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Abstract: In recent times, the increasing concern for climate control has led to the widespread application of 

grid-connected inverter (GIC) based renewable energy systems. In addition, the increased usage of non-linear 

loads and electrification of the transport sector cause ineffective grid-frequency management and the 

introduction of harmonics. These grid conditions affect power quality and result in uncertainty and inaccuracy 

in monitoring and measurement. Incorrect measurement leads to overbilling/underbilling, ineffective demand 

and supply forecasts for the power system, and inefficient performance analysis. To address the outlined 

problem, a novel three-phase frequency component extraction and power measurement method based on 

Digital Lock-in Amplifier (DLIA) and Digital Lock-in Amplifier Frequency-Locked Loop (DLIA-FLL) is 

proposed to provide accurate measurement under the conditions of harmonics and frequency offset. A 

combined filter with a lowpass filter and notch filter for DLIA is employed to improve computation speed. A 

comparative study is performed to validate the performance of the proposed power measurement method, by 

comparing the proposed method to the windowed interpolated fast Fourier transform (WIFFT). The ZERA 

COM 3003 (a commercial high-accuracy power measurement instrument) is used as the reference instrument 

in the experiment 

Keywords: component extraction; digital lock-in amplifier; frequency tracking;  
non-sinusoidal signals; power monitoring 

 

1. Introduction 

In the last decade, the increase in world population and extreme weather conditions has caused 

a rise in energy demand. The growth in energy demand results in increased production of electrical 

energy from fossil fuels, contributing to the deteriorating global warming crisis [1]. As a result, new 

policies related to decarbonization have been introduced by the global stakeholders to control and 

limit the worsening situation. The transition from conventional transportation means to electric 

vehicles (EVs) represents a significant step toward achieving the decarbonization goals for 

governments worldwide [1,2]. In addition, the penetration of grid-connected inverter (GCI) based 

renewable energy systems in the power system is increasing over time. Such increased integration 

results in reduced power system inertia that creates grid frequency management issues. The 

increased usage of grid-connected renewable energy systems, non-linear loads, and electrification of 

the transport sector results in non-sinusoidal grid conditions with harmonic injection and grid 

frequency deviations [3–7]. The non-sinusoidal grid conditions can result in the transformer 

overheating, tripping of power system equipment, and non-reliable power measurement by the 

conventional power measurement method used in watt-hour meters [6–8], and inefficient 

performance analysis of power electronics applications. For non-sinusoidal signals consisting of extra 

frequency components, component extraction is a critical part of achieving accurate power 
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measurement and performance analysis. Therefore, it is necessary to extract frequency components 

accurately [9–11]. 

Digital power measurement methods are becoming famous these days. This type of method 

records the samples of voltage and current and then calculates the instantaneous power in the time 

domain. It provides real-time measurement, stores big sizes of data, and is highly protected from 

tempering. Despite all the advantages of electronic power measurement methods, it is not suitable 

for measuring the power of a signal having harmonics and frequency fluctuations because of the error 

in zero-crossing detection which leads to inaccurate power measurement results [12–15]. In addition, 

it struggles to distinguish between different frequency components such as fundamental, harmonics, 

noise, and interharmonics. Ref [16] presents error analysis for digital input electricity meters, which 

utilize a time-domain approach for power measurement by taking the integration of input signal over 

time, which demonstrates a maximum power measurement error of 2% for a frequency offset of ± 

0.5Hz shown in Figure 1. 

 
(a) 

 
(b) 

Figure 1. Error curves for digital input electricity meters under the condition of ± 0.5Hz frequency 

offset (a) error in real power, (b) error in reactive power [16]. 

Fast Fourier transform (FFT) is another widely used method for the extraction of frequency 

components and using the extracted components for power calculation. The FFT method is very 

accurate when applied under the conditions of synchronous sampling [3,9]. However, the 

fundamental frequency deviation and introduction of harmonics make it difficult to maintain 

synchronous sampling in real-world applications. This results in inaccurate measurement due to the 

picket fencing and spectral leakage effects [17–19]. 

The literature introduced windowed FFT (WFFT) to reduce the effect of spectral leakage. In 

WFFT, different window functions are multiplied by the input signal followed by FFT calculation. 

The ideal window should have a low main lobe width and high roll-off for the side lobes to attain 

higher attenuation and better frequency resolution. There are different types of windows such as 

Hanning, Hamming, Blackman window, triangular self-convolution window, etc. Although the use 
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of WFFT improves the measurement results; the accuracy is still low as the ideal window cannot be 

selected because of the trade between the main lobe width and the side lobe attenuation [18,19]. 

Another solution proposed in the literature is the combined use of spectral correction technique 

and window function to reduce the effect of picket fencing and spectral leakage known as windowed 

interpolated FFT (WIFFT). In this method, the window function is applied to get the FFT result and 

then the spectral lines (double-spectrum-line or triple-spectrum-line) with maximum amplitude in 

the WFFT result are used to calculate the correction factors for the amplitude, frequency, and phase. 

WIFFT contains higher measurement accuracy as compared to the WFFT. However, WIFFT still has 

limitations if the frequency change is very fast, in that case, the result is inaccurate, and the use of 

window function with higher-order combined windows requires to solve the complex equations. As 

the power system is subject to frequency deviation and harmonic injection, these limitations cause 

non-reliable power measurements using FFT-based methods [19–21]. 

Digital Lock-in Amplifier (DLIA) is another method used to calculate power by extracting the 

voltage and current components for different frequencies. It has better performance in terms of 

component extraction as compared to the FFT [22–25]. In addition, the conventional DLIA has less 

computational burden as compared to FFT, as FFT works for a large range of evenly distributed 

frequency components and mostly requires complex window functions and interpolation. Table 1. 

shows the comparison of the computational burden of FFT and conventional DLIA for (N=10,000) 

[26]. However, DLIA has a limitation, under the condition of frequency deviation the measurement 

results become inaccurate [22–25]. 

Table 1. Comparison of computational burden of FFT and conventional LIA. 

Operations FFT [26] Conventional DLIA [26] 

Multiplications >132878 1044 

The literature demonstrates that many power measurement methods utilize feedback loops such 

as Frequency Locked Loop (FLL) and Phase Locked Loop (PLL) for tracking and synchronization 

purposes. The PLL methods include park transformation-based PLL and SOGI-PLL. The PLL-based 

method performs better around nominal grid frequency and for higher-order harmonics. However, 

the performance degrades for input signals with DC offset and low-order harmonics [27]. The FLL 

has more advantages as compared to PLL including the absence of a voltage control oscillator, which 

leads to reduced computational burden. However, it is observed that its performance deteriorates in 

the presence of disturbances such as DC offset and high total harmonic distortion (THD) [28]. A 

second-order generalized integrator-based FLL (SOGI-FLL) is introduced with an offset estimation 

and rejection loop [29]. However, it has the limitation that slightly wrong offset estimation results in 

measurement errors. Two more FLL-based methods, multiple adaptive vectorial filter-based FLL 

(MAVF-FLL) and reduced order generalized integrator-based FLL (ROGI-FLL), are proposed for 

frequency tracking. These methods are susceptible to DC offset and distorted input signals.  

A prefilter-based frequency and phase estimation is proposed in ref [30], which relies on an 

additional frequency estimation technique to provide frequency information to be used by the 

prefilter. This additional loop resulted in increased complexity and computational burden. Similarly, 

ref [31] proposed a multi-circular limit cycle oscillator (multi-CLO-FLL). It also requires a prefilter to 

gain harmonic suppression ability. The currently available synchronization techniques face 

limitations and performance deterioration in an environment with disturbances such as DC offset 

and high THD. The solutions proposed to reject DC offset and suppress harmonics resulted in 

increased complexity and computational burden. Hence, there is a necessity to develop a power 

measurement method to overcome the limitations of conventional power measurement methods and 

give accurate results for the condition with frequency dynamics and harmonics. 

This article proposes a novel frequency component extraction and three-phase power 

measurement method based on DLIAs and Digital Lock-in Amplifier Frequency-Locked Loop 

(DLIA-FLL) with combined filter to get accurate power measurement results for signals with 
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harmonics and frequency fluctuations. The DLIA-FLL tracks the fundamental frequency of the input 

signal followed by the generation of reference signals using tracked frequency. The DLIA uses the 

generated reference signals to extract the accurate amplitude and phase information for the 

fundamental and harmonic frequency components from the input voltage and current signals. These 

extracted parameters give accurate measurement results for electrical power parameters. 

2. Proposed Frequency Component Extraction and Power Monitoring Method by Using DLIA 

and DLIA-FLL 

The proposed component extraction method uses DLIA to extract the magnitude and phase 

information accurately for the fundamental and harmonic components present in the input signal. 

However, under the condition of frequency variation, the accuracy of DLIA decreases because of the 

difference between the frequency of reference signal and input signal. To cope with this limitation 

the proposed DLIA-FLL tracks any change in the frequency of input signal and updates the reference 

signals to be used by the DLIA for the component extraction. There are n number of DLIAs for voltage 

and current each, where n is the number of frequency components to be extracted. Figure 2. shows 

the block diagram of complete architecture of the proposed power measurement method with DLIA 

and DLIA-FLL. 

Figure 2. Block diagram of proposed the proposed component extraction and power measurement 

method with Digital Lock-in Amplifier Frequency Locked Loop (DLIA-FLL). 

The voltage measurement signal that comes from the sensing and amplification stage, through 

ADC of the MCU, acts as the input for the proposed DLIA-FLL, which utilizes this input to track the 

fundamental frequency. In the next stage, these tracked frequency and measurement signals (voltage 

and current) that come from sensing and amplification stage, through ADCs of the MCU, act as the 

inputs for the DLIAs (DLIA1 - DLIAn), which utilize these inputs to extract the fundamental and 

harmonic frequency components. The extracted information of frequency components is represented 

in terms of magnitude and phase, which is further utilized to calculate the rms voltage, rms current, 

real power, reactive power, apparent power, phase difference, and power factor. In the final stage, 

the measurement results for voltage, current, frequency, and power are transferred to the PC (NI 

LabVIEW) through UART-Serial communication protocol. 

Further explanation on the working principle of each component of the proposed power 

measurement method is given in sub-sections below. 
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2.1. Digital Lock-in Amplfier Working Principle 

DLIA contains three sections, Phase Sensitive Detector (PSD), Combined Filter (CF), Phase and 

Amplitude extraction. Figure 3. shows the block diagram for DLIA. 

 

Figure 3. Block diagram for Digital Lock-in Amplifier (DLIA) with proposed combined filter 

(Lowpass Filter + Notch Filter). 

In PSD the input signal is multiplied by the reference sine and cosine signals with a frequency 

the same as the frequency of the input signal to perform dual modulation Lock-in. Equation (1) shows 

the input voltage signal with fundamental and n odd harmonics. 

  𝑉sig = 𝑉𝑎𝑚𝑝

(

 
 

𝑠𝑖𝑛(𝜔𝑓𝑡 + 𝜃𝑓) +

𝑚3𝑠𝑖𝑛(3𝜔𝑓𝑡 + 3𝜃𝑓) +
⋯

𝑚𝑛𝑠𝑖𝑛(𝑛𝜔𝑓𝑡 + 𝑛𝜃𝑓) )

 
 

, (1) 

where 𝑉𝑎𝑚𝑝 is the peak amplitude of the fundamental component, 𝑚𝑛 is the amplitude ratio of the 

nth harmonic with the amplitude of the fundamental component, 𝜔𝑓  is the frequency of the 

fundamental component, and 𝜃𝑓 is the phase information of the fundamental component (0,120,240 

degrees) for the three-phase system. 

Equation (2) shows the reference signals for DLIA. Where k defines the harmonic order of the 

reference signal, 𝜔𝑟𝑒𝑓  is the frequency of the reference signal, and 𝜃𝑟𝑒𝑓 is the phase information of 

the reference signal. 

{
 𝑉sin _𝑟𝑒𝑓 = 𝑠𝑖𝑛 (𝑘𝜔𝑟𝑒𝑓𝑡 +  𝑘𝜃𝑟𝑒𝑓) 

𝑉cos _𝑟𝑒𝑓 = 𝑐𝑜𝑠 (𝑘𝜔𝑟𝑒𝑓𝑡 +  𝑘𝜃𝑟𝑒𝑓)
},  (2) 

The dual-modulation Lock-in results in two signals, 𝑉x  and 𝑉y  by using the trigonometric 

identity. Equation (3) and (4) shows the simplified expression for 𝑉x and 𝑉y. These signals contain 

the amplitude of the concerned frequency component from the input signal at DC (0 Hz) and at twice 

the frequency of the concerned frequency component (120 Hz in this case) from the input signal.  

𝑉𝑥 =
𝑉𝑎𝑚𝑝

2

[
 
 
 
 

∑ 𝑚𝑛

{
 
 

 
 𝑐𝑜𝑠 (

(𝑘𝜔𝑟𝑒𝑓 − 𝑛𝜔𝑓)𝑡

+(𝑘𝜃𝑟𝑒𝑓 − 𝑛𝜃𝑓)
)

−𝑐𝑜𝑠 (
(𝑘𝜔𝑟𝑒𝑓 + 𝑛𝜔𝑓)𝑡

+(𝑘𝜃𝑟𝑒𝑓 + 𝑛𝜃𝑓)
)
}
 
 

 
 

𝑛=1,3,⋯
𝑘=1,3,⋯

]
 
 
 
 

,  (3) 

𝑉𝑦 =
𝑉𝑎𝑚𝑝

2

[
 
 
 
 

∑ 𝑚𝑛

{
 
 

 
 𝑠𝑖𝑛 (

(𝑘𝜔𝑟𝑒𝑓 − 𝑛𝜔𝑓)𝑡

+(𝑘𝜃𝑟𝑒𝑓 − 𝑛𝜃𝑓)
)

+𝑠𝑖𝑛 (
(𝑘𝜔𝑟𝑒𝑓 + 𝑛𝜔𝑓)𝑡

+(𝑘𝜃𝑟𝑒𝑓 + 𝑛𝜃𝑓)
)
}
 
 

 
 

𝑛=1,3,⋯
𝑘=1,3,⋯

]
 
 
 
 

,  (4) 
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The combination of single order low pass filter and the second-order notch filter is employed to 

extract the DC component from the 𝑉x and 𝑉y. 

Equation (5) shows the transfer function for the combined filter. Where 𝜔𝑐 and 𝑘 is the cut-off 

frequency and order of low pass filter respectively. 𝜔𝑛  is the natural frequency for notch filter. 𝜁1 

and 𝜁2 are damping factor selected according to the condition (𝜁2≪ 𝜁1). 

 𝐺𝐶𝐹(𝑠) =  [
𝑠2+ 2𝜁2 𝜔𝑛 𝑠 +𝜔𝑛

2

𝑠2+ 2𝜁1 𝜔𝑛 𝑠 +𝜔𝑛
2] × [

𝜔𝑐

 𝑠 + 𝜔𝑐 
]
𝑘 

,  (5) 

The natural frequency of the notch filter is selected (120 Hz) as the lowest frequency component 

to be attenuated is twice the grid frequency. To attenuate the higher order frequency components 

single-order (k =1) low pass filter with cut-off frequency (𝜔𝑐= 10 Hz) is employed. Figure 4. shows the 

bode plot for the designed combined filter.  

 

Figure 4. Bode plot for the combined filter consisting of notch filter and lowpass filter. 

The application of the notch filter allowed the elimination of the lowest frequency component. 

As a result, a lowpass filter with reduced order and high cut-off frequency can be used. This proposed 

combined filter with low order and high cut-off leads to less computational burden and faster filter 

response [26]. It is important because computational burden is a critical factor in effective practical 

implementation of measurement method. 

Equation (6) and (7) shows the signals at the output of the combined filters. These signals contain 

just DC component and 120 Hz. The other higher frequency components are attenuated. 

𝑉𝑑 =
𝑉𝑎𝑚𝑝

2
[𝑐𝑜𝑠 ((𝑘𝜔𝑟𝑒𝑓 − 𝑛𝜔𝑓)𝑡 + (𝑘𝜃𝑟𝑒𝑓 − 𝑛𝜃𝑓))],  (6) 

𝑉𝑞 =
𝑉𝑎𝑚𝑝

2
[𝑠𝑖𝑛 ((𝑘𝜔𝑟𝑒𝑓 − 𝑛𝜔𝑓)𝑡 + (𝑘𝜃𝑟𝑒𝑓 − 𝑛𝜃𝑓))],  (7) 

In the last section of DLIA, the output signal of the combined filter section is used to calculate 

the amplitude and phase information of the desired frequency component. Equation (8) and (9) are 

used to calculate the amplitude and phase for the desired frequency component. 

𝐴𝑛 = √(
𝑉𝑎𝑚𝑝𝑛

2
)
2

{
[𝑐𝑜𝑠 ((𝑘𝜔𝑟𝑒𝑓 − 𝑛𝜔𝑓)𝑡 + (𝑘𝜃𝑟𝑒𝑓 − 𝑛𝜃𝑓))]

2

+[𝑠𝑖𝑛 ((𝑘𝜔𝑟𝑒𝑓 − 𝑛𝜔𝑓)𝑡 + (𝑘𝜃𝑟𝑒𝑓 − 𝑛𝜃𝑓))]
2}, (8) 

𝜃𝑛 = tan
−1 {

𝑉𝑎𝑚𝑝𝑛
2

[𝑠𝑖𝑛((𝑘𝜔𝑟𝑒𝑓−𝑛𝜔𝑓)𝑡+(𝑘𝜃𝑟𝑒𝑓−𝑛𝜃𝑓))]

𝑉𝑎𝑚𝑝𝑛
2

[𝑐𝑜𝑠((𝑘𝜔𝑟𝑒𝑓−𝑛𝜔𝑓)𝑡+(𝑘𝜃𝑟𝑒𝑓−𝑛𝜃𝑓))]
}, (9) 

2.2. Digital Lock-in Amplfier Frequency-Locked Loop (DLIA-FLL) 

The main objective of the proposed DLIA-FLL is to track the change in the grid-frequency to 

provide correct frequency  𝑓𝐹𝐿𝐿 and phase 𝜃𝐹𝐿𝐿 . This frequency and phase information is used to 
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generate the correct reference signals for the DLIA to provide accurate extraction. Figure 5. shows the 

block diagram for the proposed DLIA-FLL. 

 

Figure 5. Block diagram for proposed reference signal synchronization method with Digital Lock-in 

Amplifier Frequency Locked Loop (DLIA-FLL). 

The working principle of the DLIA-FLL is defined as the DLIA provides the phase output 𝜃𝐹𝐿𝐿
′  

using the output of the combined filter section shown in (10) that is further simplified to get (11). 

 𝜃𝐹𝐿𝐿′ = tan
−1

{

𝑉𝑎𝑚𝑝𝑛
2 [𝑠𝑖𝑛((𝑘𝜔𝑟𝑒𝑓−𝑛𝜔𝑓)𝑡+(𝑘𝜃𝑟𝑒𝑓−𝑛𝜃𝑓))]

𝑉𝑎𝑚𝑝𝑛
2 [𝑐𝑜𝑠((𝑘𝜔𝑟𝑒𝑓−𝑛𝜔𝑓)𝑡+(𝑘𝜃𝑟𝑒𝑓−𝑛𝜃𝑓))]

},  (10) 

 𝜃𝐹𝐿𝐿′ = {(𝑘𝜔𝑟𝑒𝑓−𝑛𝜔𝑓) 𝑡+ (𝑘𝜃𝑟𝑒𝑓−𝑛𝜃𝑓)},  (11) 

Equation (12) is used to find the difference in the frequency ∆𝑓′ by taking the derivative of 

phase 𝜃𝐹𝐿𝐿
′  with respect to time. 

∆𝑓′ =
1

2𝜋
×

𝑑

𝑑𝑡
{(𝑘𝜔𝑟𝑒𝑓 − 𝑛𝜔𝑓)𝑡 + (𝑘𝜃𝑟𝑒𝑓 − 𝑛𝜃𝑓)},   (12) 

The resultant difference in frequency is passed through a PI controller which provides the 

updated difference in frequency ∆f. This difference in frequency is added into the grid frequency (60 

Hz in this case) to get tracked grid frequency  𝑓𝐹𝐿𝐿 as shown in (13). 

 𝑓𝐹𝐿𝐿 = ∆𝑓 + 60.   (13) 

Equation (14) is used to calculate the phase of FLL which is then used to update the reference 

signals of DLIA. 

𝜃𝐹𝐿𝐿 = ∫ 2𝜋
2𝜋

0
𝑓𝐹𝐿𝐿𝑑𝑡.   (14) 

2.3. Component Extraction and Power Measurement by Proposed DLIA-FLL 

As explained in the above sections, the DLIA-FLL tracks the grid-frequency and uses this 

information to update the reference signals for the DLIAs used in component extraction. The number 

of DLIAs are equal to the number of frequency components (DLIA1-DLIAn). These DLIAs extract the 

accurate amplitude and phase information for all the frequency components (fundamental and 

harmonics) input signals. The amplitude and phase for voltages and currents are used to calculate 

the real power, reactive power, apparent power, and power factor for each phase. 

Equation (15) to (20) are used to estimate the power and power factor for non-sinusoidal 

conditions according to the standard formulas defined by IEEE Std 1459-2010 [32]. The power 

measurement results obtained by the proposed method are then transmitted from microcontroller 

unit (MCU) to the LabVIEW interface using UART communication to display the power 

measurement results. 

𝑃 = 𝑃1 + 𝑃𝐻 , (15) 

𝑃1 = 𝑉1 × 𝐼1𝑐𝑜 𝑠(𝜃1),   (16) 

 𝑃𝐻 = 𝑉𝑜 × 𝐼𝑜 + ∑ 𝑉ℎ × 𝐼ℎ 𝑐𝑜𝑠 (𝜃ℎ)ℎ≠1 , (17) 

𝑄1 = 𝑉1 × 𝐼1𝑠𝑖 𝑛(𝜃1),   (18) 

𝑄 = √𝑃2 − 𝑆2,   (19) 

DLIA

 

 

Input 

Signal

θFLL

θFLL
 
 Δf   Δf   fFLL

2π f FLL dt 
2π 

0 

Δf + f1PI
(dt ×2π) 
______dθFLL 
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𝑆2 = (𝑉𝐼)2, (20) 

3. Experimental Implementation and Results 

To validate the efficiency and accuracy of the proposed method, a three-phase power 

measurement experiment is carried out for 25% THD condition and an input signal with two different 

fundamental frequencies (60 Hz, and 61.5 Hz). The experimental results of the proposed method are 

compared with the results obtained from ZERA COM3003 and WIFFT (classical power measurement 

method). The below sections discuss the experimental setup and the results obtained from the power 

measurement experiment.  

3.1. Experimental Setup and Configuration 

The experimental setup and configuration used for the power measurement experiment is 

shown in Figure 6. The programmable AC source (Chroma 61704) is configured for the voltage (220 

V per phase), current (4.48 A per phase), frequency (60 Hz, and 61.5 Hz), and harmonic profile for 

25% THD. 

 

Figure 6. Experimental setup used for power measurement experiment. 

After configuration, the output of the three-phase AC supply is connected to the input of the 

sensing and amplification circuit on the designed PCB. The developed sensor interface circuitry is 

based on LV 25-P for voltage sensing and LAH 50-P for current sensing. A 1.5V DC offset is added to 

the bi-polar measurement signals of voltage and current sensors to convert the signal into uni-polar 

form. The sensors are calibrated before the power measurement to remove the sensing and 

amplification stage error to the maximum. The temperature trends for sensors and sensor resistors 

are recorded, which leads to the selection of a consistent temperature (44 degrees Celsius for sensors 

and 40 degrees Celsius for sensing resistors) to avoid temperature-related drift in sensor performance 

during the experimentation. 

The output of the sensing and amplification circuit is a unipolar voltage signal transmitted to 

the analog-to-digital converter (ADC) of the STM32 MCU. There are three MCUs based on the 

(H743ZIT6U) ARM Cortex-M7 digital signal processor. The MCU features an operating clock 

frequency of 480MHz, 16-bit ADC, 2MB of flash, and 1MB of RAM [33]. In addition, it offers a wide 
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range of peripherals including UART, SPI, I2C, and USB which makes it a suitable MCU for 

applications involving complex operations.  

Each STM32 MCU has an algorithm based on the DLIA and DLIA-FLL for precise three-phase 

power measurement and frequency tracking. The input capture feature of the timer configuration in 

STM32 MCU is utilized to read external clock signal that helps to synchronize the interrupt 

generation and ADC acquisition of all the MCUs. 

Figure 7. shows the flow chart for the algorithm inside STM32 MCU. At the start, there is an 

initialization of variables, ADCs, and interrupts. The MCU1 acts as a master and generates a pulse 

signal at general purpose input output pin (GPIO), which is read by other two slave MCUs to 

maintain the synchronized operation of all three MCUs. Following that the ADCs start the acquisition 

of voltage and current signals coming from the sensing and amplification circuit. The DLIA-FLL part 

of the algorithm uses the acquired signal amplitude to track the frequency of the input signal. Phase-

1 voltage is used as the source of DLIA-FLL for all three phases. This process continues until 200 ms 

is completed. After that, the component extraction algorithm based on DLIA uses the acquired signals 

and tracked frequency from DLIA-FLL to extract the amplitude and phase for the fundamental and 

harmonic components. 

 

Figure 7. Flow chart for the proposed power measurement algorithm implemented in MCU. 

The extracted information is used to calculate the rms voltage, rms current, and phase difference. 

This calculation leads to the calculation of real power, reactive power, apparent power, and power 

factor. All these power measurement results are then transferred to the LabVIEW interface with the 

help of UART communication. The LabVIEW interface displays the measurement result for each 

phase to validate and compare the performance. 

The three-phase output of the PCB is connected to the load bank and ZERA COM3003. The 

ZERA COM3003, a commercial reference power measurement instrument is also connected in 

parallel to the load. Power measurement is also performed with ZERA COM3003 under the same 

testing conditions of voltage, current, frequency, and THD. The measurement results from ZERA 
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COM3003 are compared with the measurement results generated by the proposed method (DLIA 

and DLIA-FLL). The comparative analysis allows us to validate the accuracy and reliability of the 

proposed power measurement. 

3.2. Frequency Tracking Results by the Proposed DLIA-FLL 

The performance of the proposed DLIA-FLL is presented in this section. The experimental setup 

defined before is used with a sampling frequency of 40.02 kHz with 25% THD. This experiment is 

performed with two different cases of input signal frequency. In case a, the frequency of the input 

signal is fixed at 60 Hz and in case b the frequency of the input signal is changed to 61.5 Hz. The 

deviation in the frequency is selected according to the frequency deviation standard of ±1.5 Hz 

defined by the Korea Electric Power Company (KEPCO) [34]. The tracking results show that the 

developed DLIA-FLL algorithm inside the STM32 MCU tracks further frequency deviation in 151 ms. 

Figure 8. shows the frequency tracking results for frequency deviation from which it works well. 

 

Figure 8. Frequency tracking results by proposed DLIA-FLL. 

3.3. Component Extraction and Power Measurement by The Proposed DLIA-FLL and ZERA COM3003 

This section explains the power measurement experiment performed with ZERA COM3003 and 

the proposed three-phase component extraction and power measurement method using the 

experimental setup explained before. After the definition of voltage, current, frequency, and THD 

profile with 25% THD, the Chroma AC power supply is used to provide the three-phase supply to 

the load through the designed PCB. The input signal frequency is set to 60 Hz. Figure 9. shows the 

three-phase voltage and current signals generated by chroma. 

ZERA COM3003 is also connected to the system to perform the power measurement as well. 

Table 2. shows the THD measurement for three-phase system voltage using ZERA COM3003 

respectively. It verifies that the generated THD is according to the defined THD profile. 

Table 2. Total harmonic distortion (THD) measurement results by ZERA COM3003 for three-phase 

voltage. 

 Phase-1 Phas-2 Phase-3 

V1 100% 100% 100% 

V3 11.16% 11.14% 11.16% 

V5 11.16% 11.15% 11.15% 

V7 11.14% 11.12% 11.11% 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

60.0

60.5

61.0

61.5

62.0

F
re

q
u

en
cy

 (
H

z)

Time (sec)

 f FLL (Tracked) 

  f sig     (Input)

151 ms

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 July 2024                   doi:10.20944/preprints202407.0832.v1

https://doi.org/10.20944/preprints202407.0832.v1


 11 

 

V9 11.00% 10.97% 10.99% 

V11 11.18% 11.16% 11.17% 

THDV 24.88% 24.85% 24.86% 

 

 
(a) 

 
(b) 

Figure 9. Three-phase voltage and current signals generated by chroma supply. 

The proposed algorithm defined inside the STM32 MCU detects the voltage and current signals 

through the sensing and amplification circuit and performs the frequency tracking followed by 

component extraction and power calculation. The power measurement results are then sent to the 

LabVIEW interface through UART communication to display the results.  

As explained earlier the ZERA COM3003 is connected to the experimental setup as the reference 

power measurement instrument. The comparative analysis is performed by calculating the 

percentage error by comparing the power measurement results obtained by the proposed DLIA-FLL 

to the power measurement results obtained by ZERA COM3003. The above-explained procedure is 

again repeated with the input signal frequency changed to 61.5 Hz under similar testing conditions 

of supply voltage, current, load, and THD. 

Tables 3 and 4. show the comparative analysis results between the power measurement results 

obtained by the proposed DLIA-FLL and ZERA COM3003 for an input signal frequency of 60 Hz and 

61.5 Hz respectively. The results show that the power measurement accuracy is ± 0.019% (accuracy 

class 0.02). The frequency tracking error under the frequency deviation is ± 0.005%. 

Table 3. Measurement Results by the proposed DLIA-FLL for 60Hz fundamental signal. 

 Phase-1 Phas-2 Phase-3 

Vrms (V) 0.009% 0.010% 0.008% 
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Irms (A) 0.008% 0.009% 0.009% 

P (W) 0.016% 0.016% 0.016% 

Q (Var) 0.016% 0.017% 0.017% 

S (VA) 0.017% 0.018% 0.017% 

f (Hz) 0.004% 0.003% 0.004% 

Table 4. Measurement Results by the proposed DLIA-FLL for 61.5 Hz fundamental signal. 

 Phase-1 Phas-2 Phase-3 

Vrms (V) 0.010% 0.008% 0.009% 

Irms (A) 0.008% 0.009% 0.009% 

P (W) 0.018% 0.016% 0.018% 

Q (Var) 0.017% 0.017% 0.018% 

S (VA) 0.018% 0.017% 0.019% 

f (Hz) 0.003% 0.004% 0.005% 

3.4. Component Extraction and Power Measurement by WIFFT 

Power measurement methods are generally based on different FFT methods. The WIFFT is a 

proposed method in recent literature to reduce the effect of picket-fencing and spectral leakage. The 

power measurement experiment is performed under the same testing conditions of voltage, current, 

load, and 25% THD. The input signal frequency is set to 60 Hz first and then changed to 61.5 Hz for 

the second measurement. 

The WIFFT algorithm (with 1 Hz resolution) is defined in the MCU, which receives the voltage 

and current signals through a sensing and amplification circuit. WIFFT first calculates the WFFT and 

then uses the two spectral points with maximum amplitude to get the correction factors which are 

applied to get the amplitude, phase, and frequency of the voltage and current signal. These 

parameters lead to power calculation. The power measurement results are again sent to the same 

LabVIEW interface using UART communication to display the power measurement results. Tables 5 

and 6. show the percentage error obtained by comparing the power measurement results obtained 

by WIFFT with the results obtained by ZERA COM3003. The results show that the power 

measurement error under the deviation is 0.051% and the frequency tracking error under the 

frequency deviation is ± 0.013%. 

Table 5. Measurement Results by WIFFT for 60 Hz fundamental signal. 

 Phase-1 Phas-2 Phase-3 

Vrms (V) 0.011% 0.009% 0.008% 

Irms (A) 0.010% 0.010% 0.009% 

P (W) 0.019% 0.019% 0.017% 

Q (Var) 0.020% 0.018% 0.018% 

S (VA) 0.017% 0.019% 0.017% 

f (Hz) 0.005% 0.006% 0.005% 
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Table 6. Measurement Results by WIFFT for 61.5 Hz fundamental signal. 

 Phase-1 Phas-2 Phase-3 

Vrms (V) 0.022% 0.021% 0.019% 

Irms (A) 0.020% 0.029% 0.026% 

P (W) 0.042% 0.051% 0.047% 

Q (Var) 0.045% 0.053% 0.050% 

S (VA) 0.043% 0.051% 0.047% 

f (Hz) 0.012% 0.013% 0.011% 

The comparison shows that for an input signal frequency of 60 Hz the proposed method has 

better performance as compared to WIFFT. However, under the condition of frequency deviation 

(61.5 Hz), the proposed method has much better performance (0.019%) as compared to WIFFT 

(0.051%). The reason for the deterioration in the performance of WIFFT is the fact that the 61.5 Hz 

causes the spectral leakage as the resolution is set to 1Hz with the (1 sec) data set, the resolution is 

non-integer multiple of input frequency, which results in incorrect results despite the window 

function and interpolation. 

In case the frequency resolution observes variation the magnitude percentage error for WIFFT 

varies and follows the principle that if the resolution is an integer multiple of the input signal 

frequency, the resultant error is minimum and incase of non-integer multiple the error will be 

maximum. In between these two extreme conditions the magnitude of error will depend upon the 

degree of farness from integer multiple.  

The results discussed above show that under the condition of frequency deviation and high 

THD, the proposed component extraction and three-phase power measurement method based on 

DLIA and DLIA-FLL has good performance under the frequency deviation ± 1.5 Hz and 25% THD. 

Though the proposed method is less accurate compared to the reference standard ZERA COM3003. 

However, this method is being developed for KEPCO to provide a cost-effective alternative 

compared to high-end power measurement devices with enough accuracy for applications such as 

inspection and performance analysis of devices such as wattmeter, inverters, and motor drives, for 

different conditions of frequency and THD focusing on power measurement and power quality. 

4. Conclusions 

In this article, a novel frequency component extraction method based on DLIA and DLIA-FLL, 

implemented inside the STM32 MCU, is proposed to get accurate component extraction and power 

measurement results under the conditions of harmonics and frequency fluctuations. The proposed 

DLIA-FLL tracks the frequency deviation of the input signal and provides the updated frequency 

which leads to the generation of reference signals for DLIA. The DLIA uses these updated reference 

signals to extract the amplitude and phase information from the input voltage and current signals. 

The introduction of a combined filter leads to a lower computational burden, which means less 

sampling frequency and faster computation. The extracted information leads to the calculation of real 

power, reactive power, apparent power, and power factor for each phase.  

The validity and effectiveness of the proposed method are verified by conducting a power 

measurement experiment under the condition of 25% THD and two different input signal’s 

fundamental frequencies (60 Hz and 61.5 Hz). The experimental setup consists of the PCB with 

sensing and amplification circuit and STM32 MCUs (containing proposed component extraction and 

measurement algorithm). The sensors are calibrated, and the temperature environment is kept 

consistent to mitigate any performance dynamics exhibited by sensing and conditioning circuit. The 

power measurement results are sent from MCUs to the LabVIEW interface through UART 

communication. The measurement results of the proposed method are compared with WIFFT and 
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the reference instrument ZERA COM3003. The comparison validates that the proposed method with 

DLIA and DLIA-FLL demonstrated better measurement accuracy compared to conventional 

methods such as WIFTT, for frequency variation of ± 1.5 Hz and under 25% THD condition. 
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