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Abstract 

This paper presents a digital low computation detection method for signal nonlinear 
distortion. After presetting ADC sampling rate and completing data sampling, the low 
sampling rate data extracted from the sampling data complete the autocorrelation 
analysis to correct and calculate the accurate fundamental frequency. According to the 
relationship between the fundamental frequency and the sampling rate, the complete 
periodic segment data of the signal cutting out from the sampling data carry out the 
digital quadrature detection operation to obtain the value of each harmonic compo‑
nent and nonlinear distortion. Experiments show that the calculation of this method is 
less than that of FFT spectrum analysis method when measuring the THD lower than 
15 order. When calculating the 15‑order THD at 1024 points, the calculation time is 
reduced by 44.26%. Moreover, the digital quadrature detection method has high meas‑
urement accuracy with less than 0.6% error of detecting 5‑order THD.

Keywords: Low calculation, Autocorrelation, Frequency detection, Digital quadrature 
detection, Nonlinear distortion

1 Introduction
Nonlinear distortion refers to the distortion caused by the new frequency component 
superimposed on the output signal after an AC signal passes through a nonlinear sys-
tem. These new frequency components are mainly the harmonic components of the 
original input signal, so they are also called nonlinear harmonic distortion. Harmonic 
distortion widely exists in power grid, battery technology, instrumentation detection, 
nonlinear materials, and other technical fields, which is commonly used to weigh the 
quality and stability of related technologies or materials. Therefore, the accurate detec-
tion of nonlinear harmonic distortion is particularly important [1–3].

Harmonic analysis is one of the main methods to detect the nonlinear harmonic dis-
tortion of signal. This method mainly uses DFT or FFT to separate each order of har-
monics, extract harmonic components, and calculate harmonic distortion [4]. In actual 
measurement, the measured signal is usually asynchronous or aperiodic sampling, so 
it is difficult to accurately match the harmonic peak frequency with the sampling fre-
quency, which results in fence effect and loss of spectrum information. The commonly 
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used improvement method is to increase the sampling rate to reduce the interval 
between the harmonic frequency of the measured signal and the sampling frequency. 
The Nuttall window interpolation FFT algorithm can make harmonic frequency and 
component detection more accurate [5]. DFT or FFT operation must add window func-
tion. Multiplication in time domain and convolution in frequency domain will cause 
spectrum leakage distortion of the signal, and many side lobes next to the main spectral 
line will cause interference between spectral lines. The common solution is to expand 
the width of time domain and narrow the frequency domain, which can reduce energy 
leakage and improve the accuracy of harmonic detection.

Increasing the sampling rate, expanding the time domain width, windowing inter-
polation, and some other methods will lead to a significant increase in the amount of 
sampling data and computation, which have higher computational power requirements 
for the operation processor. Meanwhile, that is also the main reason that many low per-
formance processors cannot widely use DFT and FFT. In the relevant experiments and 
research, we try to accurately measure the fundamental frequency of harmonic signal 
to intercept the sampled signal completely and then perform FFT operation, which can 
effectively avoid the detection error caused by fence effect and spectrum leakage. Firstly, 
we chose the zero-crossing detection method to detect the fundamental frequency of 
the harmonic signal. However, we find that different levels of harmonic components of 
the harmonic signal will cause uncertainty in the number of zero-crossing points in the 
signal cycle, so that the detected frequency may be an integral multiple of the funda-
mental frequency. Since the harmonic signal is a periodic signal, we decided to quickly 
estimate the fundamental frequency of the sampled signal by using autocorrelation 
analysis to resample the signal, which has certain errors. By correcting the zero-crossing 
detection frequency with the fundamental frequency estimated by autocorrelation, the 
fundamental frequency of harmonic signal under different conditions can be accurately 
obtained. The higher harmonic components of most nonlinear distortion detection sig-
nals can be ignored that result in a lot of meaningless calculation work when using DFT 
or FFT. Therefore, inspired by the basic theory of DFT, we choose the digital orthogonal 
detection method to calculate only the necessary low-order harmonics, instead of mean-
ingless high-order harmonic analysis, which greatly improves the calculation efficiency 
of the system and ensures the detection accuracy of nonlinear distortion under the same 
conditions.

2  Method and simulation
2.1  Autocorrelation frequency analysis correction

Zero-crossing detection is ordinarily used to measure the frequency of periodic signals, 
which converts the measured signals into pulse signals that can be directly read by the 
processor through the threshold set by the circuit. MCU counts the edge of the pulse sig-
nal as n , and accurately time the start to the end points of n edges as t in the meantime; 
then, the frequency of the signal is f0 = (n− 1)/2t . However, due to the high-order har-
monic signal component of the measured signal, phase difference, or voltage offset of 
the measured signal, the actual number of zero crossings of the signal is more than that 
of the fundamental signal and is usually an integer multiple relationship. As shown in 
Fig. 1, there are six zero crossings in a fundamental wave period, and the frequency of 
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zero crossing detection is three times that of the fundamental wave. In the process of 
zero crossing detection, this frequency multiple will be different due to the influence of 
signal voltage offset or harmonic component value and phase.

The frequency obtained by zero crossing detection must be greater than or equal to the 
fundamental frequency of the measured signal, so the detection system can preset the 
sampling rate as fs = mf0(m ≥ 32) and the sampling time width as ts = N/fs(N ≥ 4m) , 
where m is the number of periodic sampling points and N  is the total number of sam-
pling points. The sampled data are stored in ADC_data[N ] and used for autocorrelation 
frequency analysis and nonlinear distortion calculation.

The autocorrelation frequency analysis adopts the convolution algorithm, which needs 
to resample N ′ points data from the N  points sampling data for calculation and ensure 
the resampling frequency fex not less than 4f0 ; resampling shall not be less than 3 cycles. 
The data extraction method is shown in Eq. (1).

Literature [6, 7] proposes that in frequency analysis, the convolution object is discrete 
data of finite length, and the estimated frequency can be obtained by autocorrelation 
method in time domain. The calculation formula of autocorrelation convolution is:

By changing the position of the autocorrelation function cyclically, the result after 
convolution with the original signal is used as the basis for determining the similarity 
between the autocorrelation function and the original signal. The discrete convolution 
calculation of the estimated frequency autocorrelation is shown in Eq. (3), where n is the 
data length and pos is the moving position of the autocorrelation function.

(1)extr[i] = ADC_data i ·
fs

fex
, i = 0, 1, 2 . . . , i ·

fs

fex
≤ N .

(2)
+∞

∫
−∞

f (u) · f (u+ x)du.

Fig. 1 Signal with the number of zeros greater than the fundamental wave
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The autocorrelation convolution result is stored in the array conv[n] , where the data 
with the maximum peak value and the footmark closest to 0 are the starting point of 
the autocorrelation function signal where the original signal has moved for a complete 
period, and the time of the starting point is the estimated fundamental wave period of 
the original signal. The simulation results are shown in Fig. 2. Finally, the measured fre-
quency is:

In Fig.  2, the fundamental frequency of the signal estimated by the autocorrelation 
convolution method in the simulation is fes = round(1/0.002214s) = 444.44 Hz . There 
are 4 zeros in each cycle. For example, the zero crossing detection frequency is 2702 Hz , 
and the corrected signal frequency is fco = 450.33 Hz.

2.2  Digital quadrature detection analysis method

In the signal processing of the electronic system, the received real signal can be 
expressed as

(3)

conv[pos] =







i<n−pos
�

i=0

extr[i] · extr[i + pos]+

i<n
�

i=n−pos

extr[i] · extr[i − (n− pos)]







�

n, pos = 0, 1, . . . , n− 1

(4)fco = round
(

f0/round
(

f0/fes
))

.

r(t) = Re
{

S(t)ei[ω0t+ϕ(t)]
}

= Re
{

S̃(t)ejω0t
}

.

Fig. 2 Autocorrelation frequency estimation results
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In the equation, S̃(t) is the complex envelope of the signal, which can be expressed as

That is, the complex envelope of the signal is composed of the in-phase component I(t) 
and the quadrature component Q(t) . The analog quadrature detection method is to obtain 
the in-phase and quadrature components of the signal after mixing and filtering of two 
analog quadrature local oscillator signals [8, 9].

In this study, each harmonic signal of the measured signal is treated as a complex signal 
to complete the quadrature detection calculation. After filtering, the in-phase and quadra-
ture components are analyzed to calculate the amplitude of the harmonic signal as shown 
in Eq. (5).

In the method, the harmonic signal with different frequency from the detection 
signal in the original signal will be integrated and filtered, and the in-phase com-
ponent and the quadrature component with the same frequency as the detection 
signal will be left. Suppose that the harmonic component signal of a certain fre-
quency in the original signal is h(t) = A sin (ωt + ϕ) , the reference sine function is 
s(t) = sinωt , the reference cosine function is c(t) = cosωt . The derivation is shown 
in Eqs. (6–7).

S̃(t) = S(t) cosϕ(t)+ jS(t) sin ϕ(t) = I(t)+ jQ(t).

(5)











I =
∫
2nπ
ω

0 F(t)·cosωtdt

2nπ/ω

Q =
∫
2nπ
ω

0 F(t)·sinωtdt

2nπ/ω

(6)

I =
∫

2nπ
ω
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· 2
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2A
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0
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The amplitude calculation of the corresponding frequency harmonic signal is not 
affected by the signal sampling starting point or phase, and the result is

Digital quadrature detection is to perform quadrature detection and convolution fil-
tering on the discrete signal of ADC sampling. First, the whole period signal can be 
intercepted from the sampling data ADC_data[N ] according to the sampling rate fs and 
the calculated fundamental frequency fme of the signal, and the intercepting length is 
L = fs/fme.

And then extract the data corresponding to the length of the sampled signal from the 
pre-stored reference function according to the whole period length L to calculate the 
h-th harmonic component, as shown in Eq. (8). The reference sine function is pre-stored 
as Sin_dat[M] ; the reference cosine function is pre-stored as Cos_dat[M].

where h is the harmonic order; Amph is the harmonic amplitude. The simulation results 
of the harmonic components lower than the 9th order calculated by the digital quadra-
ture detection method are shown in Fig. 3.

2.3  Calculation quantity analysis

Usually, the number of times for real multiplication and complex addition is used to 
represent the computation of a machine. The computation of digital quadrature detec-
tion method mainly includes autocorrelation analysis and digital quadrature detec-
tion calculation. Autocorrelation is the convolution analysis of the resampling data 
of the sampled signal, and its computation is related to the sampling and resampling 

(7)
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frequency. The computation of digital quadrature detection calculation is related to 
the length of the intercepted period and the highest order of harmonic analysis. The 
real multiplication times of digital quadrature detection method are expressed as:

where N1 = round
(

fex×N
fs

)

 is the number of resampled points from the sampled signal 

and N 2
1  is the real multiplication times of autocorrelation analysis. N2 = round

(

fs
fme

)

 is 

the length of full period data intercepted from the sampled signal. H is the highest order 
of harmonic analysis. 4 × N2 ×H is the real multiplication times of digital quadrature 
detection calculation.

The complex addition times is expressed as:

where N1×(N1−1)
2  is the complex addition times of autocorrelation analysis and 

2× N2 × (2H − 1) is the complex addition times of digital quadrature detection calcu-
lation. The real multiplication times and complex addition times of FFT are shown in 
Eq. (11).

Given the relevant parameters, the computation of the two methods under different 
conditions is shown in Table  1. When the order of harmonic analysis is lower than 
15, the real multiplication and complex addition times of digital quadrature detection 
method are lower than those of FFT method.

(9)Qrm = N 2
1 + 4 × N2 ×H

(10)Qca =
N1 × (N1 − 1)

2
+ 2× N2 × (2H − 1)

(11)
{

QFFTrm = 4 × N
2 × log2N

QFFTca = 3× N × log2N

Fig. 3 Simulation of calculation results of digital quadrature detection
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2.4  Calculation of nonlinear distortion

The total harmonic distortion is used to characterize the nonlinear distortion of the sig-
nal [10], and the calculation formula is

3  Experimental setup
To verify the advantages of the signal nonlinear distortion detection method based 
on the digital orthogonal detection principle in terms of computation cost, flexibility, 
and accuracy, an experimental device for detecting nonlinear distortion is designed. 
The device is composed of program-controlled amplification circuit, bias circuit, zero 
crossing comparison circuit, MCU core system, and display module, as shown in Fig. 4. 
The input signal is the harmonic signal generated by the function signal generator, and 
various parameters such as frequency and harmonic amplitude can be customized. The 
input signal is preprocessed by the program-controlled amplifier and the bias circuit 
before ADC sampling. MCU analyzes the signal peak information and changes the pro-
grammed gain coefficient through the DAC output voltage to adjust the signal amplitude 
within the ADC sampling voltage range.

(12)THD =

√

Amp21 + Amp22 + · · · + Amp2h

Amp1
× 100%.

Table 1 Comparison with the computation of FFT

N QFFTrm QFFTca N1 N2 H Qrm Reduction 
rate (%)

Qca Reduction 
rate (%)

128 1792 2688 16 26 5 776 56.70 588 78.13

10 1296 27.68 1108 58.78

15 1816 1.34 1628 39.43

256 4096 6144 32 40 5 1824 55.47 1216 80.21

10 2624 35.94 2016 67.19

15 3424 16.41 2816 54.17

512 9216 13,824 32 102 5 3064 66.75 2332 83.13

10 5104 44.62 4372 68.37

15 7144 22.48 6412 53.62

1024 20,480 30,720 64 146 5 7016 65.74 4644 84.88

10 9936 51.48 7564 75.38

15 12,856 37.23 10,484 65.87

Fig. 4 System frame diagram
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The zero-crossing comparison circuit converts the gain adjusted signal into a pulse 
signal. The counter and timer of MCU complete the signal frequency calculation and 
correct the sampling rate. MCU completes frequency estimation correction and distor-
tion calculation according to Eqs. 1–12 and displays the calculation results on the dis-
play module.

4  Results
4.1  Verification of method calculation amount

To verify the optimization of the calculation amount of the digital orthogonal detection 
method, we select ARM Cortex-M4 Series MCU as the core processor, on which run the 
digital quadrature detection method (including autocorrelation frequency convolution 
calculation) to test the operation time of different points and different harmonic orders 
distortion. Every time the MCU completes the calculation process once, it will flip the 
level once at the I/O port. Use an oscilloscope to monitor the pulse width of the port 
level, as shown in Fig. 5.

The MCU completes the analysis and calculation of the 5–15th-order total harmonic 
distortion at 128 points, 256 points, 512 points, and 1024 points, respectively. The test 
results are shown in Table 2.

Table  2 shows that the higher the harmonic order or the more points to be cal-
culated, the longer the calculation time. The calculation time of 5th-order and 
15th-order total harmonic distortion is compared with that of FFT harmonic analy-
sis method. The results of comparison of calculation time between two methods in 
Table 3 show that in the calculation from 128 to 1024 points, the calculation time of 
the digital quadrature detection method is reduced by 18.96–44.29% compared with 
calculate the FFT harmonic analysis method in the calculation of the 15th-order total 
harmonic distortion. If only the 5th-order total harmonic distortion, the operation 
time of digital quadrature detection method is reduced by more than 73% compared 

Fig. 5 DQD calculation time detection with oscilloscope



Page 10 of 15Wang and Huang  EURASIP Journal on Advances in Signal Processing         (2023) 2023:63 

with FFT harmonic analysis method. The lower the requirement of the maximum 
harmonic order, or the more the number of calculation data points, the higher the 
reduction rate of the calculation amount of the digital orthogonal detection method. 
The experimental results of the calculation time are close to the analytical value of the 
theoretical calculation quantity, and the deviation is mainly reflected in the time of 
MCU processing some program links, such as cycle operation and judgment.

4.2  Autocorrelation frequency correction verification

Accurate detection of the fundamental frequency of the signal is the basis of the anal-
ysis of the nonlinear distortion by digital quadrature detection. After the input signal 
is amplified by the program-controlled amplifier, the input zero crossing detection 
circuit converts it into a pulse signal, as shown in Fig. 6.

The frequency of the pulse signal detected by MCU port is counted according to 
the zero-crossing point within a certain time but cannot represent the fundamental 
frequency of the input signal. MCU corrects the frequency of zero crossing detection 
statistics by autocorrelation method on the sampled data according to Eqs. (1–4) and 
analyzes the accurate fundamental frequency. The results of measuring the frequency 
of input signals with different harmonic parameters are shown in Table  4, which 

Table 2 Time‑consuming test results of method calculation

Highest 
harmonic 
order

Time-consuming to 
calculate 128 points 
(us)

Time-consuming to 
calculate 256 points 
(us)

Time-consuming to 
calculate 512 points 
(us)

Time-consuming to 
calculate 1024 points 
(us)

5 530.72 885.94 1605.02 3055.56

6 640.15 1065.75 1921.92 3758.36

7 747.54 1242.13 2238.13 4280.30

8 847.76 1411.00 2550.58 4861.11

9 953.82 1589.26 2866.42 5455.50

10 1064.55 1769.17 3183.09 6053.00

11 1174.78 1946.82 3503.33 6662.50

12 1281.80 2123.80 3821.89 7244.50

13 1392.00 2299.92 4145.38 7842.50

14 1500.27 2480.65 4458.33 8426.00

15 1602.56 2664.26 4780.09 9039.50

Table 3 Comparison of calculation time between FFT harmonic analysis method and digital 
quadrature detection method

Calculate points Calculation 
time of FFT 
(us)

5th-order THD 
calculation time 
of DQD(us)

5th-order THD 
calculation time 
ratio (%)

15th-order THD 
calculation time 
of DQD(us)

15th-order THD 
calculation time 
reduction ratio 
(%)

128 1977.6 530.72 73.16 1602.56 18.96

256 3971.1 885.94 77.69 2664.26 32.91

512 8088 1605.02 80.16 4780.09 40.90

1024 16,226 3055.56 81.17 9039.5 44.29
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shows that the zero-crossing detection and autocorrelation correction methods are 
accurate in analyzing the fundamental frequency of signals, with an error of less than 
0.8%.

4.3  Detection and verification of harmonic component and nonlinear distortion

Since accurate frequency detection, the complete period is extracted from the sam-
pled data, and the magnitude of each harmonic component and nonlinear distortion 
are calculated by digital orthogonal detection method. To verify the accuracy of the 
method for harmonic components and nonlinear distortion, the digital orthogonal 
detection method is compared with the FFT harmonic analysis method. Since the 
number of points of FFT algorithm must be 2N  , the sampling rate of the experimental 

Fig. 6 Amplified signal and zero‑crossing test results

Table 4 Input signal frequency detection and correction results

Fundamental 
frequency (Hz)

Number of 
cycle zeros

Zero crossing 
detection frequency 
(Hz)

Autocorrelation 
detection frequency 
(Hz)

Frequency after 
calibration (Hz)

Error (%)

50 2 50.20 50.20 50.00 0.00

50 6 149.85 49.68 50.00 0.00

50 10 248.00 49.60 50.00 0.00

450 2 448.65 449.03 449.00 − 0.22

450 6 1359.45 452.90 453.00 0.67

450 10 2256.75 451.48 451.00 0.22

1150 2 1144.25 1144.03 1144.00 − 0.52

1150 6 3451.00 1150.40 1150.00 0.00

1150 10 5790.25 1157.90 1158.00 0.70

2555 2 2552.44 2552.30 2552.00 − 0.12

2555 6 7726.32 2575.30 2575.00 0.78

2555 10 12,723.90 2544.50 2545.00 − 0.39
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device is adapted in the experiment to minimize the spectrum leakage and fence 
effect of FFT, so that FFT has a higher harmonic analysis accuracy. For example, the 
fundamental frequency of the measured signal is 1150  Hz. When performing 256-
point calculation, the signal sampling rate is set to 294.73  kHz. MCU clock error 
causes 0.33 kHz error, but when the number of sampling points is 256, the sampled 
data are also a complete cycle.

The measured signal is a harmonic signal customized by the function signal genera-
tor. The digital quadrature detection method is used to calculate the harmonic com-
ponents of the customized signal, and the results are compared with those of FFT 
harmonic analysis method. The test results of the 5th-order total harmonic distortion 
of the customized signal are shown in Table 5. The measurement error of 5th-order 
total harmonic distortion by digital quadrature detection method is almost the same 
as that by FFT harmonic analysis method, and the error is less than 0.6%. Comparing 
the error of the two methods, the floating value is less than ± 0.25%.

The test results of the 10th-order total harmonic distortion of the customized signal 
are shown in Table 6. The measurement error of 10th-order total harmonic distortion 
by digital quadrature detection method is almost the same as that by FFT harmonic 
analysis method, and the error is less than 2%. Comparing the error of the two meth-
ods, the floating value is less than ± 0.4%.

The test results of the 15th-order total harmonic distortion of the customized sig-
nal are shown in Table  7. The measurement error of the 15th-order total harmonic 
distortion by digital quadrature detection method is almost the same as that by FFT 

Table 5 Test results of 5th‑order total harmonic distortion of customized signal (256 points)

Fundamental 
frequency 
(Hz)

Peak to 
peak 
(mVpp)

Custom 
distortion 
(%)

FFT 
harmonic 
analysis 
method (%)

Error (%) Digital 
quadrature 
detection 
method (%)

Error (%) Method error 
comparison 
(%)

150 2688 7.14 7.11 0.46 7.17 0.34 − 0.12

350 2432 30.28 30.19 0.28 30.30 0.07 − 0.21

750 2377 15.38 15.34 0.30 15.43 0.32 0.02

1150 1662 35.76 35.61 0.44 35.93 0.46 0.02

1550 2688 10.97 11.02 0.45 11.03 0.52 0.07

1950 2759 15.43 15.50 0.42 15.48 0.33 − 0.09

Table 6 Test results of 10th‑order total harmonic distortion of customized signal (256 points)

Fundamental 
frequency 
(Hz)

Peak to 
peak 
(mVpp)

Custom 
distortion 
(%)

FFT 
harmonic 
analysis 
method (%)

Error (%) Digital 
quadrature 
detection 
method (%)

Error (%) Method error 
comparison 
(%)

150 2688 10.10 10.09 0.09 10.11 0.05 − 0.04

350 2432 35.75 36.02 0.76 36.06 0.87 0.11

750 2377 23.33 23.03 1.29 23.56 0.96 − 0.33

1150 1662 38.26 37.73 1.39 38.85 1.54 0.15

1550 2688 14.03 13.84 1.36 14.20 1.16 − 0.20

1950 2759 17.46 17.72 1.47 17.71 1.43 − 0.04
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harmonic analysis method, and the error is less than 5%. Comparing the error of the 
two methods, the floating value is less than ± 0.7%.

More importantly, the FFT harmonic analysis method is equivalent to the artificial 
reduction in its analysis error in the sampling rate adaptation and is sufficient to prove 
the advantages of the digital orthogonal detection method in the analysis accuracy.

5  Conclusion
Signal nonlinear distortion detection is an important means to test signal quality in 
many industries. In this paper, a digital quadrature detection method with low compu-
tation is proposed, and the measuring principle of the method is introduced in detail. 
Compared with the actual calculation time of the most used FFT harmonic analysis 
method, it is proved that the calculation amount of the total harmonic distortion of the 
signal measured by the digital orthogonal detection method is significantly lower than 
that of the FFT harmonic analysis method. Because the high-order harmonic of the sig-
nal has very little influence on the signal, it is usually ignored in the nonlinear distor-
tion analysis. The digital quadrature detection method can omit the calculation of the 
high-order harmonic signal and is very suitable for low computational power micropro-
cessors. Through experimental comparison, the measurement accuracy of digital quad-
rature detection method is high, and the measurement error level is almost the same as 
that of FFT harmonic analysis method.

Another advantage of the digital quadrature detection method in analyzing harmonic 
components is that the number of calculation points can be flexibly selected, and accu-
rate harmonic components can be obtained if the integrity of signal cycle is guaranteed. 
However, FFT harmonic analysis method specifies a relatively fixed number of calcula-
tion points, and most of them are asynchronous sampling in the process of signal sam-
pling, which leads to the leakage of spectrum analysis. Generally, to reduce the frequency 
leakage, the time width of signal sampling should be as large as possible, so the number 
of FFT analysis and calculation points is large, and the calculation amount will increase. 
Visibly, the digital quadrature detection method is more conducive to the lightweight 
and low cost of the detection instrument while ensuring the measurement accuracy.

Abbreviations
FFT  Fast Fourier transform
THD  Total harmonic distortion
DFT  Discrete Fourier transform

Table 7 Test results of 15th‑order total harmonic distortion of customized signal

Fundamental 
frequency 
(Hz)

Peak to 
peak 
(mVpp)

Custom 
distortion 
(%)

FFT 
harmonic 
analysis 
method (%)

Error (%) Digital 
quadrature 
detection 
method (%)

Error (%) Method error 
comparison 
(%)

150 2688 22.57 23.20 2.81 23.34 3.41 0.60

350 2432 58.68 60.62 3.32 60.65 3.36 0.04

750 2377 38.83 39.72 2.29 39.97 2.92 0.63

1150 1662 77.40 80.57 4.10 80.84 4.45 0.35

1550 2688 28.33 29.53 4.22 29.62 4.56 0.34

1950 2759 32.11 33.63 4.73 33.41 4.05 − 0.68
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ADC  Analog‑to‑digital converter
MCU  Microcontroller unit
DAC  Digital‑to‑analog converter
ARM  Advanced RISC machines
DQD  Digital quadrature detection
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