inductance (u.(t)) of tested object. However, due
to the presence of parasitic parameters L and R; of
capacitive object the exact value of voltage on capacitance
which is used in (5) is unavailable for direct measurements.
The same problem is valid for the value of voltage drop on
stray inductance. Therefore, both time dependencies of
voltage drop, which are necessary for carrying out
calculations according to (5), are unavailable for direct
measurements. Nevertheless, it can be shown that for
practical calculations it is sufficient to carry out the
assessment of lower boundary of integration ai, that
corresponds to zero value of (5), without taking into
consideration the exact values of voltage drop on stray
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inductance and by processing only experimentally obtained
curves of the discharge current. As time dependence of the
discharge current is available for direct measurements, the
determination of the lower boundary of integration a4 can be
carried out by the analysis of antiderivative, determined for
the result of multiplication of time derivative for the
discharge current and antiderivative for the discharge
current. This antiderivative function can be determined
according to (16):
2 o2 a2
(18) F(0=-——2—— I py)
L (0!1 —0!2) 2al 2&2

As it can be noticed, (15) and (16) have different
denominators. Nevertheless, mentioned difference does not
affect the accuracy of a| determination, as for both cases of
Fi(t) and F;(t) the value of a; will be obtained as a root of
the following relation:

ot\2 ayt\2
_e P py=o.

20{1 2&2

(17)

Consequently, instead of determination of a1 by applying
the root of determined according to (14) function Fi(f),
which implies the applying of values of voltage on stray
inductance and capacitance which are unavailable for direct
measurements, the value of a can be efficiently determined
by finding the root of Fy(t).

Calculation of stray inductance according to (13)
requires the determination of time derivative for the
discharge current. Therefore, it should be taken into
consideration that in case of processing of digital signals by
means of various numeric methods, for example by the
finite differences method, even small perturbations in
sampled signal will result in a pretty significant perturbations
in calculated time derivative. Therefore, in practice it is
preferable to process previously smoothed curves by
applying the least squares method with the help of the
following relation:

(18) i(t) = Ae® + ce?',

where A, B, C, D are coefficients, determined by means of
applying the least squares method. Therefore, for smoothed
by the least squares waveform of the discharge current
previously mentioned antiderivative determined for the
result of multiplication of time derivative for the discharge
current and antiderivative for the discharge current can be
written as:

Az(eB’)z . C2(P1?
2B 2D

where D¢(f) and Dy(f) can be determined according to
(20, 21):

(19)

+Dy(1) + Dy (1) =0,

ABCe\B+D1) .
(20) Dy (1) —w,
CDAe(Bt+Dt)
(21) Dz(l)—w

By taking into consideration (19), the relation for a4, for
the case of processing curves of current previously
smoothed by the least squares, can be written according
to:

CB(B + D)
In| —
AB>+D* +VB* + D* ~B3D— BD%)
(22) a =
B-D
178

As the values of coefficients A, B, C and D are derived
after the processing of experimentally obtained curves of
discharge current, in further analysis (22) will be used for
the experimental determination of ay,

The results of practical implementation of described
method

The described method for electrical capacitance
measurement was substantiated by the analysis of
discharge current curve that arises due to the overdamped
discharge of 4.737 uF polypropylene capacitor. Stray
inductance of tested object was imitated by series
connection of a cylindrical air core coil to the tested
capacitor. Equivalent parameters of the discharge circuit
which have been used for the substantiation of described
method are presented in Table 1.

Table 1. Parameters of the discharge circuit

Parameter Value
R4, (measured at 1000 Hz), 7.86
[Ohm]
Ly (measured at 1000 Hz), 1296-10°
[Hn]
C, (measured at 1000 Hz), [F] 4.737-10°
R, [Ohm] 19.6
R [Ohm] 995.02

Fig. 5 presents measured and smoothed by the least
squares method waveform of the discharge current, which
was analysed in order to carry out calculation of stray
inductance according to (13).
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Fig. 5. Time dependence of discharge current
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The results of processing of presented on Fig. 5 curve of
the discharge current are presented in Table 2.

Table 2. The results of processing curve of the discharge current
Parameter Value
A -14.16
B -1.278:10°
C 14.14
D -1.236:10"
a, (calculated according to 32:10°
(22)) [S]
L (calculated according to 1156-10°
(13)) [H]

The comparison of presented in Table 2 results of
calculations with the value of stray inductance presented in
Table 1 shows that presented approach for processing
curves of discharge current allowed to attain the sufficient
level of accuracy, as the discrepancy between the
presented in Table 1 value of stray inductance and
estimated according to (14) and presented in Table 2 value
of stray inductance was 140-10° Hn with a relative error of
estimation equal to 11%. Among other various factors, in
this case the inaccuracy of estimation could have been
caused by a not very properly adjusted regime of capacitors
discharge. For the parameters of discharge circuit
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presented in Table 1 calculated according to (8, 9) complex
coefficients a4 and ay indicate that the regime of capacitors
discharge was underdamped, though it was pretty close to
overdamped, as indicates time dependence of the
discharge current presented on Fig. 5

Remarks on some factors that affect the accuracy of
described method

The accuracy of the described method, obviously, is
affected by the accuracy of determination of the lower
boundary of integration a4, for which (5) is equal to zero.
This conclusion arises due to the fact that the relation for
stray inductance (13) was obtained under the assumption
that time dependence of voltage drop on stray inductance is
orthogonal to time dependence of voltage drop on electrical
capacitance, which is valid only for certain value of aj.
Therefore, it is necessary to emphasise opposite
requirements that arise to the value of R, from the point of
view of more accurate determination of the lower boundary
of integration a1, and more accurate determination of total
resistance of the discharge circuit R, which is used in (13).
In practice the value of Rs, obviously, is affected by its
possible more or less distinct frequency dependence. For
overdamped discharge of tested capacitance Ci curves of
the discharge current can be characterized by spectral
density distributed in a pretty broad range of frequencies
Therefore, it is quite difficult to accurately assess the exact
value of the resistance R; caused by power losses in
conductive parts of tested capacitive object. In practice the
most efficient way to eliminate the influence of Ry on
accuracy of measurements is the increasing of R, as
insignificant values of Ry in comparison with R, allow not to
take this value into the consideration. However, as it can be
distinctly seen from data on Fig. 4 this very requirement
leads to the decreasing of the lower boundary of integration
ay for which (5) is equal to zero, and, therefore, causes
additional difficulties for accurate determination of as. The
accuracy of stray inductance estimation can be also
affected by time the dependencies of inductive elements on
the equivalent scheme on Fig. 2 that can arise due to the
impact of skin-effect. Such time dependencies have not
been taken into consideration in proposed method of
processing curves of the discharge current, as all relations
have been obtained under the assumption of invariable in
time parameters of the equivalent scheme on Fig. 3. As
switching elements affect time dependence of the discharge
current, special attention should be paid to the proper
selection of switching elements of the discharge circuit The
distortion of current curve can degrade the accuracy of
determination of a; and, therefore, can lead to additional
inaccuracy in measurements of stray inductance.

Conclusions

Described method for the estimation of stray inductance
is based on the analysis of discharge current curves for
overdamped discharge of tested capacitive object. As due
to the presence of parasitic parameters the value of voltage
on tested capacitance is wunavailable for direct
measurements, analyzed curves are derived from the value
of voltage drop on the output of current-to-voltage
converter. This value is equal to the sum of voltages on
stray inductance and electrical capacitance. Separation of
mentioned components of voltage drop is achieved by the
determination of zero value of correlation coefficient
between time dependencies of time derivative and primitive
function for discharge current. An example of practical
implementation of the described method has shown a
sufficient for some applications level of accuracy.
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