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Abstract— Widespread use of the semiconductor switching 

elements of power electronics in energy systems has brought 

about various power quality problems. One of these significant 

power quality problems is the harmonics, which occur in power 

systems. Harmonics are generated predominantly by induction 

systems, arc furnaces, welding machines, static frequency 

converters and motor converter drivers. In this study, a power 

quality analysis is proposed with a Phase-Locked Loop (PLL) 

based Digital Adaptive Notch Filter (ANF) for the 900 KHz 

Ultra-High Frequency Induction Heating System (UHFIHS), 

which is widely used in the industry. In this proposed method, 

firstly the power signal is synchronized with the fundamental 

frequency using PLL, and then the harmonic frequency 

components of the signal is obtained by the ANF. Finally, 

challenging factors behind the harmonic analysis, such as 

fundamental frequency shifting, spectral leakage and leakage 

effect are eliminated and thus a precise and reliable power 

quality analysis is conducted. 

 
Index Terms— power quality, power system harmonics, phase 

locked loops, adaptive filter, electromagnetic induction. 

 

I. INTRODUCTION 

 

HE RESPONSIBILITY of institutions that produce, 

transfer and distribute electric power, which is one of the 

most significant energy sources, is to ensure uninterrupted, 

economical, quality and highly reliable delivery of energy to 

the consumers. Certain devices which are connected to energy 

systems, and especially those with semiconductor switching 

elements, such as induction heating systems, arc  furnaces, 

welding  machines,  static  frequency  converters and motor 

converter drivers, cause a variety of problems like shortening 

in the lifetime, voltage fluctuations, flickers, and more 

importantly, harmonics [1], [2].  

 Induction heating systems are normally used for fast heating 

applications of magnetic materials. These systems are also 

used for various other purposes, such as forging, melting, 
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hardening, sintering and welding. Induction is one of the 

fastest heating systems in today's technology [3].  It has 

already been identified that heat treatment processes which are 

carried out with the UHFIHS is more cost-efficient than the 

other practices [4]. Moreover, the treatments carried out with 

the UHFIHS is faster than those performed with conventional 

heating systems [5]. Fast Fourier Transformation (FFT) [6], 

[7], [8] is widely used in harmonic analysis due to its 

efficiency in measurement. However, certain factors such as 

the incorrect selected sampling window, frequency resolution 

that is restricted by the windowing function and fundamental 

frequency deviation may result in aliasing, spectral leakage, 

and picket-fence effect [9], [10], [11]. All these problems 

cause errors in measurements of the harmonic analysis.  In 

addition to the methods based on the Fourier Transformation, 

the Prony Method [12], [13], ESPRIT [14], PLL-based 

Methods [15], Kalman Filter [16], [17], ANN Analysis [18], 

Wavelet Transform Method [19], ANF [20] and similar others 

are also commonly used in harmonic analysis. Errors in 

calculation of fundamental frequency values in harmonic 

analyses, which are performed for non-linear loads such as 

induction and arc furnaces [21], result in imprecision in 

harmonic frequency components as well. Miscalculated 

fundamental frequency may cause the emergence of 

interharmonics, which do not exist in the signal under normal 

conditions. For this reason, there are a number of different 

methods in use to ensure proper calculation of fundamental 

frequency or synchronization with the fundamental frequency. 

PLL is among the most common methods used for this 

purpose. In addition, the software based PLL structure used in 

the proposed method is proven to be superior to the other PLL 

structures [22]. In this study, current and voltage data are 

collected for heat treatments performed with a 900 KHz 

induction heating system with 2.8 kW power. With the PLL 

based digital ANF proposed for this study, the frequency and 

amplitude value of each harmonic component is separately 

calculated and the power quality analysis of the UHFIHS is 

performed with a high level of reliability.  

The main contributions of this paper are as follows:  

 The study shows that induction heating systems cause a 

high amount of harmonic distortion. 

 The spectral leakage effect caused by the interharmonics is 

prevented and it makes   harmonic calculation with great 

accuracy. 
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II. PROPOSED METHOD 

 

Estimation of the fundamental frequency is critical for 

harmonic analysis. Even a minor deviation in fundamental 

frequency estimation may cause significant calculation errors 

in results of the analysis. PLL is a closed-loop servo system, 

which continuously tracks the output signal in order to 

minimize phase errors between the input and the output 

signals. PLL aims to lock the frequency and phase of the 

feedback signal, x(k), to the phase and frequency of the input 

signal, V(t). The used PLL structure is identical to the PLL 

structure developed in [22]. The structure of the proposed 

software-based PLL is given in Fig.1.  This PLL structure 

consists of four blocks, namely, Phase Detector (PD), 

Frequency Divider (FD), PI and Voltage-Controlled Oscillator 

(VCO). The proposed PLL’s superiority over the other 

structures widely used in the literature, such as EPLL [23] and 

pPLL [24], and its success against certain disturbances such as 

phase shifting, amplitude changing and multizero crossing, are 

proven as it is revealed by the real-time experiments given in 

[25]. 
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Fig.1. The Phase-Locked Loop (PLL) Block Diagram 

 

PLL locks up the fundamental component (0) of the 

power signal in input, and generates the signals specified as 

integer power of 0, which are sin0, sin20, sin30,…, 

sinn0, cos0, cos20, cos30,…, cosn0 in output. Changes 

in fundamental frequency of the power sign are tracked by the 

PLL’s digital tracker sensitively. Frequencies of 

sinn0/cosn0 generated by the PLL can track changes in 

fundamental frequency even under other disturbances than the 

harmonics. The discrete-time transfer function for the notch 

filter proposed in this study and the frequency response 

analysis are given in [22]. In parallel with the block diagram 

given in Fig.2, the transfer function of the notch filter which 

damps the angular frequency, 0, is shown in Equation 1 

below:  
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Fig.2. Digital Adaptive Notch Filter Block Diagram 

 

𝐻(𝑒𝑗𝑤𝑇) =
𝑐𝑜𝑠𝜔∆𝑇+𝑗𝑠𝑖𝑛𝜔∆𝑇−1

{1+2𝐾𝑉2}{𝑐𝑜𝑠𝜔∆𝑇+𝑗𝑠𝑖𝑛𝜔∆𝑇}+2𝐾𝑉2−1 
                (1) 

 

where T is the sampling time, 0 is the angular frequency of 

the reference signal for =-0,  is the angular frequency 

of the signal f(t), V is the amplitude of sin0 and cos0 

reference signals, and K represents the integrator factor. 

According to Equation 1,  |H(ejwT)| = 0 is the equation for 

the angular frequency =0 in f(t) input signal. This means 

that the 0 component in f(t) signal is suppressed in the 

output. The filter bandwidth is not affected by peripheral 

factors. The equation for the bandwidth is BW=V2K, and the 

value of bandwidth can be altered by changing V and K 

values. Keeping the bandwidth in  a  short range  prevents 

leakage of interharmonics, particularly those close to 

harmonic frequency components. Experimental studies for 

disturbances such as phase shifting, frequency deviation, 

multizero crossing and voltage sag, which emerge either 

separately or simultaneously, have proven that the proposed 

ANF is highly efficient in each of these situations [25]. As it is 

seen in Fig.3, the structure of the proposed method for power 

quality analysis consists of a software-based PLL and a digital 
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ANF. X(t), which is applied as an input to the software-based PLL, may include different disturbances such as 

interharmonic distortions, frequency deviation, change in 

amplitude values, phase shifting and multizero crossing, in 

addition to the harmonics.  The ANF bank is composed of 

number “n” of adaptive notch filters with adjustable 

suppression frequency. In this study, 25 notch filters are used 

in total until the 25th harmonic.  In each ANF, relevant 

components of the input signal, (0, 1,..., n), are suppressed. 

The in n0/cosn0 signal frequencies, which are applied to the 

notch filter, are also used as the notch filter's suppression 

frequency. When the fundamental frequency of the signal 

applied to the notch filter input changes, the suppression 

frequency also changes. In each filter output, the components 

of the input signal, An.sinn0/Bn.cosn0 are suppressed. 

When the input signal of each filter output is subtracted from 

x(t), the frequency component (n),  which is suppressed by 

the notch filter, is obtained. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.3. Structure of the PLL Based Adaptive Notch Filter Bank 

 

In this way, each filter produces proper outputs without the 

impact of interharmonics or other disturbances. The sum total 

of all notch filter outputs gives the total value of harmonic 

signals that exist in the input signal. This signal, which is the 

sum total of the harmonics obtained in the ANF output, is 

subjected to a DFT calculation in accordance with the IEC 

standards. In this way, the amplitude values, phase angles and 

frequencies of the harmonics in the signal can separately be 

calculated in a more precise and accurate way. 

 

III. EXPERIMENTAL RESULTS 

The current and voltage date of the experimental studies 

are recorded by the LabVIEWTM 8.5 graphical interface 

creator over the National Instruments PCI 6221 data 

acquisition card, with a sampling frequency equal to fs=5000 

samples/s. The process is performed in accordance with the 

IEC 61000-4-30 and IEC 62053-21 standards.  Fig.4 shows 

the visual front panel of the LabVIEW TM based measurement 

system. 

 
 

Fig.4. Front panel of the LabVIEW TM based measurement system. 
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Fig.5 shows the block structure of the data acquisition system. 

The data obtained through this data acquisition system is 

filtered by passing through the PLL based ANF bank, which is 

prepared in MATLAB/Simulink. The fundamental frequency 

component, (0), and the signal that represents the total sum 

of harmonics, (0+1  +...+n), are subjected to the DFT 

analysis in accordance with the IEC 61000-4-7 standards. The 

amplitude values of the fundamental component and the 

harmonic components are obtained as a result of this analysis.  
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Fig.5. LabVIEWTM Based Data Acquisition System 

 

Following the calculation of amplitude values of 

aforementioned components, values of other harmonic 

components are calculated taking the fundamental component 

as 1 Pu. The Total Harmonic Distortion (THD) is measured 

with the formula given in Equation 2. The Total Harmonic 

Distortion of the current is calculated with the equation below; 

Where; 

 

[THD]I(%) = 100𝑥
√∑ 𝐼ℎ

2∞
ℎ=2

𝐼1
                 (2) 

 

[THD]I   : Total Harmonic Distortion of the current, 

Ih : Effective value of n. order of harmonic in the load current, 

I1  : Effective value of the load current in the fundamental 

frequency, 

h : Harmonic order.  

  

 Total harmonic distortion for the current can also be 

explained as the ratio of the active value of harmonic 

components to the active value of the fundamental component. 

Coefficients of the software-based PLL and ANF used in the 

proposed method are given in Table 1. 

 
TABLE I  

PLL AND ADAPTIVE NOTCH FILTER COEFFICIENTS 

PLL Adaptive Filter 

Coefficient Value Coefficient Value 

Ki 1800 ki 0.0085 

Kp 60 kv 0.125 

Kt 1.0 Ts 50µs 

Ts 50µs  

 

The analysis of this power signal, which involves the 

fundamental component and harmonic components obtained 

in the filter output, is conducted with the DFT method 

suggested by IEC. The DFT analysis took N=1000 samples as 

the reference for t=0.2s, and used T=10/f windows with 5 Hz 

resolution for f=50 Hz, as suggested in IEC 61000-4-7. 

  

 
 

Fig.6. t=0.2s Induction System Current Signal 
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Fig.6 shows the sampling frequency current signal (fs=5000) 

of a heat treatment taken from the induction system. This 

current signal has 10 periods and T=0.2s sampling time, as 

required for DFT analysis. It is seen in its structure that the 

signal includes a large number of harmonic components in a 

position far from the sinusoidal structure.  

 

 
 

Fig.7. DFT Frequency Spectrum for Current Signal 

 

Fig.7 shows DFT frequency spectrum of the current signal. 

When the DFT frequency spectrum is analyzed, it is seen that 

the 3rd, 5th, and 7th harmonic components are fairly higher 

than 10 %, while the others are below 10 %. 
 

TABLE II 
EFFECTIVE HARMONIC CURRENT AND HARMONIC RATIOS (%) 

 

 

 

 

 

 

 

 

 

 

 

Table 2 includes harmonic current values and harmonic ratios. 

Only the 3rd harmonic component’s amplitude is equal to 

78,68% of the fundamental component’s amplitude value.  

The THD percentage of the UHFIHS after all calculations is 

found as 99,22%. 

IV. CONCLUSIONS  

This study performs a power quality analysis with the 

proposed PLL-based digital ANF for a 900 KHz UHFIHS 

with 2.8 kW power. A notch filter bank is created using 

sufficient number of notch filters in the PLL-based 

measurement system. Due to the superiority of the software-

based PLL, the synchronization with the fundamental 

frequency is performed properly. The filter bank is adaptive to 

deviation in fundamental frequency of the signal and the 

filter's bandwidth is adjustable. Keeping the bandwidth in a 

short range prevents leakage of interharmonics, particularly 

those close to harmonic frequency components. With this 

proposed method, all components until the 25th harmonic (0, 

3, ......, 25), which exist in the current signal, are separately 

suppressed by the ANF. The signals obtained in each ANF 

output are subtracted from the input signal, x(t), to calculate 

the frequency component, (n), of each harmonic. In this way, 

the leakage effect caused by the interharmonics is prevented 

and the signal is subjected to a DFT analysis. As a result, 

frequency and amplitude values of all harmonic components 

are calculated in a proper, precise and accurate way, in 

accordance with the IEC standards. The proposed method is 

found highly successful as it doesn't cause problems like 

spectral leakage and picket-fence effect, which may lead to 

calculation errors in FFT and DFT. As a result of the 

calculations, the total harmonic distortion in the UHFIHS is 

obtained as 99,22%. This percentage shows a significantly 

high level of harmonic distortion in the given UHFIHS. Such 

systems must necessarily be supported with appropriate filter 

designs that can suppress the target harmonic components. 

Otherwise, the systems that produce such high-value 

harmonics can negatively affect other devices connected to the 

same power supply and result in breakdowns and even 

permanent damages in these devices. 
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