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Abstract: This paper introduces an effective and non-iterative technique for the determination
of full lightning impulse voltage parameters in high-voltage tests. In the waveform parameter
determination, the base curve parameters are determined on the basis of precomputed models that
are utilized to correct the base curve parameters. Using the data from the cases collected from
the standard, the correction factors are computed from the deviation of the parameters which are
determined by the proposed and standard recommended method. With the accurate base curve
parameters, the waveform parameters can be calculated precisely. Because there is no iterative process
in the technique, the proposed method has a simplified computational algorithm and becomes an
attractive method.

Keywords: correction factors; curve fitting; full lightning impulse voltage; linear regression; non-linear
regression

1. Introduction

In operating conditions, high-voltage (HV) equipment is subjected to high electric field
stresses from transient overvoltage in both lightning and switching surges. HV tests, there-
fore, are necessary to be performed to confirm the electrical insulation validity of the HV
equipment. The HV tests are usually performed in a laboratory with arrangement, testing
procedures, and result interpretation following the international standard guidelines [1,2].

For the lightning impulse voltage withstand tests, a simple resistor—capacitor circuit [3]
is employed to generate the lightning impulse voltage. However, the parasitic capacitance
and inductance cause the generated waveform to oscillate and overshoot [4-10] in the actual
tests. It was shown in [11,12] that such overshooting and oscillation of the waveforms affect
insulation performance. Impulse waveform parameters, such as the front time (T7), the
time to half (T3), the peak voltage (V}), and the overshoot rate (8.), must be controlled
under standard suggestion.

For lightning impulse voltage measurement, an appropriate measuring system com-
posed of a voltage divider, a measuring cable, and an oscilloscope is required. The vital
advantages of a digital oscilloscope over an analog one are that measured waveforms can
be uploaded for later viewing and many of digital signal processing techniques can be
utilized for the waveform analyses because the waveform data are recorded in a digital
form. According to the standards [1,2,13], the waveform parameters are determined from
the digital data recorded using a digital transient recorder or oscilloscope. In the standard
procedures, the base curve in the form of two exponential functions is determined by a
non-linear least square method based on the Levenberg-Marquardt (LM) algorithm. The
difference in voltage between the recorded and base curves named as the residual voltage
curve is filtered by the k-factor filter to obtain the filtered residual curve. The summation
voltage of the base and filter residual curves is defined as the test voltage curve and is
utilized in the waveform parameter determination.

A crucial problem in the waveform parameter determination of a commercial software
is a relatively long execution time, which is composed of three parts: the preparation of
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the waveform data, the base curve parameter determination, and the determination of
the test waveform parameters. The base curve determination has the longest execution
time. Non-linear curve fitting algorithms such as Gauss—Newton method [14] and LM
algorithm [1] are employed to determine the base curve, and iterative calculations are
required in such traditional algorithms. It is well known that the efficiency of the iterative
algorithm depends on an initial point of the base curve parameters and the recorded test
voltage waveform. The test lightning waveforms sometimes have oscillation and overshoot
due to unavoidable parasitic inductance and capacitance of the test circuit and non-linear
characteristics of test objects. In the base curve determination procedure for a lightning im-
pulse waveform with a high oscillation and overshoot rate (8,), a large number of iterations
are usually required. An overflow condition can sometimes occur if an improper iterative
algorithm is utilized. For example, in [14], using the LM algorithm, 59 iterations were
employed in the waveform of the case LI-M5. This leads to a relatively long execution time,
and apparently became improper in practical waveform determination. There have been
many attempts to overcome this problem that are non-iterative methods, such as the sepa-
rable exponential fitting method [15], the integration method [16], the improved Prony’s
method [17], and the method based on artificial neural networks [18]. Although such
methods take significantly less execution time than the standard recommended method,
the non-iterative methods [16-18] can provide the acceptable waveform parameters, those
tolerances almost reach the limits according to the standards. For the method in [15], the
deviations of the computed parameters still exceed the standard limit tolerance.

To overcome such problems in the non-iterative methods, an effective and non-iterative
method for the parameter determination of the full lightning impulse voltage is proposed
in this paper. In the process of the base curve determination, the base curve parameters
are determined by an integration method. Then, the parameters are corrected by the
precomputed models determined from the base curve parameter deviations between the
computed integration and standard recommended methods. From the results of the test
cases, the proposed method provides promising accuracy, and the deviations are within
the standard tolerance. Additionally, the computational time of the proposed method is
substantially shorter than the time used in the standard recommended one because of no
iterative process. From the obtained accuracy, effectiveness of the proposed method, the
method is attractive, and practically ready for implementation.

2. Determination of the Waveform Parameters

According to the standards [1,2], the general procedure of the full lightning impulse
voltage parameters is repeated here for the clarified explanation as follows:

(1) The lightning impulse voltage waveform from an experiment is recorded in a form
of the digital data by a transient recorder. The example waveforms in the parameter
determination are presented in Figure 1.
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Figure 1. Voltage curves for determination of full lightning impulse voltage parameters.
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(2) From the digital waveform data, the offset voltage is determined and removed from
the original recorded waveform. The waveform part utilized in the parameter deter-
mination ranges from the voltage of 20% of the waveform peak on the front section to
40% of the waveform peak on the tail section. The selected waveform is referred to as
the recorded curve.

(3) The base curve parameters in Equation (1) or Equation (2) («, 5, C, and t; or A, B,
«, and B) are determined by a curve fitting method. It is noted that in this paper
the function in Equation (2) is selected as the base curve function for simplicity. The
standards [1,2] recommend the Levenberg-Marquardt (LM) algorithm for the base
curve parameter determination.

f(£) = C(ent1) — Pt M)

f(t) = Ae™ — Aef! 2)

(4) The difference of the recorded and base curves referred to as the residual curve is
filtered by the k-factor function as given in Equation (3). The effective time domain
implementation based on the IIR filter was proposed by P. L. Lewin [19].

1

k(f) = 15227 3)

where f is the frequency in MHz.

(5) The summation of the base and filtered residual curves referred to as the test voltage
is utilized for the determination of the waveform parameters, i.e., T1, T2, V), and Be.

As mentioned in the introduction, the most crucial process of the parameter deter-
mination is the base curve fitting. The deficiency of the LM algorithm for the waveform
parameter determination was found in cases of the high overshoot rate waveform. Many
iterations and relatively long computational times lead to the method being improper
in the waveform parameter determination. A non-iterative approach for determination
of the base curve with promising accuracy is proposed in this paper. The original idea
of the proposed method is an attempt for fitting the base curve by avoiding complicate
and non-linear regression algorithms. The conventional separable exponential function
fitting was further developed and the accuracy for the base curve parameter determination
is increased. The details of the mentioned and proposed methods are presented in the
following sections.

2.1. The Separable Exponential Function Fitting Method

The conventional separable exponential function fitting method [18] separates the
recorded waveform into two parts, as illustrated in Figure 2. The first part of the waveform
under consideration is the duration with which the overshoot and oscillation disappear
from the waveform. Normally, this duration takes into account the time after the impulse
voltage reaches the peak value. This instant is around two to three times of the time to
peak. This part of the waveform can be fitted well with a single exponential function
(Ae), and the logarithmic transformation and linear regression (LL) model can be used
to determine the waveform parameters (A and «). The second part of the waveform is
computed by subtracting the recorded waveform from the fitted waveform from the first
part. Then, only the positive magnitude of the second part waveform is utilized for fitting
with the LL model. As shown in Figure 3, it is found that the fitting parameters of this
method are deviated from the results determined by the LM algorithm, but the integration
method proposed in this paper provides the fitting curve closed to the LM method. It
is noted that the integration method has the possibility of further development for the
lightning waveform parameter evaluation. The derivation of the integration method will
be presented in the next subsection.
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Figure 2. Voltage curves for determination of full lightning impulse voltage parameters using the
LL method.
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Figure 3. Comparison of the fitting curve methods (LL, LM, and integration).

2.2. The Proposed Curve Fitting Method

The proposed method originated from the separable exponential fitting method, but
the integration method is utilized for fitting the waveform instead of the LL method.
Additionally, the precomputed correction models of the base curve parameters to those
determined by the standard recommended method were developed. The procedures for
determination of the full lightning impulse voltage parameters are the same as the standard
recommended method, except the base curve determination.

In the proposed method, the data of 29 cases (LI-A1l to LI-A12 and LI-M1 to LI-M17)
provided by the standard [13] were used for the model development. The vertical resolution
and the sampling frequency of the waveforms were set to be 12 bits and 100 Msample/s,
respectively. The normalized recorded curve (y(f)), as shown in Figure 4, is employed
to determine the base curve parameters. The base curve is defined by two terms of the
exponential functions (Ae* and Bef!). The curve duration from the time to peak (tp) to 40%
of V), on the tail section is utilized in a simple linear curve fitting for the determination of
the first term which is in the form of a single exponential function (f;(t) = Ae™).
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Figure 4. Voltage curves used for the determination of the waveform parameters in the
proposed method.

It was noticed that this first term is a solution of the first order differential equation as
given in Equation (4).
dfi(t)

12— wfi(H) =0 )

Taking the integration of Equation (4) and rearranging the equation, the results are
obtained as Equation (5).

T=t T=t
A=At +a| [ A@ar | =ctal [ A ©

T:t}? T:tp

From Equation (5), a linear regression can be applied to determine the coefficients of C
and «. The coefficient of A in the first term can be calculated by Equation (6).

C  filty)

eatp - etxtp

(6)

It was found that the proposed linear regression method provides the different results
deviated from the results computed by the standard recommended (LM) method. The
higher the undershoot factor (Ay;), the higher the deviations of the parameters (AA and
Aw), as shown in Figures 5 and 6.
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Figure 5. Deviation of A versus the undershoot factor (Ay,) and the fitted curve.
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Figure 6. Deviation of « versus the undershoot factor (Ay;) and the fitted curve.

The deviations (Ax) of the base curve parameters (4, B, a, or B) are defined as
Equation (7), where x.; and x4, are the parameters computed by the proposed and stan-
dard recommended methods, respectively.

Ax = (Fed —Ystd ) o 9009 @)
Xstd

As given in Equations (8) and (9), the correction factors are applied to obtain the
accurate results of the first term parameters (Acor and acor).

A

Acor = H T AA/100) ®
n

Keor = m )

These correction factors are calculated by the linear curve fitting, as shown in Figures 5 and 6.
With these correction factors, the deviations of the corrected parameters are within 1% and
2% for A and w, respectively.

For the second term of the exponential functions, the curve of y,(f) is computed by
subtracting y;(¢) from the corrected f1(t). It was found that using the waveform part
with the only positive magnitude, the determined parameters (B and ) have good linear
correlation with the undershoot factor (Ay,). For the reduction of the deviation of such
a parameter in good linear relation with Ayy, the curve duration of y,(t) from 0 to ¢
is employed to determine the second-term parameters of the base curve in the form of
a single exponential function (f5(t) = Bef'), in cases of Ay, over 1.5%. In cases of Ay,
below 1.5%, the curve duration of y(t) from 0 to 0.8 tj is employed to determine the base
curve parameters. The second-term parameters can be determined by linear regression, as
expressed in Equation (10), which is the same approach used for the first-term parameter
determination. B and B also have good relations with the undershoot factor (Ay;). The
deviations of B and  (AB and Ap), the fitting curves, and their expression are presented in
Figures 7 and 8.

T=t T=t
£t =HO)+p| [ a@dr| =B+p| [ A (10)
c=0 7=0
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Figure 7. Deviation of B versus the undershoot factor (Ay;).

1 O T T T T T

Fitting curve
(A =-121.54Ay,)

Deviation of /3 (%)

-40 1 1 1 1 L
-0.05 0 0.05 0.1 0.15 0.2 025

Ay,

Figure 8. Deviation of B versus the undershoot factor (Ay,).

As given in Equations (11) and (12), the correction factors for B and f are applied to
obtain the accurate results of the second term parameters (B, and Ber). These correction
factors are calculated by the linear curve fitting, as shown in Figures 7 and 8. With the
application of these correction factors, the deviations of the corrected parameters are within
3% and 6% for B and B, respectively.

B
Bcor = 7 N (11)

()

___ B
,Bcor (1 N %)

Using the corrected base curve parameters, the base curve can be determined precisely.
The full lightning impulse voltage waveform parameters (Tq, T2, V), and B,.) can be
determined by the procedures (4) and (5) of the standard recommended method [1,2]. The
performances of the proposed method for the determination of the full lightning impulse
voltage parameters will be investigated in the next section.

(12)

3. Validation of the Proposed Method

For the verification of the performance of the proposed method, impulse waveforms
with various waveform parameters, i.e., front time (T1), time to half (T;), peak voltage
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(Vp), and overshoot rate (B,) were utilized in the waveform parameter determination. Such
waveforms are composed of 29 waveform data (LI-A1l to LI-A12 and LI-M1 to LI-M17) from
the test data generator (TDG) provided by IEC 61083-2 [13] and 10 additional waveform
data (LI-X1 to LI-X10) collected from simulations and experiments. The determined wave-
form parameters and the deviations are presented in Table 1. The deviations are defined as
the differences between the parameters determined by the proposed method and the values
provided by the standard [13] (in the cases of the waveforms provided by the standard) or
the differences from the values computed by the standard recommended method (in the
cases of LI-X1 to LI-X10).

Table 1. The determined waveform parameters using the proposed method and the deviations from
the standard recommended values or the values computed using the standard recommended method.

Parameters and Deviations in Brackets

Case
Ty (us) T, (us) U; (kV) Be (%)

LI-Al 0.842 (+0.2%) 60.16 (0.0%) 1049.66 (+0.01%) 0.03 (+0.03%)
LI-A2 1.695 (+0.1%) 47.48 (0.0%) 1037.65 (+0.01%) 5.25 (+0.15%)
LI-A3 1.119 (+0.1%) 48.16 (0.0%) 1000.36 (+0.02%) 4.73 (+0.13%)
LI-A4 0.844 (+0.4%) 47.78 (0.0%) 856.34 (+0.04%) 7.78 (—0.12%)
LI-A5 1.717 (+0.3%) 47.70 (0.0%) 71.98 (+0.01%) 7.86 (+0.16%)
LI-A6 1.768 (+0.3%) 41.59 (0.0%) 100.17 (0.00%) 17.98 (+0.28%)
LI-A7 2.130 (+0.4%) 38.38 (+0.1%) 104.33 (—0.02%) 20.48 (+0.38%)
LI-A8 1.508 (+0.3%) 44.92 (0.0%) 96.02 (+0.01%) 14.71 (—0.09%)
LI-A9 1.215 (0.0%) 55.74 (0.0%) 55.93 (0.00%) 4.07 (+0.07%)
LI-A10 0.928 (+0.5%) 42.64 (0.0%) 81.96 (+0.03%) 11.86 (—0.14%)
LI-A11 0.578(0.0%) 56.35 (0.0%) 86.62 (+0.02%) 3.99 (—0.11%)
LI-A12 0.584 (—0.6%) 57.36 (0.0%) 85.58 (0.00%) 2.25 (—0.05%)
LI-M1 1.135 (+1.1%) 85.59 (0.0%) 952.24 (+0.02%) 2.15 (+0.05%)
LI-M2 3.357 (0.0%) 61.25 (0.0%) —1041.63 (—0.01%) 9.29 (+0.09%)
LI-M3 2.152 (+0.1%) 41.75 (0.0%) —1026.46 (0.00%) 9.28 (+0.08%)
LI-M4 0.981 (—0.6%) 56.22 (0.0%) —267.14 (0.00%) 4.75 (—0.05%)
LI-M5 2.752 (+0.2%) 42.13 (0.0%) —55.00 (0.00%) 18.86 (+0.16%)
LI-M6 1.378 (+1.6%) 54.74 (0.0%) —166.87 (0.00%) 3.65 (—0.15%)
LI-M7 1.488 (+0.4%) 50.01 (0.0%) —1272.45 (+0.01%) 11.03 (—0.17%)
LI-M8 1.519 (+0.3%) 49.36 (0.0%) —99.74 (+0.01%) —0.43 (+0.07%)
LI-M9 0.838 (+1.2%) 46.65 (0.0%) —100.07 (+0.03%) 1.56 (+0.16%)
LI-M10 1.674 (+0.5%) 60.86 (0.0%) 100.26 (0.00%) 0.03 (+0.03%)
LI-M11 1.671 (+0.6%) 60.94 (0.0%) 299.33 (0.00%) —0.41 (+0.09%)
LI-M12 1.305 (+1.0%) 52.26 (0.0%) —4.32 (0.00%) —1.64 (+0.16%)
LI-M13 1.541 (+0.2%) 46.94 (0.0%) 39.46 (0.00%) 2.00 (+0.20%)
LI-M14 0.932 (—0.1%) 37.45 (0.0%) 48.55 (0.00%) 4.34 (+0.04%)
LI-M15 1.012 (—0.5%) 59.19 (0.0%) 497.88 (—0.02%) —0.07 (+0.03%)
LI-M16 0.906 (—1.6%) 47.58 (+0.1%) 369.08 (—0.04%) 1.01 (+0.21%)
LI-M17 1.773 (—0.1%) 53.32 (0.0%) —99.34 (0.00%) 1.34 (+0.04%)
LI-X1 1.202 (+0.2%) 50.00 (0.0%) 120.01 (0.00%) 0.05 (+0.05%)
LI-X2 1.675 (0.0%) 55.98 (0.0%) 125.79 (0.00%) 5.75 (+0.03%)
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Table 1. Cont.

Parameters and Deviations in Brackets

Case

T1 (us) T; (us) U; (kV) Be (%)
LI-X3 1.908 (+0.1%) 51.66 (0.0%) 132.43 (0.00%) 10.11 (+0.06%)
LI-X4 0.649 (+0.3%) 53.58 (—0.1%) 129.25 (+0.05%) 8.99 (—0.24%)
LI-X5 0.825 (—0.4%) 46.30 (0.0%) 141.15 (+0.01%) 18.64 (—0.41%)
LI-X6 1.203 (+0.1%) 49.91 (0.0%) 120.00 (0.00%) 0.55 (+0.02%)
LI-X7 1.670 (—0.2%) 55.96 (0.0%) 125.85 (—0.01%) 6.46 (—0.07%)
LI-X8 1.904 (+0.1%) 51.63 (0.0%) 132.44 (0.00%) 10.54 (+0.11%)
LI-X9 0.651 (+0.4%) 53.47 (—0.1%) 129.23 (+0.07%) 9.30 (—0.21%)
LI-X10 0.826 (+0.2%) 46.28 (—0.1%) 141.17 (+0.04%) 18.95 (—0.34%)

According to the standard [13], the tolerances of the waveform parameters (T1, T,
Vy, and Be) are 2%, £1%, £0.1%, and 4-1%, respectively. It was found that all waveform
parameters determined by the proposed method are within the standard defined tolerance.
The maximum deviation of T1 computed by the proposed method is +1.6%, which occurs
in the case of LI-M6. The maximum deviation of T5 is 0.1%, in the case of LI-M16. The
maximum deviation of V), is 0.07%, in the case of LI-X9 from an experiment. Additionally,
the maximum deviation of 3, is 0.41%, in the case of LI-X5 from an experiment. It has been
shown that the proposed method used for the waveform parameter determination is fairly
precise. Figures 9-13 present the example waveforms assessed by the proposed method.

1200 T T T T T
1000 /. =
. 800 F Time scale of 1 ps/div 8
Z
= 600 | , ]
2 Time scale of 10 ps/div
= 400
2
~ 200}
Recorded curve
0] — — — = Base curve 1
Test voltage curve
200 1 1 1 1 1 1 1 1

Figure 9. The assessed full lightning impulse waveforms in the LI-A1 case (waveform data provided

by [13]).
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E 40 ) )
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Figure 10. The assessed full lightning impulse waveforms in the LI-A7 case (waveform data provided
by [13)).
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Figure 11. The assessed full lightning impulse waveforms in the LI-M5 case (waveform data provided
by [13]).
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Figure 12. The assessed full lightning impulse waveforms in the LI-M6 case (waveform data provided
by [13]).
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Figure 13. The assessed full lightning impulse waveforms in the LI-X9 case (experimental

waveform data).

In addition, comparisons of the maximum deviation using the method proposed in
this paper with the maximum deviation using other non-iterative methods (the double
integration [16] and the improved Prony’s methods [17]) and the neural network-based
method [18] as well as a developed software based on Matlab and the IEC procedure [1]
are studied and presented in Table 2. It should be noted that only waveforms provided
by the standard [13] are considered for comparisons, as shown in Table 2. Comparisons
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of the execution times used for the proposed method, the methods in [16-18], the IEC
procedure [1], and the commercial software [20] are presented in Table 3. All methods and
the commercial software were executed on the same computer with the CPU i5-4210U and
2.40 GHz. In comparison to the existing non-iterative and neural network-based methods,
the proposed method provides superior accuracy in the determination of the waveform
parameters. The execution times of the proposed method are nearly the same as those
provided by the non-iterative methods and are significantly shorter than those provided by
the commercial software.

Table 2. The comparison of the maximum deviations of the waveform parameters determined by the
proposed and other non-iterative methods.

Maximum Deviations of Waveform Parameters

Methods (Case)
T, T, Vp Be
Proposed +1.6% (LI-M6) +0.1% (LI-M16) +0.04% (LI-A4) +0.38% (LI-A7)
[16] +1.9% (LIM14)  —0.1% (LI-M7)  —0.07% (LI-M16)  —0.92% (LI-M5)
[17] +1.9% (LI-M6) —0.1% (LEM7)  +0.07% (LI-M16)  +0.89% (LI-M6)
[18] +2.0% (LI-A12) +0.1% (LI-A4) +0.06% (LI-A4) —0.79% (LI-A6)
prolcligure +0.3% (LI-A6) +0.0% (LIEM9)  —0.02% (LEM7)  —0.09% (LI-A7)

Table 3. The comparison of the execution times for the waveform parameters determined by the
proposed and other non-iterative methods and the commercial software.

Execution Time (Case)

Methods Maximum Minimum Average
Proposed method 10.635 ms (LI-M2) 3.235 ms (LI-M9) 8.516 ms
[16] 12.455 ms (LI-M2) 4.876 ms (LI-M9) 8.887 ms

[17] 11.342 ms (LI-M2) 4.435 ms (LI-M9) 7.877 ms

[18] 8.231 ms (LI-M2) 6.754 ms (LI-M9) 7.213 ms

IEC procedure 431 ms (LI-M2) 235 ms (LI-M2) 316 ms
Commercial software [20] 10.124 s (LI-M2) 6.320 s (LI-M9) 8.516 s

4. Conclusions

The simple, accurate, and non-iterative method based on the integration method with
the precomputed correction model for fitting exponential functions has been proposed to
determine the full lightning impulse voltage parameters in this paper. The waveform data
from the standard, simulations, and experiments (39 cases in total) have been utilized in the
assessment of the proposed method performances. It was found that the method displays
promising performances in terms of accuracy and computation speed because there is no
iteration requirement. All waveform parameters determined by the proposed method
are within the tolerances defined by the standard. From the presented results it has been
confirmed that the proposed method is fairly accurate and useful for the determination
of the full lightning waveform parameters because the method is simple, has no iteration
process, and is easy for software implementation in practical impulse voltage tests.
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