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ABSTRACT This paper proposes an improved online calibration technique for digital input electricity 

meters. The technique employs a double spectral line interpolation fast Fourier transform algorithm with 

four-item, three-order Nuttall window to reduce the measurement error caused by spectrum leakage, 

frequency fluctuation, noise pollution and harmonic interference. A calibration system of friendly human-

computer interaction is designed using LabVIEW. Simulation and practical results show that the proposed 

calibration system with improved Nuttall window algorithm is of high accuracy and reliability when 

compared with the traditional calibration algorithm currently used by industry practice.  

INDEX TERMS Digital input electricity meters, Online calibration system, Harmonic measurement, Four-

item, three-orders Nuttall window

I. INTRODUCTION 

   Digital input electricity meter represents a key element in 

digital substations as its accuracy and reliability affirm the 

security of the power grid [1-3]. Owing to the fact that a digital 

substation is equipped with several power electronic devices 

and nonlinear loads, the harmonic contents within the voltage 

and current waveforms are substantial. Therefore, further 

improvement in the measurement accuracy of the digital 

input electricity meters has become essential. This can be 

done through adopting a cost-effective online calibration 

process for the digital meters. High accuracy calibration 

method can effectively suppress the influence of frequency 

fluctuation and harmonic interference on the measurements [4, 

5].  

In [6], a novel low-cost field instrument data calibration 

technique is proposed. This technique employs a relatively 

low-precision commercial energy meter as a calibrator along 

with SIMEX measurement error model and Bayesian 

regression to improve parameters estimation. Reference [7] 

mainly studies the key technologies, digital measurement 

systems and calibration methods of intelligent substation. 

The phase shift introduced by current transformers is a key 

cause of measurement error, especially in the case of light 

loads. This issue is investigated in [8] in which an effective 

digital correction algorithm based on piecewise Lagrangian 

interpolation to reduce the phase shift of static instruments is 

introduced. However, the influences of harmonics, inter-

harmonics and frequency fluctuation are not considered in 

this study. Reference [9] proposes a new structure of a smart 

meter with integrated calibration card to perform the 

calibration process remotely. However, the maintenance of 

standard sensors brings new problems. Furthermore, 

frequency fluctuations and harmonic interference are not 

considered. In reference [10] a theoretical quantitative 

analysis of the energy measurement error due to harmonic 

contents in the current and voltage waveforms is presented 

without practical validation.  

Majority of existing measurement methods utilize 

conventional fast Fourier transform (FFT) algorithm to 

analyze voltage and current signals equipped with harmonic 

components. However, FFT algorithm is influenced by the 

frequency fluctuation that may result in reduced 

measurement accuracy [10]. As such, an FFT-based technique 

along with error correction algorithm has been presented in 
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[11-14] to improve the measurement accuracy for signals 

with substantial harmonic contents. In [11], based on a 

suitable lookup table, a fast interpolation method independent 

of window type and order is proposed. An FFT-based 

technique along with error correction algorithm has been 

presented in [12] to improve the measurement accuracy for 

signals with substantial harmonic contents. In [13], a new 

method for extracting and measuring a single harmonic of a 

time-varying frequency signal is proposed based on a 

nonlinear adaptive mechanism. In [14], an FFT-based 

harmonic measurement method for time-varying power 

systems is proposed.  

In all of the above-proposed techniques, calibration 

accuracy level of 0.05 accuracy class was not guaranteed. To 

achieve calibration accuracy level of 0.05 accuracy class, the 

error correction algorithm should be improved further in a 

wide frequency band up to the 50th order harmonic 

components, which is the focus of this paper.   
To realize high accuracy and online calibration of digital 

input electricity meters, this paper proposes a calibration 

technique based on four-item, three-order Nuttall window, 

which can realize effective online calibration for digital 

meters without switching them off. The proposed improved 

FFT algorithm is based on double spectral line interpolation 

with four-item, three-order Nuttall window. The proposed 

algorithm features faster side lobe attenuation speed and 

lower lobe peak level. The proposed technique has several 

advantages over the traditional FFT algorithm and it can 

realize effective inhibition of the spectrum leakage problem. 

Moreover, the proposed technique has good anti-interference 

ability and can reduce the errors caused by non-synchronous 

sampling and noise pollution, thus improving the 

measurement accuracy. The accuracy and stability of the 

proposed technique are verified through simulation analysis, 

experimental measurements and field-testing as will be 

elaborated below. 

II. The Proposed Online Calibration System 

   As shown in Fig. 1, the proposed online calibration system 

contains a data acquisition card (DAQ), a power source, a 

network card and a multi-function software platform. The 

DAQ card is used to collect the output pulses of the 

calibrated digital meter. The power source is used to power 

the pulses output terminals of the digital input electricity 

meters and adjust the electrical level of the pulses. 

In the proposed online calibration system shown in Fig. 1, 

the error of the calibrated digital meter is calculated through 

the comparison of the meter’s output electric energy pulse 

and the output of the merging unit (MU) which is obtained 

from MU redundant interface through an optical fiber and is 

considered as the standard reference signal. The output of the 

MU is acquired by the network card and is sent to the 

software platform. A double spectral line interpolation FFT 

algorithm with four-item, three-order Nuttall window is 

employed in the software platform to realize the analysis and 

calculation of the fundamental and harmonic components 

within the voltage and current waveforms. The ratio error 

and phase error of the calibrated digital meter are calculated 

and displayed by the developed software. The hardware and 

software platforms are elaborated below.  
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FIGURE 1 Structure of the proposed online calibration system for digital 
input electricity meters 

A. Hardware platform 

   A Polar 9300M industrial personal computer (IPC) is 

utilized for the calibration software platform. IPC has good 

scalability, portability, anti-interference performance and is 

suitable for the field-testing. 

To improve the resolution and sensitivity of the calibration 

system, a PCI-4474 DAQ card with 24-bits is used to realize 

the real time synchronous acquisition for multi-channel data. 

A DSA321SCA crystal oscillator is used as a synchronous 

clock to realize accurate synchronization of different 

channels. 

Since the terminals of the digital meter are generally open-

collector output terminals, power source and pull-up resistor 

are required to adjust its electrical level. The power supply 

circuit shown in Fig. 2 is equipped with a built-in 5 V DC 

source and pull-up resistors (R1 and R2) to supply the data 

acquisition channels. 
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FIGURE 2 The self-powered circuit of PCI-4474 

B. Software platform 

   The working logic diagram of the developed multi-function 

software platform is shown in Fig. 3 while the software 

interface is shown in Fig. 4. The main function of the 

software includes data collection, analysis and process, error 

calculation, wave display and data storage. The software 

provides measurement for the three-phase voltages, currents 
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and the error in the active and reactive power. There are four 

main parts in the software platform namely: parameter 

configuration, graph presentation, status display of the MU, 

and results calculation. 
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FIGURE 3 The working logic diagram of the software platform 

 

FIGURE 4 The software interface of the online calibration system  

III. Electric Energy Measurement Algorithm 

   In this section, the mathematical equations of the 

proposed algorithm are briefly presented.  

A. Four-item, three-order Nuttall window 

   Modern power grids are heavily equipped with power 

electronic devices and nonlinear loads that inject substantial 

levels of harmonics and inter-harmonics to the grids. When 

using conventional FFT algorithm to truncate the measurable 

signals such as current and voltage in the time domain under 

the case of non-synchronous sampling, significant error may 

arise due to the inherent spectral leakage and fence effect of 

the algorithm [15-18]. Hence, conventional FFT algorithm 

cannot meet the accuracy requirements of basic wave and 

harmonic energy measurement [19-22]. To solve this problem, 

several publications in the literatures propose the adoption of 

FFT algorithm with window interpolation, such as Blackman 

window [23-24], Hanning window [25-26] and triangular window 
[27-30]. Although these window functions can improve the 

calculation accuracy to some extent, their performance is not 

acceptable when a high measurement accuracy is required for 

the fundamental and harmonic components in the measured 

waveform.  

To reduce the spectrum leakage and improve the accuracy 

of the proposed online calibration system for the digital 

meter, a four-item, three-order Nuttall window with superior 

side lobe performance is proposed in this paper to conduct 

weighted calculation. Table I shows that the side lobe peak 

value of the four-item, three-order Nuttall window is -83 dB, 

and the side lobe attenuation rate is 30 dB/Oct. Table I shows 

that the side lobe peak value is lower and the attenuation rate 

is faster when compared with other traditional window 

functions. This algorithm can further reduce the influence of 

spectrum leakage and ensure high accuracy for the 

fundamental and harmonic components measurement.  

As a combinatorial convolution window function, the time 

domain expression of the four-item, three-order Nuttall 

window is given as: 
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where, a0=0.338946, a1=0.481973, a2=0.161054, 

a3=0.018027, N is the number of samples, ( )RW  is the 

spectral function of the rectangular window.  

TABLE I 

SIDE LOBE PERFORMANCE OF SEVERAL WINDOW FUNCTIONS 

Window functions 
main lobe 

width 

Side lobe 

peak (dB) 

Side lobe attenuation 

rate (dB/oct) 

Triangular 8π/N -27 12 

Hamming 8π/N -43 6 

Blackman 12π/N -59 18 

Blackman-Harris 16π/N -92 6 

Hanning 8π/N -32 18 

Four item three 

order Nuttall 
16π/N -83 30 

The magnitude-frequency characteristic of the commonly 

used window functions and the four-item, three-order Nuttall 

window is shown in Fig. 5. As can be seen in the figure, for 

the same number of sampling points, the side lobe 

attenuation rate of the improved Nuttall window is about 2-5 

times that of other window functions, as a result, the effects 

of spectrum leakage can be effectively suppressed. 
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FIGURE 5 The amplitude-frequency characteristics of different window 

functions （a) Commonly used window functions (b) Improved Nuttall 

window and rising-cosine functions  

B. Double spectral line interpolation FFT algorithm with 
four-item, three-order Nuttall window 

   The conventional FFT algorithm deviates the calculated 

frequency of the measured signals from the original 

frequency and measurement error arises due to the fence 

effect caused by non-synchronous sampling [31, 32]. As a result, 

a double spectral line interpolation FFT algorithm is 

proposed below to modify the amplitude and phase angle and 

hence improving the measurement accuracy.  

In the discrete spectrum after the kth harmonic signal is 

added with the window function, let the maximum and the 

second largest spectral line of the samples obtained near the 

accurate frequency point of the kth harmonic order be km and 

km+1, and the corresponding amplitudes to be ym and ym+1, 

respectively. Let 1 1( ) / ( )m m m my y y y     .     

The frequency deviation  can be obtained using 

polynomial fitting:  
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Thereby, the phase angle ( 0 ) and the amplitude (
0A ) 

correction formulas of the harmonic signal can be obtained 

from: 
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where, △f=fS/N, is the ratio of the sampling frequency to 

the sampling number. 

It is to be noted that a double spectral line interpolation 

FFT algorithm is proposed because of its advantageous over 

the three spectral line interpretation method that exhibits 

large calculation time and complexity. Moreover, the three 

spectral line interpretation method does not consider the 

information near the frequency symmetry line, which reduces 

its accuracy [REF].  

IV. Simulation Analysis 

   In this section, the accuracy of the proposed algorithm is 

verified thorough extensive simulation analysis. 

A. Error of harmonic energy measurement 

   In order to verify the reliability and accuracy of the 

harmonic energy measurement algorithm used in the 

calibration system, error simulation analysis is carried out. 

The signal of the MU exhibits a substantial level of harmonic 

components due to the electromagnetic interference within 

the substation. Therefore, for better simulation of the 

substation site, the voltage and current signals are set as: 
9
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where, the fundamental frequency f0= 50Hz, the sampling 

frequency fs= 6400Hz, the number of samples n=1024.  

The detailed parameters of the voltage and current signals are 

listed in Table II. 

TABLE II  

PARAMETERS OF SIMULATED VOLTAGE AND CURRENT SIGNALS 

k Uk(V) φuk(°) Ik(A) φik(°) 

1 

2 

200.5 10 10 31 

4.4 35 0.15 5 

3 3.5 68 0.8 64 

4 0.9 46 0.12 77 

5 2.1 20 0.65 51 

6 0.5 85 0.1 15 

7 1.3 51 0.48 62 

8 0.4 28 0.05 37 

9 1.1 52 0.32 53 

To verify the accuracy of the proposed algorithm, 

simulation analysis is conducted by adding different window 

functions, such as Blackman-Harris window, four-order 

triangular self-convolution window, and four-item three-

order Nuttall window. The relative error of the active power 

measurement using each method is calculated as shown in 

Table III based on the following equation: 

 

100%c s
P

s

P P
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where, P  is the error of the calibration system,
 
Pc is the 

output power value of the calibration system, and Ps
 
is the 

output power value of the standard energy metering device. 

In each window function, calculation is conducted with 

and without the use of double line interpolation correction. 

As can be seen from Table III, the measurement accuracy can 
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be substantially improved by using interpolation. Compared 

with Blackman-Harris window and four-order triangular self-

convolution window, the interpolation FFT algorithm based 

on improved Nuttall window has higher measurement 

accuracy for harmonic active power measurement. In 

particular, for the 2nd, 6th, 8th harmonic components that are 

relatively close to the fundamental component, the proposed 

algorithm has less error, compared with the four-order 

triangular self-convolution window. As a result, the proposed 

technique can effectively inhibit the calculation error caused 

by mutual interference between adjacent harmonic signals. 

TABLE III  

MEASUREMENT ERROR OF ACTIVE POWER 

 Blackman-Harris 
Four order triangular 

self-convolution 

Four item three order 

Nuttall 

 
without 

correction 

with 

correction 

without 

correction 

with 

correction 

without 

correction 

with 

correction 

P1(%) 3.78E-2 6.31E-5 2.11E-3 -1.58E-6 -7.95E-2 -6.39E-4 

P2(%) 56.01 12.0 8.37 -4.7E-1 1.21E-1 -1.27E-2 

P3(%) 17.35 3.08 -6.61E-1 -4.04E-3 3.21E-2 1.12E-4 

P4(%) 13.62 -2.04 -1.82E-2 -3.18E-3 -2.56E-2 -7.66E-3 

P5(%) -78.4 -50.1 3.87E-1 9.03E-3 3.01E-2 -3.0E-4 

P6(%) 56.21 30.9 -3.66 -2.7E-2 4.45E-1 -1.84E-2 

P7(%) -67.8 -31.4 5.65E-1 2.01E-2 3.67E-2 5.13E-4 

P8(%) 32.55 6.09 3.21E-1 6.1E-3 -1.02E-3 -3.36E-5 

P9(%) 3.21E-1 1.14E-3 -7.71E-2 -1.01E-5 -8.92E-2 -1.95E-4 

B. Simulation under different interferences 

   It is inevitable that the measurement accuracy of electric 

energy is affected by the frequency fluctuation, noise 

pollution and harmonic change in an actual environment. To 

verify the anti-interference performance of the proposed 

calibration algorithm, the following simulations are carried 

out.  

(1) Frequency fluctuation: In this case study, the power 

frequency is varied within the range ±10% (i.e. 49.5 to 50.5 

Hz). It can be seen from the results listed in Table IV that the 

measurement error of the harmonic active power is affected 

by the fluctuation of the power frequency and the largest 

error is less than 0.02%. 

(2) Noise pollution: In this case, the signal is superimposed 

with a white noise in the range of 20 to 60 dB and the results 

are listed in Table V. Results show that white noise 

influences the energy measurement accuracy. 

(3) Spectrum leakage and fence effect: This case is 

simulated by maintaining the phase angle of the original 

voltage and current signals and varying the amplitudes of 

each harmonic component. Results in Table VI reveal that 

when the harmonic components are changed, the accuracy of 

the electric energy measurement is almost unaffected. 

TABLE IV 

POWER ERROR MEASUREMENT UNDER POWER FREQUENCY FLUCTUATION 

 P1(%) P2(%) P3(%) P4(%) P5(%) P6(%) P7(%) P8(%) P9(%) 

49.5Hz 3.83E-4 5.26E-2 -7.11E-2 -9.49E-2 -4.76E-2 -2.68E-2 -1.29E-4 -5.48E-3 -9.04E-4 

49.7Hz -2.46E-4 5.62E-2 -1.21E-2 1.3E-2 -3.5E-2 -9.59E-2 -8.67E-2 -1.18E-2 -1.83E-2 

49.9Hz -6.43E-4 6.86E-2 -4.64E-3 7.31E-4 -8.41E-3 -2.33E-2 -1.53E-2 -1.7E-2 -2.31E-2 

50Hz -1.2E-3 -1.3E-2 -1.25E-3 -1.5E-3 -1.23E-3 -1.6E-2 -1.24E-3 -7.5E-4 -1.26E-3 

50.3Hz -1.19E-4 -4.56E-2 4.17E-5 -2.17E-2 -2.44E-3 -1.23E-2 -5.3E-4 -7.03E-3 -1.26E-4 

50.5Hz 3.68E-4 -8.74E-2 -1.03E-3 -5.14E-4 -2.88E-2 -3.37E-2 -2.56E-2 -3.9E-2 -1.06E-2 

TABLE V  

POWER ERROR MEASUREMENT UNDER SIGNAL WHITE NOISE 

 P1(%) P2(%) P3(%) P4(%) P5(%) P6(%) P7(%) P8(%) P9(%) 

20dB -1.24E-2 9.02E-2 6.26E-2 4.02E-2 -1.28E-2 4.59E-2 -6.25E-2 -4.11E-2 -7.92E-2 

30dB 8.85E-3 4.82E-2 5.54E-3 -2.51E-2 1.17E-3 3.02E-2 -2.03E-3 1.18E-2 -7.91E-3 

40dB 4.17E-3 1.05E-2 -9.38E-3 1.37E-3 -6.99E-3 3.07E-2 -5.01E-3 -9.01E-3 3.19E-4 

50dB -1.07E-3 -4.14E-2 -3.72E-3 2.25E-2 5.23E-3 -2.89E-2 1.29E-3 -7.45E-3 2.41E-4 

60dB 5.48E-4 -9.07E-2 1.97E-3 1.97E-2 1.85E-3 -2.43E-2 1.96E-4 -3.47E-3 4.11E-3 

TABLE VI  

POWER ERROR MEASUREMENT UNDER HARMONIC CHANGES 

 P1(%) P2(%) P3(%) P4(%) P5(%) P6(%) P7(%) P8(%) P9(%) 

-50% -6.43E-4 -3.26E-2 -1.84E-5 -4.71E-4 4.13E-4 1.07E-4 1.51E-4 -4.42E-6 1.82E-4 

-20% -6.44E-4 -2.27E-2 -1.15E-5 -1.56E-4 3.23E-4 6.78E-5 4.51E-4 1.30E-5 1.14E-4 

Original 

signal 
-6.38E-4 -1.82E-2 1.93E-5 1.28E-4 3.01E-4 5.61E-5 3.61E-4 2.48E-4 9.09E-5 
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+20% -6.36E-4 -1.10E-2 1.62E-5 -1.05E-4 2.91E-4 4.68E-5 3.65E-4 2.06E-4 9.09E-5 

+50% -6.13E-4 -1.22E-2 1.21E-4 -9.16E-6 3.67E-4 3.74E-5 3.43E-4 1.38E-4 1.21E-4 

Fig. 6 shows the relative error in the 2nd harmonic 

component which is the most susceptible component to the 

interference with the fundamental component of the power 

signal under frequency fluctuation, white noise and variation 

of the harmonic components. Under the same conditions, 

traditional interpolation FFT algorithm based on Hanning 

and Blackman-Harris windows are vulnerable to external 

interference and the range of relative measurement error is 

large as can be seen in Fig. 6. For example, in Fig. 6 (b), the 

error for four-order triangular self-convolution window is 

0.677% when the white noise is 40 dB while it is only 

0.0105% for the four-item, three-order Nuttall window. This 

figure clearly shows that compared with other commonly 

used window functions, the interpolation FFT algorithm 

based on four-item, three-order Nuttall window has the 

lowest measurement error. 

From the above results, it can be concluded that the 

proposed calibration system based on double spectral line 

interpolation FFT algorithm with four-item, three-order 

Nuttall window has better anti-interference performance. The 

proposed algorithm can effectively overcome the influence of 

frequency fluctuation, noise pollution and changes in 

harmonic components. 

V. Experimental Measurements 

   In this section, the robustness of the proposed algorithm is 

verified through experimental measurements according to 

the relevant standards [33, 34].    

A. Accuracy test 

    To facilitate the accuracy calculation of the proposed 

online calibration system for the digital input electricity 

meters, its reading is compared with a standard power-

metering device of 0.01 accuracy class as per the schematic 

of Fig. 7. According to the JJG597-2005 standards [33], 

accuracy tests should be conducted under different power 

factors, including unity, 0.5 lagging, 0.5 leading or 0.8 

leading at different operating conditions. In addition, a 

power factor of 0.25 lagging may be conducted under very 

special requirements. 

The results of the accuracy test are shown in Table VII 

under various source current and power factor levels. It can 

be seen that the error of the proposed system is less than 

0.05% regardless the source current level and the power 

factor. On the other hand, results of the frequency 

fluctuation test is shown in Table VIII, considering the 

frequency fluctuation limits given in GB/T 15945-2008 

standards [35]. From these results, one can see that the error 

of the calibration system is always less than 0.01% for 

power frequency variation in the range of 49 to 51 Hz.  

 

(a) 

 
(b) 

 
(c) 

FIGURE 6 The relative measurement error of the 2nd harmonic of the 

active power signal with different windows under（a） Frequency 

fluctuation（b） White noise（c）Variation of harmonic components  

 

FIGURE 7 Accuracy test of the online calibration system 
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TABLE VII  

ACCURACY TEST OF THE PROPOSED ONLINE CALIBRATION SYSTEM 

Voltage (V) Current (A) Power factor  Error (%) 

110kV 

1kA 

1.0 -0.003 

0.5 lagging -0.003 

0.5 leading -0.003 

500A 

1.0 -0.002 

0.5 lagging -0.002 

0.5 leading -0.002 

100A 

1.0 -0.001 

0.5 lagging -0.001 

0.5 leading -0.001 

50A 

1.0 -0.002 

0.5 lagging -0.002 

0.5 leading -0.002 

10A 

1.0 -0.001 

0.5 lagging -0.001 

0.5 leading -0.001 

TABLE VIII 

ERROR TEST OF FREQUENCY FLUCTUATION 

Voltage 

(V) 

Current 

(A) 

Power 

factor  

Frequency 

(Hz) 

Error 
(%) 

110kV 1kA 1.0 

49Hz 0.002 

49.5Hz 0.002 

50Hz 0.001 

50.5Hz 0.000 

51Hz -0.001 

B．Engineering application 

   The proposed online calibration system has been 

successfully applied in several substations in Yichang 

Power Supply Company in China such as Songshan 110 kV 

substation and Donghu 110 kV substation in Yichang, 

Hubei province.  

Fig. 8 shows the error variation of two digital electricity 

meters during the calibration process using the proposed 

algorithm in this paper. Fig. 8 (a) and (b) are offline tests 

that are conducted under a current level of 0.02In (In is the 

rated value, usually 5 A) and various source power factors 

(unity, 0.5 lagging and 0.5 leading). Fig. 8 (c) is the online 

calibration under a load of 0.85 lagging power factor at 

0.4In. All meters are of 0.2 accuracy class. From Figs. 8 (a) 

and (b) one can see that the error changes are less than 

1.5*10-5 under power factor of 1.0, 0.5 lagging, and 0.5 

leading. On the other hand, Fig. 8 (c) shows that the error 

changes are less than 2*10-5. The test results show that the 

errors of the three investigated digital power meters are less 

than 0.01%, which meets the requirement of the 0.05 

accuracy class.  

 
(a) 

 
(b) 

 
(c) 

FIGURE 8 Field test results of three operating digital meters （a） #1 

Meter error（b）#2 Meter error （c）#3 Meter error 

VI. Conclusion 

   This paper proposes an online calibration system based on 

double spectral line interpolation FFT algorithm with four-

item, three-order Nuttall window. Results reveal the high 

accuracy and anti-interference capability of the proposed 

system, which can effectively realize the field calibration of 

digital electric energy meter. The key features of the 

proposed system can be summarized as below: 

1) The utilization of a double spectral line interpolation 

FFT algorithm with improved Nuttall window which has a 

good side lobe performance can effectively suppress the 

spectrum leakage and fence effect of the conventional FFT 

algorithm and overcome the influence of frequency 

fluctuation, harmonic components variation and noise 

interference. As a result, the calibration accuracy can be 

improved. 

2) The digital meter can be calibrated online without the 

need to switch it off as per the current practice. Hence the 
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calibration process is greatly simplified. 

3) The software platform is designed using LabVIEW, 

which has strong versatility and friendly human-machine 

interaction performance. 

4) The field test results show that the proposed 

calibration system is easy to operate and can meet the 

requirements of 0.05 accuracy class. 
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