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ABSTRACT With the development of smart substations and the promotion of 61850 standards, sampling
values based on IEC61850-9-2 have become an important part of smart substation construction. With the
popularization and application of the sample value (SV), the interpolation algorithm has been increasingly
used in protection, measurement, control, wave recorder and power quality applications. However, the error
in the interpolation algorithm poses a challenge to its use. This paper describes the basic methods of linear
Lagrange and parabolic Lagrange interpolation and presents maximum theoretical values for the interpola-
tion error when Lagrange linear and second-order approximations of sinusoidal signals are performed. The
single-point error of each sampling point is analyzed using the remainder equation, and the harmonic error
of the Fourier transform after interpolation is strictly mathematically derived. Finally, the accuracy of the
theory is verified by real measurement data, and suggestions for the application of the interpolation method

are introduced.

INDEX TERMS Intelligent substation, Lagrange interpolation, error analysis, harmonic.

I. INTRODUCTION
Harmonic measurement and vector calculation are impor-
tant tasks in substations, utilities and users [1]. In the early
substations, there was a situation of asynchronous sampling,
and it was necessary to calculate all channels to the same
time value through a certain method. Among them, Lagrange
interpolation is the most widely used method. With the con-
struction of smart substations, it has been more than ten
years since the construction of smart substations, and there
is currently a consensus on sampling values, i.e., the use of
IEC 61850-9-2 [2]. Reference [3] presented a 10-bit 600 MS/s
4-channel time-interleaved successive approximation register
analog-to-digital converter (ADC). A background calibra-
tion algorithm using Lagrange polynomial interpolation was
introduced to calibrate the timing skew. In digital substations,
it is necessary to correct the time sequence of the measur-
ing device, so the application of Lagrange in the intelligent
substation is of great significance.

At present, the measurement of electrical quantity in
smart substations is mostly point-to-point synchronous sam-
pling, but the point-to-point sampling method has no time

The associate editor coordinating the review of this manuscript and

approving it for publication was Arpan Kumar Pradhan

57464

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

scale. It is necessary to interpolate the collected electri-
cal quantity before the time synchronous electrical quantity
can be measured. The current commonly used interpolation
methods include linear Lagrange interpolation (first-order
Lagrange interpolation), parabolic Lagrange interpolation
(second-order Lagrange interpolation), Newton interpolation,
and Hermite interpolation [4]-[6]. The advantage of the
Lagrange interpolation method is that it does not require solv-
ing linear equations, it can effectively reduce the rounding
error for a large amount of data, and the calculation effect
is much better than that of power series interpolation [7].
The Lagrange error must be minimized. This algorithm is
used in the interval, and the interpolation accuracy increases
within a certain range by increasing the number of interpola-
tion points [8]. Reference [9] introduced an effective digital
calibration algorithm based on Lagrange interpolation for
the phase shift factor of electronic meters, which reduces
the phase shift of static meters. Reference [10] presents a
filter design technique based on quasi multiple resonators that
approximates the exact multiple resonators technique. The
design is simpler thanks to usage of the Lagrange interpo-
lation technique. Reference [11] introduced a new method
to construct linear-phase Lagrange interpolators using an
odd number of base points. In [12], a fractional delay filter
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design method based on the impulse response of the truncated
Lagrange interpolation filter was proposed. Reference [13]
proposed a new Lagrange interpolation filter structure with
linear complexity. The design of this structure is not only
efficient but also has dynamic update characteristics.

Fundamental and harmonic analysis and calculation are
the basic functions of recorders, measurement devices, power
quality analysis devices, etc. [14]-[16]. The most commonly
used analytical method is fast Fourier transform (FFT) anal-
ysis. Most of the harmonic calculations are based on the FFT
algorithm. For example, in reference [17], because of the
limitation of the FFT due to the fence effect and spectral
leakage, the accuracy of the harmonic analysis is low; there-
fore, a characteristic harmonic analysis algorithm based on
spectral refinement and interpolation was proposed. Refer-
ence [18] proposed a new method for the harmonic analysis of
industrial power systems based on a windowed FFT with high
accuracy, fast calculation speed and easy implementation.
These algorithms are implemented based on FFT, and the FFT
algorithm forms the basis for the analysis of the fundamental
wave and harmonics of the power grid.

After we interpolate the original waveform and imple-
ment the FFT algorithm, the resulting amplitude produces
an increased error, as identified in previous studies. Refer-
ence [19] also proposed a new algorithm of polynomial cosine
window interpolation for the FFT error for harmonic analysis
and amended the FFT results. In reference[13], it was noted
that the FFT has a large error in asynchronous sampling, so it
cannot obtain accurate harmonic parameters during motor
testing. To reduce the effect of asynchronous sampling on
FFT to improve the accuracy of harmonic analysis in motor
testing, this paper improves the original algorithm by adding
windows and interpolation. Reference [19] analyzed the error
of a single sampling point during linear Lagrange interpo-
lation. However, in the current article, we do not perform
impact analysis of various interpolation algorithms on the
results of the FFT algorithm (maximum error estimation).

Most of the previous studies have analyzed only the point-
to-point error after interpolation and combined the Lagrange
interpolation method with power electronics to measure
the wave and analyze the error [20]. In reference [21],
to resolve the spectral leakage caused by asynchronous sam-
pling, a Hilbert reactive power calculation method based on
data preprocessing was proposed. In this paper, only the
point-to-point error was studied, and the theoretical error
analysis after the FFT as not included. Only by simulating
the image method can we obtain an approximate error range.
At present, there is no literature on the maximum theoretical
value of the interpolation error for the Lagrange linear and
second-order approximation of sinusoidal signals. Therefore,
this paper aims to analyze the effect of the first- and second-
order Lagrange interpolation algorithms on the results of
the FFT algorithm, present maximum theoretical values for
the interpolation error when Lagrange linear and second-
order approximations of sinusoidal signals are performed,
estimate the maximum error, provide a theoretical basis for
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the monitoring and measurement of intelligent substations,
and verify the accuracy of the analysis with a practical case.

Il. BASIC ALGORITHM OF HARMONIC ANALYSIS

This paper needs to analyze the various harmonics in the
signal separately, the basis of the analysis in this paper is
the basic algorithm of harmonic analysis. For convenience of
analysis, the original input signal is assumed to be

x(t) = A sinQrfint) (1

where f is the fundamental frequency (50 or 60 Hz for most
power grids). This paper selects 50 Hz for analysis; A is the
signal amplitude, which is 1 in this paper. Depending on the
nature of the signal, its unit is changeable, so its unit is not
discussed in this paper; and m is the harmonic number. The
fundamental wave corresponds to m = 1, and t is the time.
The process of obtaining the final harmonic amplitude
according to the sampling value includes the following steps:

A. SAMPLING

In the power system measurement device, power analysis
device, and recorder, the original signal is first regularly
sampled, and N points are sampled at equal intervals in a
fundamental period to obtain the original sampling points;
the interval is written as N-point sampling. The data after
sampling at equal intervals are recorded as:

X0, X1+« Xp—1

For the convenience of analysis, 80-point sampling is used in
the example, i.e., the sampling period is 250 us. The analysis
methods described later are also applicable to other sampling
rates.

B. INTERPOLATION

At present, the communication protocol used in smart sub-
stations is mainly based on IEC61850-9-2. The point-to-point
mode without time stamp requires the receiver to synchronize
according to the received time and data, so interpolation is
needed for synchronization.

Interpolation is used mainly to restore all channels to
the values of the same time for the sampled sequence.
Generally, interpolation is only interpolated and not extrapo-
lated. For example, channel 1 receives data at 0 us, 250 us,
500 wus...over a second; channel 2 receives data at 100 us,
350 ws, 600 u...over a second; and channel 3 receives data
at 200 us, 450 s, 700 ws...over another second. In some
applications, the values must be restored to the same time. For
example, if channel 1 is used as the reference, channel 2 must
be traced back to 100 us, and channel 3 must be traced back
to 200 us. In this case, interpolation is required.

There are many methods of interpolation. At present, linear
Lagrange interpolation and parabolic Lagrange interpolation
are often used. Corresponding to the 500 pus moment of
channel 1, if linear Lagrange interpolation is used, channel 2
must use the 350 us and 600 us data for interpolation, and
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channel 3 must use the 450 us and 700 us data for interpo-
lation; if parabolic Lagrange interpolation is used, channel 2
must use 100 us, 350 us and 600 us data for interpolation.
Channel 3 must use 200 us, 450 us and 700 ps data for inter-
polation. This article describes specific methods in the third
and fourth parts of this process; finally, we simultaneously
calculate the values of all channels.

C. FAST FOURIER TRANSFORM (FFT)
The final step of harmonic analysis is to obtain the ampli-
tude of the harmonics from the sampling points. Generally,
the FFT is used to calculate the real and imaginary parts of
the sinusoidal signal.

Here, the simultaneous engraved points in step B are sub-
jected to the Fourier algorithm, and the amplitude is obtained
according to [22]. The real part is:

a : |:2NZ_:1x sin [k2n]:| 2
1= % k ~
N P N

where N is the number of sampling points.
The imaginary part is:

1 N=l o
by = ¥ |:xo +2];xk cos <kﬁ) +xNj| 3)

D. AMPLITUDE CALCULATION
1
V2
In the existing literature, analysis of the error caused by
interpolation generally analyzes only the error of step 2 (i.e.,
the single-point error caused by interpolation) and not the
error of step 3 (i.e., the final harmonic error). However, for
most electric power workers, the final harmonic error is of
interest. This article provides a practical method to solve this

problem: linear Lagrange interpolation.

X1 = —(a +jb1) “)

IIl. LINEAR LAGRANGE INTERPOLATION

A. INTERPOLATION METHOD

Linear Lagrange interpolation, which is also known as first-
order Lagrange interpolation, is currently the most widely
used interpolation algorithm.

According to the sampling principle, the device regu-
larly samples and sequentially obtains two sampling points
(Xk—1,Yk—1)s (xk,yx), where x is the sampling time and
y is the sampling value at that moment. According to
the Lagrange interpolation principle, an approximate func-
tion Li(x) is constructed, so Li(x) passes through points
(Xk—1, Yk—1) and (xi, yx); then:

X — Xk—1 X — Xk

Li(x) =y + Yk—1 (5
Xp — Xk—1 Xj—1 — Xk

According to the principle that the interpolation algorithm
only interpolates, the sample value corresponding to xx—; <
x < xi can be calculated using this equation. For exam-
ple, as mentioned, corresponding to the 500 ps moment
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of channel 1, channel 2 uses 350 us and 600 us data to
interpolate according to the above formula, and channel 3
uses 450 us and 700 ws data to interpolate according to
equation (5).

B. SINGLE-POINT ERROR

The sampling point obtained by interpolation function L (x)
is a kind of “observed value” relative to the value given by
the original signal curve, and there is a certain error from the
“true value” on the original signal curve. This part studies
the maximum error between the “true value” and “observed
value” of a single point. According to Lagrange interpolation,
from a to b the residuals are:

Ri(x) = f(x) — Li(x)
= Vz(!f)|(x — X)) —xkyr1) E€(a,b) (6)
Xk+Xk+1
2 b

The derivation of Ri(x) shows that when x =
the single-point error is the largest, and the maximum value

1S:
2 & 2
m~ sin 1 2
2! 4 N

m2
= A4.93*m| sin(§)| @)

where N is the number of sampling points,

A is the amplitude of the signal,

m is the number of harmonics.

These parameters have the same meaning as here in the
following sections.

Equation (7) shows that the maximum error varies with the
interpolation time.

C. ERROR ANALYSIS AFTER FFT
Based on the single-point error, this article focuses on the
error analysis of the harmonics after the FFT.

Equation (7) shows the range of the single-point error. The
error range is different at different interpolation positions.
From the equation, the maximum error function of each
point and the original signal function are sinusoidal functions,
so they can be directly superimposed on each other. At this
time, there are two situations in the error analysis:

1) CASE 1
The value of the original signal curve is increased in the same
direction by error value Rj max, i.e., increased away from the
coordinate axis based on the true value, as shown by the point
of the observed value b-curve in Figure 1 (Figure 2 shows a
partial magnified view of Figure 1); the error function at this
time is:
m2
R max = A4.93m sin(§) 8)

2) CASE 2
The value of the original signal is increased by an error value
in the opposite direction of R max, i.e., increased near the
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FIGURE 1. Harmonic figure error of m = 10 after FFT application.
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FIGURE 2. Figure error of m = 10 harmonic part waveform after FFT
application.

TABLE 1. Theoretical calculation error of each harmonic when N = 80.

Harmonic Theoretical maximum  Theoretical maximum
number positive error negative error

1 0.0008 -0.0008

2 0.003 -0.003

13 0.13 -0.13

15 0.173 -0.173
20 0.308 -0.308
25 0.48 -0.48

coordinate axis based on the true value, as shown by the point
of the observed value c-curve in Figure 1 (Figure 2 shows
Figure 1 with local magnification). The error function at this
time is:
m2
Ry max = —A4.93 x N2 sin(§) )

These two cases are the maximum probability of error.

In these two cases, a vector with the same modulus
A4.93 (%)2 in the same direction is superimposed on the
previous points of the original signal, so the calculated errors
are identical: A4.93 (%)2

Therefore, according to the calculation, when the ampli-
tude A of the original signal a is 1 and the sampling point
N is 80, the errors of different harmonic orders are shown
in Table 1.

If the sampling points N is 200 the errors of different
harmonic orders is shown in Tables 2.

IV. PARABOLIC LAGRANGE INTERPOLATION

A. INTERPOLATION METHOD

The parabolic Lagrange interpolation method, which is also
known as the second-order Lagrange interpolation method,
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TABLE 2. Theoretical calculation error of each harmonic when N = 200.

Harmonic Theoretical maximum  Theoretical maximum
number positive error negative error
1 0.00012 -0.00012
2 0.0004 -0.0004
10 0.0123 -0.0123
20 0.0493 -0.0493
40 0.1972 -0.1972
60 0.4437 -0.4437

is different from the linear interpolation method: 3 sampling
points are selected by the parabolic interpolation method.
This interpolation method is also widely used.

Similar to linear interpolation, according to the sampling
principle, the equipment samples at fixed time to obtain three
sampling points: (xx—2, Yk—2), (Xk—1, Yk—1), (Xk, Yk), where
x is the sampling time and y is the sampling value at that
time. According to the construction characteristics of linear
interpolation polynomials, a quadratic function [;(x)(i =
k,k — 1,k — 2) is constructed for each sampling point x; to
satisfy:

Lx)=1, Li(x)=0, G#D,i,j=kk—-1,k=-2
where:
"= ()(c); :f;iﬁg[-xii (10
X — X X — Xg—
bt = (xkfl _XSExk—l k—i/z—z) (b
hhey = (= xp)(x — xp—1) (12)

(k-2 — X)Xk —2 — Xp—1)
Equations (10), (11) and (12) are interpolation basis functions
of the parabolic Lagrange interpolation. Finally, an approx-
imate function is constructed according to the principle
of Lagrange interpolation so that the crossing points of
(Xk—2, Yk—2)s (Xk—1, Yk—1), and (xk, yx) are as follows:
La(x) = Le()yr + le—1(X)yk—1 + l—2()yr—2
=) — xe—2)
O — X1k — Xk—2)
I, (x)
(r —x)(x —x-2)
kot — W)Xkt —xk—2)
b )
(x — x)(x — xk—1)
(k-2 — X)Xk —2 — Xk—1)

Yk—2 (13)

lk—2(x)

According to the principle of the interpolation algorithm with
only interpolation, the corresponding sampling value can be
calculated using equation xx_; < x < x. For example, at
500 ws for channel 1, channel 2 uses the 100 s, 350 us and
600 ws data for interpolation according to the above formula,
and channel 3 uses the 200 us, 450 us and 700 s data to
interpolate according to equation (13).
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According to interpolation equation (13), 250 us of data
can also be calculated by using 100 s, 350 us and 600 us in
channel 2. However, the 250 us data are obviously delayed
in data alignment at this time, which is not recommended.

B. SINGLE-POINT ERROR

The value given by a point relative to the original signal curve
is an ‘“‘observed value”, which has a certain error relative to
the “true value” on the original signal curve. This part studies
the maximum error between the ““true value” and “observed
value” of a single point.

Similar to linear interpolation, the sample value obtained
by the parabolic Lagrange interpolation function is the
“observed value”, which has an error compared to the “real
value on the original signal curve, so the maximum error
must be further analyzed. According to Lagrange interpola-
tion, the remainder of the terms are as follows:

Ry(x)=f(x) — Lao(x)
O)
3l

(e —xp2)x—xp 1) —x1) & € (xk—1, Xk)
(14)

Let the polynomial part of remainder equation (14) be:

gx) = —xp—2)(x —x—1)x —x) & € (xp—1,xk)
The derivative of g(x) is obtained; when x is & 2*3/13”
g(x) is maximal.

As mentioned, only the interpolation between x; and xz_1
is considered; then, when x = 2‘3/13” ~+ x—1 has the maximum

error, the maximum value of g(x) is

+ Xk—1,

21

3
2 (X)max = —0.3849 (W) 15)

The maximum error is obtained by substituting (14):
Ry (max)=A0.512 [cos(&) (" § € (xk—1,x)  (16)

In the linear Lagrange interpolation, the interpolation error is
maximal when the interpolation point is in the middle of xj
and x;_1, i.e., when x = 1£v + xx—1 is adopted; if parabolic
interpolation is used, the interpolation error can be expressed
as follows:

Ry(x) = A0.512 |cos(§)| (n;v_n)3 (17)
Through the error equations (16) and (17), we observe the
largest difference in error equation (7), which is obtained
by linear Lagrange interpolation, and the sine function in
the equation becomes a cosine function in the parabolic
Lagrange interpolation. Similarly, the maximum error func-
tion obtained by parabolic Lagrange interpolation changes
with time transformation.
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C. ERROR ANALYSIS AFTER FFT
Asin Section IIL, it is necessary to further study the final anal-
ysis error of each harmonic through the Fourier transform.
Similar to linear interpolation, the error range of different
interpolation positions is shown in equations (16) and (17).
Since the single-point error is an absolute value, we must
discuss it according to different situations. Equation (17)
shows that the error function is a cosine function, which is
different from the error function in linear interpolation, which
is a sine function. Therefore, because the true value = the
observed value = the error value, the discussion is divided
into three situations. Take m = 10 as an example, i.e., the
harmonic number is 10.

1) CASE 1
Based on the real value, an amount close to the coordinate
axis is added; i.e., error Rg) max is added in the direction
opposite to the original curve direction, and a maximum
negative error is obtained. The point is described by the
b-curve of the observed value in Figure 3 (Figure 4 shows
a local magnified view of Figure 3).

In this case, the error function Rgl) can be written as
follows, and its function image is shown in Figure 5.

mu
-A0S12cos(mo() 2k < mot
<2%kr4+ T
mim 3 T 2
A0.512 cos(ma)t)(W) 2k + > < mwt
R(l) <2km +m
t) =
2 ® —AO.512cos(mwt)(n;V—n)3 XK + 7 < mot
3
<2k + 7”
mm 5 3r
A0S12co8(mon(Sr) 2k + S < mot
< 2km 4+ 27

(18)

The continuous function is used to calculate the error. The
real part and imaginary part of the error function Rg) and
the original signal function are calculated. In addition, for the
convenience of analysis, the constant part of R(2]) is separated,
and function g(21)(x) is obtained:

—cos(mwt) 2km < mwt < 2kt + %
cos(mot) 2k 4 = < mot < 2kr + 7
My 2
125 = 3
—cos(mwt) 2km + 7 < mowt < 2k + -
3
cos(mwt) 2k + 771 < mwt < 2k + 27
(19)
We have:
RO (1) = A0.512g(21)(t)(”;v—n)3 (20)

Here, gg)(x) is a piecewise function. The number of segments
is related to the number of harmonics. The error function

VOLUME 9, 2021



Z. Zhang et al.: Harmonic Vector Error Analysis Based on Lagrange Interpolation

IEEE Access

—true value
observed value b

0.5

} \v
Kl

0 02 04 0.6 08 1
FIGURE 3. Harmonic figure error of case 1 with m = 10.
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FIGURE 4. Figure error of m = 10 harmonic partial cycle amplification in

case 1.
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FIGURE 5. Curve of error function R;') atm = 10.

of the m-th harmonic is divided into 4 m segments. The
real part and imaginary part of g(zl)(x) are obtained by an
integral transformation of the real part and imaginary part of
the Fourier transform. Without loss of generality, when m =
1, i.e., the fundamental wave is selected, the error function
integral transformation is performed; the other harmonics
only must increase the number of integral segments. The real
part and imaginary part of the corresponding error function
integral are calculated usin% equations (2) and (3).

The real part after the g(z1 (x) error function transformation
is:

1 2 ]
— / g(2 ) (t) sin tdt
7 Jo

1 2 . ” .
=—|- costsintdt + cos tsin tdt
3 0

T

2

27

37” 2
—/ costsintdt—i—/3 cos tsin tdt
a
2
- (2D
T

VOLUME 9, 2021

—true value ul
- - observed value ¢

0.8
08
04
0z

Amplitude

0.2
-0.4
08
-0.8

0 0.2 0.4 0.6 08 1
Time

FIGURE 6. Harmonic figure error of case 2 with m = 10.

The imaginary part after the ggl)(x) error function transfor-
mation is:

1 2 |
— / g (t)(2 ) cos tdt
T Jo

T

1 2 T
— |- / costcostdt + / cos tcos tdt
0

T pig

2

Exd 2
2
— / costcostdt 4 / costcos tdt

=0 (22)
The real part of the original signal function is:
1 2
—/ sint sintdt = 1 (23)
T Jo
The imaginary part of the original signal function is:
1 2w
— / sint costdt =0 24)
T Jo

From the calculation, in this case, the imaginary part of the
original signal and the error signal are both 0, one of the real
parts is positive, and the other is negative, so they are vectors
with completely opposite directions. Then, the maximum
relative error of each harmonic is equal to:

R(Zl) max=-—2

Ao;flz (’;lv—”)3=—A10.105 (%)3 (25)

2) CASE 2

Based on the real value, an amount far away from the coor-
dinate axis is added, i.e., error is increased in the direction of
the original curve, and a maximum positive error is obtained.
The points are as described in the c-curve of the observed
value in Figure 6 (Figure 7 is a local enlarged view of
Figure 6).
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FIGURE 7. Figure error of partial cycle amplification of m = 10 harmonic
in case 2.

In this case, error function R(22) can be written as:

mit 3
A0S12cosman(=)* 2kt < mot
<2kr 4 =~
mit 3 T 2
-A0512cos(mot() 2k + 5 < mot
R(z) <2km+mw
2 0= A0.51200s(mwt)(nl1v—n)3 K + 7 < mot
3
< 2k + 7”
3
-A0.512 cos(mwt)(n;v—n)3 oKt + 7” < mot
< 2km + 21

(26)

In this case, the error calculation is similar to that in the first
case, except the error signal and original signal have the same
direction, and the relative error of each harmonic is exactly
identical.

®) m3
R max = —410.105 (1) @7)
N
3) CASE 3
The error function is a simple cos(¢) function:
3) m X 1 3
RS)(0) = 40.512cos(®) x (<)
OrRS (1) = -A0.512 cos(t) x (m; Ty 28

At this time, the phase difference 7 between the error signal
and the original signal function is the maximum calculated
phase-angle error. The points are described in the d-curve of
the observed values in Figure 8 (Figure 9 is a local enlarged
view of Figure 8).

In this case, a vector perpendicular to the original vector
is superimposed. In this case, the original vector and error
vector can be combined using the parallelogram rule.

After Fourier transformation, the real part is 0, and the
imaginary part is —A0.512(4%)3. The calculation results
show that the error function and original signal are perpen-
dicular to each other, so the synthesis of the two vectors

57470

—true value
- - observed value d

0 0.2 0.4 0.6 0.8 1
Time

FIGURE 8. Harmonic figure error of case 3 with m = 10.
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FIGURE 9. Figure error of the partial cycle amplification of m =
10 harmonic in case 3.

TABLE 3. When N = 80, the theoretical error value of each harmonic in
the three cases.

Hi?;lo Theoretical Theoretical error Theoretical error
error of mode 1 of mode 2 of mode 3

number

1 -0.00002 0.00002 0

2 -0.0002 0.0002 0.000000003

13 -0.04 0.04 0.001

15 -0.06 0.06 0.005

20 -0.15 0.15 0.003

25 -0.3 0.3 0.11

should follow the parallelogram rule. The modulus of the
synthesized vector, i.e., the maximum relative error of each
harmonic analysis in the third case, is:

R max = \/ 1+ [Ao.512(”;v—”)3]2 (29)
The angle also changes. According to the above calculation,
when the original signal amplitude A is 1 and N is 80, the error
of different harmonic times is as shown in Table 3.

If the sampling points N is 200 the errors of different
harmonic orders is shown in Tables 4.

According to the above calculation, the maximum error
occurs in mode 1 and mode 2. The main error is found to
be mode 1 in practice. Furthermore, it can be proven that
the error calculation method is also applicable to different
harmonic orders m and sampling numbers N.
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TABLE 4. When N = 200, the theoretical error value of each harmonic in
the three cases.

Hir;cno Theoretical Theoretical error Theoretical error
error of mode 1 of mode 2 of mode 3
number
1 -0.00000126 0.00000126 0
2 -0.00001011 0.00001011 0
10 -0.00126 0.00126 0.000001969
20 -0.0101 0.0101 0.000126
40 -0.081 0.081 0.008032
60 -0.2728 0.2728 0.088
10 v -
b X0.5 Y3
096/ 4
——Original signal
é‘m: _ Linear interpolation error
g o \\ E:aza}o\a interpolation error i
b R /1 Maximum error of linear
097 e /"/ ™ interpolation
™ X05 Maximum error of parabolic
088/ . Yo8725.— interpolation
el Amplitude of parabolic
086} interpolation at 0.5T 4
0 0.2 04 06 08 1

Interpolation time

FIGURE 10. Thirteenth harmonic interpolation accuracy.

V. PRACTICAL VERIFICATION

A. SIMULATION

Through MATLAB simulation, interpolation analysis is per-
formed for points at different times within a cycle. After
interpolation, the interpolation accuracy of the 13th harmonic
is as shown in the figure. The abscissa represents the time (in
period) between the position of the interpolation point and the
previous data point, and the ordinate is the amplitude signal
after Fourier transform in one period (the original signal
amplitude is 1):

This simulation experiment aims to study the amplitude
changes of the two interpolation methods after calculation
within a period T. Figure 10 shows the minimum amplitudes
of the two interpolation methods calculated in period T and
the amplitudes of the two interpolation methods at 0.5T and
0.7T. When the interpolation time is 0.5T, the minimum
amplitude calculated by linear interpolation is 0.8725, and the
error is 0.1175. In addition, the amplitude after the parabola
interpolation calculation is 0.9784, and the error is 0.0216.
When the interpolation time is 0.7T, the minimum amplitude
calculated by the parabolic interpolation method is 0.9711,
and the error is 0.029.

Similarly, the interpolation accuracy diagrams of the 15th,
20th, and 25th harmonics can be obtained, as shown in
Figures 11, 12 and 13.

Figure 13 shows that for the 25th harmonic, the minimum
amplitude after linear interpolation at time 0.5T is 0.5556, and
the error is 0.4444. At the same time, the amplitude calculated
by the parabolic interpolation method is 0.8010, and the error
is 0.199. At 0.7T, the calculated amplitude after parabolic
interpolation has the smallest amplitude, the smallest ampli-
tude is 0.7226, and the error reaches 0.2774. Therefore,
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FIGURE 11. Fifteenth harmonic interpolation accuracy (N = 80).

|
1
095
A X058
Y 0.901387
g 0o ‘ xor 7]
E] 5 .Y 0868054 [ Griginal signal
Sos85) S S Linear interpolation error
< X ; curve
A Parabola interpolation error
08 ~ curve
Maximum error of linear
RN e interpolation
075 Maximum error of parabolic
b xos |7 interpolation
. |Y0707108 Amplitude of parabalic
07 ) - interpolation at 0.5T
02 0.4 0.6 0.8 1 1.2

Interpolation time

FIGURE 12. Twentieth harmonic interpolation accuracy (N = 80).
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FIGURE 13. Twenty-fifth harmonic interpolation accuracy (N = 80).

whether it is at the same time or simply comparing the min-
imum error, the parabolic interpolation method has obvious
advantages over the linear interpolation method. Based on the
same analysis of the 15th and 20th harmonics, conclusions
can be drawn.

The minimum amplitude, maximum error and theoretical
error of each harmonic in period T under the two interpolation
methods are shown in Tables 5 and 6.

Similarly, the interpolation accuracy of 20th and 60th har-
monics can be obtained when n = 200, as shown in Figure 14
and Figure 15.
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TABLE 5. Analysis of harmonic error of linear interpolation when N = 80.

TABLE 7. Harmonic error analysis of linear interpolation when N = 200.

Maximum error Minimum . Maximum error Minimum .
Harmo . . Maximum error Harmo . . Maximum error
. under linear amplitude under . . under linear amplitude under .

nic . . . under linear nic . . . under linear

number interpolation linear interpolation number interpolation linear interpolation
theory interpolation theory interpolation

13 0.13 0.8725 0.1175 20 0.0493 0.9511 0.0489

15 0.173 0.8315 0.1685 60 0.4437 0.5878 0.4122

20 0.308 0.7071 0.2929

25 0.48 0.5556 0.4444

TABLE 6. Harmonic error analysis of parabolic interpolation when N = 80.

Maximum 0.5T 0.5T
Har error Minimum Maximum  paraboli  parabo
mon under amplitude error of c lic
ic arabolic under parabolic interpol  interp
num iI;)“l ternolati parabolic interpolati ation olatio
ber on {}rl)eory interpolation on amplitu  n error
de
13 0.04 0.9711 0.029 0.9784 0'%21
15 0.06 0.9521 0049 09636 90
20 0.15 0.8660 0.134 0.9024 0.098
6
25 0.3 0.7226 0.2774 0.8010 0.199
s — xom T
wmall 4 Yossen |
089 2
0.985 i 8 "‘
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3 oo N0 ke |In:egrp0:atlar\ error
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FIGURE 14. Twentieth harmonic interpolation accuracy (N = 200).
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FIGURE 15. Sixtieth harmonic interpolation accuracy (N = 200).

If the sampling points N is 200, the minimum amplitude,
maximum error and theoretical error of each harmonic is
shown in Tables 7 and 8.
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TABLE 8. Harmonic error analysis of parabolic interpolation when N =
200.

0.5T 0.5T
Har  Maximum Minimum Maximum  paraboli  parabo
mon error under amplitude error of c lic
ic parabolic under parabolic interpola  interp
num interpolati parabolic interpolati tion olation
ber on theory interpolation on amplitud error
e
20 0.0101 0.9954 0.0046 0.9966 0.0034
60 0.2728 0.7561 0.2439 0.8238 0.1762

100,00 ®ime

L1y ot P ang e o 200 0

1 19.8%
0.0320 | 16.1%

FIGURE 16. 25th harmonic device test waveform.

The charts show that the data of this simulation experi-
ment (N = 80 and 200) is completely consistent with the
theoretical calculation data. In the simulation experiment
in Tables 5 and Table 7, the harmonic errors of each harmonic
of the linear interpolation method are all smaller than the
theoretical errors, and there is not much difference. Moreover,
the maximum error of the parabolic interpolation method
in this simulation experiment in Table 4 and the parabolic
interpolation error at 0.5T are both within the theoretical
maximum error range. This simulation experiment confirms
that the theoretical error calculation of the aforementioned
harmonics after the two interpolation methods is correct.

B. DEVICE TEST

The power system fault recorder is a typical recording and
measuring device that can record the sampling value of the
current and voltage of the power grid in real time when
a fault occurs. Therefore, this device is used to verify the
scheme of this article. The current and voltage are input from
one channel each, and the time difference between the two
external samplings is 125 us.
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TABLE 9. Actual error of each harmonic under two interpolation methods.

Harmo Actual error Actual error Parabolic interpolation
nic of linear of parabola amplitude error at 0.5T
number interpolation interpolation under simulation
13 -0.12 -0.02 -0.0216
15 -0.16 -0.03 -0.0364
20 -0.29 -0.09 -0.0986
25 -0.44 -0.19 -0.199

On the basis of simulation analysis, the interpolation char-
acteristics are tested by device. The following 16 shows the
test results of the real device.

U, and I, are all fundamental waves superimposed with
20% of the 25th harmonic, in which the voltage does not add
a delay and does not need interpolation; however, when the
current needs to add 125 us delay, it needs to be interpolated.
The result shows that the 25th harmonic of the voltage is
still close to 20%, but the 25th harmonic of the current
after interpolation is significantly reduced, only 16.1% of the
fundamental wave; the error reaches 19.5%.

Based on the same analysis, various interpolation errors of
the 13th, 15th, and 20th harmonics at 0.5T are obtained. The
data are completely consistent with the simulation analysis
data.

Table 9 shows the error of each harmonic manufacturer
(the interpolation time is 125 us) during a wave recorder
experiment at Cape Laboratory.

The abovementioned measured data and simulation anal-
ysis verified the accuracy of the aforementioned theoretical
calculation results.

C. TEST CONCLUSION
Compared with the actual test results and theoretical analysis
results, the following conclusions can be drawn:

1) Allreal test values are within the theoretical calculation
range.

2) In the linear interpolation, the actual value is very close
to the real value. For example, for the 25th harmonic,
the measured error is 44%, and the theoretically calcu-
lated value is 48%.

3) For the parabolic interpolation, the actual value is close
to the real value. For example, the theoretical value of
the 15th harmonic is 6%, and the measured value is 3%,
which is a very good result. However, with the increase
in harmonic number, there is still a certain gap. For
example, for the 25th harmonic, the measured error is
19%, and the theoretically calculated value is 30%; the
reason for this difference is that the maximum value
calculated in this paper is the worst-case maximum
value, but not all points in the actual interpolation
encounter this situation.

4) Both interpolation methods can satisfy the require-
ments for the fundamental and second harmonics.
However, parabolic interpolation has much better accu-
racy than linear interpolation for wave recorders, power
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quality analyzers and watt hour meters. For example,
for the 13th harmonic, the error of linear interpolation
is 13% (the actual error is 12%), but the theoretical
error of the parabolic interpolation is 4% (the actual
error is 2%). Therefore, parabolic interpolation should
be selected as much as possible if the conditions permit
its selection.

The interpolation accuracy is related to the number of
sampling points. According to the above theoretical anal-
ysis, when the number of sampling points is doubled, the
maximum error of the first-order interpolation is reduced to
1/4 of the previous value, and the maximum error of the
second-order interpolation is reduced to 1/8 of the previous
value.

VI. CONCLUSION AND RESEARCH PROSPECTS
This paper comprehensively presents maximum theoretical
values for the interpolation error when Lagrange linear and
second-order approximations of sinusoidal signals are per-
formed and compares it with real test data to verify the
correctness.

The maximum theoretical error of linear interpolation is:

2

m
Rimax =A x4.93 x —
NZ

The maximum theoretical error of the parabola error is:
m\ 3
Rymax = A x 10.105 x (ﬁ)

The actual error of the linear interpolation is very close to
the theoretical error, and the actual error of the parabolic
interpolation is close to the theoretical error.

The focus of this article is to minimize the error value of
the harmonics. Traditional research analyzes only the error
after interpolation in the form of point-to-point analysis. Fur-
thermore, the conclusion of this paper has a guiding role for
intelligent substation harmonic analysis and measurement,
which must use the interpolation algorithm.

In addition to the fixed error caused by interpolation,
the harmonic error is also closely related to the noise at the
time of sampling; therefore, the analysis should be carried
out according to the actual situation. According to our con-
clusion, we can select the appropriate interpolation algorithm
and sampling period to improve the harmonic measurement
accuracy of the substation.
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