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Research on Self-Adaptive Algorithm of Transient
Performance Analysis for DC Electronic
Instrument Transformer Calibration

Dong Li*, Ruoyu Wu"', Han Liu

Abstract—The dc electronic instrument transformers
(DCEITs) are widely used in the voltage-source converter-based
high-voltage direct current (VSC-HVdc) transmission system to
measure the bus voltage or current and should be of accurate
and quick transient response. The transient performance of the
DCEIT needs to be calibrated using a calibrator. The existing
schemes are difficult to recognize different transient step
responses automatically and usually require human intervention,
which limits their flexibility and applicability. Besides, the
accuracy of the calculated results is affected by human factors.
A self-adaptive algorithm of transient performance analysis
is proposed. It recognizes the characteristics of the transient
step response based on wavelet analysis and distinguishes the
steady-state and step intervals automatically. Then, it evaluates
and finds the stable data segments in the steady-state intervals
adaptively to calculate the high and low steady-state values.
Finally, the data in the step interval are interpolated to
search the feature points of the waveform, and then, the
transient response parameters are calculated according to the
coordinates of the feature points. In the validation stage, six
kinds of step response waveforms are generated by MATLAB
to test the performance of the proposed algorithm. Compared
with the boundary window method, the proposed algorithm
could recognize the characteristics of the tested waveforms
automatically and achieve more accurate analyses of transient
performance. In addition, a calibrator prototype based on the
proposed algorithm is developed, and some tests are carried out
at the National Center for High Voltage Measurement (NCHVM)
in China, whose results verify the feasibility of the algorithm.

Index Terms—DC electronic instrument transformer (DCEIT),
step response, transformer calibrator, transient performance,
wavelet analysis.

I. INTRODUCTION

HE voltage-source converter-based high-voltage direct
current (VSC-HVdc) technology has been piloted in the
integration of renewable clean energy resources and island
power supply in China [1]. Large transient current may be
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Fig. 1. Transient performance calibration scheme for DCEIT.

generated due to dc side fault in the VSC-HVdc system, which
requires the dc voltage and current detection instruments [usu-
ally called dc electronic instrument transformers (DCEITs)] of
accurate and quick dynamic response characteristics, so as to
meet the need of quick protection and ensure the reliable oper-
ation of the VSC-HVdc system [2]-[4]. The National Standard
GB/T 26216.1-2019 puts forward specific requirements of the
DCEIT transient performance, mainly involving the rise time,
overshoot, and setting time [5].

Before putting it into operation, the transient response
performance of the DCEIT needs to be calibrated [6]-[13].
The direct comparison principle is generally adopted in the
calibration, as shown in Fig. 1. First, the transient source usu-
ally delivers an approximate square-wave signal in practice to
the standard transformer (ST) and the DCEIT under test (TUT)
simultaneously, whose output signals will be accepted by the
calibrator synchronously. These output signals could be called
square-wave responses, and each cycle of the waveform can be
regarded as a step response. Next, the analysis & calibration
(A&C) unit calculates the high and low steady-state values
to obtain the amplitude of the transient response waveform,
and then, the feature points of specific amplitude percentages
(e.g., the point of 90% amplitude) can be searched. Finally,
the transient response parameters are calculated based on the
coordinates of the feature points to achieve the calibration.
Therefore, the way to calculate steady-state values directly
affects the accuracy of the transient performance calibration.

The research on transient performance calibration is still at
an early stage in China. The common scheme is to record
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Fig. 2. Flowchart of the transient response performance analysis.

the waveform with a digital wave recorder at first in [10] and
then find the step intervals, mark the amplitude and feature
points of the waveform manually, and, finally, calculate the
transient response parameters. The accuracy of the result is
easily affected by human factors. A calibration platform based
on the National Instrument (NI) sampling card is built in
[11]-[13], in which the boundary window method is used to
calculate steady-state values. First, it searches the midpoint of
50% amplitude roughly and then finds two boundary points on
its left- and right-hand sides, respectively, whose distance to
the midpoint depends on the period of square-wave response.
Next, it sets two small windows from each boundary point
toward the midpoint, respectively, and the data inside are
used to calculate steady-state values. However, this method
still needs to input some parameters manually, including the
width of the boundary window and the period of the tested
square-wave response. Moreover, it does not recognize the
step and steady-state intervals automatically and search for
suitable locations to set the boundary windows, which results
in its inadequate applicability to different waveforms. Besides,
this method does not evaluate the stability of the data within
the window and adjust the window width adaptively, which
may reduce the accuracy of calculated steady-state values.

A self-adaptive algorithm of the transient performance
analysis for DCEIT calibration is proposed, which aims to
recognize the characteristics of the square-wave response and
distinguish the step and steady-state intervals automatically.
By evaluating the stability of the data in steady-state intervals,
it finds stable data segments to calculate the accurate steady-
state values, which is beneficial for the subsequent data
processing and analyses such as searching feature points, so as
to achieve a comprehensive and accurate analysis of transient
performance.

II. DESIGN OF THE SELF-ADAPTIVE ALGORITHM

For different square-wave response waveforms, the char-
acteristics are different, such as the length of the step or
steady-state intervals, the step amplitude, and the oscillation
characteristics. The flowchart of the proposed self-adaptive
transient analysis algorithm is shown in Fig. 2. First, it uses
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the wavelet transform to recognize the characteristics of the
square-wave response and distinguish the step and steady-
state intervals automatically, which helps to position the data
segments used to calculate the steady-state values. In addition,
the widths of the data segments are adjusted adaptively by
evaluating the data stability inside, so the accurate high and
low steady-state values can be calculated. In the following
chapters, the single-step response is taken as an example to
illustrate the proposed algorithm clearly.

A. Method of Adaptive Interval Division

The step and steady-state intervals differ in both the time
and frequency domains, which is the key to distinguish them.
Wavelet transform has been widely used to detect the abrupt
changes of transient signals in the electrical power system
[14], [15]. Different from the Fourier transform, the wavelet
transform provides a variable time—frequency window, which
can focus on the local details of the signal in the time domain,
so it is suitable for the recognition of step characteristics.
Function ¢(7) with a mean of zero can be called a wavelet
basis if its Fourier transform ¢(¢) satisfies the admissibility
condition

A 2
C, :/ |ML)'a’a) < 00. (1)
R ol

For a signal function f () with limited energy, the wavelet
coefficients WT can be calculated by wavelet transformation
+o0 t—

1) - p(—D)at )

1
WT(s,7) = —
S

VisTJ-
where 7 and s are called the shift and scale of the wavelet
basis, respectively, which reflects the time and frequency
corresponding to the wavelet transformation. By changing the
values of 7 and s, the signal can be analyzed from both the
time domain and the frequency domain at the same time to
achieve the singularity detection of the step signal [16]. When
the scale is s, if the following conditions are met in the
neighborhood of point 7y:

[WT (s, 7)| < [WTy(s0, 70)| A3)

then the modulus of WT; (79, so) is called the wavelet
transform modulus maxima (WTMM). WTMM point can
reflect the position of the abrupt change, and its polarity and
amplitude reflect the direction and intensity of the change,
respectively [17]. In the steady-state interval, the waveform
changes smoothly, and the wavelet coefficient moduli are
extremely small. In the step interval, the waveform changes
rapidly and the modulus gradually increases, so that the
WTMM point would appear at this interval. This principle
can be used to recognize the step characteristics and then
distinguish the step and steady-state intervals.

The selection of the wavelet basis directly affects the
recognition ability, so it is necessary to select a suitable
wavelet basis to acquire good results. When using the wavelet
transform to achieve the interval division of the step waveform,
the key is to find the position of the abrupt change. Therefore,
the selected wavelet basis should be compactly supported,
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Fig. 3.  Original signal and corresponding wavelet coefficient modulus.
(a) The original step response waveform. (b) The wavelet coefficient modulus
under the scale of 1. (c) The wavelet coefficient modulus under the scale of 3.
(d) The wavelet coefficient modulus under the scale of 5.

so as to focus on the acquisition of information in the time
domain [18]. The Haar wavelet with one support length is
adopted, and its expression is given as follows:

1
1, 0<r<-=
| 2
(DO(I) =1 -1, _5 <t<l 4)
0, others.

Most disturbances in the power system can be regarded as
the disturbance model of the white noise [19], [20], which
may also exist in the transient performance calibration site
for the DCEIT. The randomness of noise can also cause the
appearance of WTMM,; therefore, it is necessary to distinguish
between useful pulses and noise interferences. Lipschitz expo-
nent is used to describe the local singularity of the function.
For the signal function f(¢), if there is a positive integer A
and nth degree polynomial p,(t), and the following conditions
are satisfied in the neighborhood of #;:

|f(to+h) — pulto +h)| < AlR*, a€(m,n+1). (5

Then, o is called the Lipschitz exponent of f(¢) at f.
Mallat and Hwang [21] and Yang [22] combined the Lipschitz
exponent with the variation trend of the WTMM at different
scales and obtained a theorem for distinguishing useful step
signals from noise (especially white noise) interferences. The
Lipschitz exponent of the useful step signal is greater than
zero, and its WTMM is positively correlated with the scale
of wavelet analysis. Conversely, the Lipschitz exponent of the
white noise is less than zero, and its WTMM is negatively
correlated with the scale. In a step response waveform with
noise, the relationship between the wavelet coefficient modulus
and scale is shown in Fig. 3. It can be seen that point A is
the abrupt-change point of the white noise, and point B is the
step point of the useful step signal.
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Combining the theorem above with the distribution char-
acteristics of the wavelet coefficients in the time domain,
a flowchart of the adaptive interval division is proposed,
as shown in Fig. 4. The detailed steps are given as follows.
1) Search the data segments that may contain the useful step

points. Use the continuous wavelet transform to process
the measured step response signal and obtain the wavelet
coefficients at different scales. Then, search for the max-
imum and minimum modulus (i.e., Wimax and Wypin) of
wavelet coefficients at the highest scale sp,x

Womax = max’WTf (Smax» T)‘

. (6)
Wimin = m1n|WTf(smax, r)|.

To avoid the interference of ringing on the recognition of the
step feature, a scale factor f is set to define a threshold Wiy,
and intervals R for searching for the WTMM point. In the
subsequent test, /5 is set to 80%

What = ﬁ|Wsmax| (7)
R: = {7|IWT(Smax, T)| > Wiat}- (8)

1) Screen out the moment when the useful step feature
appears. Use (7) and (8) to find the WTMM point Aax
(z4, WF,) in R, at the highest scale. At other scales,
the wavelet coefficients at 7, are judged as follows. First,
they should also be WTMM in their epsilon neighborhood.
Second, their polarity is consistent with that of WF,.
Finally, the value of WTMM is positively related to the
scale. If the conditions above are met, 7, can be considered
as the moment when the useful step appears.

2) Set a wavelet coefficient modulus threshold for interval
division. At the highest scale, count the total number N,
of wavelet coefficients, divide the wavelet coefficients from
Wimin t0 Wimax into small sections of n components with
the equal magnitude, and then count the number N; of
wavelet coefficients contained in each component. The
steady-state interval of the step response waveform is much
longer than the step interval, so it contains most of the
wavelet coefficients. Suppose the kth component has the
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largest number Nj, and the proportion exceeds 90%

N
K 100% > 90%,
N,

t

k=1,2, ...,n )

Then, take the upper limit of this component as the steady-
state judgment threshold Wepqg

Wsmax -

W, min
Wend = Womin + k- d .

(10)

1) Distinguish the steady-state and step intervals. Overshoot
and ringing usually exist in the actual step response.
Therefore, for the wavelet coefficient moduli at the highest
scale, it is necessary to search from 7, to both sides until
the modulus is smaller than W,,4 continuously within a
certain length. Then, the step interval Ryep, = [71, 72] can
be determined

7= max1y,
t1 € {tIVLe€(0, L], IWF (Smax, t —L)| < Wenq, t <74}
T, =mint,
ty € {t| YL e (0, Ly], IWF (Smax, t+ L)| < Wena t > 7,4}

(1)

where L; and L, are the preset judgment lengths when
searching forward and backward, respectively. According to
the GB/T 26216.1-2019 standard, the setting time of the step
response should not exceed 5 ms; therefore, it is appropriate
to set L, to 8 ms and L; to 2 ms in the subsequent test. The
interval before the step interval is regarded as the low steady-
state interval, and the interval after is regarded as the high
steady-state interval.

B. Method of Steady-State Values’ Calculation

The high and low steady-state values of the step response
waveform are very important because they directly affect the
calculation of the amplitude and the search for feature points.
On the basis of the interval division above, data segments of
small fluctuation (i.e., reference interval) in each steady-state
interval can be found, which are taken as the data source to
calculate the steady-state values.

The first step is to determine the reference interval. Suppose
that there are 2n 4 1 points in a steady-state interval (if
the number is an even value, discard the first point), the
corresponding amplitudes of the step waveforms are y; (i = 0,
1, ..., 2n), and the midpoint is P. (n, y,). The length of the
reference interval is set as 2m—+1 (m < n), and the center is set
at the point P,. Trim both boundaries of the reference interval
(i.e., reduce m from n to 1) until the following conditions are
met at the first time:

D N
Ym = —(7 > m=1,...,n
2m + 1 (12)
maxu -100% <y%, i=n—m,..., n+m
Ym

where 3, is the average value of the reference interval,
and y is a threshold. In this way, the reference interval
[n-m, n + m] is determined. According to the GB/T
26216.1-2019 standard, if the fluctuation range of the response
amplitude is within £1.5%, it is believed that the response
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Fig. 5. Density distribution mode method for steady-state value calculation.

enters the steady state. Thus, we can take the 1.5% as a
threshold value for determining the reference interval.

After that, the steady-state value is calculated based on the
density distribution mode method. According to the amplitude
variation range in the reference interval, all the data points
are divided into several groups (Dy, Di, ..., Dy) of equal
amplitude width Ay, as shown in Fig. 5. Count the number
of points in each group, and the mode can be located in Dj;
then, the steady-state value y;is

Nj_l
Njyi+ Nj

where yj, is the upper limit of the amplitude of D;, and N,
and N;_; are the numbers of points of the up and down
adjacent groups, respectively. Calculate y, in both high and
low steady-state intervals, respectively, to obtain the high and
low steady-state values y., and yp, and then, the accurate step
amplitude can be obtained by subtracting y~, and yy.

The feature points are of specific amplitude percentages,
and transient response parameters, such as rise time and
overshoot, can be calculated based on the coordinates of the
feature points. For example, the rise time is the time difference
between the feature points P, (¢,,, 90%) and P, (t,, 10%) in
the step interval. However, the step response in the VSC-HVdc
system lasts only tens to hundreds of microseconds usually,
so the number of sampling points in the step interval is small,
which means that the required feature points are usually not
in the existing points. The cubic Hermite interpolation method
is adopted to interpolate the step interval to improve the
equivalent sampling rate at first. In this case, only a few feature
points are contained in the interpolated data sequence. For
the other feature points, linear interpolation is used further.
Suppose that a feature point P (f,, y,) with an amplitude
percentage of x% is between the equivalent sampling points
Py (t1, y1) and P, (12, y»); then, tx and yx can be calculated

Vs = Yn — <Ay (13)

(14)
5)

Ve = (Yoo = Y0) - X% + Yo
R Ly ()
Y2 =MW
III. PERFORMANCE EVALUATION
A. Simulation Test

According to the GB/T 26216.1-2019, for a qualified TUT,
the rise time and overshoot of its step response should be less
than 100 us and 20%, respectively. Therefore, the self-adaptive
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TABLE I
DETAILED PARAMETERS OF THE RESPONSE WAVEFORMS

Index Amplitude /V Overshoot /% Rise time /us Setting time /ps
A 1 19.126 10 282414
B 5 31.447 30 684.593
C 5 6.375 50 219.544
D 10 15.574 80 550.991
E 3 21.668 120 495.619
F 8 0 50 97.382
12F [—a—B C—D—E—TF|

Amplitude (V)

0 20 40 60 80
Number of points

100

Fig. 6. Local details of the waveforms used for the test.
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Fig. 7. One of the steps of the square-wave response A with noise.

algorithm of the transient performance analysis in the calibra-
tor should be able to analyze the step response of a rise time
ranges from O to 100 us, and the overshoot ranges from 0%
to 20% at least.

Six kinds of square-wave response waveforms are used to
test the self-adaptive algorithm, whose local details within one
period are shown in Fig. 6, and specific parameters are shown
in Table I.

The white Gaussian noise with a signal-to-noise ratio (SNR)
of 50 dB will be added to these responses, respectively,
to simulate the noise interference that may exist in the actual
test. The data of the tested waveforms are generated by
MATLAB, and each waveform lasts for 1 s with ten rising
edges, whose period is 0.1 s with a 50% duty cycle and the
sampling rate is 100 kHz. The test data are imported into a
LabVIEW software, in which the self-adaptive algorithm is
embedded.

Take response A as an example. First, the original step
waveform A without noise is put into the software, and the
analysis results from the algorithm are shown in Table II.
The relative errors of the parameters are extremely small,
which proves the high accuracy of the algorithm in calculating
transient response parameters. Second, its waveform with the
white Gaussian noise shown in Fig. 7 is analyzed, and the
results are shown in Table II and Fig. 8, in which the dotted
lines are the real values of the parameters. The results show
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TABLE 11
TEST RESULTS OF THE WAVEFORM A WITH/WITHOUT NOISE

Without noise With 50dB gauss white noise

Parameters Value Max relative Average Max relative
(us) error (%) value (us) error (%)
Overshoot 19.151 0.131 19.175 0.810
Rise time 10.063 0.630 10.108 1.980
Setting time 282.452 0.014 282.682 1.123
1930
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Fig. 8. Measured results of the waveform A. (a) Results of the overshoot.

(b) Results of the rise time. (c) Results of the setting time.

TABLE III
ERROR OF THE TRANSIENT RESPONSE PARAMETERS

Overshoot Rise time Setting time
Max Max Max
Index Av(eo/roe;ge relative A\Eir;ge relative A\zﬁrsa)ge relative
error (%) error (%) error (%)
A 19.175 0.810 10.108 1.980 282.682 1.124
B 31.334 -0.795 30.032 -0.340 686.608 1.223
C 6.372 -2.203 50.107 0.894 218.871 -2.210
D 15.643 1.137 80.028 0.635 550.303 -0.808
E 21.698 -1.851 120.148 0.359 497.438 1.556
F -0.015 / 49.987 -0.124 96.975 0.618
A' 18.961 -1.630 10.229 2.532 277.627 -2.173
B' 30.260 -5.728 29.945 1.466 676.105 -1.532
C' 6.235 -2.196 49.735 -1.125 215.688 -4.826
D' 15.033 -3.779 80.090 1.374 557.129 1.666
E' 21.149 -3.195 121.368 1.197 486.534 -2.398
F' -0.017 / 49.886 -0.328 97.564 0.494

that the overshoot ranges from 19.081% to 19.281%, the rise
time ranges from 10.006 to 10.198 us, and the setting time
ranges from 279.749 to 285.587 us, but their relative errors
are still at a low level. Thus, it proves that the algorithm
has the ability of anti-interference to noise and can accurately
calculate the parameters of the transient response.

In order to verify the self-adaptive ability of the algorithm,
the other response waveforms in Table I with the white
Gaussian noise are also tested. The results are shown in
Table III, where indices A—F in the table represent the mea-
surement results of the proposed algorithm. In addition, the
above waveforms are also analyzed by the boundary window
method for comparison, and indices A’-F" in Table III are
its results. Before the test, some parameters required by the
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boundary window method should be preset. The waveform
period is set to 0.1 s, and the window width is set to 0.04 s.

For the proposed algorithm, the relative errors of the over-
shoot, rise time, and setting time do not exceed 2.3%, 2.0%,
and 2.3%, respectively. By contrast, for the boundary window
method, the relative errors of these parameters are within
5.8%, 2.6%, and 4.9%, respectively, which are larger than
that of the proposed algorithm. It is because the fixed width
of the window may affect the calculation of the steady-state
values. Thus, compared with the boundary window method,
the proposed algorithm can calculate the transient response
parameters automatically and is of higher accuracy in the cases
above.

B. Calibrator Prototype Test

A calibrator prototype based on the proposed algorithm is
developed, and its structure is shown in Fig. 9. The prototype
is composed of a data acquisition and synchronization (DAS)
unit and an A&C unit. ADS8881 is selected as the AD
converter, which has 500 kSPS and 18-bit accuracy. The core
controller of the DAS unit is an FPGA, whose function is to
packet two-channel data and upload them to the A&C unit
through the Ethernet. The A&C unit is developed based on
LabVIEW, and the proposed algorithm is embedded for the
transient performance analysis.

According to the transient performance calibration scheme
in Fig. 1, a test platform for the calibrator prototype is
built in the National Center for High Voltage Measurement
(NCHVM), as shown in Fig. 10. A calibrator verification
device is used to generate a known analog and corresponding
FT3 digital signal, and the transient performance analysis
results of the two signals are output by the prototype. The
performance of the prototype is evaluated by comparing the
analysis results with the waveform parameters provided by
the verification device.

The verification device mainly consists of a signal generator
AFG 3252C, a message sending device, and a control host. The
rise time, overshoot, and setting time of the waveforms can be
set by the control host. According to the inspection report from
a third party, the amplitude error of the analog channel is less
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TABLE IV
DETAILED PARAMETERS OF THREE SQUARE-WAVE SIGNALS

Index Overshoot /% Rise time /ps Setting time /s
F 19.9 24.7 101.7
G 10.1 53.1 922
H 4.9 334 59.8

than 0.7%, and the time error is less than 1 us. For the digital
channel, the amplitude error is less than 1.5%, and the time
error is less than 2.5 us.

Three kinds of square-wave signals with different transient
parameters are output by the verification device, as shown
in Table IV, and each signal is measured at 25 rising edges
at least. Fig. 11 shows the sampled data waveform of the
signal H, and Table V shows the analysis results of the two
channels. F1, G1, and HI in the table represent the results
of the analog channel; F2, G2, and H2 represent that of the
digital channel.

For the analog channel, the relative errors of the overshoot,
rise time, and setting time are about 1.6%, 0.8%, and 3.8%,
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TABLE V
TEST ANALYSIS RESULT OF THE ANALOG/DIGITAL CHANNELS

Overshoot Rise time Setting time
Index Average Relative Average Relative Average Relative
(%) error (%) (us) error (%) (us) error (%)
F1 19.591 -1.553 24.848 0.599 103.788 2.053
Gl 10.074 -0.816 53.481 0.715 90.289 -2.073
H1 4.958 1.184 33.346 -0.180 57.586 -3.712
F2 18.524 -6.915 26.487 7.235 104.101 2.361
G2 9.551 -5.432 53.332 0.437 86.046 -6.674
H2 4.587 -6.531 34.073 2.006 57.745 -3.437

respectively. For the digital channel, the relative errors of these
parameters are about 7.0%, 7.3%, and 6.7%, respectively. The
analysis accuracy of the analog channel is higher than that of
the digital channel. One of the reasons is that the sampling
rate of the digital channel is 100 kHz and is lower than that
of the analog channel, which limits the restoration effect on
the original waveform.

IV. CONCLUSION

A self-adaptive algorithm of the transient response perfor-
mance analysis is proposed, which is designed to analyze
transient parameters of different step response waveforms
without human intervention. Based on the wavelet analysis,
the function of recognizing the steady-state and step intervals
in the square-wave response automatically is achieved first.
By evaluating the data stability in the steady-state inter-
val and adaptively adjusting the reference interval, accurate
steady-state values and step amplitude are obtained. Next, the
data in the step interval are interpolated, and the feature points
are searched accurately. Finally, accurate analysis of transient
performance is completed.

The accuracy and self-adaptive ability of the algorithm are
verified through a simulation test and a prototype test. In the
simulation test, six square-wave response waveforms are used
to validate the proposed algorithm, and the boundary window
method is regarded as a comparison. For the proposed algo-
rithm, the relative errors of the overshoot, the rise time, and the
setting time do not exceed 2.3%, 2.0%, and 2.3%, respectively,
which are more accurate than that of the boundary window
method. In the NCHVM, a calibrator prototype based on
the proposed algorithm is tested with a calibrator verification
device. For the analog channel, the relative errors of the over-
shoot, the rise time, and the setting time are about 1.6%, 0.8%,
and 3.8%, which are close to the results of the simulation test.
The results show that the proposed algorithm can recognize the
features of the square-wave response waveforms automatically
without human intervention and achieve accurate analysis of
transient performances. The research provides a self-adaptive
algorithm of transient performance analysis for DCEIT
calibration.
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